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SUMMARY

The nucleus accumbens (NAc) plays an important role in motivation and reward processing. Recent studies
suggest that different NAc subnuclei differentially contribute to reward-related behaviors. However, how
reward is encoded in individual NAc neurons remains unclear. Using in vivo single-cell resolution calcium im-
aging, we find diverse patterns of reward encoding in the medial and lateral shell subdivision of the NAc
(NAcMed and NAcLat, respectively). Reward consumption increases NAcLat activity but decreases
NAcMed activity, albeit with high variability among neurons. The heterogeneity in reward encoding could
be attributed to differences in their synaptic inputs and transcriptional profiles. Specific optogenetic activa-
tion of Nts-positive neurons in the NAcLat promotes positive reinforcement, while activation of Cartpt-pos-
itive neurons in the NAcMed induces behavior aversion. Collectively, our study shows the organizational and
transcriptional differences in NAc subregions and provides a framework for future dissection of NAc subre-
gions in physiological and pathological conditions.

INTRODUCTION

The nucleus accumbens (NAc) has been implicated in appetitive

motivation in humans and rodents.1–4 Dysfunction of the NAc

has been linked to depression and substance abuse.5,6 Substan-

tial evidence has established a fundamental link between dopa-

mine and motivation.7 The NAc forms reciprocal connections

with the ventral tegmental area (VTA) and can regulate dopamine

neuron activity in both direct and indirect manners.8,9 Changes in

the function of the NAc circuit are essential neural substrates for

reward adaptation.10,11

Approximately 95% of accumbens neurons are medium spiny

neurons (MSNs), yet MSNs show great heterogeneity in their mo-

lecular identities and functions.12,13 In the canonical striatalmodel,

MSNs expressing dopamine receptor 1 (D1R) or dopamine recep-

tor 2 (D2R) operate in oppositeways.14,15 However, recent studies

argue that the connectivity and function of NAc MSNs are not

dependent on the type of dopamine receptors they express.16,17

For example, both D1R-MSNs and D2R-MSNs can project to the

ventral pallidum and induce aversion.17,18

Opposing roles in motivated behaviors have also been attrib-

uted to different NAc subdivisions.19–21 Thismight be due to their

distinct connection with the VTA. The lateral shell of the NAc

(NAcLat) innervates the lateral part of the VTA and disinhibits

dopamine neurons, while the medial shell of the NAc (NAcMed)

innervates the medial VTA and exerts direct inhibition on dopa-

mine neurons.22 However, how the NAcLat and NAcMed encode

reward signals at the single-cell level remains elusive, and the
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input signals they receive are largely unknown. A lack of genetic

markers for different NAc subregions also hinders the precise

dissection of their roles in reward processing and reward-related

diseases such as drug addiction and depression. In the current

study, we investigated how neurons in the NAcLat and

NAcMed encode reward and associative reward learning, by

probing NAc activity at the population scale with fiber photom-

etry recording and at the single-cell level with miniature micro-

scopy imaging. We observed diverse patterns of reward coding

in the NAcLat and NAcMed, which could be attributed to distinct

activities of the upstream neurons from which they received

inputs. By performing location-specific RNA-seq, we revealed

spatially different expression patterns of genes related to synap-

tic formation and function in the medial and lateral NAc. The

spatial transcriptomic analysis also revealed that neurotensin

(Nts) marks a population of NAcLat neurons and that cocaine-

and amphetamine-regulated transcript protein (Cartpt) labels a

population of NAcMed neurons, thus providing a framework for

future genetic dissection of NAc subregions in physiological

and pathological conditions.

RESULTS

Activation of the NAcLat and NAcMed induces
reinforcement and avoidance behaviors, respectively
To study the involvement of NAc subregions in reward-associated

behaviors, we first investigated whether NAcLat or NAcMed

activation results in reinforcement.We examinedwhether optoge-

netic activation of the NAcLat or NAcMed could support self-stim-

ulation by selectively targeting ChR2 expression to these regions

(Figures 1A and 1B). In a single training session, the mice made

over one hundred nose pokes into the designated hole to earn

optical stimulation to the NAcLat (Figures 1C, 1F, and 1H). In the

real-time place preference test (RTPP), the mice spent more time

in the chamber paired with NAcLat stimulation (Figures 1D, 1J,

and 1L), indicating that activation of the NAcLat is rewarding.

In contrast, the mice expressing ChR2 in the NAcMed showed

no significant difference in exploring the holes on either side

(Figures 1G and 1H), and they had negative RTPP scores

(Figures 1K–1L), suggesting that activation of the NAcMed leads

to avoidance behavior. These results suggest that activation of

the NAcLat and the NAcMed induces opposite motivational va-

lences. Therefore, we investigated how neurons in the NAcLat

and the NAcMed responded to the presentation of reward stimuli.

Different responses to reward in the NAcLat and the
NAcMed
Wefirst probed the populationcalciumactivities in theNAcLat and

theNAcMedwith fiber photometry recordings. Thewild-typemice

with thecalcium indicatorGCaMP6sexpressed inNAcsubregions

were water deprived for 2 days and were placed in a head-fixed

apparatus during the experiment. In each trial, the mice received

awater dropvia the lickport, and lickingbehaviorswere registered

along with calcium activity (Figures 2A and 2B). In all 11 mice in

which optic ferrules were implanted in the NAcLat, population

activity increased after water delivery (Figures S1E–S1G). Howev-

er, in the NAcMed, population responses varied across different

animals (Figures S1A–S1D). Three types of responses in the

NAcMed were identified and categorized (type 1: excitatory; type

2: inhibitory; type 3: no significant response; STAR Methods). We

found that 6/19 mice showed type 1 excitatory response toward

water reward, while 4/19 exhibited type 2 inhibitory response. In

addition,wecalculated theareaunder thecurve (AUC)of response

curves in both subregions. The AUC of the type 1 response of the

NAcMed was significantly smaller than that of the NAcLat (Fig-

ure S1H). These findings indicate that at the population level,

NAcLat and NAcMed neurons differentially respond to reward,

and they imply that there may be greater heterogeneity in activity

across single neurons. We wondered whether this heterogeneity

might arise from different types of dopamine receptors expressed

in theMSNs, soweselectively recordedactivities fromD1R-MSNs

and D2R-MSNs through the specific expression of GCaMP6s in

those MSNs in D1R-Cre and D2R-Cre mice respectively. In the

NAcLat, both D1R-MSNs and D2R-MSNs showed a homoge-

neous increase in response to water delivery (Figures S2D and

S2K). All three types of responses were observed in D1R-MSNs

and D2R-MSNs in the NAcMed (Figures S2B and S2I), indicating

that the heterogeneity in neuronal responses does not result

from their dopamine receptor identities.

To reveal how individual NAc neurons respond to reward, we

implanted gradient index (GRIN) lenses in the NAcLat and the

NAcMed and recorded single-neuron calcium activity using a

miniature head-mounted microscopy (Figures 2A and 2B).23

We detected neurons and extracted temporal components

from the calcium imaging data (Figure 2C) with the CNMF-E

toolbox.24,25 There were 255 and 319 neurons isolated in the

NAcLat and the NAcMed imaging experiments, respectively

(n = 4 mice in each group). In the NAcLat, 50.5% of neurons

were activated after water delivery, and 27.0% of neurons

were inhibited (Figures 2D–2G). The averaged group activity of

all the responding neurons recorded in the NAcLat increased

after water delivery (Figure 2H), which is consistent with our fiber

photometry results (Figure S1G). In contrast, 34.5% of NAcMed

neurons were inhibited by water reward, while a smaller percent-

age of NAcMed neurons (10.7%) were activated (Figures 2I–2L).

The averaged response of the neurons recorded in the NAcMed

decreased after water delivery (Figure 2M).

Recruitment of NAcLat and NAcMed neurons during
reward-associative learning
NAc plays an important role in reward-seeking behaviors and

associative learning. Therefore, we investigated how NAcLat

and NAcMed neurons encode information in an odor-reward-

associative learning task. Using an odor as a conditional stimulus

(CS), mice gradually associated the presence of the odor with the

unconditioned stimulus (US)—water—and developed anticipa-

tory licking during daily sessions (Figures 3A–3C; STAR

Methods). The robust anticipatory licking before the delivery of

water indicates that the CS-US association was successfully es-

tablished and that the previously neutral olfactory stimulus has

become predictive of reward (Figure S6B).

During training, the fractions of neurons exhibited significant

excitatory or inhibitory responses increased in both the NAcLat

and the NAcMed (Figures 3D–3G). In the NAcLat, there were

9.4% ± 5.2% of neurons activated by the CS on the first day of

training. This percentage increased to 26.8% ± 2.9% in
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well-learned animals on day 6 (Figures 3H and 3I), while the frac-

tion of neurons inhibited by the CS did not change significantly

(Figure 3I). These results suggested that more NAcLat neurons

with excitatory responses were recruited during learning. In the

NAcMed, there were 10.0% ± 2.8% of neurons inhibited by the

CS on day 1. This number increased to 33.0% ± 4.5% in well-

learned animals on day 6 (Figures 3H and 3J), while the fraction

of neurons activated by the CS did not change significantly (Fig-

ure 3J). These results suggested that more NAcMed neurons

with inhibitory responses were recruited during learning. The

suppression in the NAcMed neuron response was in accordance

with previous studies, which suggested that a reduction in

NAcMed activity drives consumption.22,26

Overall, more NAcLat neurons showed increased responses

to the CS after training, while more NAcMed neurons acquired

inhibitory responses in anticipation of the reward (Figures 3H–

3J). In addition to the increase in the proportion of neurons re-

cruited by the CS during learning, the amplitude and AUC of

CS responses also increased significantly for both NAcLat

and NAcMed (Figures 3K and 3L). On the contrary, the ampli-

tude and AUC of US responses decreased after training

(Figures 3K and 3L). In addition, we observed that the peaks

of the NAcLat excitatory responses and the troughs of the

NAcMed inhibitory responses shifted from the presentation

of US to the onset of the CS (peak time of the NAcLat

response changed from 4.6 ± 0.1 s to 3.7 ± 0.1 s; trough

A B C D

HGFE
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Figure 1. Activation of NAcLat and NAcMed neurons induces different behavioral outcomes

(A) Illustration of the subregions in the NAc.

(B) Schematic showing the viral strategy to express ChR2 in the NAcLat and NAcMed.

(C) Illustration of the behavioral setup of the optical self-stimulation test.

(D) Illustration of the real-time place preference (RTPP) test.

(E–G) Example cumulative curves of the number of nose pokes made to earn optical stimulation in the control, NAcLat:ChR2, and NAcMed:ChR2 groups.

(H) Average number of pokes in optical self-stimulation experiments (n = 7 for each of the NAcLat and NAcMed groups; n = 4 for the control group). Two-way

ANOVA, group x active (F (2, 30) = 5.534, p < 0.01), followed by post hoc Sidak’s test, ****p < 0.0001; mean ± SEM.

(I–K) Example tracking traces of mouse movement in the RTPP test in the control, NAcLat:ChR2, and NAcMed:ChR2 groups.

(L) RTPP scores in the control, NAcLat:ChR2, and NAcMed:ChR2 groups (n = 7–8 per group). One-way ANOVA, F (2, 19) = 0.3390, p < 0.0001, followed by post hoc

Dunnett’s test, *p < 0.05, ****p < 0.0001; mean ± SEM.
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Figure 2. Differential responses to reward in the NAcLat and the NAcMed

(A) Schematic showing the head-fixed experimental setup.

(B) Example of licking events registered to water delivery in one session.

(C) Left: representative view of neurons imaged under the GRIN lens; right: calcium dynamics of five example cells extracted from the miniscope imaging

experiment.

(D) Example picture showing the viral expression and position of the GRIN lens in the NAcLat.

(E) Heatmaps of the NAcLat neuronal responses in response to water delivery. The red dashed line indicates the delivery of water.

(F) Average traces of type 1, type 2, and type 3 responses in the NAcLat imaging experiments (red, type 1; blue, type 2; brown, type 3).

(G) Fraction of three response types across all NAcLat neurons.

(H) Average trace of all reward-responsive neurons in the NAcLat imaging experiments.

(I) Example picture showing the viral expression and position of the GRIN lens in the NAcMed.

(legend continued on next page)
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time of the NAcMed response changed from 4.9 ± 0.2 s to

3.8 ± 0.1 s; Figures 3D–3G). These results implied that the

incentive value of the reward was assigned to the CS after

learning.

Diverse inputs might contribute to neuronal activities
during reward-associative learning in the NAcLat and
the NAcMed
The way in which neurons are wired affects their firing pattern.

The activity of NAc neurons is strongly influenced by their excit-

atory inputs.27 Since substantial divergence in neuronal activities

exists between the NAcLat and the NAcMed, there should be

significant differences in their synaptic inputs. We injected the

retrograde tracers CTB-488 and CTB-647 into the NAcLat and

the NAcMed, respectively, to trace their upstream brain regions.

Consistent with the literature, we found that both NAc subre-

gions receive inputs from the cortex, the basolateral amygdala

(BLA), the paraventricular thalamus (PVT), the ventral hippocam-

pus (vHipp), and the VTA (Figure 4A). Using volumetric imaging

with synchronized on-the-fly-scan and readout (VISoR),28 we

systematically analyzed the distribution of CTB-labeled neurons

in cleared brain tissues (Figure S3). We found that the insular

cortex (Ins) preferentially targets the NAcLat, while the vHipp

projections are biased toward the NAcMed (Figures 4A and

4B). Moreover, the NAcLat and the NAcMed are innervated by

BLA neurons from different subregions. The NAcMed receives

input from the medial and caudal part of the BLA, while neurons

projecting to the NAcLat are located in the rostral and lateral part

of the BLA (Figures 4A and 4C).

Using retrograde AAV, we transduced the neurons projecting

to the NAc with calcium indicator GCaMP6s (Figure 4D). We per-

formed fiber photometry recordings for the top three upstream

regions of the NAcLat and the NAcMed, independently. Activity

in the insular cortex was dramatically increased in response to

reward and reward associated cues (Figure 4K; n = 5 mice),

which might greatly influence the response of NAcLat neurons.

In contrast, the NAcMed-projecting vHipp neurons were in-

hibited by reward-associated cues (Figure 4L; n = 6 mice).

NAc-projecting BLA neurons exhibited diverse responses to

reward-related stimuli (Figures 4G and 4H). After associative

learning, NAcLat-projecting BLA neurons (n = 8 mice) generally

showed increased responses to CS and US presentation

(Figures 4E and 4G), while the activities of NAcMed-projecting

BLA neurons (n = 12 mice) were decreased in the period of

reward anticipation (Figures 4E and 4H). As we reported previ-

ously,29 PVT neurons were activated by both water reward and

reward-associated cues (Figures 4I and 4J; n = 5–6 per group),

regardless of whether they were NAcLat projecting or NAcMed

projecting. Overall, the NAcLat-projecting brain regions gener-

ally displayed enhanced activity during reward-associative

learning, while the responses of NAcMed-projecting regions

were heterogeneous (Figures 4E and 4F). Inputs from the BLA

and the vHipp might contribute to the decrease in NAcMed ac-

tivity during reward anticipation. Our results indicated that

various putative glutamatergic inputs react differently to reward

and reward-associated cues, and thus contribute to response

differences in the NAc subregions.

Distinct transcriptional profiles in the NAcLat and the
NAcMed
Functional and organizational differences in the NAcLat and the

NAcMed might also reflect distinct molecular compositions

expressed by NAcLat and NAcMed neurons. Utilizing the

Geo-seq technique,30,31 which allows location-dependent tran-

scriptome profiling, we precisely isolated brain tissue from the

NAcLat and the NAcMed with laser capture microdissection

technique (Figure S4), and we examined transcriptional

differences between the NAcLat and NAcMed (Figure 5A).

We found that samples from the NAcLat and the NAcMed could

be separated in the principal component analysis (PCA) (Fig-

ure 5B), suggesting substantial differences in the transcriptional

profiles between the NAcLat and the NAcMed. Over 400 differ-

entially expressed genes (DEGs) were identified (Figures 5C

and 5D).

Interestingly, we found that Grin2a (glutamate ionotropic re-

ceptor NMDA type subunit 2a) was preferentially expressed in

the NAcLat, while Gabrg2 (gamma-aminobutyric acid type a re-

ceptor subunit gamma2) was preferentially expressed in the

NAcMed (Figure 5D). Furthermore, genes (Mef2c, Rgs4, Igsf11,

Slc8a2, Cacnb3) that are involved in the regulation of excitatory

postsynaptic function were enriched in the NAcLat. In contrast,

genes (Slc6a1, Baiap3, Hap1) implicated in GABAergic synaptic

transmission were enriched in the NAcMed (Figures 5D and 5E).

Data from the Allen Brain Atlas further confirmed these findings

(Figures 5F and 5G). We consider that these transcriptional

differences might contribute to differences in circuitry excita-

tion-inhibition (E/I) balance across NAc subregions. The shift of

the circuitry E/I balance toward excitation in the NAcLat might

result in a greater group excitatory response to glutamatergic

input. On the other hand, the shift of the circuitry E/I balance to-

ward inhibition could facilitate feedforward inhibitory responses

in the NAcMed. In addition, we found that genes that are impli-

cated in learning or memory were enriched in the NAcLat (Fig-

ure 5E), suggesting an important role of the NAcLat in reward

learning behaviors. These results could help to understand the

distinct response patterns in different NAc subregions during

associative reward learning.

We have also found that genes related to cell-cell adhesion

and synapse formation were differently enriched in the NAcLat

and NAcMed (Figure 5E). For example, Nlgn1 (neuroligin 1),

which is specifically expressed during the formation and remod-

eling of excitatory synapses,32 was shown to be enriched in the

NAcLat. This is consistent with the enrichment of the glutamater-

gic receptor subunit in the NAcLat. On the other hand, Slitrk1

(SLIT and NTRK-like protein 1), which also plays a role in excit-

atory synaptogenesis,33 was enriched in the NAcMed. The use

(J) Heatmaps of NAcMed neuronal responses in response to water delivery. The red dashed line indicates the delivery of water.

(K) Average traces of type 1, type 2, and type 3 responses in the NAcMed imaging experiments.

(L) Fractions of three response types across all NAcMed neurons.

(M) Average trace of all reward-responsive neurons in the NAcMed imaging experiments.
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of different regulators in synaptic formation suggests structural

variation in the excitatory synapses between the NAcLat and

the NAcMed, as well as a potential mechanism for organizing

various glutamatergic inputs during development.

Nts and Cartpt mark a population of the NAcLat and
NAcMed, respectively
Spatial transcriptomic analysis also revealed that Nts is enriched

in the NAcLat, while Cartpt is highly expressed in the NAcMed

(Figure 5D). This was further confirmed by data from the Allen

Brain Atlas and our own RNAscope in situ hybridization experi-

ments (Figures 5F and 5G). The RNAscope experiments also re-

vealed that approximately 80% of Nts-expressing NAc neurons

(NAcNts) were D1R positive, and �20% of them were D2R

positive, while approximately half of the Cartpt-expressing NAc

neurons (NAcCartpt) were D1R positive, and another half were

D2R positive (Figures S4D–S4G). These results indicate that

NAcNts represents a population of NAcLat neurons and

NAcCartpt is a population of NAcMed neurons, and both contain

D1R- and D2R-MSNs.

We then injected AAVs carrying cre-dependent GCaMP6s

(AAV-DIO-GCaMP6s) into the NAc of Nts-Cre mice34 and

Cartpt-Cremice (Figure 6A). This resulted in selective expression

of GCaMP6s in the NAcLat and NAcMed, respectively

(Figures 6C and 6F). To examine whether NAcNts and NAcCartpt

recapitulate the distinct roles in reward coding by the NAcLat

and NAcMed, we performed fiber photometry recording from

these mice. In a free-feeding protocol, the consumption of palat-

able food robustly activated NAcNts neurons (Figures 6D and 6E),

which was reminiscent of the reward response from the NAcLat.

In contrast, palatable food consumption consistently sup-

pressed the activity of NAcCartpt neurons (Figures 6G and 6H).

To reveal whether NAcNts and NAcCartpt neurons differentially

contribute to reward-related behavior, we selectively expressed

ChR2 in NAcNts and NAcCartpt neurons in Nts-Cre and Cartpt-Cre

mice, respectively (Figures 6I–6K). Optogenetic activation of

NAcNts neurons readily supported self-stimulation, while no dif-

ference in active pokes and inactive pokes was observed in

NAcCartpt:ChR2 mice (Figures 6L and 6N). In the RTPP test, acti-

vation of NAcNts neurons induced place preference and resulted

in a positive preference score, while activation of NAcCartpt neu-

rons induced avoidance to the light-paired side and resulted in a

negative preference score (Figures 6M and 6O), suggesting

opposite roles of these NAc neuronal populations in reward

processing.

DISCUSSION

Although recent studies have begun to illustrate that the

complexity of NAc function is correlated with spatial organiza-

tion,35–37 the role of distinct NAc subregions in encoding reward

and reward-associated cues is yet to be determined. By system-

atically examining the calcium activities of neurons in the NAcLat

and NAcMed at the population scale with fiber photometry and

at the single-cell level with miniature microscopy, we not only re-

vealed functional heterogeneity across NAc subpopulations, but

we also showed how the activity dynamics evolve during asso-

ciative reward learning.

We showed that the majority of NAcLat neurons were acti-

vated by reward, and the optogenetic activation of the NAcLat

reinforced instrumental behaviors. In contrast, a greater propor-

tion of NAcMed neurons decreased their activity following

reward delivery, which is consistent with previous studies

showing that suppression of the NAcMed facilitated reward con-

sumption.26,35 We have to point out that we used water as a nat-

ural reward throughout the study; however, an addictive sub-

stance, such as nicotine, could produce a distinct response

pattern (Figure S2) via various circuits and molecular mecha-

nisms.38–40 The activity patterns of NAc neurons evolved during

cue-reward-associative learning. More NAcLat neurons with

excitatory responses and more NAcMed neurons with inhibitory

responses were recruited during reward learning. These results

suggested that both NAc subregions contribute to reward pro-

cessing and learning but in different ways. We also observed

sustained single-neuron activity in the period between the CS

and the US, further suggesting that NAc neurons are involved

in reward anticipation.

The core region of the NAc (NAcCore) is also highly implicated

in goal-directed behaviors,11 so we compared the activity pat-

terns of the NAcCore with two shell subregions. Our fiber

Figure 3. Recruitment of NAcLat and NAcMed neurons during reward-associative learning

(A) Schematic showing the experimental design of the odor-reward-associative learning task.

(B) Design of a single trial during the associative learning task.

(C) Examples of licking behaviors in the early and late training sessions (day 1 and day 6, respectively).

(D–E) NAcLat neuronal responses in the early and late training sessions. Excitatory responses are depicted in red; inhibitory responses are depicted in blue.

(F–G) NAcMed neuronal responses in the early and late training sessions. Excitatory responses are depicted in red; inhibitory responses are depicted in blue.

(H) Fractions of different response types in theNAcLat andNAcMed imaging sessions on day 1 and day 6. CS– &US–, inhibitory response following presentation of

both the CS and the US; US– only, inhibitory response following presentation of the US but not the CS; CS– only, inhibitory response following presentation of the

CS but not the US; Other, no significant response following presentation of the CS or the US; CS+ only, excitatory response following presentation of the CS but

not the US; US+ only, excitatory response following presentation of the US but not the CS; CS+ & US+, excitatory response or following both the CS and the US.

(I) Percentages of NAcLat neurons showing excitatory or inhibitory response to the CS. Left: two-way ANOVA, Time x type, F(5,30) = 1.905, p = 0.1230; Time,

F(5,30) = 2.822, p = 0.0322; followed by post hoc Dunnett’s test, *p < 0.05, **p < 0.01, compared with day 1.

(J) Percentages of NAcMed neurons showing excitatory or inhibitory response to the CS. Left: two-way ANOVA, Time x type, F(5,30) = 5.335, p = 0.0013; Time,

F(5,30) = 4.118, p = 0.0058; followed by post hoc Dunnett’s test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with day 1.

(K) Changes in the area under the curve (AUC) and peak amplitude of NAcLat type1 neuron responses to CS and US. AUC: two-way RM ANOVA, F(1,191) = 65.92,

p < 0.0001, followed by post hoc Sidak’s test, ****p < 0.0001. Peak: two-way RM ANOVA, F(1,191) = 75.08, p < 0.0001, followed by post hoc Sidak’s test,

****p < 0.0001.

(L) AUC and peak amplitude of NAcMed type2 neuron responses to CS and US. Two-way RM ANOVA, F(1,210) = 41.65, p < 0.0001, followed by post hoc Sidak’s

test, ***p < 0.001, ****p < 0.0001. Peak: F(1,210) = 43.93, p < 0.0001, followed by post hoc Sidak’s test, ****p < 0.0001.
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Figure 4. Diverse inputs might contribute to neuronal activities during reward-associative learning in the NAcLat and the NAcMed

(A) Dual-color retrograde labeling with CTB-488 and CTB-647. Left top: example of injection sites of CTB-488 and CTB-647. Remaining panels: CTB labeling

neurons distributed in the anterior insula (Ins), paraventricular nucleus of the thalamus (PVT), basolateral amygdala (BLA), ventral tegmental area (VTA), and

ventral hippocampus (vHipp).

(B) Relative input strength from selected brain regions, measured using VISoR (also see Figure S5, n = 3 mice for each group; statistical significance determined

using the Holm-Sidak method, **p < 0.01).

(C) Distribution of NAcLat- or NAcMed-projecting BLA neurons at different A-P positions.

(D) Schematic showing the viral strategy to record NAcLat- or NAcMed-projecting neurons.

(E) Fraction of different response types in the NAcLat- and NAcMed-projecting brain regions.

(F) Area under the curve of the population response during reward anticipation (3–4 s) in various input regions.

(G) Left: example picture showingGCaMP6 expression in the lateral part of the BLA following retroAAV injection into theNAcLat. Right: representative response of

NAcLat-projecting BLA neurons in a well-trained animal in the odor-reward-associative learning task.

(legend continued on next page)
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photometry recording revealed that the population activity of

NAcCore neurons exhibited a consistent excitatory response

to water reward, regardless of D1R-MSNs or D2R-MSNs

(Figures S2F and S2M). Thus, the population activity of the

NAcCore was more similar to that of the NAcLat, although the

response amplitude was smaller (Figures S2G and S2N). The

retrograde tracing from three NAc subregions also revealed

that the NAcCore received inputs more similar to that of the

NAcLat. For example, both NAcCore and NAcLat received

strong inputs from the insular cortex and little input from the

ventral hippocampus, which is the opposite for theNAcMed (Fig-

ure S5). We also noticed that although both the NAcCore and the

NAcLat received inputs from insular cortex, the insular neurons

projecting to these two subregions were largely non-overlapping

(Figure S5D), indicating different microcircuits were embedded.

Furthermore, our single-cell resolution miniature microscopy

imaging revealed that the activity pattern of NAcCore somehow

lay in between that of the NAcMed and the NAcLat (Figure S6).

The percentages of neurons activated by reward were

50.6% ± 7.1%, 22.3% ± 1.4%, and 10.7% ± 1.4% for the

NAcLat, NAcCore, and NAcMed, respectively (Figure S6G).

The percentages evolved during reward learning, but the

gradient was preserved (Figures S6G–S6I). Based on these

data, we propose that there is a gradient in the anatomical fea-

tures and response dynamics of NAc neurons along the axis

from the medial shell to the core and the lateral shell of NAc.

Therefore, it would be very interesting to further investigate the

functional gradients of NAc subregions in future studies.

Glutamatergic inputs play an important role in shaping the

response of neurons in the NAc.41,42 We have shown that the

NAcLat preferentially receives inputs from the insular cortex

and the lateral BLA, while the NAcMed receives more inputs

from the medial BLA and the vHipp. All these brain regions

are putative glutamatergic input sources to the NAc.27,43 The

insular cortex plays an important role in integrating emotion

and interoception.44–46 Although a few studies have investigated

the connection between the anterior insula and the NAc core in

goal-directed behavior,47,48 little is known about the role of

insular input to the lateral shell of the NAc. Our results showed

that NAcLat-projecting anterior insular neurons are activated

by reward and develop responses to reward-associated cues.

The input from the anterior insula could provide important infor-

mation for evaluating reward outcomes in the NAc49; thus, the

anterior insula to the NAcLat pathway might be implicated in

reward-seeking behaviors. Ventral hippocampal activity can be

modulated by appetitive stimuli.50 We found that the activity

of the vHipp significantly decreased after CS presentation in

well-trained animals, which might contribute to the suppression

of NAcMed activity during reward anticipation. BLA input to the

NAc has been intensely investigated in the literature.27,51–53 Here

we report that BLA innervations of the NAcLat and the NAcMed

arise from distinct subregions that exhibit different dynamics

during reward anticipation. Recent studies have identified

various molecular markers that divide the BLA into spatially

and functionally distinct subregions.54–56 However, those BLA

subregions were not completely in accord with the input pattern

to the NAc identified in the current study. Instead, our results are

consistent with a study using single-unit electrophysiological

recording, which showed that positive and negative valence-en-

coding neurons are intermingled throughout the BLA.57 More-

over, the evolution of neuronal activity in both the BLA and the

NAc during learning suggests modulation of neural plasticity in

the BLA/NAc pathway in reward-associative learning.58–60 As

reported in our previous study,29 PVT input to the NAc might

modulate the attribution of incentive salience to reward cues,

which is equivalently important for both subregions.

Although previous research has studied the transcriptional

characteristics of NAc neurons, the current study specifically

associated transcriptional profiles with two NAc compartments.

Moreover, we focused on the DEGs that are implicated in synap-

tic assembly and transmission. The information extracted from

the sequencing study helped us to understand the functional

and organizational divergences in the NAcLat and the NAcMed

revealed by our imaging and tracing experiments. Furthermore,

the spatial transcriptomic analysis also identified Nts and

Cartpt as marker genes for the NAcLat and NAcMed respec-

tively. Selective activation of NAcNts neurons promotes reward

seeking, while activation of NAcCartpt induces aversion. NAcNts

neurons exhibited an excitatory response upon reward, and

NAcCartpt neurons showed an inhibitory response toward reward.

The identification of NAcNts and NAcCartpt subpopulations in the

NAcLat and NAcMed will provide an opportunity to dissect

the function of NAc subregions with genetic approaches. On

the other hand, it is still unclear how different neural peptides in-

fluence the function of different NAc pathways. Cartpt mRNA

was elevated following addictive substance intake or feeding,

and a recent study discovered a Gi-coupled GPCR (GPR160)

as the receptor of CART.61 However, it is yet unknown how

accumbens Cartpt modulates reward-related behaviors. Neuro-

tensin has been reported to activate neurons through Nts recep-

tors, which are present in the VTA.62,63 Intriguingly, Nts agonists

have been proposed as a treatment for drug addiction.64,65

Therefore, it would be of great interest for future studies to inves-

tigate how NAcLat neurons modulate dopamine release through

Nts signaling and to examine the role of NAcLat in different

stages of drug-related behaviors.

(H) Left: example picture showingGCaMP6 expression in themedial part of the BLA following retroAAV injection into the NAcMed. Right: representative response

of NAcMed-projecting BLA neurons in a well-trained animal in the odor-reward-associative learning task.

(I) Left: example picture showing GCaMP6 expression in the PVT following retroAAV injection into the NAcLat. Right: representative response of NAcLat-pro-

jecting PVT neurons in a well-trained animal in the odor-reward-associative learning task.

(J) Left: example picture showing GCaMP6 expression in the PVT following retroAAV injection into the NAcMed. Right: representative response of NAcMed-

projecting PVT neurons in a well-trained animal in the odor-reward-associative task.

(K) Left: example picture showing GCaMP6 expression in the insula cortex following retroAAV injection into the NAcLat. Right: representative response of

NAcLat-projecting insular cortex neurons in a well-trained animal in the odor-reward-associative learning task.

(L) Left: example picture showing GCaMP6 expression in the vHipp following retroAAV injection into the NAcMed. Right: representative response of NAcMed-

projecting insular cortex neurons in a well-trained animal in the odor-reward-associative learning task.
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Figure 5. Distinct transcriptional profiles in the NAcLat and the NAcMed

(A) Schematic showing the workflow in the Geo-seq experiments.

(B) Scatterplot of the first two components of the PCA (n = 5 mice per group).

(C) Heatmaps of the differentially expressed genes (DEGs; Z score) in NAcLat and NAcMed samples.

(D) Volcano plot of the DEGs enriched in the NAcLat and the NAcMed. The X axis denotes log2-fold changes, and the Y axis indicates log10 false discover rate

values.

(E) Gene ontology (GO) functional enrichment analysis of the biological process (BP) of the DEGs.

(F–G) In situ hybridization expression patterns of selected DEGs from the Allen Brain Atlas and RNAscope in situ hybridization for Nts and Cartpt.
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Figure 6. Distinct roles of NAcNts and NAcCartpt populations in reward coding and reward processing

(A) Schematic showing the viral strategy to selectively express GCaMP6s in the NAcNts and NAcCartpt populations.

(B) Schematic showing the setup for free feeding of palatable food experiment.

(C) Example picture showing GCaMP6 expression in NAcNts neurons and fiber placement.

(D) Z score calcium activity of NAcNts neurons following reward delivery from an example mouse.

(E) Heatmaps of NAcNts neuronal responses from four mice following reward delivery.

(F) Example picture showing GCaMP6 expression in the NAcCartpt and fiber placement.

(G) Z score calcium activity of NAcCartpt neurons following reward delivery from an example mouse.

(H) Heatmaps of NAcCartpt neuronal responses from three mice following reward delivery.

(I) Schematic showing the viral strategy to selectively express ChR2 in the NAcNts and NAcCartpt populations.

(J) Example picture showing ChR2 expression in NAcNts neurons and fiber placement.

(K) Example picture showing ChR2 expression in NAcCartpt neurons and fiber placement.

(L) Example cumulative curve of the number of nose pokes made to earn optical stimulation in the control, NAcNts:ChR2, and NAcCartpt:ChR2 groups.

(M) Example tracking traces of mouse movement in the RTPP test in the control, NAcNts:ChR2, and NAcCartpt:ChR2 groups.

(N) Average number of pokes in optical self-stimulation experiments (n = 10 for control, n = 11 for NAcNts:ChR2, and n = 10 for NAcCartpt:ChR2 group). Two-way

ANOVA, group x active (F (2, 28) = 14.82, p < 0.01), followed by post hoc Sidak’s test, ****p < 0.0001; mean ± SEM.

(O) The average preference score in the RTPP experiments (n = 9 for control, n = 8 for NAcNts:ChR2, and n = 11 for NAcCartpt:ChR2 group). One-way ANOVA,

F (2, 25) = 19.52, p < 0.0001, followed by post hoc Dunnett’s test, *p < 0.05, ****p < 0.0001; mean ± SEM.
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The functional dissociation of the NAcLat and NAcMed

in reward processing may reflect distinct contributions to moti-

vated behavior and mood disorders.66–68 Deep brain stimulation

(DBS) study in rats revealed opposing roles of the NAcLat and

NAcMed in palatable food consummation.69 In this context,

DBS methods that are beneficial in the NAcMed for treating

drug addiction70 might not be as effective in the NAcLat.

Although both the NAcLat and the NAcMed have been impli-

cated in depression, different molecular and circuitry mecha-

nisms might be involved.71–73 For example, a recent study re-

ported that Tac1 neurons in the NAcLat but not the NAcMed,

mediate stress-induced anhedonia-like behavior.74 Therefore,

to understand the pathophysiology and to develop treatments

for diseases like drug addiction and depression, future studies

should take into account the anatomical and transcriptional vari-

ability within NAc subregions.

In summary, our data show that neurons in the NAcLat and the

NAcMed play opposite roles in motivated behaviors, and they

differ in their response to reward, the brain regions from which

they receive inputs, and the transcriptional profiles. While previ-

ous research studying NAc function often neglects the lateral

shell of the NAc, our data provide a more comprehensive under-

standing of NAc function and will assist in the future develop-

ment of therapeutic strategies for treating reward-related

diseases such as drug addiction and depression.

Limitations of the study
Our retrograde tracing experiments revealed the upstream neu-

rons in various brain regions that project to different NAc subre-

gions. The identity of those projecting neurons remains to be

determined, although they are very likely to be glutamatergic

neurons based on previous literature.27,43 Our fiber photometry

recordings revealed that theNAcLat-projecting BLA and Ins neu-

rons exhibited excitatory responses to reward, while the

NAcMed-projecting BLA and vHipp neurons showed inhibitory

responses toward reward. These results strongly indicate that

the activity of those upstream neurons plays an important role

in shaping the neuronal activity in the NAc subregions. However,

the causal role of each input in determining NAc responses re-

mains unexplored in this study.

We have identified the distinct roles of NAc subregions in

reward processing and reward learning. Although we revealed

that the NAcLat and NAcMed exhibited different response dy-

namics, synaptic inputs, and transcriptional profiles, the exact

role of each NAc subregion in neural disorders such as drug

addiction and depression requires future study in disease

models.
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KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed and will be fulfilled by the lead contact, Yingjie Zhu

(yj.zhu1@siat.ac.cn).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact with a completed materials transfer agreement.

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

AAV2/8-hEF1a-GCaMP6s Taitool Company Cat# S0529-8

AAV2/9-hEF1a-DIO-GCaMP6s Taitool Company Cat# S0351-9

AAV2/8-hEF1a-ChR2-mCherry Packgene Company Cat# GZ201015A1

AAV2/retro-hSyn-GCaMP6s Taitool Company Cat# S0225-2R

AAV2/9-hEF1a-DIO-hChR2(H134R)-

mCherry

Taitool Company Cat# S0170-9

AAV2/9-hEF1a-DIO-mCherry Taitool Company Cat# S0197-9

AAV2/9-hEF1a-mCherry Taitool Company Cat# S0709-9

Chemicals, peptides, and recombinant proteins

Cholera toxin subunit B-488 Invitrogen Cat# C34775

Cholera toxin subunit B-555 Invitrogen Cat# C34776

Cholera toxin subunit B-647 Invitrogen Cat# C34778

Nicotine (tartrate) Cayman Chemical Cat# 20887

DAPI Invitrogen Cat# P36931

Critical commercial assays

RNAscope� Multiplex Fluorescent

Regent Kit V2 Assay

ACD Cat# 323100

RNAscope� Probe- Mm-Drd1-C3 ACD Cat# 461901-C3

RNAscope� Probe- Mm-Drd2-C2 ACD Cat# 406501-C2

RNAscope� Probe-Mm-Cartpt ACD Cat# 432001

RNAscope� Probe- Mm-Nts ACD Cat# 420441

Deposited data

Miniscope recordings This study https://doi.org/10.17632/dgcgj95b6c.1

RNA-sequencing data This study GEO: GSE222274

Experimental models: Organisms/strains

Mice: C57BL/6J Charles river N/A

Mice: D1R-Cre Jackson Lab RRID: MMRRC_030989-UCD

Mice: D2R-Cre Jackson Lab RRID: MMRRC_032108-UCD

Mice: Nts-Cre Jackson Lab RRID: IMSR_JAX:017525

Mice: Cartpt-Cre Shanghai Model Organisms Center NM-KI-200094

Software and algorithms

MATLAB MathWorks RRID: SCR_001622

R R Project for Statistical Computing RRID:SCR_001905

Python 3.8.5 Python https://www.python.org/;

RRID: SCR_008394

ImageJ NIH https://imagej.nih.gov/ij/

UCLA miniscope Open Ephys https://open-ephys.org/miniscope-v4
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Data and code availability
d Original miniscope recording data have been deposited at Mendeley Data and are publicly available as of the date of publica-

tion. The DOI is listed in the key resources table. RNA-sequencing data have been deposited at GEO and are publicly available

as of the date of publication. Accession numbers are listed in the key resources table. Microscopy data reported in this paper

will be shared by the lead contact upon request

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Malemice aged 5–12 weeks were used in the experiments. Mice were housed at 22–25�C under a 12-h light-dark cycle. All husband-

ry and experimental procedures in this study were approved by the Animal Care and Use Committees at the Shenzhen Institute of

Advanced Technology (SIAT), Chinese Academy of Sciences (CAS).

METHOD DETAILS

Stereotaxic surgeries
Mice were anesthetized with i.p. injections of pentobarbital (80 mg/kg) and positioned in a stereotaxic frame (RWD Life Science

Co.,LTD. Shenzhen, China, Cat No. 68019). Standard surgical procedures were performed as previously described.75 Virus injections

(200–400 nL, 50–70 nL/min) were under the control of a LEGATO syringe pump (KD scientific, Massachusetts, USA, Cat No. 788130).

The following coordinates were used for virus injection: Ins (AP +1.8; ML -2.4; DV -2.2 from the brain surface; 10� away from the

midline), NAcMed (AP +1.5; ML +/�0.67; DV -4.6 from bregma), NAcLat (AP +1.0; ML +/�1.9; DV -4.9 from bregma), NAcCore

(AP +1.3, ML +/� 0.9, DV -4.0 from the dura, 3� to the lateral; AP +1.3, ML +/� 1.6, DV -4.0 from the dura, 3� to the middle), BLA

(AP -1.5; ML +/�3.25; DV -4.85 from bregma), PVT (AP -1.4; ML -0.3; DV -3.05 from the brain surface; 5� toward the midline), and

vHipp (AP -3.5, ML +/�3.25, DV -3.4 from bregma). For optogenetic experiments, optic ferrules (O. D., 1.25 mm; fiber core

200 mm; NA, 0.37) were implanted 400–500 mm above the injection sites. For calcium imaging experiments, GRIN lenses or optic fi-

bers were placed 200–400 mm above the targeted region. Animals were allowed to recover for at least 3 weeks before behavioral

experiments.

Real-time place preference (RTPP)
A custom-made two-chamber apparatus was used in the RTPP test. The animals were gently attached to the optical fiber before the

experiments. OnDay 1,micewere allowed to explore the apparatus for 15minwithout optical stimulation. The time spent in each side

of the chamber was registered as baseline. OnDay 2, we assigned the counterbalanced side as the stimulation side. Once themouse

entered the stimulation side, it triggered 20-Hz laser stimulation (473 nm, 20-ms pulses, 5–10mWper side). The laser stimulation was

turned off as long as themouse went to the other side. The place preference score was calculated as the time spent on the simulation

side during the test, by subtracting that from the baseline.

Optical self-stimulation
The optical self-stimulation test was performed in an operant chamber (AniLab Scientific Instruments Co., Ltd., Ningbo, China). Mice

were attached to the optic fiber and allowed to explore the chamber for 45min.When themouse poked the left side hole on thewall, it

triggered a 1.5-s 20-Hz/20-ms optical stimulation. The no-response timewindowwas 2 s to preventmultiple activations following one

nose poke. Nose pokes on the right side did not lead to laser stimulation.

Odor-reward associative learning task
Mice were water deprived for 48 h and then habituated to the head-fixed setup. Delivery of odor and water, and registration of licks

were controlled by an Arduino-based system running on MATLAB (MathWorks).29 Briefly, in associative training sessions, the water

reward was preceded by an odor (valve opening for approximately 1 s). The interval between odor onset and water delivery was 3 s.

The inter-trial interval was randomized between 6 and 8 s. Mice were trained for approximately 40 reward trials per day. Daily per-

formance was analyzed in MATLAB as previously discribed.29 Well-trained animals (3–6 training sessions) displayed robust antici-

patory licking (80% or above of its maximum responsive licking rate) immediately after odor delivery.

Intravenous infusion of nicotine
Precise doses of nicotine were administered tomice by intravenous infusion.76 In brief, mice were anesthetized with isoflurane (RWD,

R510-22-10). A silicon catheter (Dow, 508–003) was inserted into the right external jugular vein, the other end of which was placed

subcutaneously around the shoulder and fixed to the back-mount access port. The catheter was flushedwith 0.2mL sterilized heparin

(Tocris, 2812/100; 10U/mL in saline) daily after surgery. Mice were allowed to rest for at least 3 days before recording experiments.
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The nicotine was dissolved in sterile, physiological saline at the concentration of 30 mg/mL. During one recording session, each

mouse received five infusions of nicotine (0.03 mg/kg/infusion) over 30 min.

Fiber photometry recording
To perform fiber photometry recording, we used a device from THINKERTECH (QAXK-FPS-LED). A 470-nm blue LED light (30 mW)

was delivered to the implanted ferrule. Analysis of the signal was performed with custom-written MATLAB codes.29,77 The Z score

was calculated as (x-m)/s, using the mean and standard deviation of the signal 5 s before the stimulation. Type 1 or 2 responses were

identified as more than 3 x std above or below the baseline. Area aunder the curve (AUC) for cue-reward trials was the sum of

response values between 4 and 6 s for the reward.

Miniscope imaging
Mice with a baseplate and attached miniature microscope (UCLA Miniscope V4, Open Ephys78) were habituated to the setup for

10 min one day before the imaging sessions. Imaging data were acquired at a 30-Hz frame rate and collected with UCLA

Miniscope-DAQ-DT-Software. Synchronization between the miniature microscope and behavior-related events (lick and pump

events) was achieved by a custom Arduino board.

Calcium imaging analysis
Analysis of the calcium imaging time series was performed in Python andMATLAB. The imaging data were spatially downsampled (2-

fold in x-y) and temporally downsampled (4-fold). Constrained non-negative matrix factorization (CNMF-E) for microscopy was used

to extract GCaMP fluorescence responses associated with individual neurons from the processed data.25 In conventional calcium

imaging analysis, fluorescence signals are compared as DF/F. We used the inspected raw output of CNME-F as DF for the subse-

quent analysis. To report average fluorescence responses across neurons within a session, normalized DF was calculated as (DF –

DF baseline)/(DFmax - DFmin). The DF baseline was calculated from the mean responses before stimulus onset for each trial. For

classification of different response types of single neurons in Figures 2 and 3 and S3 and S4, we compared the peak or trough of

the response to conditional or unconditional stimuli with the average baseline fluorescent signal for each ROI regions in every trial.

Statistically significant neruonal reponses were determined using Wilconxon signed-rank test,79 The response was classified as

‘‘type 1’’ (excitatory response), if p < 0.05 and showed a positive peak. The response was classified as ‘‘type 2’’ (inhibitory response),

if p < 0.05 and showed a negative peak. The responsewas classified as ‘‘type 3’’ (no response) if p > 0.05. Area aunder curve (AUC) for

cue-reward trials was the sum of response values during 2–4 s for the CS and during 4 - 6s for the US.

Histology
Micewere euthanizedwith an overdose of pentobarbital sodium and transcardially perfusedwith phosphate buffered saline (PBS, pH

7.4) followed by 4% paraformaldehyde (PFA). Brains were dissected and postfixed in 4% PFA for 1–2 h at room temperature. After

being dehydrated in 30% sucrose for 48–72 h, brain tissues were embedded in Tissue-Tek OCT compound (Sakura) before

sectioning. Brains were cut into 50-mm sections with a cryostat (Leica). Brain sections were first washed in PBS (3 3 10 min) and

then counterstained with DAPI (1:30,000).

In situ hybridization
Mouse brains were cut into 18-mm sections with a cryostat (Leica) and mounted onto SuperFrost Plus microscope slides. We used

RNAscope multiplex fluorescent reagent kit v2 assay (Advanced Cell Diagnostics, #323100) including sample preparation and pre-

treatment. Briefly, brain sectionswere dried at 39�C for 2 h, treated with 3%hydrogen peroxide inmethanol for 5min, treatedwith 3%

hydrongen peroxide in methone, TR buffer for 15 min, and then treated with RNAScope protease III for 15 min at 40�C. Following the

manufacturer’s protocols for fixed-frozen tissue samples and I HybEZ oven (Advanced Cell Diagnostics, Inc), the brain sections were

incubated with mRNA probes for 2 h at 40�C, and signals were detected with TSA Plus Flucerence Kit.

Tissue sectioning and clearing
The excisedmouse brain was treated following amethod established previously.80 The brain was postfixed with 4%HMS, incubated

at 4�C for 48 h, and then embedded at 37�C until polymerization into a tissue block. The blockwaswashed in PBS 3 times for 2 h each

and sectioned into 300-mm-thick slices using a vibratome (Compresstome VF-700, Precisionary Instruments). The sliceswere treated

with PuClear clearing solution (5% PBST), placed on a shaker at 60 rpm for 24 h at 37�C followed by washing in PBS 3 times for 2 h

each. Then, the slices were attached to glass substrates and incubated in the PuClear RI matching solution for 4 h in the imaging

chamber until transparent.

Image acquisition and cell counting
To check virus expression or CTB labeling, we used an Olympus Virtual Slide Microscope (VS120-S6-W). To quantitatively analyze

the distribution of CTB-labeled neurons, we employed the VISoR technique for volumetric imaging and analysis.28,80 The brain im-

ages were acquired with a VISoR microscope (Bitelligen) using a 103 imaging objective. Cell detection was performed with Imaris

software (Oxford Instruments). The slice images were manually registered to the Allen Mouse Common Coordinate Framework.
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Geo-seq
The embedded mouse brains were cryo-sectioned in the transverse plane at a thickness of 20 mm. Sections were then mounted on

polyethylene-terephthalate-coated slides, fixed immediately with ethanol and stained with 1% cresyl violet acetate solution (Sigma,

C5042, dissolved in 75% ethanol). Targeted regions of mouse brain sections in the nucleus accumbens (NAc) were isolated by

laser-capture microdissection (LCM; CellCut System, MMI), and spatial transcriptome analyses of those collected samples were

performed as previously described.31

Preprocessing of RNA-seq data
Adapters and low-quality reads were removed by fastp (v0.20.0).81 Then raw reads were mapped to the GRCm38mouse genome by

HISAT2 (v2.1.0). All mapped reads were processed by StringTie (v1.3.4)82 and FeatureCounts (v1.6.3)83 to quantify gene-expression

levels, measured by transcripts per million (TPM) and gene counts using default parameters. The density distribution of gene expres-

sion for all samples was also plotted to assess whether there were inconsistent samples.

Variable gene selection and hierarchical clustering
Genes with TPM >1.0 in at least two samples and a variance of log10 (TPM+1) greater than 0.05 across all samples were retained for

clustering and PCA. Unsupervised hierarchical clustering by the top highest and lowest principal component (PC) loading genes was

performed by the hclust function in R.

Differentially expressed gene and functional enrichment analysis
To identify differentially expressed genes (DEGs) among samples, we used the R/Bioconductor package DESeq2 (v1.28.1)84 on

gene-level fragment counts. The numbers of DEGs were calculated with a cut-off FDR <0.05 and fold change >1.5. GO analysis

of DEGs was performed using R with the Bionconductor package clusterProfiler.85

QUANTIFICATION AND STATISTICAL ANALYSIS

All experiments were conducted blinded. Wilcoxon rank-sum test and ANOVA test were used for group comparisons. All statistical

data can be found in the figure legends. Statistical significance was set at *p < 0.05; **p < 0.01; ***p < 0.001, ****p < 0.0001. Data are

presented as means ± SEM.
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Figure S1. Fiber photometry recordings of NAcLat and NAcLat neurons in response to water 
reward. Related to Figure 2. 
(A) An example picture showing the GCaMP expression and fiber placement in the NAcMed. 
(B) Fraction of response types in the NAcMed. Type 1: excitatory response; Type 2: inhibitory 
response; Type 3: no response. 
(C) Z-score of type 1 responses in the NAcMed (n = 6). 
(D) Z-score of type 2 responses in the NAcMed (n = 4). 
(E) An example picture showing the GCaMP expression and fiber placement in the  NAcLat. 
(F) Fraction of response types in the NAcLat.. 
(G) Z-score of type 1 responses in the NAcLat (n = 11). 
(H) Area under of the curve (AUC) of type 1 and type 2 responses in NAcMed and NAcLat recordings. 
One-way ANOVA, F(2,18) = 15.05, p = 0.0001, followed by post-hoc Tukey’s test, *p < 0.05, ***p < 
0.001.  
 
  



 

Figure S2. Fiber photometry recordings in three NAc subregions in D1-cre and D2-cre mice. 
Related to Figure 2. 
(A, C, E) The response pattern of D1R-expressing neurons to intravenous injection in the NAcLat, 
NAcMed, and NAcCore, respectively.  
(B, D, F) The response pattern of D1R-expressing neurons to oral administration of water in the 
NAcLat, NAcMed, and NAcCore, respectively.  
(G) Upper panel: AUC of D1R-expressing neuronal responses in three NAc subregions to nicotine 
injection. One-way ANOVA, F(2,16) = 4.72, p = 0.02, followed by Fisher’s LSD test, **p < 0.01. 
Bottom panel: AUC of responses in three NAc subregions to water reward. One-way ANOVA, F(3,24) = 
17.09, p < 0.0001, followed by Fisher’s LSD test, ***p < 0.001, **** p < 0.0001. 



(H, J, L) The response pattern of D2R-expressing neurons to intravenous injection in the NAcLat, 
NAcMed, and NAcCore, respectively. 
(I, K, M) The response pattern of D2R-expressing neurons to oral administration of water in the 
NAcLat, NAcMed, and NAcCore, respectively.  
(N) Upper panel: AUC of D2R-expressing neuronal responses in three NAc subregions to nicotine 
injection. One-way ANOVA, F(2,7) = 6.65, p = 0.024, followed by Fisher’s LSD test, **p < 0.01. 
Bottom panel: AUC of responses in three NAc subregions to water reward. One-way ANOVA, F(3,24) = 
15.21, p < 0.0001, followed by Fisher’s LSD test, *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 
0.0001. 
 
  



 
 
Figure S3. Retrograde tracing with CTB-488 and CTB-647 followed by VISoR imaging reveal 
inputs to NAc subregions. Related to Figure 4. 
Each panel is a max-intensity Z-projection of about 40 μm.  
  



Figure S4. RNAscope in situ hybridization in NAcMed and NAcLat tissue. Related to Figure 5. 
(A) An example picture showing the location of NAcMed and NAcLat tissue collection. The red circle 
(~150 μm diameter) indicates the position of laser dissection.  
(B) Boxplots of gene expression of each sample. 
(C) Density plot comparing count distribution for all the ten samples. 
(D) Example pictures showing RNAscope in situ hybridization for Nts (red) and D1R (left, green) or 
D2R (right, green) in the NAcLat. 
(E) The quantification of the overlap ratio between Nts+ and D1R+ or D2R+ neurons. 
(F) Example pictures showing RNAscope in situ hybridization for Cartpt (red) and D1R (left, green) or 
D2R (right, green) in the NAcMed. 
(G) The quantification of the overlap ratio between Cartpt+ and D1R+ or D2R+ neurons. 
  



 

Figure S5. Retrograde tracing with multicolor CTB reveals distinct inputs to three NAc 
subregions. Related to Figure 4. 
(A) Schematic of the CTB injection strategy. 
(B-C) Pictures showing the injection sites in the NAc. 
(D-H) Retrograde labeled neurons in upstream brain regions of the NAc. 
  



 

Figure S6. Percentage of cells with various responses in three NAc subregions. Related to Figure 
3. 

(A) Responses of NAcCore neurons to water reward. 



(B) Examples of licking patterns on training day 1 and day 6. 
(C) Three NAc subregions neuron responses on training days 1 - 6. 
(D-F) Percentage of all the cells showing various responses to the CS and US in three NAc subregions, 
respectively. 
(G) Percentage of cells showing type 1 or type 2 response to reward consumption (n = 4 mice for each 
subregions). Two-way ANOVA, type x subregions, F(2,18) = 20.49, p < 0.0001, subregions, F(2,18) = 6.02, 
p = 0.01; followed by post-hoc Tukey’s test, * p < 0.05, *** p < 0.001, **** p < 0.0001. 
(H) Percentage of cells showing type 1 or type 2 response on Day 1 (n = 4 mice for each subregions). 
Two-way ANOVA, type x subregions, F(2,18) = 0.11, p < 0.90, subregions, F(2,18) = 2.13, p = 0.15. 
(I) Percentage of cells showing type 1 or type 2 response on Day 6 (n = 4 mice for each subregions). 
Two-way ANOVA, type x subregions, F(2,18) = 8.01, p = 0.0032,; followed by post-hoc Tukey’s test, * 
p < 0.05, ** p < 0.01. 
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