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SUMMARY

Social and reward signal processing and their association are critical elements of social motivation. Despite
the use of reward learning to improve the social interactions of patients with autism spectrum disorder (ASD),
the underlying neural mechanisms are unknown. Here, we found different yet conjunct neuronal representa-
tions of social and reward signals in the mouse medial prefrontal cortex (mPFC). We also found that social
signal processing is selectively disrupted, whereas reward signal processing is intact in the mPFC of
Shank2-knockout mice, a mouse model of ASD. Furthermore, reward learning not only allows Shank2-
knockout mice to associate social stimuli with reward availability, but it also rescues the impaired social
signal processing. These findings provide insights into the neural basis for the therapeutic use of reward
learning in ASD.

INTRODUCTION

Social interactions are often intertwined with rewarding experi-

ences, giving rise to social motivation. Lack of social motivation

is a defining trait of autism spectrumdisorder (ASD) and one of its

diagnostic criteria.1 Social signal processing and reward-based

learning are two important elements of social motivation. There-

fore, understanding how social and reward processing are

altered in ASD is important to understand the neural basis of

ASD, but our understanding of this issue at the neuronal level

is limited. Currently, there is no definite treatment for ASD, but

behavioral interventions that utilize positive reinforcement are

applied to patients with ASD to improve their social behavioral

performance.2–4

The goal of behavioral therapy for ASD patients is to generate

a lasting improvement in social behavior even when rewards are

no longer provided. In addition, one of the key questions is

whether reward-based therapy can facilitate the transition of

improved behaviors to novel social situations that were not

encountered during therapy. This raises the question of whether

reward learning improves the brain’s ability to process social in-

formation in general. Although the human psychosocial inter-

ventions appear to be successful, albeit limited, in improving

social behaviors in ASD patients, it is unclear whether the pos-

itive effects of behavioral therapy are due to improved neural

processing of social signals or simply due to reinforced

behavior in previously learned social situations. Therefore, un-

derstanding whether and how reward learning improves social

signal processing in ASD would be important for developing

strategies for treating ASD. However, to the best of our knowl-

edge, we have little understanding of this matter at the neuronal

level.

The medial prefrontal cortex (mPFC) is a central neuroana-

tomical hub for social and reward circuits, and it integrates

multiple types of information to modulate complex social be-

haviors.5–8 The mPFC, which is connected with other social

areas, including the nucleus accumbens, the ventral tegmental

area, the amygdala, and the hippocampal CA1,9–14 shows se-

lective responses to social stimuli.15–17 Manipulation of the

mPFCmodulates social motivation and even rescues the socia-

bility of ASD model mice.9,18–21 In addition, the mPFC is a key

component of the reward circuit, encodes reward information,

and modulates reward-seeking behavior.22,23 Therefore, the

mPFC offers the best opportunity to investigate possible rela-

tionships between social and reward signal processing. How-

ever, it is unclear whether these two forms of information are

processed by separate or overlapping neural populations and

how their responses influence each other. Furthermore, how

social and reward signal processing are selectively and differ-

ently affected in ASD and whether social representations

emerge at the neuronal level following reward learning remain

to be investigated.

In this study, we developed a novel behavioral paradigm that

allows us to investigate social and reward processing simulta-

neously, and we found that reward learning can rescue social

signal processing in the mPFC that is selectively impaired in

Shank2-knockout (Shank2�/�) mice, a widely usedmousemodel

of ASD.24–26
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RESULTS

Social signal processing is selectively impaired in
Shank2�/� mice
To elucidate how social information is processed and repre-

sented and to investigate how reward learning affects social

signal processing in the mPFC of wild-type (WT) and Shank2�/�

mice, we designed a social versus non-social odor discrimination

task. The subjects were placed in front of a turntable, separated

by a window, with four cues: two social cues and two non-social

cues. The task was designed with reward association in mind,

where one social cue and one non-social cue would be associ-

ated with reward upon the introduction of a lick port, so that

each cue would be of different social category and different

reward category. All subjects underwent viral vector injection

and GRIN lens implantation in themPFC for in vivo calcium imag-

ing before participating in behavioral training (Figure 1A).

To investigate social signal processing in the mPFC before

reward learning, the subjects went through passive presentation,

i.e., the cues were presented without any reward (Figure 1B).

Upon the opening of the window, the subjects were presented

with one cue, randomly selected from the four cues, for 4 to 6

s. After the cue presentation, the window was closed and an in-

ter-trial interval of approximately 8 s was followed. The duration

of cue presentation was randomized between trials to reduce

anticipatory licking during the reward learning phase. We moni-

tored the activity of mPFC neurons expressing GCaMP6f using

in vivo calcium imaging while the mice were performing the

task (Figure 1C).

Mean calcium responses to the cues were overall similar be-

tween WT and Shank2�/� mice, suggesting that the mean activ-

ity level of the neurons was not different; however, the number

of mPFC neurons that were activated or inhibited in response

to social cues was smaller in Shank2�/� mice than WT mice

(Figures S1A and S1B). The proportions of ‘‘social’’ neurons,

which responded differentially to social versus non-social odor

stimuli (Figure 1D), were 21.2% ± 3.4% and 4.0% ± 0.9% in

WT and Shank2�/� mice, respectively, which differed signifi-

cantly from each other (Figure 1E).

Next, we tested whether the population activity pattern of

mPFC neurons distinguished between social and non-social

odors. We trained a support vector machine (SVM) decoder to

classify social and non-social odor trials and calculated the de-

coding accuracy using the leave-one-out cross-validation pro-

cedure. In WTmice, the accuracy of neuronal population decod-

ing of social versus non-social cues was near chance level until

about 0.5 s after the opening of the window, and it rapidly

increased to a plateau. Conversely, such an increase in the

decoding accuracy was not observed in Shank2�/� mice (Fig-

ure 1F). The accuracy of neuronal population decoding of social

versus non-social cues was significantly lower in Shank2�/�

mice than WT mice: 72.1% ± 3.2% and 48.9% ± 1.5% correct

decoding accuracy inWT andShank2�/�mice, respectively (Fig-

ure 1G). The difference in SVM decoding was not due to a differ-

ence in the number of cells used for population decoding (Fig-

ure S2A). Furthermore, population decoding using matched

number of cells between WT and Shank2�/� mice showed

concurring results (Figures S2B).

In addition, we investigated how the neural representation of

social information at the population level changed upon repeated

exposures to the same cues. The accuracy of population decod-

ing increased with repeated exposures to the cues for 3 consec-

utive days inWTmice (Figures 1Hand 1I), consistentwith previous

observations in thatWTmice displayed an experience-dependent

refinement of social representation across days.12 In contrast, in

Shank2�/� mice, population decoding accuracy decreased with

familiarization (Figures 1J and 1K). Altogether, these results

show that social and non-social odors can be discriminated by

the neuronal activity in the mPFC in WT mice, but this ability is

impaired in Shank2�/� mice.

Shank2�/� mice can learn the association between
social stimuli and reward availability
After the passive presentation, the subjects went through reward

learning. The task structure was identical to the passive presen-

tation except for a lick port situated in front of the subjects (Fig-

ure 2A). The mice were trained to lick in response to only one

social and one non-social cue and to refrain from licking in

response to the other cues. The addition of the reward compo-

nent to one of the social and non-social cues apportioned

each cue to different social and reward contexts (Figure 2B).

Although it took an average of 6.4 additional sessions for

Shank2�/� mice to reach the performance criterion of 80% cor-

rect rate (Figures 2C and 2D), the performance after reaching the

criterion was comparable betweenWT and Shank2�/�mice (Fig-

ure 2E). When the performance was assessed separately for

the social and non-social trials, there was no difference between

WT and Shank2�/� mice (Figure 2E). This suggests that, once

learned, Shank2�/� mice can distinguish between social and

non-social cues as proficiently as WT mice, and that they retain

the potential ability to associate odor cues with reward availabil-

ity regardless of the social category of the cue.

Interestingly, we observed that Shank2�/�mice did not exhibit

a bias toward licking, which is typically observed in Go/No-Go

task in WT mice (Figures 2F, S3A, and S3B). Shank2�/� mice

also displayed a higher frequency of prolonged licking after

receiving reward compared to WT mice (Figures 2G–2I). Alto-

gether, these results show that Shank2�/� mice are capable of

forming stimulus-reward associations for both social and non-

social stimuli, although the learning rate was slower compared

to WT mice.

Social signal processing is improved following reward
learning in Shank2�/� mice
Our task design enabled us to examine the neural representations

of both social and reward information, both at the level of individ-

ual neurons and the level of neuronal population during the reward

task. In well-trained mice, the proportions of social cells, neurons

that discriminate between social and non-social cues, were

25.6% ± 3.7% and 14.9% ± 3.9% in WT and Shank2�/� mice,

respectively (Figure 3A). The proportions of reward cells, neurons

that discriminate between reward-associated and non-reward-

associated cues, were 17.4% ± 2.7% and 23.8% ± 2.5% in WT

and Shank2�/� mice, respectively (Figure 3A). Although social

and reward neurons were substantially different populations,

they showed significant association, i.e., the overlap between
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the two populations was higher than that expected by chance,

suggesting conjunctive coding between the two representations

(Chi-square test with neurons pulled across all mice, p < 0.001

in WT, p < 0.001 in Shank2�/� mice). There were also neurons

that weremodulated by the combination of social and reward cat-

egories but not by social or reward categories alone, i.e., neurons

with significant interaction effect (Figure 3A). The proportions of

social and reward cells were not significantly different between

WT and Shank2�/� mice after reward learning (Figures 3B

and 3C).

Figure 1. Social signal processing is selectively impaired in Shank2–/– mice

(A) Schematic of the training schedule.

(B) Top: schematic of the behavioral setup during passive presentation. Bottom: task structure.

(C) Histology of the imaged area (top) and the detected regions of interest (ROIs) (bottom) for an example mouse (scale bar: 1 mm and 100 mm for top and bottom

panels, respectively).

(D) An example of a social cell. Heatmap of the neural activity of an example social cell (top) and the mean activity for each cue of an example social cell (bottom).

Time 0 indicates window opening.

(E) Comparison of the ratios of social cells in WT and Shank2�/� mice during passive presentation (unpaired t test, n = 9 for WT, n = 8 for Shank2�/�, p < 0.001).

(F) SVM decoding accuracies of social information in WT and Shank2�/� mice. Time 0 indicates window opening.

(G) Comparison of the SVM decoding accuracies of social information in WT and Shank2�/� mice (unpaired t test, n = 9 for WT, n = 8 for Shank2�/�, p < 0.001).

(H) SVM decoding accuracies for three passive presentation sessions in WT mice. Time 0 indicates window opening.

(I) Comparison of the SVM decoding accuracies on day 1 and day 3 in WT mice (paired t test, n = 7, p = 0.033).

(J) SVM decoding accuracies for three passive presentation sessions in Shank2�/� mice. Time 0 indicates window opening.

(K) Comparison of the SVM decoding accuracies on day 1 and day 3 in Shank2�/� mice (paired t test, n = 8, p = 0.011).
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Next, we examined the neural representations of social and

reward information at the neuronal population level. The decoding

accuracy of social information was higher in WT mice than in

Shank2�/�mice (Figures 3D and 3E), while the decoding accuracy

of reward informationwas comparable inWT andShank2�/�mice

(Figures 3F and 3G). The decoding accuracy of social information

Figure 2. Comparison of behavioral performance on the reward task between WT and Shank2�/� mice
(A) Schematic of the behavioral setup during reward learning.

(B) Table of cues by their social and reward context.

(C) Time courses for reward learning in WT and Shank2�/� mice. Mean time courses are in opaque colors, and individual time courses are in semi-transparent

colors. The dashed line indicates the high-performance criterion.

(D) Comparison of the number of sessions to reach the behavioral criteria inWT andShank2�/�mice (5.6 ± 0.8 sessions forWT, 12.0 ± 1.2 sessions for Shank2�/�;
unpaired t test, n = 7 for WT, n = 6 for Shank2�/�, p < 0.001).

(E) Left: comparison of the correct rate for all trials (unpaired t test, n = 19 sessions in 7WTmice, n = 18 sessions in 6Shank2�/�mice, p = 0.19). Center: social trials

(unpaired t test, n = 19 sessions in 7WTmice, n = 18 sessions in 6 Shank2�/�mice, p = 0.31). Right: non-social trials (unpaired t test, n = 19 sessions in 7WTmice,

n = 18 sessions in 6 Shank2�/� mice, p = 0.20). Circles of the same color indicate sessions from the same mouse.

(F) Comparison of the decision bias of WT and Shank2�/� mice (unpaired t test, n = 19 sessions for WT, n = 18 sessions for Shank2�/�, p < 0.001). Circles of the

same color indicate sessions from the same mouse.

(G) The raster plots of licking responses of well-trainedWT (left) and Shank2�/� (right) mice, aligned to the beginning of the response period. The response period

is the 2 s between window closing and the end of the trial, indicated by shaded green.

(H) Licking rates (mean ± SEM) of WT (blue) and Shank2�/� (red) mice (n = 7 for WT, n = 6 for Shank2�/�), aligned to the beginning of the response period.

(I) Comparison of the lick rates before, during, and after the response period in mouse CS + trials (left) and odor CS + trials (right) in WT and Shank2�/� mice

(unpaired t test, n = 7 for WT, n = 6 for Shank2�/�, p = 0.23, p = 0.14, p < 0.001 before, during and after the response period in mouse CS + trials, respectively, and

p = 0.26, p = 0.053, p = 0.0015 before, during, and after the response period in odor CS + trials, respectively).
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was higher when calculated within reward trials than non-reward

trials in both WT and Shank2�/� mice (Figures S4A–S4F). These

results suggest thatwhileShank2�/�mice have deficiencies in so-

cial signal processing, their reward signal processing is similar to

that of WT mice.

Compared to passive presentation, the ratio of social cells did

not increase significantly in WT mice, but in Shank2�/� mice, the

ratio of social cells increased significantly (Figure 3H). The fold

change of the ratio of social cells was significantly greater in

Shank2�/� mice compared to WTmice (Figure 3I). The decoding

Figure 3. Social signal processing is rescued following reward learning in Shank2�/� mice

(A) The ratio of social, reward and both cells in WT (left) and Shank2�/� (right) mice (n = 7 for WT, n = 6 for Shank2�/�).
(B) Comparison of the ratio of social cells after reward learning in WT and Shank2�/� mice (unpaired t test, n = 7 for WT, n = 6 for Shank2�/�, p = 0.071).

(C) Comparison of the ratio of reward cells after reward learning in WT and Shank2�/� mice (unpaired t test, n = 7 for WT, n = 6 for Shank2�/�, p = 0.11).

(D) SVM decoding accuracies for social information in WT and Shank2�/� mice. Time 0 indicates window opening.

(E) Comparison of the SVM decoding accuracies for social information (unpaired t test, n = 7 for WT, n = 6 for Shank2�/�, p < 0.001).

(F) SVM decoding accuracies for reward information in WT and Shank2�/� mice. Time 0 indicates window opening.

(G) Comparison of the SVM decoding accuracies for reward information (unpaired t test, n = 7 for WT, n = 6 for Shank2�/�, p = 0.63).

(H) Comparison of the ratio of social cells before and after reward learning inWT (left) andShank2�/� (right) mice (unpaired t test, n = 9 for before, n = 7 for after, p =

0.40 in WT; n = 8 for before, n = 6 for after, p = 0.0078 in Shank2�/�).
(I) Comparison of the fold change in the ratio of social cells in WT and Shank2�/� mice (unpaired t test, n = 7 for WT, n = 6 for Shank2�/�, p = 0.037).

(J) Comparison of the SVM decoding accuracies for social information before and after reward learning inWT (left) and Shank2�/� (right) mice (unpaired t test, n =

9 for before, n = 7 for after, p < 0.001 in WT; n = 8 for before, n = 6 for after, p < 0.001 in Shank2�/�).
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accuracy of social information increased in both WT and

Shank2�/� mice (Figure 3J). The number of cells used for popu-

lation decoding was comparable between WT and Shank2�/�

mice (Figure S4G). Furthermore, population decoding using

matched number of cells between WT and Shank2�/� mice

showed concurring results (Figure S4H). Paired analysis at the

cellular and population level in WT and Shank2�/� mice showed

concurring results (Figures S5A–S5D). Altogether, these results

show that social and reward information are represented by

different yet overlapping subsets of mPFC neurons, and social

cells, which were absent during passive presentation, emerged

after reward learning in Shank2�/� mice.

Stable social representation emerged during reward
learning
Next, we investigated how social and reward information

emerged during reward learning. The population decoding accu-

racy of social information increased along with the behavioral

performance of the reward task (Figure 4A). Specifically, the de-

coding accuracy of social information in Shank2�/� mice

increased at a similar rate as WT mice, starting from chance

level. These results suggest that there is a correlation between

the progression of reward learning and the emergence of

neuronal representation of social information. The improvement

in decoding accuracy of reward information during reward

learning was similar in WT and Shank2�/� mice, suggesting

intact reward processing in Shank2�/� mice (Figure 4B).

In well-trained mice, we investigated the stability of social and

reward cells by comparing discrimination index values on 2

consecutive days. The stability of social and reward information

was above chance in bothWT and Shank2�/�mice, with the sta-

bility of social information being higher in WT mice compared to

Shank2�/�mice, whereas the stability of reward information was

comparable (Figures 4C, 4D, S6A, and S6B). These results indi-

cate that social and reward information are encoded with stable

representations in the mPFC and that reward circuit is intact in

Shank2�/� mice.

To examine whether the emerged social signal processing

in Shank2�/� mice following reward learning is maintained

even after the reward is removed, the subjects underwent

Figure 4. Emerged social representation is maintained with significant stability

(A) Correlation between SVM decoding accuracies for social information and behavioral performance (r = 0.72, p < 0.001 for WT, r = 0.73, p < 0.001 for Shank2�/�

mice). Dots for each session from 7 WT and 6 Shank2�/� mice. Fitting lines are mean ± SEM across regression lines for each mouse.

(B) Correlation between SVMdecoding accuracies for reward information and behavioral performance (r = 0.65, p < 0.001 forWT, r = 0.60, p < 0.001 forShank2�/�

mice).

(C) Comparison of the correlation coefficients of discrimination index (DI) values for social information in 2 consecutive days inWT and Shank2�/�mice (unpaired

t test, n = 7 for WT, n = 6 for Shank2�/�, p = 0.023).

(D) Comparison of the correlation coefficients of DI values for reward information in 2 consecutive days in WT and Shank2�/� mice (unpaired t test, n = 7 for WT,

n = 6 for Shank2�/�, p = 0.86).

(E) Comparison of the ratio of social cells during passive presentation before and after reward learning inShank2�/�mice (unpaired t test, n = 8 for before, n = 6 for

after, p = 0.030, p < 0.001 compared to chance).

(F) SVM decoding accuracies for social information before and after reward learning in Shank2�/� mice. Time 0 indicates window opening.

(G) Comparison of the SVM decoding accuracies for social information before and after reward learning in Shank2�/� mice (unpaired t test, n = 8 for before, n = 6

for after, p = 0.023).
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passive presentation after reward learning. The ratio of social

cells was significantly higher compared to that of passive pre-

sentation before reward learning and to chance level (Figure 4E).

The population decoding of social information was also higher

during passive presentation after reward learning compared to

that of before reward learning (Figures 4F and 4G). These results

suggest a possibility that the social signal processing acquired

through reward learning persists even in the absence of reward.

DISCUSSION

In this study, we developed a novel behavioral paradigm to

investigate social and reward signal processing simultaneously.

Combined with in vivo calcium imaging, we observed a social

signal processing circuit, different from, yet conjunct to the

reward circuit in the mPFC. We showed that the reward circuit

was intact, and social signal processing was selectively impaired

inShank2�/�mice. After reward learning, i.e., associating reward

to social and non-social cues, social signal processing was

partially rescued in Shank2�/� mice, and the effect persisted af-

ter the removal of reward.

The use of reward learning as a behavior modification tech-

nique has been shown to be effective in treating ASD.27 Howev-

er, the neural mechanisms underlying the improvement are still

not well understood. A crucial question in ASD research is

whether reward learning can enhance the brain’s ability to pro-

cess social information in general, i.e., apart from the improve-

ment of the limited social interactions used during reward

learning, of which our understanding has been limited so far.

Our results demonstrate the evidence that neuronal processing

of social information can be enhanced through reward learning,

offering new insights into the therapeutic potentials of reward

learning for the treatment of ASD.

Impairment in social reward processing, i.e., associating

reward value with social stimuli, has been hypothesized to be

the underlying cause of social deficit in ASD, on which current

behavior therapies such as the applied behavior analysis are

based.28,29 However, the discrepancies of impairment between

social reward and non-social reward processing in ASD patients,

such as the difference in the deficit in reward learning between

social rewards and monetary rewards, have been difficult to

explain.30 Previous studies have crudely indicated a specialized

and exclusive channel for social signal processing apart from

non-social signal processing.9,31 However, it was unclear why

manipulating the classical reward circuit affected sociability.5,32

It could be speculated that social reward processing involves in-

teractions between social and reward representations, where

the former is selectively impaired, while the latter is relatively

intact in ASD, and that their significant overlap influences each

other so that social signal processing ismodulated by the reward

circuit and vice versa to contribute to social motivation. Our re-

sults revealed that both the social and reward neurons are pre-

sent in the mPFC and that they display a noticeable degree of

overlap. These observations support the mPFC as a potential

domain where social and reward information are integrated,

thus mediating social reward processing.

The distinction between social and reward components was

quite ambiguous in conventional and widely used methods

such as the three-chamber test.9,15,24 It was difficult to ascertain

whether the interpretation or the consequence of a manipulation

was indeed specifically of social or reward component. The

behavioral paradigm we have employed in this study enabled

us to clearly distinguish social and reward components at the

cellular and the population levels. To further investigate the func-

tion of social and reward representations on the modulation of

social behaviors, jointly and separately, specific labeling and

manipulation of social and reward representations could be

possible with the application of calcium integrators and in vivo

two-photon optogenetic stimulation.33,34 Differences in the pro-

jection and themolecular profiles of social and reward neurons in

the mPFC could also be traced to examine their roles in tandem

with other brain regions involved in social signal processing.

Ourobservationofdifferent representationsofsocialand reward

information and their association, as well as the rescuing effect of

social representation by reward learning provides insights to the

pathophysiology and the therapeutic applications of ASD.

Limitations of the study
In the present study, we observed remarkable improvements in

social representation in the mPFC of mice during a reward asso-

ciation task. Interestingly, this enhancement was maintained

even after the removal of reward. Although the results are signif-

icant, their impact is moderate. It is of great interest to determine

whether our approach will producemore substantial results in ju-

venile mice, of which the neural circuits have greater plasticity.

Additionally, considering that the mice were trained only for

two additional sessions after reaching the performance criterion,

a longer period of training may result in even better improve-

ments in social signal processing after the removal of reward.

Our study also tested the effect of reward leaning in just one

type of autism model mice, so it is necessary to confirm whether

the results are replicable in other autism model mice.

Given that our model organism is the mouse, which is well

known to rely on olfaction as its primary sensory modality for so-

cial recognition,35 we identified social cells by comparing

neuronal responses to real mice with those to neutral odors.

Even though the subject mice discriminate between stimulus

mice and non-social odor stimuli based on olfactory characteris-

tics, these two types of stimuli may differ in many non-social as-

pects such as the intensity, composition of the smell, and

inherent preferences of the subject mice. That mPFC neurons

of Shank2�/� mice could not differentiate between the stimulus

mice and the non-social odors prior to reward learning indicates

that Shank2�/� mice have an impairment in social versus non-

social discrimination in the mPFC. However, it remains ambig-

uous whether the emerged ability of discriminating between

stimulus mice and non-social odors via reward learning can be

solely attributed to social versus non-social discrimination. A

more comprehensive comparison, perhaps involving neural re-

sponses to the stimulus mice against various control stimuli

across different sensory modalities, could have addressed this

issue. This remains an unaddressed concern in our study.

Finally, we did not test whether the rescue of social signal pro-

cessing at the neuronal level is sufficient to improve social

behavior such as an increased preference for interacting with so-

cial stimuli. Considering the limited improvement in the social
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signal processing after the removal of reward, behavioral

enhancement could also be marginal.
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STAR+METHODS

KEY RESOURCES TABLE

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Doyun Lee

(leedoyun@ibs.re.kr).

Materials availability
This study did not generate new unique reagents.

Data and code availability
All data reported in this paper will be shared by the lead contact upon request. CustomMATLAB code for analyzing the data are avail-

able at https://doi.org/10.5281/zenodo.8352766.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals
Behavior and imaging data were collected from 9 C57BL/6J WT male mice (The Jackson Laboratory; 2–3 months old) and 8

Shank2�/� male mice. Subject mice were housed individually after surgery. Conspecifics presented as cues were C57BL/6J WT

male mice and were littermate pairs. The conspecifics used as cues were not littermates with the subject mice. The mice were main-

tained on a 12-h light/dark cycle with food ad libitum. All procedures used in this work were approved by the Institutional Animal Care

and Use Committee of the Institute for Basic Science (Daejeon, South Korea).

METHOD DETAILS

Surgery
The mice were anesthetized with isoflurane (1–3%) and the body temperature was maintained at 37�Cwith a heating pad (DC Temper-

atureControl System, FHC Inc.). For viral injections, AAV1.CaMKII.GCaMP6fwas injected to the rightmPFC, at the coordinateAP -1.85,

ML 0.30, DV -1.70. Two days after viral injection, a circular craniotomy of diameter 1.0 mmwas made centered at the injection site and

part of the cerebral cortex was removed by aspiration. A GRIN lens of diameter 1.0 mm (PPL-1043, Inscopix) was inserted on top of the

injection site. A stainless steel head bar for head-fixation was attached to the cranium and was covered with dental acrylic.

Behavioral apparatus
Four cues were placed on a turntable (diameter of 24 cm), separated from the subject mouse by a window of size 3 (width) 3

2.5 (height) cm2. A stepper motor (SBC-NK245-03AT, Motorbank) was used to rotate the turntable. The window was controlled

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

pENN.AAV1.CamKII.GCaMP6f.WPRE.SV40 Addgene Catalog # 100834-AAV1; RRID: Addgene_100834

Chemicals, peptides, and recombinant proteins

Citral Sigma Aldrich CAS # 5392405

Isoamyl acetate Sigma Aldrich CAS # 123922

Experimental models: Organisms/strains

Mouse: C57BL/6J The Jackson Laboratory #000664

Mouse: Shank2�/� Eunjoon Kim’s Lab N/A

Software and algorithms

MATLAB MathWorks N/A

Bonsai Lopes et al.36 N/A

Inscopix Data Processing Software Inscopix N/A

CNMF-E Zhou et al.37 N/A

CellReg Sheintuch et al.38 N/A

Original code This paper https://doi.org/10.5281/zenodo.8352766
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by a servo motor (MEDS15, Makeblock Co. Ltd.). A lick port mounted on a three-axis micromanipulator and was placed in front

of the subject mouse. The lick port was made of a stainless steel tube (diameter of 1.3 mm) and was controlled with a solenoid

valve (161T011, NResearch Inc.) to deliver reward. The apparatus was enclosed in a 60 3 60 3 60 cm3 soundproof box. The

turntable, the window and the lick port were all controlled by Arduino microcontrollers and behavioral data were acquired using

Bonsai.36

Behavioral paradigm
Four cues were used, with two cues being male conspecifics and two cues being non-social odors. The conspecifics used for cues

were head-fixed on a custom-designed mounting platform. The non-social odors used were citral (CAS # 5392405, Sigma Aldrich)

and isoamyl acetate (CAS # 123922, Sigma Aldrich), diluted by 1/500 with mineral oil, placed in a dish for diffusion. Although the con-

centration of the odor decreased over time due to evaporation, calcium response to the odor cues was not different during the first

and the second half of the session (data not shown). The cues were presented in a pseudo-random order. The window was opened

for 5 ± 1 s. The opening durations were randomized between trials tominimize anticipatory licking. The inter-trial interval was approx-

imately 8 s. During reward learning training, a lick port was placed in front of the subject mouse. After the window was closed, a tone

(2 kHz) was given for 2 s to indicate the response period. A water droplet was given when the subject licked during CS + trials. Mice

were not punished for incorrect lickings during CS- trials. A session consisted of about 400 trials during passive presentation and

about 480 trials during reward learning.

Training protocol
Prior to training, the subject mice were put on a water-restriction schedule and were given approximately 1 mL of water daily to main-

tain approximately 80% of the initial body weight. After handling, the subject mice were habituated to head-fixation in the behavioral

box for 30–60 min for 2–3 days. After habituation, the subject mice went through 3 days of passive presentation, i.e., the four cues

were presented passively without the lick port and reward. After passive presentation, the lick port was situated in front of the subject

mice. After being familiarized to the lick ports, reward learning was commenced. The subject mice were trained to lick during the

response period of the trials with cues that were associated with reward, and refrain from licking during the response period of

the trials with cues that were not associated with reward. For Shank2�/� mice, after reaching the correct rate of 80%, the subject

mice went through additional passive presentation sessions after training. For the 2 WT mice and the 2 Shank2�/� mice which did

not reach the criterion of 80% correct rate, only passive presentation data were used.

In vivo calcium imaging
GCaMP6f fluorescence in the mPFC was imaged using a miniaturized fluorescence microscope (nVoke, Inscopix). The field of view

was imaged at 20 frames/sec. Motion correction was done using the Inscopix Data Processing Software (Inscopix). Fluorescence

from the regions of interest (ROIs) were extracted using the MATLAB package CNMF-E37. Tracking the activity of the same set of

neurons across multiple sessions was done using the MATLAB package CellReg.38

Behavioral performance
CS + trials in which the subjects successfully licked the lick port were defined as ‘‘hit trials’’. CS + trials in which the subjects failed

to lick the lick port were defined as ‘‘miss trials’’. CS- trials in which the subjects wrongfully licked the lick port were defined as

‘‘false alarm trials’’. CS- trials in which the subjects successfully refrained from licking the lick port were defined as ‘‘correct rejec-

tion trials’’. The behavioral correct rate was calculated as follows: (# of hit trials + # of correct rejection trials)/# of all trials. The d’

value for the signal detection theory was calculated as follows: CR - zmiss, where zCR and zmiss are the inverse of the standard normal

cumulative distribution function of the correct rejection rate and the miss rate, respectively. The decision bias was calculated as

follows: d’/2 + zmiss.

QUANTIFICATION AND STATISTICAL ANALYSIS

Identification of social and reward cells
To classify neurons into social and reward cells, we used two-way ANOVA with interaction (anovan in MATLAB). For passive presen-

tation sessions, in which there was no reward, only social cells were defined. For sessions after reward learning, neurons with signif-

icant main effect were defined as social and reward neurons. Neurons with significant interaction term were excluded to rule out con-

founding factors in regard to social and reward interaction. Discrimination index (DI) was defined as follows: (m1 - m2)/sqrt((s1
2 + s2

2)/2),

where m and s represent the mean and the standard deviations of areas under calcium events during each trial type.

SVM decoding of social and reward information
For population decoding of social and reward information, SVM decoder with a linear kernel (fitcsvm in MATLAB) with the leave-one-

out cross-validation procedure was used. For each imaging session, independent SVMs were trained and tested at each time point.

Specifically, each decoder was trained with the neural population activity pattern from all trials in the session except a withheld trial.

Then we tested if the trained decoder classified the held-out trial into the correct category. For each session, the procedure was

Cell Reports 42, 113228, October 31, 2023 11

Report
ll

OPEN ACCESS



repeated bywithholding a different trial at a time so that thewithheld trials span the entire session. Decoding accuracywas expressed

as the proportion of correct classifications. For comparing the decoding accuracies between WT and Shank2�/� mice, SVM decod-

ing was done with the area under the curve (AUC) of the calcium activity traces during the 3 s after window opening.

Statistics
All data analysis was performedwithMATLAB (MathWorks) with customcodes. A p value <0.05was used as the criterion for statistical

significance. All data were expressed as mean ± SEM.
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Figure S1 Comparison of calcium responses between WT and Shank2-/- mice 

(A) Mean calcium responses across sessions are similar between WT and Shank2-/- mice during 

passive presentation (unpaired t-test, n = 9 for WT, n = 8 for Shank2-/-, p = 0.56). 

(B) A smaller fraction of neurons was activated (left, p < 0.001) or inhibited (right, p < 0.001) in 

response to social cues in Shank2‒/‒ than WT mice (unpaired t-test, n = 9 for WT, n = 8 for Shank2-

/-). 

  



 

 

Figure S2 Difference in the population decoding accuracies between WT and Shank2-/- mice 

were not due to different number of cells used for analysis. 

(A) Comparison of the number of cells used for SVM decoding during passive presentation in WT 

and Shank2-/- mice (unpaired t-test, n = 9 for WT, n = 8 for Shank2-/-, p = 0.27). 

(B) Comparison of the SVM decoding accuracies for social information during passive 

presentation, matching the number of cells between WT and Shank2-/- mice (unpaired t-test, n = 9 

for WT, n = 8 for Shank2-/-, p < 0.001). 

 



 

 

Figure S3 A bias toward licking in WT mice is not present in Shank2-/- mice. 

(A) Comparison of the ratio of hit and correct rejection trials in WT (left) and Shank2-/- (right) 

mice (paired t-test, n = 19 sessions from 7 WT mice, n = 18 sessions from 6 Shank2-/- mice, p < 

0.001 for WT, p < 0.05 for Shank2-/-). Circles of the same color indicate sessions from the same 

mouse. 

(B) Comparison of d’ of the signal detection theory (unpaired t-test, n = 19 sessions for WT, n = 

18 sessions for Shank2-/-, p < 0.05). Circles of the same color indicate sessions from the same 

mouse. 

  



 

 

Figure S4 Comparison of SVM decoding accuracies for social information in reward versus 

non-reward categories. 

(A) SVM decoding accuracies for social information within reward or non-reward trials in WT 

(paired t-test, n = 7, p < 0.01). 

(B) SVM decoding accuracies for social information within reward or non-reward trials in Shank2-

/- mice (paired t-test, n = 6, p < 0.05). 

(C) SVM decoding accuracies for social information within reward trials in WT and Shank2-/- mice. 

(D) Comparison of the SVM decoding accuracies for social information within reward trials 

(unpaired t-test, n = 7 for WT, n = 6 for Shank2-/-, p < 0.01). 



(E) SVM decoding accuracies for social information within non-reward trials in WT and Shank2-

/- mice. 

(F) Comparison of the SVM decoding accuracies for social information within non-reward trials 

(unpaired t-test, n = 7 for WT, n = 6 for Shank2-/-, p < 0.01). 

 (G) Comparison of the number of cells used for SVM decoding after reward learning in WT and 

Shank2-/- mice (unpaired t-test, n = 7 for WT, n = 6 for Shank2-/-, p = 0.94). 

 (H) Comparison of the SVM decoding accuracies for social information after reward learning, 

matching the number of cells between WT and Shank2-/- mice (unpaired t-test, n = 7 for WT, n = 

6 for Shank2-/-, p < 0.01). 

  



 

 

Figure S5 Within-subject comparison of the ratio of social cells and the SVM decoding 

accuracies before and after reward learning in WT and Shank2-/- mice tested in both 

conditions. 

(A) Comparison of the ratio of social cells during passive presentation before and after reward 

learning in WT mice (paired t-test, n = 7, p = 0.49). 

(B) Comparison of the ratio of social cells during passive presentation before and after reward 

learning in Shank2-/- mice (paired t-test, n = 6, p < 0.05). 

(C) Comparison of the SVM decoding accuracies for social information before and after reward 

learning in WT mice (paired t-test, n = 7, p < 0.01). 

(D) Comparison of the SVM decoding accuracies for social information before and after reward 

learning in Shank2-/- mice (paired t-test, n = 6, p < 0.01). 

 



 

 

Figure S6 Comparison of stabilities of social and reward representations between WT and 

Shank2-/- mice. 

(A) Correlation of discrimination index (DI) values for social information in two successive daily 

sessions in example WT (left, r = 0.60, p < 0.001) and Shank2-/- (right, r = 0.38, p < 0.001) mice. 

Dots indicate individual neurons. 

(B) Correlation of DI values for reward information in two successive daily sessions in example 

WT (left, r = 0.55, p < 0.001) and Shank2-/- (right, r = 0.42, p < 0.001) mice. 

  



Animal ID Genotype # of Cells Social Non-specific 

1 WT 276 106 170 

2 WT 410 77 333 

3 WT 286 59 227 

4 WT 477 55 422 

5 WT 233 38 195 

6 WT 348 70 278 

7 WT 450 27 423 

8 WT 320 110 210 

9 WT 352 87 265 

10 Shank2-/- 273 6 267 

11 Shank2-/- 343 27 316 

12 Shank2-/- 305 13 292 

13 Shank2-/- 404 6 398 

14 Shank2-/- 299 22 277 

15 Shank2-/- 335 9 326 

16 Shank2-/- 253 6 257 

17 Shank2-/- 284 10 274 

 

Table S1 A summary table of the dataset used for passive presentation.  

  



Animal ID Genotype # of Cells Social Reward Both Non-
specific Interaction 

1 WT 172 66 15 8 77 6 

2 WT 402 52 19 10 292 29 

4 WT 418 58 79 29 161 91 

5 WT 315 95 28 14 155 23 

7 WT 616 100 61 25 372 58 

8 WT 288 51 41 21 142 33 

9 WT 332 39 60 27 149 57 

10 Shank2-/- 375 66 53 36 179 41 

12 Shank2-/- 372 54 84 46 129 59 

13 Shank2-/- 447 29 71 9 307 31 

14 Shank2-/- 314 16 52 14 220 12 

15 Shank2-/- 375 20 63 11 253 28 

17 Shank2-/- 268 15 59 9 154 31 

 

Table S2 A summary table of the dataset used for after reward learning.  

  



Animal ID Genotype # of Cells Social Non-specific 

10 Shank2-/- 389 28 361 

12 Shank2-/- 342 26 316 

13 Shank2-/- 370 30 340 

14 Shank2-/- 386 49 337 

15 Shank2-/- 548 10 538 

17 Shank2-/- 242 24 218 

 

Table S3 A summary table of the dataset used for passive presentation after reward learning.  
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