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SUMMARY

The ability to recognize emotions in others and adapt one’s behavior accordingly is critical for 

functioning in any social context. This ability is impaired in several psychiatric disorders, such as 

autism and psychopathy. Recent work has identified the anterior cingulate cortex (ACC) among 

other brain regions involved in this process. Neural recording studies have shown that neurons in 

ACC are modulated by reward or shock when delivered to a conspecific and when experienced 

first-hand. Since previous studies do not vary reward and shock within the same experiment, it has 

been unclear whether the observed activity reflects how much attention is being paid to outcomes 

delivered to a conspecific or the valence associated with those stimuli. To address this issue, we 

recorded from ACC as rats performed a Pavlovian task that predicted whether reward, shock, or 

nothing would be delivered to the rat being recorded from or a conspecific located in the opposite 

chamber. Consistent with previous reports, we found that the firing of ACC neurons was 

modulated by aversive stimuli delivered to the recording rat and their conspecific. Activity of some 

of these neurons genuinely reflected outcome identity (i.e., reward or shock), however the 

population of neurons as a whole responded similarly for both reward and shock, as well as for 
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cues that predicted their occurrence (i.e., reward >neutral and shock > neutral; attention). These 

results suggest that ACC can process information about outcomes (i.e., identity, recipient) in the 

service of promoting attention in some social contexts.

eTOC Blurb

ACC is thought to contribute to empathy and prosocial behavior by signaling the emotions of 

others, but it might also contribute to social behavior via mechanisms related to attention. 

Schneider et al. show that ACC processes information about rewards and punishments for oneself 

and others in the service of attention.

Keywords

anterior cingulate cortex; social behavior; empathy; reward; distress; Pavlovian; rat; prosocial; 
electrophysiology

INTRODUCTION

The significance of this study arises from a current lack of understanding regarding the 

neural underpinnings of social cognition. These mechanisms underlie our ability to perceive 

social cues and use that information to update our predictions about the environment. The 

importance of these functions is made clear by numerous psychiatric disorders that impair 

them [1–12]. Pharmacological treatments for these disorders are broad in scope and often 

ineffective, highlighting the need for a better understanding of the fundamental 

neurobiology.

Work has begun to parse out how individual brain regions contribute to the ability to 

recognize emotions in others. Among these areas is the anterior cingulate cortex (ACC). The 

involvement of ACC is not surprising, as this region is involved in non-social processes such 

as decision-making, attention and cognitive control, processes necessary for social 

cognition, which are also impaired in the aforementioned disorders [5,7–11,13,14]. Elegant 

work in monkeys and rats has shown, in different studies, that firing in ACC is modulated by 

the delivery of positive (e.g., reward) or negative (e.g., shock) outcomes to conspecifics 

located nearby that often mirror changes in firing that occur with first-hand experience of 

those same outcomes. It is thought that this shared code might allow individuals to recognize 

emotions in others so that appropriate action can be taken (e.g., learn from others; make pro-

social choices) [15–17].

It is clear from this body of literature that ACC contributes to social cognition, but its 

functional role in social contexts as it relates to ACC’s known non-social functions has not 

been fully explored, leaving gaps in our fundamental understanding of what ACC is actually 

signaling in social paradigms. On one hand, ACC’s role in reward evaluation and foraging 

would suggest that it signals the valence of outcomes delivered to oneself and another [18–

26]. On the other hand, ACC’s role in cognitive control suggests that it might play a role in 

driving attention towards arousing social and non-social cues in the environment [18,27–34].
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One way to dissociate between valence encoding (i.e., signaling if something is good or bad) 

and attentional signaling (i.e., unsigned signal in response to arousing, salient or motivating 

stimuli) is to manipulate both appetitive and aversive stimuli within the same paradigm [35]. 

This takes advantage of the fact that both positive (e.g., reward) and negative (e.g., shock) 

outcomes – though oppositely signed – are arousing and attention-grabbing compared to 

neutral stimuli. Thus, if a brain area fires similarly to appetitive and aversive stimuli, then 

one would argue that its activity represents attention or arousal, whereas if it fires differently, 

its activity may instead reflect valence or emotion associated with those stimuli. The same 

holds true in social contexts. For example, if neurons are co-encoding first-hand pain and the 

observed pain of a conspecific, then it might be encoding valence or emotion (i.e., emotional 

mirror neuron), but only if those neurons do not respond or respond in the opposite direction 

during appetitive events. If, however, activity changes are in the same direction for appetitive 

and aversive events, then firing might better reflect changes in arousal or attention.

To dissociate between these two signals, we recorded from rat ACC in a task where 

presentation of auditory stimuli predicted the valence of an outcome to be delivered at the 

end of each trial; reward, shock or nothing. Five seconds later, a spatial visual cue indicated 

the recipient of that outcome: either the rat that was being recorded from (recording rat) or a 

conspecific located in the opposite chamber. By manipulating both reward and shock we can 

determine whether activity reflects attention (both reward and shock are attention-grabbing 

thus firing should be similar for both trial-types) or outcome identity (reward or shock). We 

found heterogeneous firing in ACC suggesting that ACC contributes to both of these 

functions; however, at the level of the entire population there was a significant positive 

correlation between reward-and shock-related firing when outcomes were delivered to the 

recording rat and the conspecific, suggesting that ACC main output function in our paradigm 

is to increase attention in social contexts.

RESULTS

Pavlovian Social Outcome Paradigm

Neural activity was recorded from six rats during performance of our Pavlovian Social 

Outcome Paradigm, in which pairs of rats were placed in opposite sides of a modified shuttle 

box, separated by a mesh divider that allowed rats to see, smell, and hear each other (Figure 

1A). Rats arrived together, lived individually but next to each other in transparent cages, and 

partners remained consistent throughout the experiment. The walls opposite to the divider 

were equipped with a directional cue light, a food cup and a shock grid (Figure 1A). Each 

trial began with illumination of a house light (Figure 1B–D). Five seconds after onset of the 

house light, 3 different auditory stimuli (5s) predicted delivery of 3 corresponding outcomes 

(sucrose pellet, foot-shock, or nothing), that were delivered to either the recording rat (self) 

or the conspecific (other). At the time of cue presentation, either rat had a 50% chance of 

receiving the following outcome. Thus, during presentation of the auditory stimulus, animals 

could not yet accurately predict which rat would receive the outcome. This information was 

only made known by subsequent illumination of one of the two directional light cues located 

in either the recording rat’s or the conspecific’s chamber (Figure 1A). After presentation of 

the directional light for 5s, the outcome (reward, shock or nothing) was delivered to the 
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same side as the illuminated light cue. Initial presentation of auditory outcomes cues 

followed by directional light cues, which predicted outcomes that would arrive 5 s later, 

were features of the task that were intended to maintain a level of uncertainty to promote 

attention to non-social and social cues that predicted which rat would receive what outcome. 

Uncertainty was also induced within each recording session by having rats perform 4 

different trial blocks (60 trials per block), during which both rats received outcomes (R/R; 

‘R’ designates ‘reinforced’; numerator = recording rat; denominator = conspecific), neither 

rat received outcomes (N/N where ‘N’ designates which rat was not reinforced), only the 

recording rat was reinforced (R/N) or only the conspecific was reinforced (N/R). During 

non-reinforced trials all stimuli were presented but shocks and reward were not delivered.

When reporting the results below we will adhere to the following terminology: ‘Self’ trials 

refer to trials during which the outcome was delivered to the recording rat, whereas ‘other’ 

trials refer to trials in which the outcome was delivered to the conspecific. ‘Reinforced’ 

refers to trials where outcomes were delivered, whereas ‘nonreinforced’ refers to trials 

where outcomes were not delivered. There were 6 trial-types (reward-self, reward-other, 

neutral-self, neutral-other, shock-self and shock-other), which occurred in equal proportions.

Rats correctly internalize auditory, directional light cues, and block context

Because the task was Pavlovian we used food cup bream breaks and video scoring to 

determine if rats understood the task. Figure 2A–H shows the average beam breaks into the 

food cup over trial time for the three trial-types averaged over all recordings. Bar graphs in 

Figure 2IL show average beam breaks during two trials epochs: the ‘directional light epoch’ 

(5s after onset of the directional cue) and the ‘outcome epoch’ (5s after outcome delivery).

First, let’s consider blocks of trials where both the recording rat and the conspecific received 

outcomes (i.e., ‘R/R trial blocks; Figure 2, top row). As shown previously, prior to outcome 

delivery, beam breaks increased and decreased on reward-self (blue) and shock-self (red) 

trials relative to neutral (orange) trials (Figure 2A), respectively [36]. After the presentation 

of the directional light cue (i.e., the cue that informed the rat which animal would receive the 

outcome), there was a significant increase in food cup entries for reward-self compared to 

reward-other trials, demonstrating that rats anticipated the receipt of reward before its 

delivery (Figure 2I, dark vs pale blue; Wilcoxon; z = 5.326, p < 0.001). During shock trials, 

there was a significant decrease in beam breaks during both the directional light and 

outcome epochs compared to neutral, for both shock-self and shock-other trials, and the 

effect was stronger for shock-self (Figure 2I; red; Wilcoxon; shock-self: DL: z = −8.193, p < 

0.001; Out: z = −9.738, p < 0.001; shock-other: DL: z = −7.189, p < 0.001; Out: z = −4.472, 

p < 0.001). Thus, in trial blocks where both rats were reinforced (R/R) food cup entries were 

higher and lower for reward and shock trials compared to neutral, and were stronger when 

the recording rats were personally going to receive the outcome.

These results demonstrate that recording rats understood the meaning of auditory and 

directional cues. Importantly, these effects were highly dependent on whether the recording 

rat was being reinforced in a given block of trials. That is, during N/R and N/N blocks 

increases and decreases in food cup entries relative to neutral trials were reduced relative to 

R/R and R/N trial blocks (Figure 2; first and third rows vs. second and fourth rows). Most 
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interestingly, this was even true during shock-other trials in blocks where the conspecific 

was still receiving shock (i.e., N/R; Figure 2D,J; Wilcoxon; DL: z = −8.723, p < 0.001; 

Outcome: z = −8.124, p < 0.001). This suggests that suppression of food cup responding 

reflects behavioral reactions due to potential harm to oneself, not to the conspecific. This 

argument is also supported by the observation that food cup entries were significantly 

suppressed during shock-other trials even during trial blocks when the conspecific was not 

being shocked, but the recording rat was (i.e., R/N; Figure 2F,K; Wilcoxon; DL: z = −6.466, 

p < 0.001; Outcome: z = −7.759, p < 0.001). Overall, these results suggest that changes in 

behavior of the recording rats that occurred when conspecifics received shock reflected 

concern for oneself, as opposed to empathetic concern for the other.

Freezing and approach during shock trials

Above we show that rats understand the meaning of cues and exhibit increases and 

suppression of food cup entries, during reward and shock trials relative to neutral trials, 

respectively. To better understand the nature of these data, especially as they relate to shock 

trials, we scored video for freezing and approach. Figure 3A–D represents average freezing 

of recorded animals for each block, during the 5s-long outcome cue (‘cue’), directional cue 

(‘dir. cue ON’), outcome delivery (‘outcome’) and directional cue off (‘dir. cue OFF’) 

epochs of the task. Freezing was defined as the sudden absence of movement except for 

respiration. Consistent with the analysis of food cup entries, it was clear from the recording 

rats’ freezing behavior that they understood the meaning of the cues during trial blocks 

where both animals were reinforced (Figure 3A, R/R); rats froze more in shock-self and 

shock-other trials compared to their neutral counterparts (‘dir. cue ON’: shock-self, χ2 = 

32.000, p < 0.001; shock-other, χ2 = 17.850, p < 0.001; Outcome: shock-self, χ2 = 19.154, 

p < 0.001; shock-other, χ2 = 3.467, p = 0.0593), and froze more often on shock-self trials 

compared to shock-other trial types during the directional light and outcome epochs (‘dir. 

cue ON’: χ2 = 8.181, p = 0.004; Outcome: χ2 = 19.154, p < 0.001). Freezing was most 

apparent during the directional cue light epoch indicating that rats anticipated shock delivery 

(Figure 3A–D).

As previously reported, these results suggest that rats exhibit ‘empathetic’ behavior. 

However, our results were highly dependent on whether the recording rat was receiving 

shocks during that trial block. During trial blocks where the recording rat was not shocked, 

but the conspecific was (Figure 3B, N/R), freezing was significantly reduced (Shock-other in 

R/R vs N/R: ‘dir. cue ON’: χ2 = 15.89, p < 0.0001; ‘Outcome’: χ2 = 12.80, p = 0.0003), 

suggesting that when rats did not anticipate first-hand harm, they did not express behavioral 

reactions associated with conspecific distress. This interpretation is further supported by the 

observation that freezing on shock-other trials was high during trial blocks where the 

recording rat, but not the conspecific, received shock (Figure 3C, R/N shock-other vs 

neutral-other, ‘dir. cue ON’: χ2 = 24.952, p < 0.001; Outcome: χ2 = 16.801, p < 0.001).

Along with freezing, we scored conspecific approach (Figure 3E–H). Approach was defined 

as the movement and investigation of the recording rat in the direction of the conspecific, 

which has been suggested to be a measure of attention, concern, and consolation[37–42]. 

During trial blocks where both rats received shock (Figure 3E, R/R), the recording rat 
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approached the conspecific more on shock-self and shock-other trials compared to neutral 

trials during the directional light epoch and after the outcome, with the strongest approach 

being observed after the shock was delivered (‘dir. cue ON’: self, χ2 = 1.734, p = 0.182; 

other, χ2 = 2.263, p = 0.128; Outcome: self, χ2 = 14.420, p < 0.001; other, χ2 = 7.334, p = 

0.006). Notably, increases in approach were not observed on shock trials during trial blocks 

where reinforcement for the recording rat was omitted, even though the conspecific was still 

receiving shock (Figure 3F, N/R; ‘dir. cue ON’: self, χ2 = 0.179, p = 0.662; other, χ2 = 

0.019, p = 0.879; Outcome: self, χ2 = 0.022, p = 0.869; other, χ2 = 0.179, p = 0.662). That 

is, recording rats did not approach the conspecific while it was being shocked in trial blocks 

where there was no first-hand threat. However, increases in conspecific approach were 

present in blocks where the recording rats were receiving shock but the conspecifics was not 

(Figure 3G, R/N; ‘dir. cue ON’: self, χ2 = 1.044, p = 0.297; other, χ2 = 2.267, p = 0.127; 

Outcome: self, χ2 = 13.192, p < 0.001; other, χ2 = 4.4989, p = 0.033), suggesting that it is 

the threat of personal shock that promoted approach on shock-other trials.

In summary, our behavioral results demonstrate that the recording rats understand the task 

structure. Specifically, recording rats reacted more on ‘self’ versus ‘other’ trials, thus they 

understood the significance of the directional light. Rats entered the food-cup the most on 

reward trials, and the least on shock trials, thus they learned to discriminate between 

predictive auditory outcome cues. In addition, recording rats froze to cues and approached 

the conspecific on shock trials. These results demonstrate that both reward and shock trials 

have opposite valence, but are both arousing and drive behavior (shock elicits freezing and 

conspecific approach; reward elicits food cup entries). Lastly, our results suggest that the 

recording rats’ reactions during shock-other trials were highly dependent on the potential for 

receiving shock first-hand. That is, food cup response suppression, freezing, and approach 

were stronger for both reinforced and non-reinforced shock-other trials during blocks of 

trials when the recording rat was reinforced (R/R and R/N) and they were not different from 

neutral trials when the recording rat was not receiving shock (N/R).

ACC firing is stronger during threat of first-hand shock on self and other trials

The average over all recorded neurons (n = 139) across trial time for each trial-type and trial 

block is illustrated in Figure 4A–H. As previously reported[16], we see increases in firing 

during shock-self (Figure 4A; red) and shock-other (Figure 4B; red) trials compared to 

neutral (orange) in trial blocks where both rats were shocked (R/R; top row). However, 

increased firing on shock-other trials was not present during trials blocks where the 

conspecific received shock, but the recording rat did not (N/R; Figure 4D; red versus 

orange). Instead, there were increases in firing on shock-other trials relative to neutral-other 

trials during the trial blocks where the conspecific did not receive shock but the recording rat 

did (R/N; Figure 4F). Thus, much like behavior, firing was stronger for both reinforced and 

non-reinforced shock-other trials during trial blocks when the recording rat was reinforced, 

and not different from neutral trials when the recording rat was not receiving shock. 

Therefore, firing on shock-other trials cannot reflect that the conspecific is being shocked.

To quantify these effects, for each neuron we computed the normalized difference between 

firing on shock and neutral trials (shock index = shock – neutral/ shock + neutral) 
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independently for self and other trials during directional light and outcome epochs for each 

trial block. Distributions of these shock indices for all neurons are plotted in Figure 5. 

During both epochs shock index distributions were shifted above zero for ‘self’ and ‘other’ 

trials, indicating that the majority of ACC neurons fired higher during shock compared to 

neutral (Wilcoxon; R/R self, DL: μ = 0.031, p < 0.001; Outcome: μ = 0.024, p = 0.024; 

other, DL: μ = 0.030, p < 0.001; Outcome: μ = 0.014, p = 0.0544). Further, shock indices for 

self and other were positively correlated indicating that neurons that tended to fire more or 

less strongly for shock-self trials, tended to fire more or less strongly for shock-other trials, 

respectively (r2 = 0.028; p = 0.046).

Consistent with the population firing (Figure 4), significant shifts in distributions on shock-

other trials were not present when the conspecific was to receive shock, but there was no 

first-hand threat to the recording rat (i.e., N/R; Figure 5C,D; Wilcoxon; DL: μ = 0.001, p = 

0.4391; Outcome: μ = 0.008, p = 0.196). Instead, distributions were significantly shifted on 

shock-other trials during trial blocks where recording rats received shock, even when the 

conspecific did not (Figure 5A,E,B,F; Wilcoxon; R/R self, DL: μ = 0.031, p < 0.001; 

Outcome: μ = 0.024, p = 0.024; other, DL: μ = 0.030, p < 0.001; Outcome: μ = 0.014, p = 

0.0544; R/N self, DL: μ = 0.031, p < 0.001; Outcome: μ = 0.024, p < 0.001; other, DL: μ = 

0.033, p < 0.001; Outcome: μ = 0.026, p < 0.001), suggesting that activity reflected 

behavioral reactions to the possibility of first-hand treat (i.e., suppression of food cup 

responding and increased freezing on shock-other during R/N trials). Consistent with this 

hypothesis we found the firing rate shock indices for both self and other were correlated 

with suppression of food cup entries (self: r2 = 0.043; p = 0.013; other: r2 = 0.030; p = 

0.0403).

In conclusion, ACC neurons tended to fire higher during ‘self’ and ‘other’ shock trials when 

there was a threat of first-hand shock, even during shock-other trials where the conspecific 

did not receive shock. Notably, these increases in firing on shock-other trials were not 

observed during sessions where the conspecific was not present (i.e., alone sessions; R/R 

and R/N; Figure S2E and F; Wilcoxon; DL: μ = 0.015, p = 0.175; Outcome: μ = 0.008, p = 

0.401), suggesting that conspecific presence was necessary for the observed increases in 

shock-other trials.

ACC firing was also elevated for reward delivered to the recording rat

The above behavioral and neural analysis suggests that ACC neurons are not signaling when 

shocks are to be delivered to a conspecific, but instead reflect attention paid to the 

conspecific (i.e., approach) on shock-other trials when there is a threat of personal shock. If 

this interpretation of the data is accurate and firing of ACC neurons on shock trials reflects 

attention, not valence, then reward trials should induce similar changes in firing.

Re-examination of Figure 4 reveals that average firing across the population is not only 

higher for shock compared to neutral trials, but is also higher during reward-self trials (blue). 

To quantify this effect and to elucidate the relationship between firing on reward-and shock-

self trials, for each neuron we computed the normalized difference between firing rate on 

shock and neutral trials (shock index = shock – neutral/ shock + neutral) and between reward 

and neutral trials (reward index = reward – neutral/ reward + neutral) for self-outcome trials 
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during the outcome epoch. For this analysis we combined data for ‘self’ trials from R/R and 

R/N blocks to double our sample within each session and because effects were present in 

both trial blocks (Figure 4). Distributions of shock and reward indices are plotted in Figure 6 

and counts of significant neurons are represented by black bars (Wilcoxons; p’s < 0.05). 

Both reward and shock index distributions were significantly shifted above zero (shock: μ = 

0.042, p < 0.001; reward: μ = 0.028, p = 0.0043) and counts of neurons that exhibited 

significantly higher firing for reward over neutral and shock over neutral outnumbered those 

showing the opposite effect (Figure 6; reward: 31 vs 14, χ2 = 6.346, p = 0.011; shock: 24 vs 

4, χ2 = 14.143, p < 0.001).

Finally, we asked whether neurons that were responsive during reward trials were also 

responsive during shock trials (and vice versa) during both self and other trials. That is, did 

neurons that tended to fire more or less strongly for reward, tend to fire more or less strongly 

to shock, respectively? As aforementioned, a positive correlation would suggest population-

level firing represented changes in attention associated with reward and shock, whereas a 

negative correlation would suggest that activity reflected valence or emotion associated with 

those stimuli. Lastly, no correlation would suggest that ACC neurons encode reward and 

shock independently. We found a significant positive correlation between reward and shock 

indices during both self-and other-trials for both directional light and outcome epochs (DL: 

self: r2 = 0.102, p < 0.001; other: r2 = 0.111, p < 0.001; Outcome (Figure 6C): self: r2 = 

0.07, p < 0.001; other: r2 = 0.122, p < 0.001).

Although activity at the population level in ACC was elevated for both reward and shock – 

suggesting that overall function of ACC is more closely aligned with attention – this does 

not exclude the possibility that signals in ACC were heterogeneous (see Figures S3–5 for 

single cell examples and additional population histograms) or that some neurons in ACC did 

signal reward and shock independently. For example, we found that 22 (16%) and 12 (9%) 

neurons increased firing to reward and shock, without significant modulation during shock 

and reward, respectively (Figure 7).

DISCUSSION

The current state of the social neuroscience field suggests that ACC acts as an “emotional 

mirror neuron” system that allows an individual to perceive the emotions of another via 

neurons that signal both first-hand pain and the observed pain of others. This shared code 

might underlie observational fear learning, consolation, empathy, harm aversion and pro-

social behavior, which indeed appear to be ACC-dependent. While it is true that increased 

firing to both first-hand and observed pain might genuinely reflect a shared emotional state, 

it is equally possible that increases in activity reflect heightened arousal or attention 

associated with distress, whether it be to oneself or another. While both mechanisms might 

contribute to subsequent social behaviors -such as observational learning, harm aversion and 

pro-social behavior -the underlying mechanisms are completely different.

Here, we show that increases in activity reported during first-hand and observed distress can 

reflect increased attention. Specifically, we show that increased firing to first-hand pain and 

a conspecific’s pain are correlated with increased firing to reward delivery. Further, we show 
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that rat behavior and ACC firing is only modulated when the recording rat, was threatened 

with first-hand pain. That is, even in rats that have experienced shock, when they are safe, 

their behavior and firing in ACC were not modulated by conspecific shock. Even more 

striking is the observation that firing increases during shock-other trials when the 

conspecific was not being shocked but the threat of first-hand shock was present. All this 

suggests that ACC is signaling attention in social contexts when there was threat of personal 

harm.

Our data demonstrating that ACC is modulated during both shock-self and shock-other trials 

fits well with previous rodent work. In voles, ACC activity is high when animals console 

other stressed, previously shocked voles[40]. In mice, ACC perturbation impairs 

observational fear learning [43,44] and inhibition of ACC projecting neurons to amygdala 

alters amygdala’s representation of the aversive cue during observational conditioning [45]. 

Further, it has been shown that firing in ACC is synchronized with amygdala during 

observational learning [44] and that amygdala-projecting ACC neurons preferentially encode 

socially derived aversive cue information [45]. Lastly, in rats, neurons in ACC have been 

characterized as ‘emotional mirror neurons,’ as they were found to increase firing to pain 

inflicted to the recording rat, as well as to a conspecific, according to a potential shared code 

that maps the distress of another onto that of the observer [15,16].

Although our data are consistent with previous ‘shock’ work in rodents, the fact that we 

found very few neurons that increased during reward-other trials is inconsistent with 

‘reward’ work previously reported in monkeys. In monkey ACC, neurons fire when reward 

is allocated to a conspecific, to oneself, or in both contexts[24]. Although recent work has 

shown the influence of social cues on reward learning [46], to the best of our knowledge this 

has not been explored in rodents, thus it is possible that rodent ACC is not responsive to 

rewards delivered to others. However, we speculate that the presence of shock stimuli may 

have diluted neural effects due to lower social engagement during reward-other trials. Future 

work is necessary to better understand the role of rodent ACC in observation of appetitive 

events.

From previous research is clear that ACC is important for recognition of social distress 

[18,24,44,47,48]. Our work is significant because we add to this growing literature, by 

uncovering the potential nature of what is being encoded by ACC in response to conspecific 

reward and distress, simultaneously as opposed to separately. By manipulating both reward 

and shock, our work suggests – at least in the context of our task and the region of ACC that 

we are recording from – that ACC contributes more towards directing attention, and less to 

the evaluation of outcomes delivered to the conspecific or the emotional tags that they carry. 

Examining recording sites from previous studies suggests that more rostral and ventral 

regions of ACC might be involved in affective processing [16], while more caudal and dorsal 

regions may contribute in greater part to executive function, such as attention [49,50], 

leaving open the possibility that other regions in ACC might carry such information.

It might be argued that the main reason why, here, ACC seems to encode social attention but 

not vicarious emotion, is that rats performing the current task did not exhibit empathy. This 

is certainly possible as we will discuss in the next paragraph, but it is important to point out 
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that our rats did freeze, suppress food cup behavior, and approach when the other rat froze 

during shock-other trials, which other studies have used as evidence for empathy in rodents 

[16,36,37,40,42,44,46–48,51]. Moreover, also consistent with previous work, we show that 

when a rat is not experiencing shock they exhibit less empathetic behavior [37,42,45,47]. 

Importantly, previous papers have concluded that shock naive rats don’t freeze when another 

rat freezes because the observer rat is unable to fully empathize with what the other rat is 

feeling until it has experienced the pain itself. By examining behavior in well trained 

animals and by manipulating shock and no-shock within the same session, we are able to 

show that in rats that are fully aware of what the shock is, that their behavioral reactions 

(i.e., freezing, food cup suppression, approach) to the other rat being shocked are not 

because they are unfamiliar with the shock and can’t empathize, but instead, it is because 

they don’t feel threatened. Thus, we argue that our rats do show similar behavioral measures 

of empathy as found in previous work, and that under these circumstances neural activity in 

ACC correlates better with attention.

With that said, it is entirely possible that what ACC encodes during this social task is task-

dependent. For example, in primate studies, monkeys have to choose between delivering 

reward to the conspecific and oneself or between the conspecific and an empty bottle 

[24,52]. This type of evaluation might require ACC to better encode the value that the 

animal places on these circumstances, by directing attention to socially-derived cues from 

the conspecific. Further, the nature of encoding in ACC might also be highly dependent on 

how the animal subsequently uses social information to alter its own behavior, which will 

consequently depend on the value that the animal places on outcomes delivered to the 

conspecific. Although many studies have shown rats to exhibit empathetic and pro-social 

behaviors [15,37,38,39,42,53,54,55], we have found that rats can be rather ‘self-interested’. 

This has been evident in our studies examining dopamine (DA) release in nucleus 

accumbens in a version of the Pavlovian task described here [36,51]. For example, we have 

shown that rats emit appetitive vocalizations and DA is released during rewards delivered to 

conspecific, but only early during learning. After rats experienced several trials where the 

conspecific received reward and they did not, vocalizations became aversive and DA was 

inhibited during conspecific reward delivery [51,56,57]. Further, we have shown that DA is 

released when the recording rat observes the conspecific receive shocks, suggesting that 

observation of the conspecific receiving shock, instead receiving shock itself, is an event that 

is better in value than expected [36]. Therefore, in tasks where rats are self-interested – such 

as in an appetitively/aversively competitive context – and circumstances are well-learned, 

ACC may contribute more to social attention. In contrast, when different task parameters 

promote seemingly more empathetic behaviors, then ACC activity might better reflect 

encoding of the affective information received from other rats. Given the evident influence 

of ACC-amygdala interactions on vicarious learning and decision-making tasks 

[44,45,58,59], differential ACC activity profiles in competitive versus non-competitive tasks 

may modulate downstream social decision making preferences for self-interested versus 

prosocial behavior.

In conclusion, here we replicate work showing that neurons in ACC respond to rewards and 

shocks delivered to oneself and others, but by varying valence within the same task and by 

omitting outcomes in different trial blocks, we demonstrate that while activity in ACC can 
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represent specific attributes related to conspecific distress, its overall population activity 

reflects attention in social contexts when there is threat of personal harm.

STAR METHODS

Resource availability

Lead Contact: Further information and requests for resources should be directed to and 

will be fulfilled by the Lead Contact, Dr. Matthew Roesch (mroesch@umd.edu)

Materials Availability: This study did not generate new materials.

Data and Code Availability: Data will be made available from the Lead Contact, Dr. 

Matthew Roesch upon request so that data can be provided in a format most suitable to the 

requester.

Experimental Model and Subject Details

Animals—Six male and six female Sprague-Dawley rats were obtained with weights 175–

225g from Charles River Labs. Rats were individually housed on a 12-hr light–dark cycle 

and tested during the light phase. Water was available ad libitum and body weight was 

maintained at no less than 85% of pre-experimental levels by food restriction (14–15g of 

laboratory chow daily in addition to approximately 2.5g of sucrose pellets (Test Diet) 

consumed during daily experimental sessions). Each implanted animal was paired with the 

same conspecific throughout the experiment. Conspecifics were of the same age and sex, 

were ordered at the same time and housed next to each other in transparent cages in the 

animal colony. Rats were not housed in the same cage due to implants. All experiments were 

approved by the University of Maryland College Park Institutional Animal Care and Use 

Committee under university and NIH guidelines.

Surgical procedures and histology—Surgical procedures followed guidelines for 

aseptic technique. Electrodes were manufactured and implanted as in prior recording 

experiments [31,60,61]. Rats had a drivable bundle of ten 25μm diameter FeNiCr wires 

(Stablohm 675, California Fine Wire, Grover Beach, CA) chronically implanted in the left or 

right hemisphere dorsal to anterior cingulate cortex (n = 6 rats; 0.2mm anterior to bregma, 

0.5mm left [n = 3] or right [n = 3] of the midline, and 1mm ventral to the brain surface, 

according to Paxinos and Watson; see also Figure 1E). Immediately prior to implantation, 

wires were freshly cut with surgical scissors to extend ~1mm beyond the cannula and 

electroplated with platinum (H2PtCl6, Aldrich, Milwaukee, WI) to an impedance of 

~300kOhms. Cephalexin (15mg/kg p.o.) was administered twice daily for two weeks 

postoperatively to prevent infection.

Method Details

Pavlovian Social Outcome Task—In the reported experiments we utilize a modified 

version of a task previously published [36], described in detail below. Recordings were 

collected in a modified shuttle box chamber (Figure 1A; 16 in × 6.25in × 8.375 in; WDH; 

Med Associates; n = 6 rats). A modified guillotine door with wire mesh covering the 
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opening divided the chamber in two equal compartments. Rats could see, smell and hear 

each other. Each trial began with illumination of a houselight (Figure 1B–D). Five seconds 

later, one of three auditory cues (the ‘outcome cue’) was emitted for 5 s (i.e., tone, white 

noise or clicker, counterbalanced across rats) gated by an Arduino [62,63]. One auditory cue 

indicated that reward would be delivered (i.e., reward trial), the second cue signaled that 

shock would be administered (i.e., shock trials) and the third cue (i.e. neutral) indicated that 

neither reward nor punishment would occur. After 5 s, the auditory cue was terminated 

simultaneously with the illumination of one of the two directional lights. This ‘directional’ 

cue informed the rats which side of the cage (random 50/50) would lead to a positive 

(reward), negative (foot-shock) or neutral outcome (nothing). After 5 s, reward or 

punishment or nothing was administered to the side of the box that was illuminated by the 

directional cue. The shock consisted of two 250 ms shocks (0.56 mA) spaced 2 s apart. 

Reinforcement occurred on 80% of trials. This paradigm was completely Pavlovian, thus 

rats had no control over what outcomes would occur or which rat would receive them. The 

directional light turned off 5 s after the delivery of outcomes, followed 5 s later by the 

houselights turning off and a final 5 s ITI before the start of the next trial.

Experimental sessions lasted 2 h, where rats underwent 4 different blocks of 60 trials (six 

trial types, 30s/trial, 10 trials/type; Figure 1B–D). Trials were presented in a pseudo-

randomized order. The block types represent four possible combinations (context pairs) for 

outcome delivery for each pair of rats: ‘Both reinforced’ (R/R), where both rats are 

reinforced (i.e., receive outcomes); ‘both not reinforced’ (N/N), where neither rat receives 

outcomes; ‘only self (recording rat) reinforced ‘ (R/N), where only the recorded rat received 

outcomes; ‘only conspecific reinforced’ (N/R), where the conspecific received outcomes 

while the conspecific did not. The four blocks in every session follow one of two sequences, 

which alternated daily. Two sequences were established in order to counterbalance the order 

in which self or other are extinguished during the task. Finally, every 6 sessions, recording 

rats trained in a session alone, as a control for social context. In these sessions, pellet 

outcomes to the other were delivered to an empty beaker, and shock deliveries to the other 

were delivered as normal, but to an empty side.

An infrared beam was placed at the entrance to the food cup on the recording rat’s side of 

the cage. This beam was disrupted upon entry of the rat’s nose into the food cup, and beam 

breaks served as a quantitative measure of reward seeking. In our Med Associates boxes, we 

sampled every 10 ms to determine if the beam in the food cup was broken throughout the 

entire trial.

Behavioral electrophysiology—Procedures were the same as described previously [60]. 

Electrodes were advanced at the end of recording sessions (40 or 80μm). Neural activity was 

recorded using two identical Plexon Omniplex systems (Dallas, TX), connected to the 

animals’ implants through a commutator which allowed them to freely move about the 

chamber. Waveforms (>2.5:1 signal-to-noise) were extracted from active channels and 

recorded to disk by an associated workstation with event timestamps from the behavior 

computer.
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Quantification and Statistical Analysis

Behavioral data analysis—For analysis of behavioral responding, infrared beam break 

data (10 ms sampling rate) were aggregated as proportions across 1-second bins (i.e. divided 

by the number of possible breaks per second to yield a percentage), collected from the 

MED-PC software (Med Associates). For video scoring of freezing and approach, cameras 

were positioned facing the recording rat. Video analysis, like IR and neural analyses, 

focused on four trial epochs lasting five seconds in length: auditory cue; directional light; 

outcome and post-outcome to houselights off. Freezing (sudden cessation of movement) and 

approach toward the mesh divider were assessed during these periods by two independent 

observers. Statistical procedures on the data were executed using MATLAB (MathWorks; 

Wilcoxon and Student’s t-test) and Excel (Microsoft; Chi-squared).

Electrophysiological data analysis—Units were sorted via Offline Sorter software 

from Plexon Inc (Dallas, TX), using a template matching algorithm and analyzed in 

Neuroexplorer (Plexon) and MATLAB (MathWorks). Activity was examined during two 

different 5 s epochs: Directional Light epoch = directional light to outcome deliver (5s); 

Outcome epoch: 5 s after start of outcome delivery (i.e., 5 s starting 5s after onset of 

directional lights). Activity in population histograms was normalized by dividing by the 

maximal firing rate of each neuron. All statistical procedures were executed using raw firing 

rates or counts, in either MATLAB (Wilcoxon) or Excel (Chi-squared). Neurons were 

classified as being reward-or shock-responsive by comparing reward to neutral and shock to 

neutral, respectively (Wilcoxon; p < 0.05).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Anterior cingulate activity is modulated by reward and shock to self and 

others

• Anterior cingulate fires similarly to both reward and shock, reflecting 

attention

• Firing and behavior in response to shock to others is modulated by personal 

threat

• Anterior cingulate cortex (ACC) signals contribute to social attention
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Figure 1. Pavlovian Social Outcome Task
A) Schematic of behavioral chamber used in the task. Pairs of rats are placed in opposite 

sides of the ‘divider’ within the same shuttle-box chamber, on a grid of conductive rods. The 

directional light sits on the panel opposite to the ‘divider’ on each side, above the grid but 

low enough to be visible through the ‘divider’ from the other side. The food cup is to the left 

of the directional light. Both sides are diagonally mirrored in their placements of the light 

and food cup. B-D) Flow diagram of a trial within the task, which begins with the onset of 

the house lights. After 5s, an outcome cue (5s) indicates the type of outcome delivered, 

followed by activation of one of the directional lights (10s), indicating which side receives 

the outcome. Five (5) seconds after the onset of the directional light cue, the outcome is 

delivered to the designated side. In the following 10s the directional lights turn off, then the 

houselights turn off, 5s apart each. B-D) represent all 6 basic trial-types reward-self, reward-

other, neutral-self, neutral-other, shock-self, and shock-other. There were 4 different trial 

blocks (60 trials per block; 10 trials per trial-type), during which both rats received 

outcomes (R/R; where ‘R’ designates ‘reinforced’; numerator = recording rat; denominator 

= conspecific), neither rat received outcomes (N/N; ‘N’ designates which rat was not 

reinforced), only the recording rat was reinforced (R/N) or only the conspecific was 

reinforced (N/R). During non-reinforced trials all stimuli were presented but shocks and 
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reward were not delivered. E) Location of recording sites (Paxinos and Watson). Dashed line 

represents electrode placement and gray boxes mark the extent of the recording locations.

Schneider et al. Page 19

Curr Biol. Author manuscript; available in PMC 2021 October 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. Rats learn the predictive value of both outcome and directional cues, modulated by 
different outcome contexts.
Average beam breaks from food cup entry as a percentage of trial time for each outcome 

type (reward – blue, neutral – orange, shock – red), across each block type (Dotted line 

boxes indicate whether trials were “Reinforced”) for self-(A,C,E,G) and other (B,D,F,H) 

outcome trial. N = 139 sessions (6 rats). Vertical dotted lines indicate task-related events 

(outcome cue, directional light (dir. light), outcome delivery, directional light off). I-L) 
Averaged food cup entry during the directional light (left) and outcome (right) epochs (5 s). 

Reinforcement context for each row corresponds to the block type of the same row in A-H. 

Trial types: reward-self (Rs, solid blue), reward-other (Ro, light-blue), neutral-self (Ns, solid 

orange), neutral-other (No, light-orange), shock-self (Ss, solid red) and shock-other (So, 

light-red). Statistics are reported in the text. There were 4 different trial blocks (60 trials per 

block; 10 trials per trial-type), during which both rats received outcomes (R/R; where ‘R’ 

designates which rat was reinforced; numerator = recording rat; denominator = conspecific), 

neither rat received outcomes (N/N; ‘N’ designates ‘not reinforced’), only the recording rat 

was reinforced (R/N) or only the conspecific was reinforced (N/R). During non-reinforced 

trials all stimuli were presented but shocks and reward were not delivered. 1st row of figures 

(A,B,I) = R/R trials; 2nd row of figures (C,D,J) = N/R trials; 3rd row of figures (E,F,K) = 

R/N trials; 4th row of figures (G,H,L) = N/N trials.
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Figure 3. Rats show increased freezing and conspecific approach during shock-self and shock-
other trials.
A-D) Percentage of trials recorded rats froze during each epoch, for each trial and block 

type. E-H) Percentage of trials recorded rats approached the gate, defined as moving 

towards or actively interacting at the ‘divider’. One session for each rat that contributed 

neural data was scored. Sessions were concatenated and counts (i.e., froze or did not freeze; 

approached or did not approach) were taken during each of the 5 s epochs. Counts were 

compared via chi-squared tests but graphs reflect percent over trials. Trial types: reward-self 

(solid blue), reward-other (dotted light-blue), neutral-self (solid orange), neutral-other 

(dotted light-orange), shock-self (solid red) and shock-other (dotted light-red). There were 4 

different trial blocks (60 trials per block; 10 trials per trial-type), during which both rats 

received outcomes (R/R; where ‘R’ designates ‘reinforced’; numerator = recording rat; 

denominator = conspecific), neither rat received outcomes (N/N; ‘N’ designates which rat 

was not reinforced), only the recording rat was reinforced (R/N) or only the conspecific was 

reinforced (N/R). During non-reinforced trials all stimuli were presented but shocks and 

reward were not delivered. Statistics are reported in the text.
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Figure 4. ACC population activity during Pavlovian Social Outcome Task.
A-H) Normalized mean firing rate of all recorded neurons (n = 139), across each 

reinforcement block type for reward (blue), shock (red) and neutral (orange) trials (see 

Figures S4 and S5 for single-cell examples of ACC neurons selective to shock or reward). 

Each row shows neural firing for self-and other-outcome trials (as indicated above each 

column) for each block (Dotted line boxes indicate whether self or other trials were 

reinforced for that block). There were 4 different trial blocks (60 trials per block; 10 trials 

per trial-type), during which both rats received outcomes (R/R; where ‘R’ designates 

‘reinforced’; numerator = recording rat; denominator = conspecific), neither rat received 

outcomes (N/N;’N’ designates which rat was not reinforced), only the recording rat was 

reinforced (R/N) or only the conspecific was reinforced (N/R). During non-reinforced trials 

all stimuli were presented but shocks and reward were not delivered. 1st row of figures (A,B) 

= R/R trials; 2nd row of figures (C,D) = N/R trials; 3rd row of figures (E,F) = R/N trials; 4th 

row of figures (G,H) =N/N trials. See Figure S1 for presentation of trial-types split into first 

and last half of trials per block, and Figure S3 for neural activity of ACC neurons selective 

during the auditory cue phase.
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Figure 5. ACC neurons tend to fire more during Shock-self and Shock-other relative to neutral.
For each neuron we computed the normalized difference between firing on shock and neutral 

trials (shock index = shock – neutral/ shock + neutral) independently for self (left columns 

under ‘Self’) and other (right columns under ‘Other’) trials during directional light 

(A,C,E,G) and outcome epochs (B,D,F,H) for each trial block (5 s epochs). Black bars 

represent neurons that showed significant within-session differences between shock and 

neutral trials (Wilcoxon; p’s < 0.05). Distributions in trial blocks where threat of shock is 

likely (A-B, E-F, G-H) were significantly shifted in the positive direction, showing that 

many ACC neurons increased in firing during the directional light and outcome phases of 

shock trials, for self and other outcomes. Significant responding to other-outcome shock 

trials was not found in nonsocial contexts (Figure S2). There were 4 different trial blocks (60 

trials per block; 10 trials per trial-type), during which both rats received outcomes (R/R; 

where ‘R’ designates ‘reinforced’; numerator = recording rat; denominator = conspecific), 

neither rat received outcomes (N/N; ‘N’ designates which rat was not reinforced), only the 

recording rat was reinforced (R/N) or only the conspecific was reinforced (N/R). During 

non-reinforced trials all stimuli were presented but shocks and reward were not delivered. 1st 

row of figures (A,B) = R/R trials; 2nd row of figures (C,D) = N/R trials; 3rd row of figures 

(E,F) = R/N trials; 4th row of figures (G,H) =N/N trials.
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Figure 6. ACC neurons tend to fire similarly for reward and shock.
A-B) Distributions of counts for neurons selective for shock- or reward-self and other during 

the outcome epoch, based on calculated index scores. Index scores were obtained as the 

normalized difference between reward (B) or shock (A) and neutral firing rates (i.e., shock 

index = shock − neutral/ shock + neutral; reward index: reward − neutral/ reward + neutral) 

during self-outcome trials. Counts of cells firing significantly greater than or less than 

neutral trials are represented by black bars (Wilcoxon; p < 0.05). Data was combined across 

R/R and R/N trial blocks. Wilcoxon tests report significant shifts in distributions and chi-

squared tests report significant differences between greater and lesser counts of neurons. C) 

Correlation between reward and shock trials during self-trials.
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Figure 7. ACC neurons responsive to either shock or reward during the outcome epoch.
Normalized mean firing rate of a population of neurons selective to shock (I-P; n = 12(9%) 

or reward (A-H; n = 22(16%)) trial-types during the outcome epoch (5s), across each 

reinforcement block type for reward (blue), shock (red) and neutral (orange) trials. Averaged 

over blocks where the recording rat was reinforced (i.e., R/R and R/N), these neurons 

showed significantly stronger firing (Wilcoxon; p < 0.05) for either reward-self or shock-self 

over neutral-self but not for both. Each row shows neural firing for self-and other-outcome 

trials (as indicated by column) for each block (Dotted line boxes indicate whether self or 

other trials were reinforced for that block). c = cue; dOn = directional light on; o = outcome; 

o = omitted outcome (i.e., non-reinforced); dOff = directional light off.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Bacterial and Virus Strains

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Chloroplatinic acid solution (H2PtCl6) Sigma Aldrich https://www.sigmaaldrich.com/catalog/product/aldrich/
262587

Critical Commercial Assays

Deposited Data

Data will be made available from the Lead Contact, Dr. 
Matthew Roesch upon request so that data can be 
provided in a format most suitable to the requester

mroesch@umd.edu

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Rat; Sprague-Dawley Charles River Laboratory N/A

Oligonucleotides

Recombinant DNA
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REAGENT or RESOURCE SOURCE IDENTIFIER

Software and Algorithms

MATLAB MathWorks https://www.mathworks.com/products/matlab.html

Offline Sorter v3 Plexon Inc. https://plexon.com/products/offline-sorter/

NeuroExplorer Plexon Inc. https://plexon.com/products/neuroexplorer/

OmniPlex Plexon Inc. https://plexon.com/products/omniplex-software/

Med-PC IV Med Associates Inc. https://www.med-associates.com/

Other
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