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Abstract

Located medially within the temporal lobes, the amygdala is a formation of heterogenous nuclei 

that has emerged as a target for investigations into the neural bases of both primitive and complex 

behaviors. Although modern neuroscience has eschewed the practice of assigning broad functions 

to distinct brain regions, the amygdala has classically been associated with regulating negative 

emotional processes (such as fear or aggression), primarily through research performed in rodent 

models. Contemporary studies, particularly those in non-human primate models, have provided 

evidence for a role of the amygdala in other aspects of cognition such as valuation of stimuli or 

shaping social behaviors. Consequently, many modern perspectives now also emphasize the 

amygdala’s role in processing positive affect and social behaviors. Importantly, several recent 

experiments have examined the intersection of two seemingly autonomous domains; how both 

valence/value and social stimuli are simultaneously represented in the amygdala. Results from 

these studies suggest that there is an overlap between valence/value processing and the processing 

of social behaviors at the level of single neurons. These findings have prompted researchers 

investigating the neurophysiological mechanisms underlying social interactions to question what 

contributions reward-related processes in the amygdala make in shaping social behaviors. In this 

review, we will examine evidence, primarily from primate neurophysiology, suggesting that value-

related processes in the amygdala interact with the processing of social stimuli, and explore 

holistic hypotheses about how these amygdalar interactions might be instantiated.

1. Introduction

The amygdala is a collection of nuclei, conserved across species, that has been implicated in 

a diverse assortment of behaviors. A large body of literature has established a fundamental 

role for the amygdala in regulating defensive behaviors such as fear and vigilance [1–3]. 

Modern techniques in rodent models have enabled the precise dissection of specific 

amygdala circuits which underlie the acquisition, expression, and extinction of conditioned 

fear behaviors [4,5].
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Beyond representing aversive stimuli or negatively-valenced emotions, the amygdala has 

been implicated in evaluating rewarding outcomes as well [6–10]. Neurons in both the 

rodent and primate amygdala encode stimuli associated positive or negative outcomes [9,11–

22]. Considering this, it is unsurprising that lesions of the amygdala interfere with the ability 

of non-human primates to update stimulus-reward associations after devaluation [23] and 

modulate reward-value coding in other brain areas [24,25], supporting the theory that the 

amygdala works in conjunction with prefrontal cortical areas during stimulus-reward 

learning [13,25,26].

In addition to processing both positive and negatively associated stimuli, the amygdala is 

also well-established in mediating social perception and social decision-making [27–31]. 

Selective calcification lesions of the amygdala in human patients impairs recognition of 

emotion in facial expressions [32] and reduces eye contact during social interactions [33]. 

Neurons that encode the perception of faces [34,35], facial identity and expression [36], eye 

contact [37,38], auditory social cues [39], and social decisions [28] have been identified in 

the primate amygdala. This evidence supports the view that the amygdala processes social 

stimuli and functions together with a network of other structures, such as prefrontal cortex, 

to coordinate social behaviors [30,31,40].

To varying degrees, each of the above behavioral categories are constructs imposed by 

experimental designs. For example, few stimuli capture attention more effectively than 

stimuli that signal danger, which has resulted in ‘fear conditioning’ paradigms to become a 

staple experimental model of amygdala function, yet the definition of fear itself in relation to 

the amygdala is still under examination [41,42]. Likewise, many recent experiments have 

centered around the exploration of explicit value representations in the brain, although 

alterative interpretations of these neural signals may better explain amygdala functions more 

holistically [43–46]. Furthermore, some experiments have analyzed social stimuli such as 

the indirect or direct gaze of a conspecific within the framework of positively or negatively 

valenced signals [47], while others have argued that these behavioral signals are highly 

context-dependent [48]. Alternatively it could be argued that these seemingly distinct 

functions are just incarnations of a broader role for the amygdala in maintaining vigilance 

and allocating attention to stimuli of importance [49]. There is also debate if social 

perception and cognition are instantiated in a discrete neural system [50], or has layers of 

social specificity while simultaneously sharing other processes with non-social aspects of 

cognition [51]. These contrasting views of the amygdala (and more broadly, the brain) are 

exacerbated by practical limitations; each individual study is restricted in the range of 

stimuli, the behavioral states evoked by task designs, or observable behaviors that a study 

can explore, and consequently there are sparse data that span across these experimentally 

imposed domains. Recently, however, several studies have examined a parallel question to 

those posed above: do single neurons in the amygdala have specific functional 

specializations, or do they exhibit selectivity to multiple dimensions? Evidence increasingly 

supports that, indeed, neurons in the amygdala do exhibit complex multidimensional 

responses, a perspective which has been recently explored in depth by Gothard (2020). The 

purpose of the current review is to specifically examine the overlap between the processing 

of value and/or valence with the processing of social stimuli and behaviors, and what these 

interactions can inform us about social cognition more broadly. As this question is 
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fundamentally centered at the level of single neurons, this review will primarily focus on 

studies from the field of primate social neurophysiology [53].

2. Representations of valence and value in the primate amygdala

Early investigations of amygdala function, dating back to the classic study by Kluver and 

Bucy (1939), observed that temporal lobe lesions in rhesus monkeys produced a wide variety 

of heterogenous impairments. Deficits in learning stimulus-reinforcement associations 

[55,56] prompted subsequent questions if the primate amygdala represented positive or 

negative affective significance, also termed valence. At the time, this deficit was 

hypothesized to be a disruption in a visually based stimuli-reward associative pathway 

dependent on the amygdala. Anatomical projections from the visually-associated inferior 

temporal cortex to the amygdala [57–59] implicated the amygdala as a downstream recipient 

of a stimulus-recognition processes, hypothesized to support stimulus-reward association 

processes necessary for the evaluation of external stimuli in learning processes [56]. These 

foundational lesion studies of the amygdala eventually paved the way into far more 

sophisticated dissections of reinforcement learning using more selective lesions or 

behavioral measures [23–25,60–66] that are beyond the scope of this review.

Investigations of single neuron activity in the amygdala, through extracellular 

neurophysiological recordings, enabled researchers to examine how individual amygdala 

neurons in the primate brain alter their spiking responses to behavioral and perceptual 

manipulations. When discussing the selectivity of single neurons to stimulus or task 

parameters, it is important to consider the methods used in calculating selectively. Studies of 

stimulus-valence or stimulus-value associations easily lend themselves to comparisons of 

epochs aligned to differential stimulus presentations, e.g., examining the spiking rate of a 

neuron following presentation of a stimulus associated with a positively-valenced liquid 

rewards to a different stimulus associated with a negatively-valenced air puff. To derive a 

measure of selectivity, tied to the underlying contrast being made, the spiking activity of 

neurons is compared between these two conditions. In Figure 1, we have illustrated greatly 

simplified results in the form of single unit activity from selected single-unit recording 

experiments to highlight example encoding of various stimuli or task features. By examining 

these studies in more detail as we compare and contrast valence/value and social behavioral 

coding of amygdala neurons in the primate brain.

Initial reports of single-neuron recordings from the primate amygdala indicated that not only 

did many neurons respond robustly to visual stimuli, but some of those did so in a manner 

selective for visual stimuli linked to rewards [35]. To specifically investigate if amygdala 

neurons were actually representing stimulus-affective associations, Nishijo and Nishino 

(1988) presented visual, auditory, or gustatory stimuli to monkeys that were linked to 

rewarding or aversive outcomes across these sensory domains. Out of a total of 585 single 

neurons sampled, the authors found that just over half of them were responsive in at least 

one of the domains, and a relatively large percentage (20%) were selective across sensory 

modalities. Notably, the authors identified that some amygdala neurons responded 

differentially between positive and negative stimuli, suggesting that the affective 

significance was indeed being signaled in the amygdala. It was not until later that these 
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results were more thoroughly expanded upon by Paton and colleagues (2006), who 

presented images of fractal patterns as conditioned stimuli, associated with either positively-

valenced liquid rewards or negatively-valenced air puffs. In their study, responses of single 

neurons recorded from the primate amygdala encoded the positive or negative valence 

associated with the stimuli presented, and individual neurons maintained this valence 

encoding even after a reversal of valence for individual stimuli (Fig. 1A). A follow-up study 

by Belova and colleagues (2007) examined the selectivity of primate amygdala neurons to 

positive or negative stimuli that were expected or unexpected, demonstrating that this 

additional dimension modulated the responses of different neuronal populations to either 

rewards or punishments, or to both [21]. The same authors later also showed that separate 

functional populations of neurons in the amygdala tracked positive or negative value for 

different states (fixation point, unconditioned stimulus, conditioned stimulus) during trace-

conditioning [22]. Together, these studies demonstrate that amygdala neurons encode the 

valence of stimuli, and that often this valence information is modulated by expectation [21], 

time [22], or even spatial factors [16,17].

The coding of economic value, which is experimentally represented by the magnitude of 

rewards delivered to the subject, is a crucial variable in many theories of learning [69]. To 

examine if single neurons in the amygdala encoded the magnitude of reward value, 

Bermudez and Schultz (2010) presented a Pavlovian-conditioned visual stimulus to monkeys 

which predicted a varying sized liquid reward (equal chance of small, medium, and large 

rewards). Following the delivery of the liquid rewards, a subset (56/317, 18%) of the 

recorded amygdala neurons modulated their firing rates in accordance with the amount of 

liquid received, exhibiting parametric reward value coding (Fig. 1B). Although previous 

studies had performed similar tasks using stimuli that predicted either a large or small liquid 

reward, or air puff, to show that amygdala neurons differentiate between larger and smaller 

rewards [22], the use of at least three different reward values in this study clearly 

demonstrates a graded, parametric, response to reward magnitudes. A follow-up study by the 

same authors suggested that these signals may be encoding the specific expectations of 

reward, as amygdala neurons differentiated between rewards delivered instantaneously and 

those delivered at flat rates over a period of time [12]. Moreover, experiments in human 

patients undergoing neurosurgical treatments have extended these results, finding single 

neurons in the amygdala of awake patients that encode behaviorally assigned values of 

familiar foods (presented as pictures) [70]. Another study in human patients found valuation 

signals for pictures of foods that were irrespective of the task being performed, but only in 

the left amygdala [71]. A study by Leathers and Olson (2017) examined amygdala neural 

responses to cues predicting liquid rewards or air puffs that varied both in magnitude and 

valence. Their results found that that amygdala neurons, like in previous studies, 

differentiated large and small predicted rewards. Additionally, however, the authors varied 

the magnitude of air puffs and found that, unlike other brain regions [73], relatively few 

amygdala neurons encoded the magnitude of the air puffs [72]. These results overall provide 

evidence that amygdala neurons encode reward magnitude, and this information can be 

modulated by temporal sequence [12] and be linked to future plans to gain rewarding 

outcomes [74,75].
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Interestingly, neurons in the primate amygdala do not merely represent value for oneself but 

also for other agents (Chang et al., 2015) and use this information to signal upcoming 

behaviors. For example, Grabenhorst and colleagues (2019) tested two monkeys in an 

observational learning task, where monkeys took turns choosing between stimuli associated 

with probabilistic rewards. Remarkably, a subset of neurons in the observer’s amygdala 

responded to high value stimuli when their partner was making choices and continued to 

track this value when it became their turn to choose between the same pair of stimuli [67] 

(illustrated in Fig. 1C), while another subset of neurons signaled a prediction of the partner’s 

choice during observational trials. These results demonstrate that the amygdala is tracking 

information about salient external stimuli, such as the magnitude of reward [11], the positive 

and negative affective significance [15], and more complex representations of value which 

are combined with information about space [17], time [12], and future plans [74,75].

3. Neural substrates of social behaviors in the primate amygdala

A role for the amygdala in shaping social behaviors was established early through 

observations of behavioral changes following amygdalectomies in rhesus monkeys 

[54,76,77]. The rich literature of lesion studies have often observed differential effects on 

social behaviors, which may depend on the age at which they are performed, and the social 

history or sex of the subject animals [52]. Although the body of evidence does not suggest 

that the amygdala is strictly necessary for any specific social behavior, it does indicate that 

the amygdala contribute and optimize to many different social behaviors [52]. This is 

corroborated by a wealth of studies utilizing functional magnetic resonance imaging in 

human subjects [78] that suggests the amygdala serves as a central “hub” in a network of 

brain regions supporting social function.

Results from single neurons recorded from the primate amygdala further substantiate the 

social function of the amygdala, which will be expanded upon below. In the examination of 

more naturalistic behaviors, such as studying social behaviors, the difficulties in determining 

what neuronal activity may truly represent are amplified. While some animal models of 

social behavior use a task that imposes a trial-like structure upon the subjects, such as 

presenting images or movies to subjects in discrete intervals [48,79], it is also important to 

examine behaviors under less constrained settings to avoid or minimize only studying forced 

operant behaviors. For example, in to to study naturally reinforced looking behaviors to the 

faces of conspecifics, subjects must be able to freely fixate on any part of a face or anywhere 

in the environment. Furthermore, any realistic stimuli presented to subjects, such as images 

or videos of conspecifics, may have priors or connotations unknown to human 

experimenters, possibly specific to that individual animal. For these reasons and others alike, 

recently there has been a move towards studying live interactions between two (or possible 

more) non-human primates [28,30,31,53,80–82,82,83]. With increasingly naturalistic 

experimental settings, however, comes an increased need to rule out possible alternative 

influences on neuronal activity through meticulous analyses, detailed observation of all 

behaviors ,and whenever possible additional peripheral physiological markers [27].

Neural substrates of face perception are found across several different brain regions, most 

notably in the temporal cortices [84–88], frontal cortices [89,90], and the amygdala 
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[34,36,38,39,91,92]. Signals clustered in face patch regions in the superior temporal sulcus 

and inferotemporal cortex serve as the foundational processing modules for the ability to 

recognizes faces and facial features [86]. However, outside these more perceptual regions, 

the interpretation of face-specific signals becomes less straightforward. Faces, and 

particularly eyes, are incredibly powerful conveyors of social information [93], and it is not 

surprising that social gaze information is well represented in brain regions involved in social 

behaviors. For primates, faces and eyes have inherent value and are viewed preferentially 

starting from a young age [94–96]. Although this inherent saliency of faces and eyes likely 

biases neural processing towards face selectivity, other social information is also 

simultaneously encoded by amygdala neurons. The most clear example of this was shown in 

a study by Gothard and colleagues [36], where the authors presented pictures of conspecifics 

to monkeys while recording single neurons from the amygdala. They identified specific 

responses to facial identity, facial expression, or mixed responses that were selective for both 

facial identity and expression (Fig. 1D). These findings in amygdala neurons have been 

replicated in human patients undergoing neurosurgical recordings [34,91,92,97,98]. Given 

that eyes are the most salient features of the face, it is unsurprising that neural substrates of 

eye contacts are also found in the primate amygdala. Mosher and colleagues (2014) 

presented videos of conspecifics [48] to monkeys and examined the fixation evoked activity 

to looking at the eyes of the stimulus monkey (the conspecific monkey featured in the video) 

during periods when the stimulus monkey was looking at the camera or away from the 

camera mimicking direct or indirect eye contact, respectively. Neurons in the amygdala not 

only responded selectively (when compared to fixations on other parts of the face) to 

fixations at the eyes of the stimulus monkey; Fig. 1E), but a subpopulation of these neurons 

also differentially encoded fixations during the simulated mutual eye contact [38].

The primate amygdala also contains neuronal representations of non-visual social stimuli. 

Kuraoka and Nakamura (2007) presented monkeys either audiovisual (video clip with 

sound), visual (video with no sound), or auditory (only sound from the video) stimuli of 

conspecifics displaying emotional expressions and found that a majority of the neurons 

responded to at least one of the three emotional expressions (an aggressive threat, scream, 

and or complex coo calls). Most of these responses were to visual or audiovisual stimuli 

(77/79, 97%), but of those that responded to the audiovisual stimuli, 39 neurons (51%) 

showed a greater magnitude of the response to the audiovisual stimuli than to the visual 

stimuli alone [39]. This result, in addition to a population of neurons that responded to the 

auditory or visual component presented independently (20%), suggest that the primate 

amygdala processes social stimuli across sensory modalities. Indeed, even tactile and 

proprioceptive information is processed in the amygdala [99], which likely contributes to 

self-monitoring during the production of facial expressions [100]. The encoding of social 

stimuli across multiple sensory domains in the primate amygdala is partially explained by 

the multisensory responses exhibited by amygdala neurons, being responsive to 

combinations of visual, tactile, and auditory stimuli [101].

The social function of the amygdala extends beyond the perceptual level. Single neurons in 

the primate amygdala also represent core computations of social decision-making. Chang et 

al. (2015) employed a vicarious social reward task [81] where two monkeys are seated near 

to each other and one of those monkeys, designated as the ‘actor’, is able to make decisions 
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that affect the reward outcome of themselves as well as a conspecific monkey. On some 

trials the actor chooses between making a prosocial choice by donating a liquid reward to 

the other monkey and an antisocial choice by donating the liquid reward to no one or an 

empty juice collection bottle. Using this paradigm, the authors had previously demonstrated 

that monkeys prefer to donate liquid to the other monkey over no one, a behavior supported 

by vicarious social reward [28,30,80,81,102]. By recording single unit activity from the 

amygdala of the actor monkey, the authors found that neurons signaled both the value of 

rewards delivered to the actor monkey and the conspecific monkey when the actor made 

active social decisions (but not on trials where the computer determined the identical 

outcomes) [28] (Fig. 1F). Crucially, the value tuning across all recorded neurons for the 

rewards to self and other was highly correlated, implicating that this “value-mirroring” 

signals may be part of a larger process in the amygdala signaling the emotional experience 

in empathy or theory of mind.

Collectively, the studies discussed in this section supports an intricate relationship between 

valence and social behavioral processing in the amygdala. The mechanism by which 

amygdala neurons enable this interaction remains an important avenue for research toward 

better understanding the function of the amygdala.

4. Intersections between value and social processing in the primate 

amygdala

Many brain structures are known for their involvement in multiple functions. In the case of 

the primate amygdala, neurons represent rewards and punishments as well as social stimuli. 

Indeed, the high level of anatomical connectivity of the amygdala with other brain regions 

supports this perspective on multifaceted functionality [78,103,104]. The amygdala is highly 

interconnected with the frontal cortices [105,106], sensory areas [103,107,108], and other 

subcortical structures [59,104,109–111], positioning it anatomically as a brain region that 

not only receives a wide breadth of information but also one which can affect behavior via 

cortical or sub-cortical projections [4,19,24,25,30,31,61,64,112]. Electrophysiological 

recordings from the amygdala can test if each of these functions is instantiated in the 

response properties of its component neurons. However, most studies to date, including the 

evidence presented above, almost exclusively examined the domains of valence/value 

processes and social processes separately. An important question then would be, do the 

neural specializations for valence/value processing overlap with neural specializations for 

social behavior? If these two roles are mediated entirely through the same populations of 

neurons, it might suggest that they are specific instantiations of a more general process. 

Alternatively, if the population of neurons that compute valence /value was completely 

segregated (either anatomically or functionally) from neurons that encoded social behaviors, 

it would imply that processing of these different dimensions has no impact on the other (at 

least within the amygdala). Logically, it is also possible for there to be a large degree of 

functional or anatomical overlap, allowing for a population of amygdala neurons that are 

sensitive to both social and value-related information with smaller proportions of neurons 

that are highly specialized to one of these functions. Indeed, this last schema, termed 

multidimensional processing [52], is supported by several recent studies. This perspective 
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suggests that many single neurons in the amygdala are responsive to multiple, independent, 

dimensions of the environment. These dimensions likely extend beyond value and social 

information, given that single neurons in the amygdala have already been demonstrated to be 

multisensory [101]. In this section, we will focus in specifically on the overlap between 

valence/value and social behaviors to examine how this multidimensional processing may 

impact the processing of social behaviors in the amygdala.

Although the lens of multidimensional processing can be retrospectively applied to previous 

studies, one of the first attempts to directly examine this question was carried out by 

Munuera and colleagues (2018). In this study, the authors examined if there was a 

relationship between the coding of hierarchical rank of conspecific monkeys depicted in 

facial images and non-social images indicating varying amounts of juice rewards. By 

presenting images of familiar conspecifics within a known rank hierarchy, the authors 

demonstrated that amygdala neurons linearly encoded the hierarchical rank (Fig. 1G). The 

subjects were also shown fractals associated with zero, one, or two drops of liquid reward. 

By training a linear decoder on the reward-associated fractals but testing it with the spiking 

data from the trials where the subjects viewed facial images, the authors were able to 

demonstrate that same neuronal ensembles that encoded reward values were also encoding 

dominance hierarchies [14]. This result is particularly interesting because both the reward 

values and rank hierarchies have an inherent structure, which was shared in the coding 

schema used by the neurons for both the social and non-social stimuli. The authors also 

tested neurons recorded from the orbitofrontal cortex and anterior cingulate cortex but 

neither region strongly represented hierarchical rank.

Additionally, a recent study by Putnam and Gothard (2019) examined how single neurons in 

the amygdala encoded various dimensions of a complex choice task. In this task, monkeys 

were trained to associate the identity of conspecific monkeys or objects, shown in videos, 

with a fixed liquid reward for correct responses. As the monkey stimulus and object stimulus 

were presented in pairs in two simultaneously playing videos, the subject was able to freely 

view both videos and made a choice using experience from previous trials, after which he 

would receive the liquid reward associated with the stimulus monkey or object chosen. The 

authors aligned neural activity either to fixation cue proceeding the trial, to fixations on the 

stimuli themselves, or to fixations on regions of interest within the stimuli such as eyes or 

faces. By comparing neural activity across different behavioral epochs, the authors found 

that amygdala neurons encoded both non-social dimensions such as being responsive to task 

events or the value of the stimulus, but also social information such as differentiating 

between monkeys and objects or being selective for faces (Fig. 1H). Most importantly, many 

neurons in the amygdala were selective to more than one dimension of the task, and the 

number of neurons selective for all four task dimensions exceeded the level that would be 

expected by chance [37]. Whereas previous studies had already identified these selectivity 

dimensions in isolation [11,36,38,113], the results of this study argue that interpreting the 

selectivity of neuron without testing it across other stimuli or task parameters can be easily 

misleading. That is, labeling neurons with selectively modulated responses to faces or eye 

contacts within a specific experimental setting as strictly “face cells” or “eye cells”, 

respectively, is misleading outside that specific setting without also testing their selectivity 

for other dimensions across different stimuli or behaviors. Alternatively, conceptualizing 
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these neurons as “face selective cells” or “eye selective cells”, where that selectivity is one 

of their possible functions is a more appropriate terminology.

Finally, to examine how amygdala neurons represented both valence and the gaze of others, 

Pryluk and colleagues (2020) compared neural activity between a human intruder test, where 

a partition was removed allowing the subject monkey to view a human experimenter, and a 

classical conditioning test, where the subject would receive either juice rewards or air puffs 

in all ten trials of a given block. Each human intruder test block consisted of multiple 

exposures to the human, who would pseudorandomly make direct eye contact with the 

subject monkey or avert their eyes. As has been demonstrated before, single neurons in the 

amygdala were responsive to both gaze (human intruder trials) and valence (classical 

conditioning trials) (Fig. 1I). Critically, however, a correlation of linear-regression 

coefficients for gaze and valence revealed a shared neural code between these two 

dimensions. Responses to air puffs were similar to direct gaze of the human intruder 

(theorized to also be aversive), while responses to juice rewards were in line with viewing 

the averted eye gaze of the human intruder [47]. Interestingly, unlike the amygdala neurons, 

neurons in the anterior cingulate cortex mostly represented valence, but did not represent 

gaze at the population level.

5. The social functions of the amygdala from the perspectives of 

computational, algorithmic, and implementational levels

The three studies in the previous section collectively demonstrate that processing of social 

stimuli and valence/value occurs in, at least partially, overlapping neural populations in the 

amygdala, supporting the concept of multidimensional processing. They also support that 

the processing of value and valence influences how social behaviors are processed in 

amygdala neurons. As a useful platform, we can examine these possible schemas in the 

framework of David Marr (1982), who established three levels of organization to examine 

information processing systems [114]. This approach has proven useful in examining related 

questions, such as the existence of a specifically “social brain” and has been explored in 

depth in a recent publication [51] (Fig. 2). Briefly, the most macroscopic level is 

computational, which represents the ultimate function of the information processing system. 

The logical operations which are applied to accomplish this function are done at the 

algorithmic level. Finally, there is the implementational level which is the physical 

instantiation of these algorithms.

At the broadest level, the computational goal of the amygdala is to correctly shape 

adaptative behaviors, which may specifically mean recognizing rewarding or aversive 

stimuli in the environment or being able to read social signals from, and send social signals 

to, conspecifics in order to engage in cooperative or competitive behaviors. Here, we 

propose two possible algorithms which could support these computational goals. The first is 

a “common currency” shared amongst social and non-social neural selectivity, which 

represents salient stimuli (both social and non-social) in a manner that is generalized. Two of 

the three aforementioned studies in the previous section exhibit results which could 

hypothetically support this view, as a shared neural code between gaze and valence [47] or 
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between dominance and value [14] would be predicted by the common currency code in the 

amygdala. However, a theoretical drawback to the common currency framework is that it is 

less flexible across the many varied computational goals the brain must accomplish. An 

important point of consideration is that the use of a “common currency” schema amongst 

some neurons does not imply all neurons must code selectivity in this fashion. Moreover, 

although conceptualizing direct gaze as aversive may be ethologically valid in most 

behavioral contexts for rhesus monkeys (e.g., certainly from human intruders), it is not valid 

across all behavioral contexts [93,95,96,115]. For example, universally representing direct 

gaze as a negatively valenced signal does not explain the longer duration viewing of faces 

with direct gaze or eye contact in adult [96] and infant [95] rhesus monkeys compared to 

averted gaze. Monkeys will also forgo juice rewards to view the faces of high ranking 

conspecifics, even if those faces are presented with direct gaze [116]. Similarly, although 

linearly representing the value of juice rewards may fit well with neuroeconomic models, it 

may not apply equally to dominance hierarchies (especially for male rhesus monkeys) which 

are less stable in the wild than isolated laboratory housing [117]. An alternative algorithm 
could be coding schema where a large number of selectivity combinations are formed across 

the salient dimensions of stimuli or behaviors [52], in a manner that does not fall in line 

predictable constructs such value or valence. Such selectivity would be able to explain the 

greater number of neurons than expected by chance that are selective to multiple stimulus or 

task parameters by Putnam and Gothard (2019), although such multidimensionality was not 

evident in the study by Pryluk and colleagues (2020), whose results were more consistent 

with a common currency schema. Therefore, a hybrid, and more likely, schema is that 

multidimensional selectivity is an inherent property of amygdala neurons but learning and 

exposure may tend to drive some neural ensembles into using common coding schemas, 

such as the common currency schema, especially when those coding schemas neatly 

encapsulate the range of stimuli used in an experiment. To resolve these opposing theories, 

experiments with large populations of simultaneously recorded neurons and broad ranges of 

stimuli and behaviors would be necessary. Until recently, practical experimental limitations 

have prevented this. Now, however, advances in chronic recording methods in rhesus 

monkeys allow single-unit recordings from the same neurons over weeks and months to test 

the neurons under broad ranges of stimuli and behaviors [118–120]. Future experiments, 

utilizing such technological innovations would be able to test how multidimensionality and 

common currency schemas might or might not be related.

Finally, we propose two possible implementations which could explain the findings 

discussed in the previous section. The first is a serial implementation, where the amygdala is 

primarily computing the saliency of a stimulus while the accompanying context (e.g., 

valence, or direct vs. averted gaze) is provided by prefrontal regions. Alternatively, a parallel 

implementation would implicate both the amygdala and other brain regions computing 

various stimulus dimensions in parallel, where the communication or intermediary circuits 

between these regions serve to compare results. Under this latter model, it is possible that 

the amygdala may compute context more rapidly but less precisely than prefrontal regions 

such as the orbitofrontal cortex, and this tradeoff in speed may allow a rapid preparation for 

action [112,121] to be later be modified by, for example, the orbitofrontal cortical inputs. 

Given the prevalence of valence/value coding in the amygdala, a parallel implementation 
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seems more likely. Temporary focal inactivation, through pharmacological means or 

designer receptors exclusively activated by designer drugs, of prefrontal cortices and the 

amygdala while recording from the other region would help test between these two 

hypotheses.

6. Concluding remarks

Here we have discussed how the primate amygdala contains neural specializations for both 

valence/value processing and social behaviors. Recent experiments have shown that these 

processes overlap at the level of single neurons in the amygdala, although the precise nature 

of this overlap still needs to be explored in more detail. Additionally, we have a poor 

understanding of the inter-nuclear differences between the structures that make up the 

amygdala, and how this contributes to the processing of social behaviors and valence/value. 

Although some studies have found differences in response properties and selectivity between 

the centromedial and basolateral [113] nuclei, there has yet to be a systematic 

electrophysiological probing of primate amygdala that integrates into the rich literature 

detailing the anatomical connections of the amygdala, and possibly reveals an organizational 

principle behind how the amygdala is representing multiple informational domains. Future 

experiments with advanced technology available today are able to shed light on the nature of 

the coupled processing of value and social behaviors in the amygdala, and these results may 

inform us about the function of the amygdala under a network-level perspective.
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Figure 1. 
Illustrations of selected findings from amygdala studies examining value/ valence (left) and 

during social behaviors (right). These illustrations are based on the data from the indicated 

citations. Please see the text for full descriptions. A) Amygdala neurons selectively respond 

to stimuli that predict juice rewards, and maintained this valence encoding even after a 

reversal of valence for individual stimuli [15]. B) Amygdala neurons differentially represent 

large, medium, or small juice rewards [11]. C) Amygdala neurons signal value on both self 

and observational learning trials [67]. D) Neurons in the amygdala exhibit selectivity to 

facial identity or expression [36] as shown in images. E) Amygdala neurons selectivity 

respond to fixations on the eyes of conspecifics shown in videos [38]. F) Amygdala neurons 

signal rewards delivered to partner in a vicarious reward task [28]. G) Amygdala neurons 

hierarchically encode both the rank of conspecifics shown in images, and the reward values 

associated with images of fractals [14]. H) Single amygdala neurons exhibit selectivity 

across different domains, including facial selectivity, reward values associated with stimuli, 

and fixation cues [37]. Amygdala neurons use a similar coding schema across both gaze 

direction and expectation of aversive or appetitive stimuli [47].
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Figure 2. 
Levels of organization proposed by David Marr to understand information processing 

systems. This framework is adopted for social functions in this illustration [51]. The 

computational level (top) encompasses the ultimate goal of the process. For example, 

calculating financial transactions is the goal of a cash register (left) or engaging in 

cooperative social behaviors is the goal of certain brains areas. The algorithmic level 

(middle) is the logical processes by which this goal is accomplished. For a cash register to 

tally purchases, it must perform arithmetic (left), while social brain regions such as the 

amygdala may utilize a “common currency” coding schema, or multidimensional processing 

(right). Finally, these processes must be realized at the implementational level (bottom). In a 

cash register, the actual arithmetic is performed by a mechanical counting system (left), 

while different areas, circuits, or cells work together to process information (right).
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