







    Skip to main content




    
        
        Thank you for visiting nature.com. You are using a browser version with limited support for CSS. To obtain
            the best experience, we recommend you use a more up to date browser (or turn off compatibility mode in
            Internet Explorer). In the meantime, to ensure continued support, we are displaying the site without styles
            and JavaScript.


    




    

    
            

            
                
                    Advertisement

                    
        
            
    
        
            
                [image: Advertisement]
        

    


        
    
                

            
        

    
        
            
                
                    
                    
                    
                        
                        
                            
                                
                                [image: Nature]
                            
                        
                    
                    

                    
                    	
                            
                                View all journals
                            
                        
	
                            
                                Search
                            
                        
	
                            
                                Log in
                            
                        


                

            

        

        
            
                
                    
                        	
                                    
                                        Explore content
                                    
                                
	
                                    
                                        About the journal
                                    
                                
	
                                        
                                            Publish with us
                                        
                                    
	
                                    
                                        Subscribe
                                    
                                


                        	
                                    
                                        Sign up for alerts
                                    
                                
	
                                    
                                            RSS feed
                                    
                                


                    

                

            

        
    


    
    
        
            
                	nature



	articles

	
                                    article


    
        
        
            
            
                
                    	Article
	Published: 23 September 2020



                    Shared yet dissociable neural codes across eye gaze, valence and expectation

                    	Raviv Pryluk1, 
	Yosef Shohat1, 
	Anna Morozov1, 
	Dafna Friedman1, 
	Aryeh H. TaubÂ 
            ORCID: orcid.org/0000-0002-6230-02901 & 
	â€¦
	Rony PazÂ 
            ORCID: orcid.org/0000-0002-8868-216X1Â 

Show authors

                    

                    
                        
    Nature

                        volumeÂ 586,Â pages 95â€“100 (2020)Cite this article
                    

                    
        
            	
                        7184 Accesses

                    
	
                        13 Citations

                    
	
                            31 Altmetric

                        
	
                    Metrics details

                


        

    
                    
                

                
    
        Subjects

        	Learning and memory
	Social neuroscience


    


                
    
    

    
    

                
            


        
            Abstract
The direction of the eye gaze of others is a prominent social cue in primates and is important for communication1,2,3,4,5,6,7,8,9,10,11. Although gaze can signal threat and elicit anxiety6,12,13, it remains unclear whether it shares neural circuitry with stimulus value. Notably, gaze not only has valence, but can also serve as a predictor of the outcome of a social encounter, which can be either negative or positive2,8,12,13. Here we show that the neural codes for gaze and valence overlap in primates and that they involve two different mechanisms: one for the outcome and another for its expectation. Monkeys participated in the human intruder test13,14, in which a human participant had either a direct or averted gaze, interleaved with blocks of aversive and appetitive conditioning. We find that single neurons in the amygdala encode gaze15, whereas neurons in the anterior cingulate cortex encode the social context16, but not gaze. We identify a shared population in the amygdala for which the neural responses to direct and averted gaze parallel the responses to aversive and appetitive stimulus, respectively. Furthermore, we distinguish between two neural mechanismsâ€”an overall-activity scheme that is used for gaze and the unconditioned stimulus, and a correlated-selectivity scheme that is used for gaze and the conditioned stimulus. These findings provide insights into the origins of the neural mechanisms that underlie the computations of both social interactions and valence, and could help to shed light on mechanisms that underlie social anxiety and the comorbidity between anxiety and impaired social interactions.
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                    Fig. 1: Behaviour during the HIT and affective-conditioning blocks.[image: ]


Fig. 2: The amygdala encodes gaze and valence, and the ACC mainly encodes valence.[image: ]


Fig. 3: Shared coding for valence and gaze in amygdala neurons.[image: ]


Fig. 4: An overall-activity coding for eye gaze and US valence and a correlated-selectivity coding for eye gaze and CS valence.[image: ]
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All data supporting the findings of this study are available from the corresponding author upon reasonable request.
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Extended data figures and tables

Extended Data Fig. 1 Differential behavioural response to EC and NEC.
a, Same format as in Fig. 1f but for the all-shutter ROI (and not just face ROI). As can be seen, the monkeys looked at the face and eyes ROI mainly in the interactions with the human intruder. Left, the gaze density during all the sessions. b, Same format as in Fig. 1g (left), but aligned to the first time the monkeys looked to the ROI of the intruderâ€™s eyes in each trial separately. c, Same format as in Fig. 1g (right) separately for each monkey.


Extended Data Fig. 2 Extracting differences in facial expression.
a, Examples of three original frames with different expressions, corresponding to the schematic in Fig. 1h. b, For every recording session, we averaged over all frames from the baseline period resulting in the mean image. Baseline was taken over the period before any trial when the monkey was alone in the room with a closed shutter. c, An example of a frame during the EC interaction. d, The mean frame (b) is subtracted from the frame in c during the interaction, to obtain a â€˜diffâ€™ (or delta) image. Three ROIs were defined manually for every day: upper face, ears and lower face. e, The r.m.s. of every ROI is calculated. Data are meanÂ Â±Â s.e.m. The differences between EC and NEC in the upper part of the face are shown. The other parts and ROIs are shown in Fig. 1. The black line represents a significant difference; PÂ <Â 0.05, two-sided Studentâ€™s t-test; nÂ =Â 1,480 trials in NEC and 1,628 trials EC).


Extended Data Fig. 3 Reversing valence directionality from NECâ€“EC to aversiveâ€“appetitive.
a, Same format as in Fig. 3a, b. The population decoding accuracy is shown when training on eye gaze (NEC versus EC) and testing on valence (aversive versus appetitive), using CS-related activity. Data are meanÂ Â±Â s.d.; nÂ =Â 1,000 bootstrap replicates, nÂ =Â 203 amygdala neurons. b, Same as in a but using US-related activity.


Extended Data Fig. 4 Single-neuron activity across conditions.
a, If overall-activity drives the successful decoding in the US epoch, we expected to find an overall change in the firing rate (increase or decrease) for gaze and US valence. Indeed, we found that there were more valence-positive neurons (increased firing rate to in response to the air puff) in the amygdala in the US epoch, and that there were more gaze-positive neurons (increased firing rate in response to EC) in the amygdala. Inset graphs show meanÂ Â±Â s.e.m.; ***PÂ <Â 1Ã—Â 10âˆ’3; Z-test; nÂ =Â 203 amygdala neurons, nÂ =Â 356 ACC neurons. b, Decoding accuracy with and without neurons that encode gaze. Black and red lines represent the mean and median, respectively; nÂ =Â 203 amygdala neurons, nÂ =Â 1,000 bootstrap replicates.


Extended Data Fig. 5 Decoding with trial-based alignment to shutter opening.
a, Same format as in Fig. 4hâ€“j. Population decoding accuracy for real and shuffled amygdala neurons. Black and red lines represent the mean and median, respectively; nÂ =Â 203 amygdala neurons. b, Same as in a for ACC activity. nÂ =Â 356 ACC neurons. c, Cumulative distribution of the difference in decoding accuracy between real and shuffled neurons. ***PÂ <Â 1Ã—Â 10âˆ’3; two-sample Kolmogorovâ€“Smirnov test; nÂ =Â 203 amygdala neurons.


Extended Data Fig. 6 Behavioural differences between EC and NEC do not underlie neural findings.
a, An example of vocalizations during one HIT trial, measured using a microphone placed in close proximity to the monkey (Methods). Inset, the proportion of trials in which vocalizations occur. There was a very small proportion of trials in which vocalization occurred, and it was similar across EC and NEC trials. Ï‡2 test; PÂ =Â 0.88; nÂ =Â 1,738 NEC trails and 1,807 EC trials. Owing to the low number of vocalizations, we were not able to characterize different types of vocalizations. In addition, we repeated analyses after removing trials during which vocalizations occur, and the main results were unchanged. b, An example of movement in one trial in response to the human intruder, measured using an accelerometer attached to the chair of the monkey (Methods). This also occurred during a small number of trials, and it was similar across EC and NEC trials. In addition, we repeated analyses after removing these trials, and the main results were unchanged. c, The overall change in facial expressions between EC and NEC (as in Fig. 1i). The r.m.s. of the change between the image over the whole face (main) and only for the lower half of the face (inset), compared to the neutral expression obtained from averaging over the baseline period when the monkey was alone (Methods). Data are meanÂ Â±Â s.e.m. There is a significant difference (PÂ <Â 0.05); two-sided Studentâ€™s t-test; nÂ =Â 1,703 NEC trials and 1,765 EC trials. d, Same as in c after applying the thinning method (iteratively selecting trials to obtain a similar distribution of behaviour across EC and NEC; Methods). We applied the same method also to eye movements. e, Decoding accuracy using only trials with similar behaviour across EC and NEC, taken after thinning as described in d. The results remain the same (compare to Fig. 4h). Red and black lines indicate the median and mean, respectively; nÂ =Â 203 amygdala neurons; nÂ =Â 1,000 bootstrap replicates.


Extended Data Fig. 7 Consistency across stimulus saliency (no within-day adaptation).
aâ€“d, Decoding accuracy was divided into the first and second half of trials and similar results were obtained. The presentation is a merged format of Fig. 4h, i. CS-related activity (a, b) or US-related activity (c, d) in the first half (a, c) and second half (b, d) of trials is shown. Red and black lines indicate the median and mean, respectively; nÂ =Â 203 amygdala neurons, nÂ =Â 356 ACC neurons; nÂ =Â 1,000 bootstrap replicates.


Extended Data Fig. 8 Neuronal modulation.
a, Left, we divided the amygdala neurons into three groups: the first contains neurons that increased their firing rate (FR) in response to gaze and valence (61/203, positive Î² values in Fig. 4a); the second group decreased FR in response to both gaze and valence (65/203, negative Î² values in Fig. 4a); and the third group increased FR in response to one condition and decreased in response to the other (77/203). For the first two groups, the decoding accuracy of valence based on gaze (similar analysis as in Fig. 4h for CS-related activity) was significantly higher than chance, indicating that the overall result reported in the main text is based on both increases and decreases in FR. Right, same but for ACC neurons. Red and black lines indicate the median and mean, respectively. b, Amygdala neurons were sorted according to degree of modulation (magnitude of Î²gazeÂ Ã—Â Î²valence). The decoding accuracy (mean) and its variance for increasing group size (that is, 10 neurons with highest modulation, 20 neuronsâ€¦ and so on) was recalculated. These values were compared to randomly chosen groups of similar size (green inset, notice the linear increase). The decoding accuracy increased until reaching a group size of 120â€“130 neurons; which is the number of neurons that contained the first two groups from a that either increased or decreased the firing rate, (but not mixed activity). Bottom, the proportion of neurons from the two groups. It can be seen that both groups contributed to the increased accuracy. These results further support the conclusion that the shared neural mechanisms are not due only to an increased firing rate, as an indication of saliency or alertness. nÂ =Â 203 amygdala neurons.


Extended Data Fig. 9 Neurons encode species, but this coding is not shared with the valence of CS.
a, We included monkey-intruder blocks (top) in a similar way to the HIT trials (bottom). The same neurons reported in the main analysis were recorded during the monkeyâ€“monkey interactions. For each recording session, on average two (out of six) monkeys served as intruders. All of the monkeys had lived together for several years. b, Neurons in the amygdala (nÂ =Â 203), as well as in the ACC (nÂ =Â 356), code for species and can differentiate between human and monkey intruders. Moreover, neurons differentiate between NEC human trials and monkey-intruder trials. Data are mean and s.e.m. c, In contrast to the findings in Fig. 4a, there was no significant correlation (Pearsonâ€™s correlation, rÂ =Â 0.05, PÂ =Â 0.45, nÂ =Â 203) between Î²species and Î²CSvalence, strongly arguing against a correlated-selectivity mechanism between species and CS. d, Decoding accuracy of CS valence after training the decoder to differentiate species, was not different from chance level and significantly smaller than the decoding accuracy of CS valence based on gaze. Red and black lines indicate the median and mean, respectively. nÂ =Â 203 amygdala neurons; nÂ =Â 1,000 bootstrap replicates. e, Differences in heart-rate variability between monkey-intruder and NEC trials (as shown for EC and NEC trials (Fig. 1k)). *PÂ <Â 0.05; two-sided Studentâ€™s t-test; nÂ =Â 1,703, 1,765 and 1,620 trials in NEC, EC and monkey trials. f, Despite differences in heart-rate variability (e), the findings in d remained similar when using either only EC or only NEC trials of the human intruder (nÂ =Â 203 amygdala neurons). Red and black lines indicate the median and mean, respectively.


Extended Data Fig. 10 NEC trials are different from neutral trials.
a, We included neutral trials, in which the opening of the shutter (CS) is followed by nothing. b, The heart rate was significantly lower in neutral trials compared to all others types of trial and, specifically, it was lower than in NEC trials. Top left, difference in heart rate, same as in Fig. 1. j. Top right, difference in heart rate in the control days that included neutral trials, showing the same trend for all types of trial and no modulation for neutral trials. Together, these results indicate that the NEC trials were not salience-free, but rather highly salient in a different manner than the EC trials. nÂ =Â 1,703, 1,765, 1,620, 1,352 and 712 trials for NEC, EC, monkey, reward and air puff trails, respectively. Data are meanÂ Â±Â s.e.m.; ***PÂ <Â 1Ã—Â 10âˆ’3; two-sided Studentâ€™s t-test.
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