
Towards a Cognitive Neuroscience of 
Non-Human Primates 



Cognitive Neuroscience in Non-human 
Primates 

Visuo-spatial memory; categorical judgments; 
strategic decision making, others including 
neuro-economic; list learning, including SCP; 
transitive inference; positive transfer; 
temporal discrimination; reward-preference; 
hierarchical behavior; imitation, emulation 
and social learning generally; aspects of 
numerosity; statistical learning; various 
operant and saccade-based paradigms  



Functional Organization 

• Primary rostro-caudal axis 
– ‘temporal abstraction’ (Koechlin) 
– (though see Badre & D’Esposito, 2009; Sakai & Passingham, 2006 

• Lateral<-->Medial coupling 
– Kouneiher et al., 2009 
– Extent to which decisions must recruit temporally-extended behaviors, 

or consider temporally-removed goals / outcomes 

• Laterally, Dorsal<-->Ventral coupling 
– How / What division (O’Reilly, 2010) 
– And see OFC (what?) and ACC (how?) medially 

• Graziano, Nachev and others on PM, M1, SMC functional 
organization 
– Self organizing maps 

• And see comparative anatomic work 
 



 



 



 



 



 



Affordance Competition Hypothesis 

• dPM (Cisek et al.) and PRR (Klaus et al.) code reach 
directions in parallel 
– Wait for cue to make decision 

• M1 (Lu & Ashe), LPFC (Averbeck et a.), LIP (Cui & Andersen) 
also ‘load’ plans in parallel 
– Retrieve from memory a sequence of actions (Shima et al.) 

• How does functional connectivity change as learning 
develops? 
– See Cromer et al., Pasupathy & Miller… 

• Relate to Hikosaka, Graybiel, Schneider and others on 
Automatic Processing and ‘chunking’ 
– Consolidation / optimization processes 

 



 



 





 



 



Encoding Strategies 

• Reactive, event encoding responses versus prospective, 
state encoding / interval encoding responses 
– Phasic, tonic and anticipatory 

• Campos et al. showed distributions of functional types 
in LIP and SEF 

• Mita et al. on ‘relative interval’ encoding  
• Saga et al on ‘multi-dimensional’ responses 
• Genovesio et al. on ‘collapsing’ responses 
• Numerosity encoding throughout Fronto-parietal 

network 
• Note BOPs 



 



 



 



 



Context / Structural Responses 

• LPFC, PM, SMC, PPC, SEF… 
• Non-reward, non-time-discounted state and event 

encoders 
• Categorical neurons; strategy-responsive (and 

‘retrospective’) neurons (Tsujimoto et al.); rule 
responsive neurons (Miller et al.); ‘rank’ responsive; 
‘set’ encoding (Mansouri et al., 2006); response 
suppression (Sakagami et al.; Hasegawa et al.);  

• Model-based learning and decision-making (Pan et al., 
2008; Fan et al., 2011) 
– Hybrid RL-models combing model-free and model-based 

learning (Daw et al., 2005) 

 
 
 



 



 



 



 



 



 



 



Outcome-Related Processing 

• ACC, OFC, MFC, FPC… 

• Vicarious reinforcement 

• Processing outcomes of both self and other 

• For updating strategies, sets  

• Retrieve choices at time of feedback (for 
evaluation)  

• Important for reversal learning 

– OFC, ACC, set-shifting 



 



 



 



 



 



Reward / Value / Motivational 
Modulations 

• LPFC, OFC, SMC, FEF, BG, LIP, PM… 
• Reward size, reward probability, reward preference, reward 

expectancies 
• Also, effort, information quality, time-discounting, satiation 

– Note that social information inherently rewarding 
– Need ‘multi-dimensional’ view of motivation 

• Bernacchia et al 2011 on temporally-extended modulations widely 
broadcast 

• Can increase or decrease firing rate 
• Need integrative framework for combining ‘plans’ / ‘context’ 

(lateral) and ‘values’ / ‘motivations’ (medial) 
– Watanabe & Sakagami, 2007 
– Executability X Desirability 

 



 



 



 



 



 



Decision Processes 

• Combine ‘contextual’ with ‘motivational’ 
information  

• Evidence accumulates to drive a population 
over threshold 

• Must drive downstream processes towards a 
decision 

 



 



 



 



 



 



Learning 

• How does functional connectivity change as a 
result of learning? 

• Model-based versus model-free learning 
– How do these systems functionally segregate? 
– How is the ‘model’ implemented? 

• What is the time course of learning in different 
systems? 

• Consolidation / automaticity 
– Chunking of programs versus task expertise 

• Pay attention to lesion data… 



 



 



 



 



 



Non-PFC cognitive functions 

• Categorization w/o PFC (Minamimoto et al., 2010) 
– Seger et al. 

• Categorization in Temporal and Parietal 
– Striatum, too (Miller et al.) 

• Striatum in reversal learning (Pasupathy & Miller, 2005) 

• Premotor in abstract rule task (Wallis & Miller, 2003) 

• PPC in WCST analog (Kamigaki et al., 2009) 
– And SMC and ACC (lesion; Buckley, et al., 2009) 



LIP as ‘Behavioral Priority Map’ 

Multi-modal, spatially-tuned; bottom-up 
saliency; covert attention; intentional signals; 
reward considerations: reward likelihood, 
probability, preference, magnitude; quality of 
decision variables; attention; saccadic 
planning; categorical judgments; numerosity; 
task states; top-down inhibition; social gaze 
cues; or anything really (including color)! 



 



?? 

• Match vs. non-match responses (miller et al. 
1996) 

• ‘shift’ in activations (Cromer et al., 2011; 
Histed et al., 2009; Pasupathy & Miller, 2005) 

– See Hikosaka et al 1999 

• Task set 

 



?? 

• 2nd next neurons 

• Kennerley & Wallis, 2009: VLPFC vs. DLPFC 

– VLPFC earlier, stronger and more sustained 

– And see VLPFC as task set related 

• Buckley et al. shows different effects of lesions 
during WCST analog 

 

 



Interactive Processes 

• PremotorPrefrontal 

• Wallis & Miller, 2003: OFC and DLPFC show 
similar reward modulation 

– DLPFC shows conjunction of reward expectancy 
and response 

– OFC shows earlier reward response 

 



• Use of new technologies in non-human 
primates 

• EEG, ERP, PET in apes 

 



Non-human Primate Social Behavior 

Hunt in groups (with tools); share meat, fruit, 
plants, and tools; respond to fiat currency; 
respond to unequal pay; cooperate for 
resources, access to mates, etc.; compete for 
resources, mates, space, etc.; engage in 
deception; vocalize differentially to stimuli; 
vocalize differentially to cognitive states; 
communicate flexibly with gesture (including 
in sequence bouts); pantomime or use iconic 
gestures; monitor comprehension of others 



Non-human Primate Social Behavior 

Place high value on social information; attend to 
others’ attention and follow gaze (especially of 
high-status individuals); infer or understand 
dominance relations; differentially process 
intentional versus accidental actions; 
understand actions not in one’s own motor 
repertoire; attribute cognitive states to others; 
reciprocate, act prosocially or otherwise 
respond according to past behavior of others 



Non-human Primate Social Behavior 

show aggression (according to complex 
considerations); reconcile after conflict; form 
short- and long-term bonds; benefit positively 
from social bonds; maintain social bonds 
through grooming, or policing functions; 
sensitive to emotional state of others; process 
vicarious reinforcement; learn complex skills 
from others; have primitive cultures! 



Non-human Primate Social Behavior 

• But compared to humans: 
– Cooperate and act prosocially less 
– Communicate less flexibly 
– Fail false-belief tests with more frequency 
– Achieve lower scores on comparative social learning 

tests, or show different response profiles (over-
imitation) 

– Lack ‘shared intentionality’ 
– And recall ‘Ai’ 

• Also, distinguish ‘active’ and ‘passive’ social 
learning 



Social Neuroscience 

• Responses from DLPFC, OFC, SMC, ACC, LIP, caudate, along 
with F5, AIP, STS, etc. ‘mirror’ regions 
– Yoshida et al. ‘other’ neurons 
– Lee et al. DLPFC neurons monitoring history of choices 

• Novel designs incorporating computer or monkey 
opponents 
– ‘pennies’; ‘paper, scissors, rock’; team-based; mixed-strategy 

• ERP, EEG, PET along with DTI, MRI and other anatomic and 
cytoarchitectonic methods 
– Can use synthetic techniques to relate to more direct data 

• Selective lesioning an effective method too 
• Tsujimoto et al. (2009) FPC recordings   



 



 



Social Neuroscience 

• Subiaul et al., 2004 claims to show ‘cognitive 
imitation’ 
– We claim expertise on task greatly facilitates 

observational learning; not ‘imitation’ 

• Animals must link responses from others to 
responses in self, according to analysis of its 
outcome 

• Fictive reward processing, vicarious 
reinforcement 



Modeling 

• Hierarchical Learning 

– Braun et al.. Propose Hierarchical Bayesian 
method 

– Botvinick, Barto and others propose HRL 

– Also, how to consolidate motor programs? 

• Category formation 

– Hinaut & Dominey, 2011 

– Rougier et al., 2005 



 



 



 



 



 



Modeling Challenges 

• ‘Deep-time’ / trans-interval modeling 
– Recall Campos et al., Bernacchia et al., Saito et al. 

• Reward modulations 
– Much deeper issue, see social brain modeling 
– Outcome processing, value updating, etc. 

• Conjunctive coding 
• Activation-based versus weight-based (O’Reilly, 1998; O’Reilly & 

Munataka, 2000) 
– Learning, reward expectancies, etc. encoded in rate 

• Social learning (including theoretical issues) 
– E.g., Acerbi et al., 2011  

• Social brain modeling 
– Perhaps carries different challenges 



BOPs 

• Change matters  
• Conjunctive coding 

– Multi-plexing / collapsing representation 

• Reward modulation 
– Across long time scales (Bernacchia et al., 2011) 

• Adaptive Coding 
– LIP responds to color 

• Consolidation / learning-related changes 
• Interactive activation 
• Prospective and reactive encoding 
• Task sets / hierarchical organization of control 



 



 



 



 



 


