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Activity associated individual differences in recollection persistence for emotional 
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1. Introduction 














































 



















































 









1.1 Overview of Emotion Effects on Memory 

1.1.1 Declarative Memory Processes 







































 



















































 



















































 



















































 





















1.1.2 Neural Correlates of Emotional Arousal 





























 

















































 



















1.1.3 Behavioral Effects of Emotion on Memory 











































































































1.1.4 Thesis 



























































1.2 Encoding 

1.2.1 General Effects 































































































1.2.2 Emotion Effects 















































































































































































































































1.2.3 From Encoding to Consolidation 







































1.3 Consolidation  





















1.3.1 Arousal-Mediated Consolidation in Rodents 











































































































































































1.3.2 Arousal-Mediated Consolidation in Humans 



































































































































































































1.3.3 Other Approaches 

















































































1.3.4 Dissociating Encoding and Consolidation 

























































1.4 Retrieval 

1.4.1 Overview 































































































































































1.4.2 Encoding-Retrieval Overlap 

































































































































































1.5 Key Questions 

















































2. Passage of Time Modulates Networks Predicting 
Emotional Memory Success  
2.1 Introduction 

























































































































































































































































2.2 Methods 

2.2.1 Participants 



















2.2.2 Materials 



























2.2.3 Procedure 































































2.2.4 Behavioral Analyses 















































2.2.5 FMRI Methods 















































































































































































































2.3 Results 

2.3.1 Behavioral Results 





























Behavioral results. Memory at each delay was assessed using the corrected 
recognition score d’, and recollection and familiarity estimates were obtained via a dual-

process ROC curve-fitting procedure (Yonelinas et al. 2002). Persistence scores for memory, 
recollection, and familiarity were then calculated by dividing long-delay estimates by their 

associated short-delay estimates (e.g., emotional memory persistence is equivalent to 
emotional long-delay d’ divided by emotional short-delay d’). Recollection persistence 

scores were significantly greater for emotional than neutral items, suggesting an emotional 
recollection effect. Error bars indicate standard error of the mean. *significant at p = .05

2.3.2 Imaging Results 



































    
       





      




      

       
       
       
       

       
       
       
       
       
       
       
       
       



      

       
       
       
       













Encoding success activity (ESA) for emotional items. Areas that show greater 
ESA for emotional (Emo) than neutral (Neut) items include (a) bilateral amygdalae and (b) 

left inferior frontal gyrus (IFG). Bar graphs represent functional ESA estimates, that is, 
group-averaged contrasts between hits at each delay (Short and Long) and short-delay 

misses. Error bars indicate standard error of the mean. See Table 1 for coordinates.












































    
       


       
       
       

       
       











Activity associated individual differences in recollection persistence for 
emotional stimuli. a) Left amygdala region whose activity correlates across-subjects with 

individual differences in recollection persistence for emotional items. See Table 2 for 
coordinates. b) Scatterplot depicting the relationship between individual recollection 

persistence scores for emotional stimuli and mean activity in the left amygdala region in 
response to emotional pictures. c) Scatterplot depicting the relationship between individual 

recollection persistence scores for neutral stimuli and mean activity in the left amygdala 
region in response to neutral pictures.

















































    
       


       
       
       
       
       
       
       
       

       

       















































































2.4 Discussion 
The present study investigated how encoding activity predicting subsequent emotional memory is 

modulated by study-test delay. Participants were scanned while encoding emotional and neutral 

pictures, and recognition memory for non-overlapping sets of these items was tested 20 minutes 

and 1 week post-encoding. The experiment yielded three main findings. First, activity in the 

amygdala predicted emotional memory but not neutral memory, and this pattern was similar for 

emotional memory after both short and long delays. Second, corresponding to our behavioral 

finding of greater recollection persistence for emotional than neutral stimuli, activity in the left 

amygdala correlated with individual differences in the persistence of recollection over time for 

emotional but not neutral stimuli. Finally, greater connectivity between the left amygdala and 

bilateral anterior MTL memory regions during encoding predicted memory for emotional stimuli 

after a long delay to a greater extent than memory after a short delay. We discuss these three main 

results in turn. 

 When collapsed over delay, ESA for emotional pictures revealed a network of regions 

including bilateral amygdalae and left ventrolateral PFC. This finding is consistent with extensive 

evidence that the amygdala is critical to the formation of emotional memories (Cahill, et al., 

1996; Canli, et al., 2000; Dolcos, et al., 2004b; Hamann, et al., 1999; LaBar & Phelps, 1998), and 

that the left PFC contributes to superior encoding for emotional stimuli (Dolcos, et al., 2004a; 

Kensinger & Corkin, 2004). Contrary to our predictions, however, we did not find any differences 

in ESA for short-delay versus long-delay memory that was unique to emotional stimuli. This 

suggests that our emotional memory network contributes equally well during encoding to 

recognition memory shortly after encoding as well as 1 week later. In other words, basic activity 

estimates do not reveal any functional differences corresponding to our behavioral finding that 

recollection for emotional items is relatively preserved over time.  







We had originally expected that long-delay hits would be the more targeted product of 

consolidation than short-delay hits, and that there would be greater ESA associated with ensuing 

consolidation for long- than short-delay hits. It is possible that we did not find any such regions 

because of consolidation’s dynamic nature: arousal-mediated consolidation is the product of 

interactions between the amygdala and MTL memory system (McGaugh, 2004), and might not be 

captured sufficiently by basic activity estimates. This idea will be addressed further in our 

discussion of functional connectivity results. 

 Activity in the left amygdala in response to viewing emotional pictures was significantly 

correlated with individual differences in recollection persistence for emotional stimuli, our most 

behaviorally-salient measure of temporal changes in emotional memory. This relationship was 

unique to emotional items; in fact, no MTL regions were significantly correlated with the 

persistence of recollection for neutral stimuli. Because our recollection persistence scores divide 

long-delay recollection by short-delay recollection, baseline memory variability across subjects is 

ameliorated, such that this measure corresponds most truly to differences that develop across the 

1-week delay. Thus, our results imply that individuals who exhibit relatively strong amygdala 

activation in response to emotional items are less likely to forget these items after a 1-week delay. 

This finding is consistent with the finding that patients lacking functional amygdalae do not show 

enhancements in the emotional memory effect over time (LaBar & Phelps, 1998). 

 These results successfully replicate and improve upon previous investigations into the 

interaction of emotion and delay in determining ESA. Across-subject correlations between 

amygdala activity and long- but not short-delay emotional memory are consistent with the results 

of previous studies (Hamann, et al., 1999; Mackiewicz, et al., 2006), but until now, these 

correlations have not been linked to behavioral changes in emotional memory over time. The 

present study is the first to pinpoint encoding activity in the left amygdala as specifically 







predictive of emotional recollection, in particular, the degree to which recollection for emotional 

stimuli persists over time. Thus, our results more strongly argue for amygdala activity as the 

catalyst for the temporal persistence of emotional memory, an interpretation compatible with the 

consolidation hypothesis (McGaugh, 2004). 

 Functional connectivity analyses revealed that the degree to which connectivity between 

the left amygdala and bilateral anterior MTL memory regions predicted subsequent memory was 

determined by both emotion and delay. Specifically, connectivity between these regions during 

encoding predicted memory for emotional pictures after a long delay rather than after a short 

delay, and this effect was greater for emotional than for neutral items. Although previous 

neuroimaging studies have shown that amygdala-MTL connectivity during encoding is associated 

with successful emotional memory encoding (Dolcos, et al., 2004b; Hamann, et al., 1999; 

Kensinger & Corkin, 2004; Kilpatrick & Cahill, 2003), this is the first study to demonstrate that 

the beneficial influence of this connectivity heightens over time. Furthermore, the enhancing 

effect of amygdala-MTL connectivity on memory for emotional stimuli after a long delay was 

significantly correlated with individual differences in recollection persistence scores for 

emotional stimuli. This finding directly links connectivity findings at the group level to individual 

differences in emotional memory performance. 

 Taken together, these connectivity results can also be interpreted under the consolidation 

hypothesis, which posits that emotional memories benefit from arousal-mediated interactions 

between the amygdala and MTL memory system that act to improve memory consolidation 

(McGaugh, 2004). Because consolidation unfolds across time, its role in predicting emotional 

memory should grow stronger over time, echoing the pattern of connectivity observed here. 

 The present results fit well with findings from animal studies of consolidation, although it 

should be noted that the latter typically investigate consolidation via post-training behavioral or 







pharmacological manipulations. In the present study, we examined consolidation processes as 

they began during the encoding phase and distinguished these processes from other encoding 

processes by measuring the persistence of memory traces over time. However, it is possible that 

the present results could be attributed to differences in memory strength established during 

encoding itself. For example, emotional stimuli evoked greater ESA than neutral stimuli in left 

ventrolateral PFC, a region often associated with semantic encoding (Gabrieli, Poldrack, & 

Desmond, 1998). This encoding benefit and others may have resulted in superior memory 

strength for emotional items, causing the emotional memories to decay more slowly than neutral 

memories over time. Thus, although we frame the present results in terms of consolidation, we 

acknowledge that memory strength differences could influence ESA and connectivity 

contributing to emotional memory changes over time.  

Interestingly, the MTL memory regions showing emotion- and delay-specific connectivity 

with the amygdala are bilaterally located within the anterior parahippocampal gyrus, not within 

the hippocampus proper. In particular, these regions appear to be centered either within entorhinal 

cortex or near the border between entorhinal and perirhinal cortices. Although its connectivity 

with the hippocampus has been emphasized within the literature, the amygdala interacts with the 

hippocampus via its projections to entorhinal cortex (Pare, Dong, & Gaudreau, 1995). These 

regions are likewise involved in arousal-mediated consolidation (McGaugh, McIntyre, & Power, 

2002; McIntyre, et al., 2003; Roesler, et al., 2002). In particular, the anterior parahippocampal 

gyrus is a site of information transfer from neocortex to the hippocampus, and amygdala activity 

facilitates correspondence between perirhinal and entorhinal cortex, an improvement associated 

with learning (Paz, et al., 2006). Moreover, our finding is consistent with previous functional 

neuroimaging evidence that correlations between amygdala and entorhinal activity during 

encoding predict subsequent emotional memory compared to neutral memory (Dolcos, et al., 







2004b; see also Kilpatrick & Cahill, 2003). 

An interesting question for future research is whether the specific MTL subregions 

modulated by amygdala connectivity vary depending on the particular type of episodic memory 

investigated. For example, there is evidence that encoding activity in the hippocampus predicts 

better subsequent recollection whereas encoding activity in anterior parahippocampal regions 

predicts greater subsequent familiarity (Ranganath, et al., 2004). A similar dissociation exists 

within the emotional memory literature, with hippocampal ESA corresponding to incidental 

source memory and anterior parahippocampal and amygdala ESA for item-only memory 

(Kensinger & Schacter, 2006). Although the present finding that amygdala connectivity with 

anterior parahippocampal regions is associated with individual differences in emotional 

recollection may seem inconsistent with these findings, it is important to note that the anterior 

parahippocampal region most strongly associated with item encoding is the perirhinal cortex 

rather than the entorhinal cortex (Davachi, et al., 2003). In contrast, the entorhinal cortex is 

assumed to have memory functions intimately related to the hippocampus (Aggleton & Brown, 

1999), and it is assumed to support the encoding of contextual information (Eichenbaum, et al., 

2007).  









































































3. Encoding Task Modulates Networks Predicting 
Emotional Memory Success 
3.1 Introduction 

















































































































































































































































































3.2 Methods 

3.2.1 Participants 















3.2.2 Materials 

 































3.2.3 Procedure 































































































































































3.2.4 Behavioral Analyses 































3.2.5 FMRI Methods 























































































































































































3.3 Results 

3.3.1 Behavioral Analyses   













































































     
     

     
     
     

     
     
     
     










3.3.2 fMRI Analyses 





















      
         
       
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
        
 
       







        
         
     
        
        
        
        
        
        
 
       

        
        
        
        
        
        
        
         






     
       


       
       
       

       
       
       
       
       
       
       
       
       
       







       
       
       
       
       
       
       
       
       
       
       
       
       
       
       

       









































      
         
         


        
         


        
         


        
        
        
        
         













































































































      
        
        

        
        
        
        
        
        
        

        
        
        











































































































































3.4 Discussion 









































































































































































































































































































































































































4. Encoding-Retrieval Similarity is Associated With 
Emotional Memory Success 
4.1 Introduction 





















































































































































































































































































































4.2 Methods 

4.2.1 Participants 























































4.2.2 FMRI Acquisition & Pre-Processing 





















4.2.3 FMRI Analysis 























































































































































































































































































































































4.3 Results 

4.3.1 Behavioral 

















4.3.2 Neuroimaging 







































 


































    

    



























 

  







       

       
       
       
       
       
       
       

       
       

       

       
       
       
       
       
       

       
       
       
       
       

       
       
       
       
       
       

       
      




















































































































  


  


      
      
      







      
      
      
      
      
      

      
      

      

      
      
      
      
      
      

      
      
      
      
      

      
      
      
      
      
      






































































 

 
 
 
 
 
 
 
 
 


 
 
































   

   
   
   
   
   
   
   
   
   



   
   

















 
 

 

 
 
 
 
 
 
 
 
 

 

 
 








       
       
       
       
       
       
       
       

 
       
 
       




































































































  






































  
  
  
  
  
  
  
  
  
  
  
  
  
  


  
  


  

 
  







4.4 Discussion 







































































































































































































































































































































5. Conclusion 




































5.1 Key Questions, Revisited 



















































































































5.2 Methodological Issues for Consideration 











5.2.1 On Consolidation and Time 

























































































5.2.2 Choice of Encoding Tasks 







































































5.2.3 Interactions Between Encoding and Consolidation 





































































5.2.4 Better Ways of Measuring Reactivation at Retrieval 



















































5.3 Remaining Questions for the Future 

5.3.1 Valence and Arousal Manipulations 































































































5.3.2 MTL Specialization 

































































































































































5.3.2 Links between Consolidation and Retrieval 





























































5.4 Concluding Thoughts 
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