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Abstract  

The neural underpinnings of emotional memory enhancement have been studied extensively, in 

particular at the cellular level. Much less is known, however, regarding the influence of emotion on 

memory network computations. An important such computation, ascribed to hippocampal 

networks, is pattern separation: the decorrelation of memory representations to reduce 

interference. In the present study we used representational similarity analysis to tap into effects of 

both emotional states (induced by aversive stimuli) and emotional traits (related to affective 

pathology) on pattern separation in the hippocampus. Twenty healthy human participants encoded 

neutral and emotional scenes under high-resolution functional magnetic resonance imaging (fMRI). 

Recognition memory was tested 9 days later and encoding trials were sorted into hits and misses. 

Results reveal increased representational separation for successfully encoded emotional as 

compared to neutral items, in a region encompassing the bulk of the hippocampus. Moreover, 

representations were more uncorrelated in the dentate gyrus and CA1 than in the subiculum, 

irrespective of emotional modulation. Whereas acute emotional arousal thus increased the 

separation of memory representations, the occurrence of mild affective symptomatology was 

negatively related to such separation. We propose that the enhanced representational separation 

for emotional stimuli may represent an adaptive mechanism to reduce risks of runaway 

consolidation that accompany the formation of strong memories. Affective disorders may be 

characterized by a breakdown in pattern separation and, thus, high risk of runaway consolidation. 

This, in turn, would lead to the formation of super-strong, overgeneralized and intrusive memories, 

as are often observed in affective disorders. 
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Introduction  

Emotionality exerts strong positive effects on memory processing (Cahill et al., 1996; 

LaBar & Cabeza, 2006; McGaugh & Roozendaal, 2002). Indeed, memories for emotional 

stimuli appear to be more vivid (Kensinger & Corkin, 2003) and longer-lasting (LaBar & 

Phelps, 1998) than memories for neutral stimuli. Whereas the cellular mechanisms 

underlying these effects have been studied in detail (Richter-Levin, 2004; Schafe, Nader, 

Blair, & LeDoux, 2001; Thomas, Hall, & Everitt, 2002), little is known about the effects of 

emotion at the level of memory-related network computations. An important such 

computation, ascribed to hippocampal networks and the dentate gyrus (DG) in particular, 

is pattern separation: the decorrelation of memory representations, enhancing memories’ 

discriminability and limiting interference among them (Aimone et al., 2011; Gibson et al., 

1991; Lacy et al., 2011; Marr, 1971; O’Reilly & McClelland, 1994). 

While possible effects of emotion on pattern separation are currently unknown, a recent 

study showed that norepinephrine-mediated emotional arousal enhanced memory 

discriminability (Segal et al., 2012). Another, using univariate fMRI, found that emotion 

modulates DG/CA3 activity in relation to the accurate discrimination of similar stimuli 

(Leal et al., 2014). These observations might be related to an emotion-induced facilitation 

of hippocampal pattern separation. 

A relatively unexplored method to tap into pattern separation functions of the 

hippocampus is representational similarity analysis (RSA; Kriegeskorte et al., 2008; 

LaRocque et al., 2013). This method uses multivoxel activity patterns to quantify the 

similarity between different neural representations. Using this method, the present study 

set out to investigate the effects of both emotional states, induced by aversive stimuli, 

and emotional traits related to affective symptomatology, on representational separation 

in the hippocampus. We expected acute emotional arousal to increase representational 

separation, but mild affective symptomatology to show a negative relation with 

representational separation. The latter expectation stems from computational studies, 

showing that impaired pattern separation leads to the formation of super-strong, 

overgeneralized memory representations, which tend to get reactivated inappropriately 

(Hasselmo, 1994; Meeter, Murre, & Talamini, 2002; Meeter, 2003; Talamini, Meeter, 

Elvevåg, Murre, & Goldberg, 2005). This ‘symptomatology‘ is reminiscent of depression 

and PTSD, in which patients suffer from aversive memory intrusions and tend to detect 

similarities between these memories and novel events that to others would seem 

negligible (Kheirbek et al., 2012; Shelton & Kirwan, 2013). 

Acute emotional effects were assessed through a subsequent memory paradigm, whereby 

fMRI was recorded during incidental encoding of neutral and emotional scenes. 
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Recognition memory was tested 9 days later, and encoding trials were sorted into hits and 

misses for neutral and emotional items. Differences in representational separation as a 

function of subsequent memory and emotion were analyzed in the following hippocampal 

subfields: DG, CA1 and subiculum (SUB), which were segmented using automated 

software.  

To investigate the relation between affective symptomatology and pattern distinctiveness, 

we administered the Depression Anxiety Stress Scales (DASS; Lovibond & Lovibond, 1995) 

and correlated the severity of affective symptoms with pattern distinctiveness in the DG. 

The DG was selected based on evidence that this subfield most strongly contributes to 

pattern separation (Aimone et al., 2011; Gibson et al., 1991; Lacy et al., 2011; Marr, 1971; 

O’Reilly & McClelland, 1994). 

Materials and methods  

Participants 

Twenty-five participants (mean age = 20.80, SD = 1.94) gave written informed consent and 

received either course credits or a financial compensation for participation in this 

experiment, which was approved by the local ethics committee. Participation was 

restricted to females to reduce variation in emotional reactivity to the stimuli. Five 

participants were excluded: 2 for not reaching the pre-set minimum number of trials (10) 

per condition for fMRI analyses, and 3 due to excessive motion during scanning.  

Materials 

From the International Affective Picture System (IAPS; Britton et al., 2006) and the 

Emotional Picture Set (Wessa et al., 2010) 112 emotionally neutral (mean valence score = 

5.36, SD = 0.41) and 112 emotionally negative (mean valence score = 2.13, SD = 0.46) 

colored scene images were drawn. The image sets were matched on visual complexity, 

using measures of contrast energy and spatial coherence (Groen, Ghebreab, Prins, 

Lamme, & Scholte, 2013). 

Behavioral procedure 

The experiment involved two sessions, set 9 days apart. In the first session, subjects 

performed an incidental encoding task under fMRI recording. Encoding was spread across 

four runs; each run containing a new set of 20 neutral and 20 emotional scenes. Each 

image was visible for 3 s, followed by a fixation cross for 2 s. Within these 5 s, participants 

rated the valence of the picture using one of four possible answers: very 

negative/negative/neutral/very neutral. Encoding trials were intermixed with baseline 
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trials of varying lengths (adding up to 1/3 of the total scan time), during which participants 

indicated whether numbers on the screen were odd or even. The sequence of neutral, 

emotional, and baseline trials was pseudorandom and optimized for rapid event-related 

fMRI (Dale, 1999). In addition, full odd/even runs (5 min each) were presented before and 

after encoding, and were used for analyses not reported in this paper. In the second 

session, participants performed a recognition test containing the 160 previously seen 

images (80 neutral; 80 emotional), intermixed with 64 new ones (32 neutral; 32 

emotional). Again, each image was visible for 3 s followed by a 2 s fixation cross. 

Participants could give the following possible answers: new/guess/know/remember. Prior 

to testing, participants were familiarized with the remember/know distinction. They were 

asked to use ‘know’ when they merely recognized the image, and ‘remember’ when they 

could recollect particulars from the moment of encoding the image. At the end of the 

second session, the DASS was administered. The DASS is a 42-item, self-report, Likert-type 

(4-point) measure of three negative emotional states: depression, anxiety and stress 

(Lovibond & Lovibond, 1995). Total scores on the DASS range between 0 and 126, with 

average scores around 18.38 (SD = 18.82; range = 0 – 121; Crawford & Henry, 2003) for 

healthy adults. We used participant’s total scores for correlational analyses.  

MRI scanning and data analysis 

MRI data was collected using a 3 T Philips Achieva MRI scanner with a 32-channel head 

coil. Functional data were acquired using a gradient-echo, echo-planar pulse sequence (TR 

= 2500 ms; TE = 27.02; 38 slices oriented perpendicular to the long axis of the 

hippocampus; ascending slice acquisition; 1.88 x 1.88 x 2 mm voxel size; 0.2 mm slice gap; 

SENSE factor = 2). The first six volumes of each functional run were discarded to allow for 

magnetic field stabilization. High-resolution T1 (1 x 1 x 1 mm) and T2 (0.4 x 0.4 x 2.2 mm) 

images were acquired to perform automatic segmentation of hippocampal subfields to 

create regions of interest (ROIs) of the CA1, DG and SUB. The adopted segmentation 

procedure (ASHS; Yushkevich et al., 2010) combines multi-atlas segmentation, similarity-

weighted voting, and a novel learning-based bias correction technique to segment 

structural images and thereby achieves high agreement with manual segmentations. All 

fMRI analyses used a region-of-interest approach, and the reported ROIs are composed of 

bilateral structures (the bilateral CA2 and CA3 subfields were considered too small for 

analysis). Image preprocessing and statistical analysis were performed using SPM8 

(www.fil.ion.ucl.ac.uk/spm/). Preprocessing included slice-time correction, followed by 

motion correction. No spatial smoothing or normalization was performed.  

For the RSA, we used a mass-univariate GLM to model each individual trial during 

encoding as an individual impulse regressor convolved with a hemodynamic response 

http://www.fil.ion.ucl.ac.uk/spm/
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function. To correct for noise, we included regressors for head motion, low-frequency 

scanner drift and run means. The resulting β values were transformed into t values in 

order to down-weight noisy voxels and increase the sensitivity of pattern analyses 

(Kriegeskorte et al., 2008; Misaki, Kim, Bandettini, & Kriegeskorte, 2010). This 

transformation was done by dividing each voxel’s β parameter estimate by the standard 

error of that voxel’s residual error term after fitting the first-level general linear model. 

These ROI-specific t values were used for RSA (Kriegeskorte et al., 2008). Pearson 

correlation coefficients were calculated by comparing a trial’s activation pattern with the 

activation patterns of all other trials in the same run (i.e. 39 neutral and emotional trials). 

Thus, 39 correlation coefficients were averaged to calculate a trial’s average similarity to 

other trials or, in other words, its representational separation.  

Based on the retrieval test, encoding trials were sorted into hits and misses. To have at 

least 10 trials per condition in each participant, we collapsed across ‘remember’ and 

‘know’ responses (hits) and across ‘guess’ and ‘new’ responses (misses) to create four 

conditions of interest: 1) neutral hits; 2) neutral misses; 3) emotional hits and 4) emotional 

misses. Condition averages per subject were used to perform EMOTION (neutral/ 

emotional) x MEMORY (hits/misses) ANOVAs.  

Results  

Behavioral results 

As expected, emotional images were rated as more negative than neutral images. Indeed, 

the amount of ‘very negative’ and ‘negative’ ratings combined for emotional images was 

higher than for neutral images (mean emotional = 66.15, SD = 8.60; mean neutral = 1.55, 

SD = 1.70; t(1,19) = 33.91, p < 0.001).  

D’ scores (z(FA) - z(H); Snodgrass and Corwin, 1988; Wickens, 2001) were used to compare 

recognition memory sensitivity between the neutral and emotional condition (means and 

standard deviations in table 1). A paired t-test showed that d’s for ‘remember’ & ‘know’ 

responses combined were higher in the emotional condition (mean = 1.74, SD = 0.47) than 

the neutral condition (mean = 1.49, SD = 0.43; t(1,19) = -2.21, p = 0.040). Additional t-tests 

showed that only the ‘remember’ d’s were significantly higher in the emotional condition 

(mean = 1.29, SD = 0.51) than the neutral condition (mean = 0.48, SD = 0.65; t(1,19) =           

-5.46, p < 0.001), while ‘know’ d’s did not differ (p > 0.1). These findings are in line with 

the general notion that memory for emotional items is superior to memory for neutral 

items (Cahill et al., 1996; Kensinger & Corkin, 2003; LaBar & Cabeza, 2006; LaBar & Phelps, 

1998; McGaugh & Roozendaal, 2002), and that differences mainly regard the episodic 

component of emotional memories (Kensinger & Corkin, 2003).  
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Table 1:  Average response frequencies for old and new images, in the neutral and emotional conditions. 

Possible answers were: remember (R), know (K), guess (G) and new (N). Note that there were 80 neutral old and 

80 emotional old images and only 32 neutral new and 32 emotional new images. Standard deviations are given in 

parentheses.  

 

  R  K  G  N 

 

Neutral  

 Old 6.75 (7.57) 26.10 (11.28) 23.10 (11.44) 23.80 (10.37) 

 New 0.15 (0.37) 1.35 (1.23) 6.65 (4.71) 23.65 (5.25)  

Emotional 

 Old 19.45 (10.96) 28.70 (13.12) 18.60 (10.28) 12.80 (7.84) 

 New 0.35 (0.49) 2.45 (1.96) 9.10 (5.33) 20.05 (5.42) 

 

 

fMRI results 

To investigate whether acute emotional arousal influenced representational separation in 

hippocampal subfields, we performed an EMOTION (neutral/emotional) x MEMORY 

(hits/misses) x SUBFIELD (CA1/DG/SUB) ANOVA on the pattern similarity scores. This 

revealed a main effect of SUBFIELD (F(2,38)= 14.04, p < 0.001), and an interaction effect 

between EMOTION and MEMORY (F(1,19) = 5.72, p = 0.027). Paired t-tests to follow-up on 

the main effect of SUBFIELD, revealed that representations were significantly more 

dissimilar in the DG (mean = 0.048, SD = 0.011; t(1,19) = -4.51, p < 0.001) and CA1 (mean = 

0.051, SD = 0.012; t(1,19) = -3.78, p = 0.001) than in the SUB (mean = 0.063, SD = 0.018). 

Representational separation in a specific subfield did not correlate with univariate activity 

in that subfield, suggesting that the findings are not secondary to differences in univariate 

activity. Importantly, the interaction between EMOTION and MEMORY reflects that for 

hits only, memory representations were more separated in the emotional (mean = 0.050, 

SD = 0.012) than the neutral condition (mean = 0.056, SD = 0.015; t(1,19) = -2.57, p = 

0.019). Again, no correlations were found between representational separation and 

univariate activity levels, either for neutral or for emotional hits. It can therefore be 

concluded that representational separation differs per subfield and is increased by 

emotion, in relation to memory retention.   
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Figure 1: The top part of this figure shows a coronal section of a T2-weighted scan. Bilateral hippocampal 

subfields are outlined for a single participant. The bottom part shows the average pattern similarity per subfield, 

averaged across all trials. Error bars represent the standard error of the mean. 
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Figure 2:  Pattern similarity per condition (averaged across the dentate gyrus, CA1 and subiculum). Error bars 

represent the standard error of the mean.  

 

 

 

 
Figure 3: Correlation between the total score on the DASS questionnaire and pattern similarity in the dentate 

gyrus for emotional items (hits & misses combined).  
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Correlations 

To investigate whether symptoms of affective pathology influence pattern separation, we 

correlated the DASS scores (mean = 17.48, SD = 15.22; range = 0 - 58) with 

representational similarity scores in the DG. This was done separately for neutral and 

emotional items (averaged across hits and misses) to investigate the potential specificity 

of the effect to emotional material. Whereas a positive correlation was found between 

DASS scores and similarity scores for the emotional trials (r = 0.586; corrected p = 0.014) 

no such correlation was found for the neutral trials (p > 0.1). These findings show that an 

increase in depressive symptoms is related to a decrease in the separation of memory 

representations in the DG, an effect that appears to be specific to emotional material. 

Discussion  

The present study set out to investigate the influence of emotion on memory 

representations in the hippocampus. As expected, memory performance was superior for 

emotional items. Moreover, acute emotional arousal increased representational 

separation, whereas affective symptomatology was instead related to a decrease. 

Furthermore, we found representational separation to differ across hippocampal 

subfields, with larger separation in DG and CA1 than in SUB.  

A key finding of the present study regards the enhanced separation of hippocampal 

representations for emotional stimuli. Importantly, this was only evident for successfully 

encoded items. As such, the increase in representational separation was not a general 

effect of emotion, but was critically associated to mnemonic outcome. We propose that 

enhanced pattern separation for emotional memories may constitute an adaptive 

mechanism to counteract runaway consolidation in hippocampal networks. As 

demonstrated in model networks, runaway consolidation is prevented by adequate 

pattern separation (Hasselmo, 1994; Meeter et al., 2002; Meeter, 2003; Talamini et al., 

2005). However, with insufficient pattern separation and thus excessive representational 

overlap, memory patterns may become reactivated by unspecific cues. This leads to 

repeated, inappropriate reactivations, through which a representation progressively 

becomes associated to more and more input patterns and grows even stronger. The 

resulting giant attractor is reactivated by even the slightest cues and dominates network 

function (Hasselmo, 1994; Meeter et al., 2002; Meeter, 2003; Talamini et al., 2005). The 

risk of runaway consolidation is especially high for patterns that are strong to begin with. 

Thus, the storage of emotional events, which typically acquire strong memory 

representations, conveys an increased risk for the formation of these super-strong, 

overgeneralized memory representations. Neural mechanisms that scale pattern 
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separation with emotional arousal or the strength of memory encoding would thus 

constitute an important safeguard for normal network function. 

The ‘symptomatology’ of giant attractor formation is reminiscent of affective disorders 

like depression and post-traumatic stress disorder. In patients suffering from these 

disorders, strong and persistent aversive memories occur. Such memories may be 

triggered by even the most obliquely related cues and continually intrude into 

consciousness, exerting a strong influence on the subject’s mood and train of thought 

(Carver and Ganellen, 1983; Kernis et al., 1989; Ehlers et al., 2004; Brown et al., 2013). We 

propose that the mentioned disorders are associated with a breakdown in pattern 

separation, leading to runaway consolidation and giant attractor formation. In support of 

this notion, we found a robust inverse relation between affective symptoms and 

representational separation in the hippocampus.  

Importantly, none of our participants were ever diagnosed with a psychological disorder, 

and the average score on the DASS questionnaire was very much in line with previous 

findings in a healthy population (Crawford and Henry, 2003). Nonetheless, we found a 

strong relation between affective symptoms and altered brain functioning, raising the 

hypothesis that the inability to form well-separated memory traces may predispose to the 

development of clinical depression or anxiety. 

Though not part of our main investigation, we found that representational separation 

differed between hippocampal subfields. Computational neural network studies have 

suggested that the DG, with its dense, non-topological cortical input, large number of cells 

and sparse activation, might contribute most strongly to pattern separation (Marr, 1971; 

Meeter et al., 2004; O’Reilly & McClelland, 1994; Treves & Rolls, 1994). This notion has 

been supported in a few recent studies that assessed the involvement of hippocampal 

subfields in the discrimination of similar task stimuli (Bakker, Kirwan, Miller, & Stark, 2008; 

Lacy et al., 2011). Our results are only partly in line with these findings as, numerically, the 

DG showed the highest representational separation. However, statistically the 

representations in the DG and CA1 were both more distinct than those in the SUB, but 

those in DG and CA1 did not differ significantly. Of note, differences in pattern correlation 

between DG and CA1 might be more pronounced in paradigms requiring the 

discrimination of highly similar items
1
 (as used previously by Lacy et al., 2011). Thus, the 

                                                                 
 
1 The consensus in hippocampal modeling studies is that DG, and possibly also CA3, contribute to pattern 

separation, while CA1 and SUB store the link between the orthogonalized DG/CA3 representations and the 

concomitant unorthogonalized input pattern in entorhinal cortex, thus enabling pattern completion. As such, the 

degree of correlation between CA1 representations is expected to be more similar to that of the input patterns 

than is the case in DG and CA3. Hence, differences in pattern separation between DG and CA1 might most 

sensitively be detected using highly similar items. This notion finds support in a previous study showing that the 
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weak pattern separation difference between DG and CA1 does not necessarily contradict 

the existing literature.  

More interesting perhaps is our finding of a significant difference in representational 

separation between CA1 and subiculum. These two regions have thus far been considered 

as more or less equivalent with respect to their role in hippocampal memory 

computations, the predominant idea being that both CA1 and subiculum are involved in 

linking the orthogonalized DG/CA3 pattern back to the entorhinal cortex representation, 

enabling retrieval through pattern completion (Meeter et al., 2004; Rolls, 2007). The 

consequent assumption is that pattern separation should be lesser in these subfields, as 

the representations are relatively closer to the ‘unseparated’ format of the entorhinal 

cortex. Our findings reveal an interesting distinction between CA1 and SUB, which 

suggests that the representations in CA1 are somewhat more influenced by the 

orthogonalized DG/CA3 code, while those in subiculum remain closer to the unseparated 

entorhinal format.  

Conclusion 

The present findings shed new light on emotional influences on memory representations 

in the hippocampus. We show that whereas acute emotional arousal increases 

representational separation, affective symptomatology was instead related to a decrease 

thereof. The enhanced representational separation of emotional memories likely 

counteracts the formation of super-strong, overgeneralized memory representations, 

associated to various affective disorders. 
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DG was only more strongly involved in representational separation than CA1, when highly similar task stimuli had 

to be discriminated (Lacy et al., 2011). In our study, however, different design choices were made that capitalized 

on finding pattern separation differences between emotional and neutral stimuli, rather than differences 

between DG and CA1. 


