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 What determines whether an experience is encoded to memory? One factor is 

reward-based motivation: we are more likely to remember information if we believe it 

will lead to future rewards. Memory critically depends on the integrity of the medial 

temporal lobes (MTL). Notably, the MTL is comprised of subregions that are 

hypothesized to serve different functions in memory and may be differentially influenced 

by reward. The present research examines how reward-based motivation influences 

associative memory processing within MTL subregions of the human brain. In two high-

resolution functional magnetic resonance imaging (fMRI) studies, a high-value or low-

value monetary cue preceded a pair of objects indicating potential reward for successful 

retrieval of the association on a later memory test. Memory was enhanced for pairs 

preceded by high-value compared to low-value reward cues, however participants 

differed in the degree to which reward value influenced memory. In fMRI Study 1, the 

behavioral effect of reward on memory was associated with reward-related activation 

changes in hippocampal subregions dentate gyrus/CA2,3 and enhanced connectivity 

between dentate gyrus/CA2,3 and reward-related midbrain regions during encoding and 
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retrieval. In fMRI Study 2, patterns of MTL activations represented reward context, 

showing greater consistency among events of the same reward value than among events 

of different reward values. Successful memory formation was associated with enhanced 

hippocampal reward representations during the anticipatory cue phase prior to object pair 

encoding. During object pair encoding, the degree of reward representation in 

hippocampus and more specifically dentate gyrus/CA2,3 was associated with individual 

differences in the behavioral effect of reward on memory. Finally, a series of behavioral 

studies demonstrate that during motivated learning, associative memory accuracy 

increases monotonically with increasing reward value, and may be enhanced when 

participants must maintain information about reward cues in short-term memory prior to 

encoding. These findings indicate that reward-based motivation enhances associative 

memory processing specifically within dentate gyrus/CA2,3 through interactions with 

reward-related midbrain regions. Furthermore, these results suggest that associative 

memory may be facilitated when information about reward context is incorporated into 

stored memory representations. Collectively, these findings shed light on fundamental 

mechanisms through which reward impacts associative memory. 
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Chapter 1:  Background and Significance 

INTRODUCTION 

Only a small fraction of experiences are remembered, therefore a primary 

challenge for theories of episodic memory is to understand the psychological processes 

and neural mechanisms that determine which experiences will be stored in memory. 

Motivational goals, such as rewards, are a likely driving force in determining whether a 

particular event will be remembered (Adcock, Thangavel, Whitfield-Gabrieli, Knutson, 

& Gabrieli, 2006; Gruber & Otten, 2010). According to this view, encoding and retrieval 

processes in medial temporal lobe (MTL) regions critical to episodic memory 

(Eichenbaum & Cohen, 2001; Gabrieli, 1998; Squire, Stark, & Clark, 2004) should be 

subject to motivational influence and reflect enhanced processing of motivationally 

significant events. Evidence from research in animals and humans support this view, 

however little research has examined how motivational incentives to learn influence 

human memory processing in the human brain. In the proposed research, I aim to 

discover how reward-based motivation influences encoding and retrieval processes 

within the MTL. 

MTL HIERARCHY AND CIRCUITRY 

Before considering motivational influences on episodic memory formation, we 

need to consider the detailed anatomy of the circuit. Within the MTL, the 

parahippocampal cortex (PHc) and perirhinal cortex (PRc) receive input from sensory 
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and association areas (Suzuki & Amaral, 1994). Both PHc and PRc project to the 

entorhinal cortex (ERc) (Insausti, Amaral, & Cowan, 1987), which provides the major 

input to the hippocampus. Information from multiple modalities are then integrated 

within the hippocampus (Witter & Amaral, 1991). How such information is integrated 

depends on connectivity within the hippocampus, which is comprised of distinct subfields 

including the dentate gyrus (DG), cornu Ammonis (CA) fields, and subiculum. 

The intrinsic and extrinsic connectivity of the hippocampal subfields, in particular 

CA1, CA3, and subiculum, suggest that they serve distinct functions in memory. CA3 

contains an extensive network of intrinsic connections (Amaral & Witter, 1989). This 

architecture is hypothesized to support conjunctive representations, whereby individual 

elements of an event and the relationship between them are encoded (O'Reilly & Rudy, 

2001) as well as pattern completion processes, whereby a partial cue representing one 

component of an event reactivates an entire memory representation (McClelland, 

McNaughton, & O'Reilly, 1995). In contrast, CA1 contains few intrinsic connections 

(Amaral & Witter, 1989), and receives input both from CA3 and ERc (Vinogradova, 

1984). A leading hypothesis suggests that the role of CA1 is to detect situations of 

associative novelty, where incoming sensory reality does not match internally generated 

predictions, by comparing sensory information arising from ERc with the stored memory 

representations arising from CA3 (Hasselmo & Schnell, 1994; Kumaran & Maguire, 

2007; Levy, 1989; Lisman & Grace, 2005; Lisman & Otmakhova, 2001). The majority of 

CA1 neurons project directly to subiculum (Amaral & Witter, 1989). Subiculum, like 

CA3, contains collateral connections (Harris, Witter, Weinstein, & Stewart, 2001), but 
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like CA1 has also been hypothesized to play a pivotal role in detecting associative 

novelty, as it receives sensory information from PHc and PRc as well as inputs from CA1 

and ERc (Naber, Witter, & Lopes da Silva, 2006). 

Evidence from animal literature suggests that CA3 is critical for the rapid 

acquisition of memory representations, while CA1 may play a more important role in 

memory consolidation and retrieval of memory through contextual cues (Cravens, 

Vargas-Pinto, Christian, & Nakazawa, 2006; Daumas, Halley, Frances, & Lassalle, 2005; 

Gilbert & Kesner, 2003; Ji & Maren, 2008; Lee & Kesner, 2004). In one study, Duamas 

and colleagues (2005) examined reversible inactivation by lidocaine of CA3 and CA1 

areas of dorsal hippocampus. Lidocaine injection in CA1 or CA3 immediately following 

conditioning impaired contextual learning, but only CA1 infusion disrupted contextual 

retrieval of memory after a short delay. In another study, Gilbert and Kesner (2003) 

examined the effects of selective lesions on hippocampal function on learning of object-

place and odor-place associations. Rats with CA3 lesions were impaired in acquisition of 

both tasks compared to controls, while rats with DG or CA1 lesions learned were 

unimpaired. These results suggest that CA3 is critical for rapid acquisition of associative 

memories, while CA1 is critical for contextual retrieval. 

With the advent of high-resolution fMRI, it is now possible to examine activation 

patterns within hippocampal subfields in humans. These studies typically permit 

examination of activation in subiculum, CA1, and CA3 (via a combined region 

“DG/CA2,3” containing DG, CA2, and CA3, as these subfields are difficult to 

unambiguously segment at current functional MR resolutions) (Carr, Rissman, & 
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Wagner, 2010). For example, fMRI research in humans have suggested that CA3 

activation is associated with successful memory encoding, while subiculum activation 

and CA1 activation are associated with successful memory retrieval (Eldridge, Engel, 

Zeineh, Bookheimer, & Knowlton, 2005; Zeineh, Engel, Thompson, & Bookheimer, 

2003; Duncan, Ketz, Inati, & Davachi, 2012). Yet much is still unknown about how these 

subfields contribute to human memory, and how these subfields are differentially affected 

by reward-based motivation. 

ANTICIPATORY ACTIVATION AND EPISODIC MEMORY 

Neuroimaging research examining the successful formation of memory has 

largely focused on encoding processes that occur during the presentation of to-be-

encoded information (for reviews see Paller & Wagner, 2002; Uncapher & Wagner, 

2009). However, a few recent studies have explored how activation that occurs prior to 

stimulus presentation influences memory processes (Adcock, et al., 2006; Gruber & 

Otten, 2010; Mackiewicz, Sarinopoulos, Cleven, & Nitschke, 2006; Otten, Quayle, 

Akram, Ditewig, & Rugg, 2006; Park & Rugg, 2009). These studies suggest that MTL 

processes occurring prior to stimulus presentation can predict successful memory 

formation. 

For example, in a set of event-related potential (ERP) experiments (Otten, et al., 

2006), an attentional cue indicated the type of judgment required for an upcoming 

visually presented word (semantic or perceptual), or the sensory modality (auditory or 

visual) in which it was to be presented. For trials where participants made semantic 
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judgments about words, ERP signals prior to stimulus presentation showed greater 

negativity for words that were later remembered compared to those that were later 

forgotten. Similar effects were observed in an fMRI study in which an attentional cue 

signaled the sensory modality of an upcoming item, where activation in right 

hippocampus and right ERc prior to stimulus presentation predicted subsequent 

recognition in a surprise memory test (Park & Rugg, 2009). In a study of emotion, 

activation in amygdala and hippocampus during anticipation of aversive pictures 

predicted recognition performance across subjects (Mackiewicz, et al., 2006). Moreover, 

in both an fMRI study (Adcock, et al., 2006) and an ERP study (Gruber & Otten, 2010), 

high-value, but not low-value monetary incentive cues elicited activation that preceded 

stimulus presentation and predicted subsequent memory. 

These initial findings suggest that successful encoding depends not only on neural 

activity during stimulus presentation, but also neural activity that precedes a stimulus. In 

all of these experiments, evaluation of the pre-stimulus period involved some form of 

anticipatory cue alerting the participant to the upcoming stimulus presentation. These 

anticipatory cues may not only facilitate memory by focusing attention on the task (as 

opposed to internal thoughts) but also to prepare the brain for encoding by selectively 

facilitating stimulus processing in regions critical for the anticipated type of task (e.g. 

visual or auditory, spatial or non-spatial, emotional or neutral, rewarding or neutral). 

These processes may be modulated by task-relevant goals such as the motivation to 

obtain rewards. 
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THE INFLUENCE OF REWARD ON MEMORY 

Insights From the Animal Literature 

Anatomical and functional evidence from animals suggests that the MTL may be 

modulated by dopaminergic input from midbrain to support the encoding of novel 

information when rewards are present. First, both the hippocampus (Gasbarri, Packard, 

Campana, & Pacitti, 1994; Samson, Wu, Friedman, & Davis, 1990) and MTL cortical 

regions ERc and PRc (Akil & Lewis, 1993) receive direct projections from the midbrain 

regions that release dopamine (DA)—ventral tegmental area (VTA) and substantia nigra 

(SN). Neurons within these midbrain regions release DA in response to the receipt of a 

reward as well as to cues that predict reward (Schultz, 1998; Schultz, Apicella, & 

Ljungberg, 1993).  

Second, it is well documented that reward enhances MTL-based learning 

(Holscher, Jacob, & Mallot, 2003; Kennedy & Shapiro, 2009; Kobayashi, Nishijo, 

Fukuda, Bures, & Ono, 1997; Martin & Ono, 2000; Singer & Frank, 2009). For example, 

one study showed CA1 cell firing is greater for rewarded compared to non-rewarded 

spatial locations within a maze (Holscher, et al., 2003). In another study, sharp-wave 

ripples—short bursts of activity implicated in memory consolidation—were recorded 

within CA3 while rats learned to navigate a spatial maze (Singer & Frank, 2009). Two 

different sequences were used, and each day the sequence that was rewarded switched. 

Rats received rewards when arriving at key spatial locations along the rewarded 

sequence. Cells that were active during navigation were more likely to be re-activated at 
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these key spatial locations when reward was present, with the strongest reactivation 

occurring during learning of the newly rewarded sequence. Furthermore, cell pairs co-

active during navigation were twice as likely to fire together at key spatial locations 

during rewarded, compared to unrewarded trials. These findings suggest that reward 

enhances re-activation of cells associated with recent experiences, and thus may play a 

crucial role in memory consolidation. 

Third, research in animals has shown that DA modulates MTL function. Memory 

encoding is impeded when DA input to hippocampus is eliminated. DA antagonists block 

the induction of long-term potentiation (LTP, a form of synaptic learning) in CA1 and 

impair memory encoding (Swanson-Park, et al., 1999). Additionally, late-phase LTP in 

hippocampus is completely blocked in D1-knockout mice, and these mice show impaired 

learning (Granado, et al., 2008). Furthermore, dopamine depletion results in impairments 

in associative learning and reduction of CA3-CA1 plasticity (Ortiz, et al., 2010). In 

contrast, DA agonists facilitate LTP in CA1 (Li, Cullen, Anwyl, & Rowan, 2003). 

Evidence for the role of DA in memory storage and retrieval is mixed. According to one 

study, DA antagonists impair learning only when applied early in learning (O'Carroll, 

Martin, Sandin, Frenguelli, & Morris, 2006). In another study, memory for a fearful 

experience was eliminated when a DA antagonist was injected after 12 hours, but not 

immediately or 9 hours after learning (Rossato, Bevilaqua, Izquierdo, Medina, & 

Cammarota, 2009). Finally, VTA disruption has been shown to result in increased errors 

in a working memory task and CA1 place field reorganization, with no change in CA3 

place fields (Martig & Mizumori, 2010). 
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A prominent neurobiological theory based on animal research suggests that MTL 

and midbrain regions interact to support memory formation (Lisman & Grace, 2005). 

According to this model, CA1 generates an associative novelty signal by comparing 

incoming sensory information from ERc with the memory representation generated by 

CA3 (Hasselmo & Schnell, 1994; Levy, 1989; Lisman & Grace, 2005; Lisman & 

Otmakhova, 2001). This novelty signal is projected to the subiculum, which projects to 

VTA via the nucleus accumbens and ventral pallidum. Importantly, VTA projects back to 

the MTL, enhancing LTP and thus memory formation. These projections from midbrain 

may serve to modulate hippocampal connectivity. This is supported by evidence that DA 

selectively inhibits direct cortical input to the CA1 region arriving from ERc, while 

leaving inputs from CA3 to CA1 intact (Otmakhova & Lisman, 1999, 2000; Vago, Bevan, 

& Kesner, 2007). A leading theory indicates that synaptic plasticity within the 

hippocampus is a key component in long-term memory (for review, see Morris, et al., 

2003). Thus, a one likely mechanism for the enhancement of learning associated with DA 

input to hippocampus is modification of CA3-CA1 plasticity. The net effect of this 

modification of plasticity may be to facilitate the re-activation of CA3-CA1 connections at 

the time of retrieval. Indeed, evidence from one study indicated that dopamine depletion 

results in impairments in associative learning and reduction of CA3-CA1 plasticity (Ortiz, 

et al., 2010). Given the hypothesized role of CA3 in conjunctive representations (O'Reilly 

& Rudy, 2001), this may be particularly important for the retrieval of associative 

information. 
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Examination of Reward Learning in Humans 

While findings from animal literature are highly informative, the results may not 

necessarily generalize to humans. Animal studies usually employ primary rewards that 

may not serve as the most motivating factors in humans, and some forms of learning used 

in animal studies (e.g. fear learning) may not be representative of typical learning in 

humans. Furthermore, as the majority of animal studies are limited to analysis within one 

subregion (e.g. recordings from CA1), it is not known whether DA input from midbrain 

differentially influences processing within the various hippocampal subfields.  

There is also some indication that anatomical organization of DA sites and their 

projections may differ between species. In rodents, research on DA has largely been 

focused on VTA, however, evidence from humans (Hirsch, et al., 1992) and non-human 

primates (Francois, Yelnik, Tande, Agid, & Hirsch, 1999) suggest that it is important to 

consider both dopaminergic midbrain regions, VTA and SN, in the examination of 

motivated learning in humans (Duzel, et al., 2009). Additionally, the distribution of 

dopamine receptors in the hippocampus varies between animal species (Shohamy & 

Adcock, 2010). These issues call for a systems-level approach utilizing high-resolution 

fMRI that permits simultaneous examination of activation in DG/CA2,3, CA1, and 

subiculum. 

Evidence from human imaging studies suggests that reward anticipation can elicit 

midbrain activation and facilitate memory formation in the MTL (Adcock, et al., 2006; 

Wittmann, et al., 2005). In one study (Wittmann, et al., 2005), greater activation was 

observed in striatum, pallidum, and midbrain for pictures that predicted reward, 
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compared to neutral pictures. In a surprise delayed memory test, participants showed 

better memory for the reward-predicting pictures. Furthermore, subsequent memory 

effects (greater activation for remembered, compared to forgotten items) were observed 

in midbrain for the reward-predicting pictures only. In another study (Adcock, et al., 

2006), monetary cues that signaled the potential reward associated with memory for an 

upcoming stimulus elicited subsequent memory effects in midbrain and MTL for cues of 

high value but not low value, and participants had better memory for high-value stimuli. 

In another study, individuals who showed strong coupling between midbrain and 

hippocampus during learning were more likely to generalize knowledge to answer novel 

questions at test (Shohamy & Wagner, 2008). Together, these results suggest that reward-

based motivation influences memory formation through interactions between midbrain 

and MTL. 

In a recent ERP study (Gruber & Otten, 2010) electrical brain activity was 

recorded while participants memorized series of words. Each word was preceded by a cue 

indicating the monetary reward that would be received if the following word was later 

remembered. Participants had better memory for the high reward words, and a 

comparison between high (“£2”) and low (“20p”) value monetary incentives revealed 

activity immediately following the cue. Critically, electrical activity between the time of 

cue presentation and stimulus presentation predicted later memory, but only for words 

with high monetary incentives. Due to the limited spatial resolution of ERP this study 

could not identify the specific neural structures involved in reward modulation of 
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memory, however, these results strongly suggest that reward cues enhances memory 

formation through processes that occur prior to stimulus presentation. 

Reward Context and Memory 

According to one theory, the hippocampus may facilitate memory by binding 

information to be learned with the context in which it occurs, and under conditions of 

motivated learning, reward may serve as a context that facilitates memory (Shohamy & 

Adcock, 2010). This theory is supported by a rodent study examining firing patterns 

within a small set of CA1 neurons (Kennedy & Shapiro, 2009). These neurons 

demonstrated distinct firing behavior depending on motivational context: some neurons 

had firing behavior that depended on the internal motivation of the rat (hunger or thirst), 

other neurons had firing behavior that depended on the external motivational context 

(food or water reward), and some neurons responded to a combination of both the 

internal and external motivational contexts. 

Reward may also serve as contextual information that promotes the retrieval of 

learned associations. In a human fMRI study (Kuhl, Shah, DuBrow, & Wagner, 2010), 

participants learned objects pairs (AB, AC) that shared a common associate (A). Each 

pair was preceded by either a high ($2.00) or low ($0.10) reward cue indicating how 

much money could be earned for successfully recalling the association. Participants 

showed better memory for high-value, compared to low-value AB associations. 

Additionally, during encoding of AC pairs corresponding to high-reward AB pairs only, 

activation in regions sensitive to reward (in an unrelated task) predicted memory for AB 
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pairs. This finding suggests that the representation of rewards associated with prior 

events are reactivated by current events, indicating a role for reward in providing 

contextual cues that aid in memory retrieval.  

OVERVIEW AND SIGNIFICANCE 

Evidence in animals and humans suggests that anticipatory cues that indicate the 

potential for future reward can influence memory, but a number of open questions about 

motivational influences on memory remain. First, fMRI studies of reward learning in 

humans have focused on univariate analyses of standard-resolution fMRI.  Thus, these 

studies could not test the detailed neurobiological predictions of how MTL subregions are 

modulated by reward. Based on current theories of MTL-midbrain interactions, reward 

may differentially influence subregions of MTL to support memory formation. In fMRI 

study 1 (Chapter 2), I investigated how motivational incentives influence MTL 

subregional function during encoding and retrieval of novel associations. As the 

hippocampal subfield CA3 has been implicated in the rapid acquisition of new memories 

(Eldridge et al., 2005; Zeineh et al, 2003; Gilbert & Kesner, 2003; Lee & Kesner, 2004; 

Cravens et al., 2006), I hypothesized that reward-based motivation would impact 

associative memory processing specifically within CA3. 

Second, previous research suggests that reward may serve as a context that 

facilitates memory, but much is still unknown about how this occurs. Reactivation of 

reward at retrieval observed in previous work (Kuhl et al, 2010) could be driven by MTL 

processes that represent reward context. To date, human neuroimaging research has 
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focused primarily on how reward influences episodic encoding processes, and little is 

known about how motivational influences during learning affect subsequent MTL-

mediated retrieval processes. In fMRI Study 1, I also examined how reward-based 

motivation influences MTL activations during cued recall. I hypothesized that, in the 

absence of explicit cues to reward during cued recall, MTL activation would represent 

reward context through enhanced activation for stimuli that were associated with high 

levels of reward during encoding. 

One method to measure contextual representations in the brain is to examine 

multivariate patterns of activation associated with events (Kriegeskorte, Mur, & 

Bandettini, 2008). In fMRI Study 2, I examined how multivariate patterns of MTL 

activation are influenced by reward-based motivation both prior to and during associative 

encoding. Previous work suggests that subsequent memory effects are influenced by 

processes occurring prior to stimulus presentation (Adcock, et al., 2006; Mackiewicz, et 

al., 2006; Otten, et al., 2006; Park & Rugg, 2009). In line with this work and with the 

theory that reward facilitates memory through binding of reward context to events, I 

hypothesized that multivariate patterns of MTL activation would represent reward 

context, and that reward representations occurring prior to stimulus presentation would be 

predictive of associative memory formation.  

In Chapters 3 and 5, I used modified versions of the monetary incentive encoding 

task presented in the fMRI studies to examine how associative memory is influenced by 

incremental changes in reward incentives and the timing of presentation of reward cues. I 

hypothesized that memory performance would be influenced by reward values such that 
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increasing rewards would lead to enhanced memory formation. In line with previous 

work suggesting that activation prior to stimulus encoding can predict successful memory 

(Adcock, et al., 2006; Mackiewicz, et al., 2006; Otten, et al., 2006; Park & Rugg, 2009), I 

additionally hypothesized that reward cues would have the greatest influence on memory 

formation when participants are able to study reward cues in anticipation of stimuli to be 

encoded.  

In the present work, I used high-resolution fMRI in humans to investigate detailed 

neurobiological models of MTL function that could previously only be examined in 

animals. Advanced fMRI methods permitted examination of dynamic interactions 

between MTL subregions and the brain systems that support reward, as well as 

examination of representational content through multivariate patterns of activation. By 

combining high-resolution fMRI studies with behavioral experiments examining how 

anticipatory cues indicating potential future reward impact associative memory, this work 

will increase understanding of how human memory function is influenced by reward-

based motivation. 
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Chapter 2:  fMRI Study 1: Reward modulation of hippocampal subfield 

activation during successful associative encoding and retrieval 

INTRODUCTION 

  The neural mechanisms that mediate motivational influences on episodic memory 

in the human brain are only beginning to be explored.  No studies to date have addressed 

how reward impacts associative memory in human hippocampal subfields.  Instead, 

existing research has focused on motivational influences that impact encoding of 

individual items using neuroimaging techniques that do not permit localization of 

activation to specific hippocampal subregions (Adcock, et al., 2006; Gruber & Otten, 

2010; Wittmann, et al., 2005).  These studies thus leave key hypotheses about 

motivation’s influence on associative binding and retrieval processes in the hippocampus 

untested. In the current study, I used high-resolution functional magnetic resonance 

imaging (fMRI) of the MTL (Carr, Rissman, & Wagner, 2010) to provide a first look at 

how reward-based motivation influences encoding and retrieval of associative memory 

through differential engagement of hippocampal subregions. I hypothesized that reward 

would improve associative binding of event details, by specifically enhancing CA3 

encoding processes previously implicated in successful associative binding (e.g., 

Eldridge, Engel, Zeineh, Bookheimer, & Knowlton, 2005; Zeineh, Engel, Thompson, & 

Bookheimer, 2003). In line with recent evidence documenting hippocampally-mediated 

reactivation of value information for highly rewarding events (Kuhl, Shah, DuBrow, & 
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Wagner, 2010), I additionally predicted that enhanced recall of associative information 

for high-value events would be reflected in hippocampal and midbrain cued recall 

responses. 

 It is important to note that sensitivity to reward varies greatly among individuals 

(Gray, 1987). Individual differences in reward sensitivity have been associated with 

reward-related neural activation in dopaminergic midbrain regions (Krebs, Schott, & 

Duzel, 2009), with differences in mesolimbic dopamine function correlating with the 

degree of learning in reinforcement tasks (Cools, et al., 2009; Schonberg, Daw, Joel, & 

O'Doherty, 2007). Additionally, individual differences in recognition memory success for 

highly rewarded stimuli have been shown to correlate with subsequent memory effects 

(i.e., greater activation for remembered compared to forgotten stimuli) in dopaminergic 

midbrain (Adcock, et al., 2006).  Understanding how reward impacts MTL subregional 

function during associative encoding and retrieval may similarly rely on a 

characterization of individual differences in behavioral sensitivity to reward. Here, I 

assessed how individual differences in the degree of reward-based memory modulation 

(i.e., the relative memory benefit for high-value vs. low-value associations) is related to 

reward-based modulation of hippocampal subfields and dopaminergic midbrain as well as 

the functional connectivity between these regions.  Based on the proposed MTL–

midbrain loop, I hypothesized that individual differences in reward modulation of 

episodic memory would be reflected in enhanced connectivity between dopaminergic 

midbrain and hippocampus. 
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METHODS 

Participants  

Thirty-seven healthy, English-speaking individuals (16 females, ages 18-29, mean 

age = 20) were recruited for participation in the fMRI study.  All participants were right-

handed with normal or corrected to normal vision. Prior to beginning the experiment, 

participants gave informed consent in accordance with a protocol approved by the 

Institutional Review Boards of Stanford University and The University of Texas at 

Austin. Participants received $20/hr for their involvement, and received additional bonus 

money based on task performance (up to $34). Data from nine participants were excluded 

from analysis due to excessive head motion (4 participants), an equipment malfunction 

that resulted in loss of behavioral responses (1 participant), and poor performance (4 

participants). Poor performance was defined as performance 2.5 standard deviations 

below the group mean, which corresponded to a d-prime of less than 0.75 and a corrected 

hit rate of less than 0.25 for all trials. All participants included in analysis had overall task 

corrected hit rates above 0.38 (mean ± standard error: 0.65 ± 0.03). Thus, data from 28 

participants (11 female, mean age = 21) were included in the fMRI analyses.  

Materials 

Stimuli consisted of 480 color photographs of common objects organized into 240 

object pairs. Object pairs were further organized into high-value and low-value trials (120 

pairs in each condition). The presentation of object stimuli across reward conditions and 



 18 

the order of presentation were randomized across participants by assigning each 

participant to one of eight randomization groups.  

Procedures 

Encoding. Across eight event-related functional runs, participants intentionally 

encoded object pairs under varying conditions of reward using a modified version of the 

monetary incentive encoding task (Adcock, et al., 2006). At the beginning of each 

encoding trial, a fixation dot (0.5 s) preceded presentation of a monetary cue (1.5 s) 

indicating how much money a participant could earn for successfully recalling the 

association at test (Figure 2.1A). High-value object pairs were worth two dollars if 

judged correctly at test, while low-value object pairs were worth ten cents. Participants 

were informed that they would be paid 20% of what they earned in the experiment in 

addition to the base pay of $20/hour.  After each monetary cue, a delay period (2 s) 

preceded presentation of an object pair (4 s). During presentation of the object pairs, 

participants provided a judgment of learning (Kao, Davis, & Gabrieli, 2005), indicating 

how well they learned each association. These judgments were collected to ensure 

participants’ attention during the encoding phase and were not considered in the analysis 

of fMRI data. 

Each functional encoding run consisted of 15 high-value and 15 low-value trials. 

A third of the encoding pairs within each run (5 high-value and 5 low-value) served as 

mismatch probes for the cued recall phase. Within each run, associative encoding trials 

were intermixed with an odd/even digit baseline task (Stark & Squire, 2001) with a total 
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baseline time equal to 25% of total task time. During each 2 s baseline trial, a single digit 

between one and eight was presented on the screen and participants indicated whether the 

digit was odd or even. The order of conditions, including baseline trials, was determined 

by a sequencing algorithm to optimize the efficiency of the event-related fMRI design 

(Dale, 1999). The optimization procedure thus ensured that 1) event onsets were not 

periodic, which is critical for estimation efficiency in fast event-related designs with 

multiple event types (Liu, Frank, Wong, & Buxton, 2001), and 2) events were jittered by 

2 second intervals so that events either occurred at TR onset or 2 s after TR onset. 

Cued recall. The experiment alternated between encoding and cued recall phases.  

Four cued recall test runs followed an initial set of four encoding runs; the final four cued 

recall runs followed a second set of four encoding runs.  On each cued recall trial, a 

fixation dot (0.5 s) preceded presentation of a previously studied object cue (1.5 s; Figure 

2.1B). During a delay period (4 s), participants were instructed to recall and imagine the 

object associated with the cue. The delay period was followed by a decision probe (2 s), 

and participants were asked to judge if the probe was the object originally paired with the 

cue at encoding (a “match”) or another object viewed at encoding, but as part of a 

different object pair (a “mismatch”). A correct judgment resulted in the receipt of a 

monetary reward, while an incorrect judgment resulted in a corresponding monetary loss. 

At the end of the trial, participants received feedback (2 s) about the amount gained or 

lost on that trial.  

The order of object pair presentations within each test run was organized pseudo-

randomly with the restriction that within each run, 10 high-value and 10 low-value object 
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pairs were tested. Half of these trials (5 high-value, 5 low-value) contained match probes, 

and the other half contained mismatch probes. After an object from a studied pair was 

presented either as a retrieval cue or a probe, neither object appeared in subsequent trials. 

Similar to encoding, 2 s odd/even digit trials (Stark & Squire, 2001) were intermixed with 

cued recall trials so that baseline represented 25% of total task time. The order of 

conditions was determined by a sequencing program to optimize design efficiency (Dale, 

1999) and allow for subsampling of the TR. 

Stimuli were generated using Matlab (The MathWorks, Inc., Natick, MA, USA) 

on a Macbook laptop computer and back-projected via a magnet-compatible projector 

onto a screen that could be viewed through a mirror mounted above the participant's 

head. Participants responded with a button pad held in their right hand.  Prior to scanning, 

participants practiced the encoding and cued recall tasks using stimuli distinct from those 

presented during functional scanning. 

fMRI Acquisition 

Imaging data were acquired on a 3.0 T GE Signa whole-body MRI system (GE 

Medical Systems, Milwaukee, WI, USA) with an 8-channel head coil array. Prior to 

functional scanning, high-resolution, T2-weighted, flow-compensated spin-echo 

structural images (TR = 3 s, TE = 68 ms, 0.43 x 0.43 inplane resolution) were acquired 

with 20 3-mm thick slices perpendicular to the main axis of hippocampus to enable 

visualization of hippocampal subfields, MTL cortical subregions, and midbrain. 

Functional images were acquired using a high-resolution T2*-sensitive gradient echo 
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spiral in/out pulse sequence (Glover & Law, 2001), with the same slice locations as the 

structural images (TR = 4s, TE = 34ms, flip angle = 80°, FOV = 22 cm, 1.7 x 1.7 x 3.0 

mm resolution). Before functional scanning, a high-order shimming procedure, based on 

spiral acquisitions, was utilized to reduce B0 heterogeneity (Kim, Adalsteinsson, Glover, 

& Spielman, 2002). Critically, spiral in/out methods are optimized to increase SNR and 

BOLD contrast-to-noise ratio in uniform brain regions while reducing signal loss in 

regions compromised by susceptibility-induced field gradients (SFG) (Glover & Law, 

2001), including the anterior MTL. Compared to other imaging techniques (Glover & 

Lai, 1998), spiral in/out methods result in less signal dropout and greater task-related 

activation in MTL (Preston, Thomason, Ochsner, Cooper, & Glover, 2004), allowing 

targeting of structures that have previously proven difficult to image due to SFG.  

A total of 1184 volumes were acquired for each participant (640 during encoding 

runs and 544 volumes during cued recall). To obtain a field map for correction of 

magnetic field heterogeneity, the first time frame of the functional timeseries was 

collected with an echo time 2 ms longer than all subsequent frames. For each slice, the 

map was calculated from the phase of the first two time frames and applied as a first 

order correction during reconstruction of the functional images. In this way, blurring and 

geometric distortion were minimized on a per-slice basis. In addition, correction for off-

resonance due to breathing was applied on a per-time-frame basis using phase navigation 

(Pfeuffer, Van de Moortele, Ugurbil, Hu, & Glover, 2002). This initial volume was then 

discarded as well as the following two volumes of each scan (a total of 12 s) to allow for 

T1 stabilization. 
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FMRI Analyses 

FMRI data were analyzed using SPM5 (Wellcome Department of Cognitive 

Neurology, London, UK) and custom MATLAB routines. T2*-weighted functional 

images were corrected to account for the differences in slice acquisition times by 

interpolating the voxel time series using sinc interpolation and resampling the time series 

using the center slice as a reference point.  Images were then realigned to the first volume 

of the time series to correct for motion. A mean T2*-weighted functional image was 

computed during realignment, and the T2-weighted anatomical volume was coregistered 

to this mean functional volume. 

 Voxel-based statistical analyses were first conducted at the individual participant 

level according to the general linear model (Worsley & Friston, 1995).  Each phase 

(encoding and cued recall) was analyzed separately. Regressor functions for each phase 

were constructed using a finite impulse response (FIR) basis set (2 s temporal resolution) 

that began at trial onset and continued 20 s post-trial onset for encoding trials and 24 s for 

cued recall trials. Because the events were intermixed with 2 s odd/even baseline trials, 

events either occurred at TR onset or 2 s after TR onset. Thus, our design was optimized 

for sampling of the event-related hemodynamic response function with a 2 s resolution.  

To implement voxel-level group analyses for our high-resolution data, I used a 

non-linear diffeomorphic transformation method (Vercauteren, Pennec, Perchant, & 

Ayache, 2009) implemented in the software package MedINRIA (version 1.8.0, 

ASCLEPIOS Research Team, France). Specifically, each participant’s anatomically 

defined MTL regions-of-interest (ROIs) were aligned with those of a representative 
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“target” subject using a diffeomorphic deformation algorithm that implements a 

biologically plausible transformation that respects the boundaries dictated by the 

anatomical ROIs.  As a first step, anatomically defined ROIs were demarcated on the T2-

weighted, high-resolution inplane structural images for each individual participant, using 

techniques adapted for analysis and visualization of MTL subregions (Amaral & Insausti, 

1990; Insausti, et al., 1998; Preston, et al., 2010; Pruessner, et al., 2002; Pruessner, et al., 

2000; Zeineh, Engel, & Bookheimer, 2000; Zeineh, et al., 2003). Eight MTL subregions 

were defined in each hemisphere: the hippocampal subfields (DG/CA2/3, CA1, and 

subiculum) within the body of the hippocampus and surrounding MTL cortices, including 

perirhinal cortex (PRc), parahippocampal cortex (PHc), and entorhinal cortex (ERc). 

Because the hippocampal subfields cannot be delineated in the most anterior and 

posterior extents of the hippocampus at the resolution employed, anterior hippocampal 

and posterior hippocampal ROIs (inclusive of all subfields) were also demarcated on the 

most rostral and caudal 1-2 slices of the hippocampus, respectively (Olsen, et al., 2009; 

Preston, et al., 2010; Zeineh, et al., 2003). These regions roughly correspond to MNI 

coordinates of y = 0 to y = -6 for the anterior hippocampus and y = -33 to y = -40 for the 

posterior hippocampus (Preston, et al., 2010). 

A single participant’s structural images were chosen as the target, and 

accordingly, all other participants’ images were warped into a common space in a manner 

that maintained the between-region boundaries. To select the target participant, I 

measured the anterior-posterior length (number of slices) of the MTL for each participant 

and selected the participant with a length closest to the group average for each 
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hemisphere.  This selection process helped to minimize distortion caused by variability in 

the length of the MTL across subjects. To maximize the accuracy of registration within 

local regions and minimize distortion, separate registrations were performed for left 

hippocampus, right hippocampus, left MTL cortex, and right MTL cortex. Compared to 

standard whole-brain normalization techniques, this ROI-alignment or “ROI-AL-

Demons” approach results in more accurate correspondence of MTL subregions across 

subjects and higher statistical sensitivity (e.g., Kirwan, Jones, Miller, & Stark, 2007; 

Yassa & Stark, 2009) 

In addition to performing this procedure for the MTL ROIs, a separate 

normalization was performed for midbrain. Anatomical landmarks, including the red 

nucleus and superior colliculus (D'Ardenne, McClure, Nystrom, & Cohen, 2008; Oades 

& Halliday, 1987) were used to align each individual participant’s midbrain region to the 

model subject’s midbrain region. The aligned structural images were then normalized 

using non-linear diffeomorphic demons. Our regions of interest within midbrain included 

the dopaminergic midbrain regions SN and VTA. As no clear anatomical boundaries 

delineating SN or VTA can be used to draw a precise ROI, an anterior midbrain mask 

was drawn on the target structural image using identifiable landmarks on the T2-weighted 

structural images (see inset in Figure 2.3A).  These landmarks included the red nucleus, 

identified as a hypointense region near the center of the midbrain, and the anterior 

boundary of the midbrain. VTA is located medial to and immediately anterior to the red 

nucleus, while SN extends laterally along the anterolateral boundary of the red nucleus 

(D'Ardenne, et al., 2008). Based on this anatomical knowledge, the anterior midbrain 
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mask was defined as the region between the posterior end of the red nucleus and the 

anterior boundary of the midbrain, between the superior and inferior end of the red 

nucleus.  

The transformation matrix generated from the anatomical data for each region-of-

interest was then applied to the first-level statistical contrast maps, which enabled 

second-level, group statistical analyses.  For all comparisons, group-level statistical maps 

were first created using an uncorrected voxel-wise threshold of p < 0.025.  To correct for 

multiple comparisons, a small-volume correction was employed to establish a cluster-

level corrected threshold of p < 0.05. Small volume correction was determined using 

Monte Carlo simulations implemented in the AlphaSim tool in AFNI, which takes into 

account the size and shape of each region, as well as the height threshold p-value and 

smoothness of actual data. Simulations were performed for each region bilaterally 

(hippocampus, MTL cortex, and VTA/SN). Cluster sizes that occurred with probability 

less than 0.05 across 5000 simulations were considered significant. This yielded a 

minimum cluster size of 32 voxels (108 mm3) for hippocampus, 37 (125 mm3) voxels for 

MTL cortex, and 20 voxels (68 mm3) for VTA/SN. The resulting group-level results were 

then localized to specific ROIs to examine condition-specific responses in MTL 

subregions and VTA/SN. 

Functional ROIs were determined by linear contrasts during the stimulus 

encoding time period (8-12 s post trial onset) and during the combined cue and delay 

period at test (2-6 s post trial onset). Four sets of functional ROIs were generated: two 

sets each from the encoding and test phases. First, to confirm that participants were 
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sensitive to the reward manipulation, I identified regions showing greater activation for 

high-value compared to low-value associations at encoding. I constructed an FIR general 

linear model containing regressors for high-value and low-value events irrespective of 

memory status and performed a linear contrast comparing these conditions (high > low) 

during encoding. The same comparison of high-value and low-value trials was performed 

for the cue and delay period of the retrieval phase; however, the goal of this contrast at 

test was to isolate reactivation of reward-related information that occurs in the absence of 

explicit cues to reward. Next, to test how reward impacts memory processing in MTL 

subregions during encoding and cued recall, I isolated regions showing memory success 

effects (greater activation for remembered compared to forgotten associations) for both 

the encoding and retrieval phases of the experiment. To do so, I constructed an FIR 

general linear model containing regressors for remembered and forgotten associations, 

irrespective of reward status; a linear contrast then compared these event types 

(remembered > forgotten). Together, these contrasts yielded four sets of functionally 

defined ROIs: regions that differentiated between 1) high > low during stimulus 

encoding, 2) remembered > forgotten during stimulus encoding, 3) high > low during 

cued recall, and 4) remembered > forgotten during cued recall. 

 For each of the functionally defined ROIs generated from the four contrasts of 

interest, I then extracted mean beta values for the conditions from the corresponding task 

phase (encoding, retrieval) using a general linear model that contained regressors for 

high-value remembered, high-value forgotten, low-value remembered, and low-value 

forgotten associations. Activation associated with each condition of interest was 
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computed as the average of beta values for the time points corresponding to each event 

type in the FIR models. Group-level repeated-measures ANOVA with reward (high-

value, low-value) and memory status (remembered, forgotten) as factors was used to test 

for differences in BOLD activity between conditions in each of the ROIs. One participant 

was excluded from these analyses due to a lack of forgotten associations in the high-value 

condition.   

Additionally, I considered how activation in functionally defined ROIs tracked 

individual differences in behavior. I was particularly interested in whether behavioral 

sensitivity to reward (the difference in corrected hit rate for high-value and low-value 

associations) was related to reward-related changes in brain activation. For each set of 

functionally defined ROIs, I conducted a multiple regression analysis with the difference 

in subsequent memory effect (remembered – forgotten) between high-value and low-

value pairs (the memory x reward interaction) as regressors and behavioral reward 

modulation as the outcome measure. Because this analysis did not reveal a relationship 

between the memory x reward interaction and behavioral reward modulation of memory 

in any region, I conducted a similar analysis that was restricted to remembered 

associations from both reward conditions.   Specifically, this analysis assessed how the 

activation differences for high-value remembered associations relative to low-value 

remembered associations were related to the degree of behavioral reward modulation 

across participants. The participant demonstrating ceiling performance on high-value 

trials was again excluded from the individual differences analyses due to a value for 
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behavioral reward modulation that was greater than three standard deviations from the 

group mean. 

Finally, I was interested in whether individual differences in VTA/SN-MTL 

connectivity are related to individual differences in behavioral reward modulation of 

memory. I hypothesized that differences in sustained VTA/SN-MTL connectivity 

independent of task-based fluctuations would be related to across-participant differences 

in the degree of behavioral reward modulation of memory, with greater VTA/SN-MTL 

connectivity for those participants with greater behavioral sensitivity to reward.  To test 

this hypothesis, I examined connectivity between VTA/SN and MTL regions during the 

encoding and cued recall phases, while controlling for common co-activation of these 

regions due to task-related rewards. I conducted functional connectivity analyses at the 

individual participant level using a general linear model (Worsley & Friston, 1995) that 

included the mean activation timecourse in a seed region (anatomical VTA/SN), 

regressors representing motion parameters, and FIR regressors for each of the four task 

conditions (high-value remembered, high-value forgotten, low-value remembered, low-

value forgotten). Including regressors for the task conditions allowed us to assess how 

residual intrinsic connectivity between VTA/SN and MTL regions during the encoding 

and retrieval phases was related to behavioral reward modulation, above and beyond 

covariation due to task-related differences between individual reward-predicting cues. 

Separately for encoding and cued recall, I contrasted the VTA/SN seed regressor with 

baseline to isolate MTL regions that showed a significant sustained connectivity with 

VTA/SN. The contrast maps from the individual subjects were then submitted to a 
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second-level group analysis to determine how connectivity between VTA/SN and MTL 

varies as a function of behavioral sensitivity to reward.  For this analysis, the individual 

participant functional connectivity maps from the encoding and retrieval phases were 

weighted by behavioral reward modulation to identify MTL regions for which sustained 

connectivity between VTA/SN was positively related to the degree of behavioral reward 

modulation.   

RESULTS 

Influence of Reward on Memory Performance 

The hit rate (correct responses to associative match trials) during cued recall was 

significantly greater than the false alarm rate (incorrect responses to associative mismatch 

trials) for both high-value (t(27) = 20.1, p < 0.001) and low-value (t(27) = 16.1, p < 

0.001) associations (Figure 2.2A). Critically, participants showed better memory for 

high-value associations than low-value associations, as indexed by corrected hit rate  (hit 

rate – false alarm rate; mean ± standard error: high-value = 0.70 ± 0.03, low-value = 0.60 

± 0.04; t(27) = 2.28, p < 0.05). This difference in memory was not due to failure to learn 

the low-value associations, as participants showed above chance performance on the low-

value associations across the group (t(27) = 16.1, p < 0.001). At the level of individual 

participants, a binomial test revealed that all participants but one showed above chance 

performance on low-value associations (all p < 0.01); performance for the remaining 

participant was only marginally above chance on low-value associations (p = 0.07). 
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While I observed significantly better memory for high-value relative to low-value 

associations across the group, there were large individual differences in the degree of 

reward modulation of memory across participants.  To capture these individual 

differences, I calculated the difference in corrected hit rate between high-value and low-

value associations for each participant as an index of behavioral reward modulation of 

memory.  The observed behavioral differences in reward modulation enabled us to 

explore how individual differences in performance are related to the degree of neural 

reward modulation within MTL regions and VTA/SN.  Importantly, those participants 

who demonstrated the greatest reward modulation of cued recall performance did not 

demonstrate the greatest overall memory performance, as the overall corrected hit rate 

was not correlated with the degree of behavioral reward modulation (r = 0.11, p = 0.59; 

Figure 2.2B).  Median reaction times during cued recall did not differ between high-

value (1031 ms ± 26 ms) and low-value (1064 ms ± 28 ms) associations (t(27) = 1.6, p = 

0.13). 

Regions Differentially Sensitive to Reward during the Encoding Phase 

First, to confirm that participants demonstrated neural sensitivity to the reward 

manipulation, I compared responses for high-value and low-value associations (high > 

low) during the encoding phase, irrespective of memory performance.  This contrast 

revealed several regions that were differentially sensitive to the reward conditions, 

including VTA/SN, right PRc, bilateral PHc, and hippocampus, including left CA1, left 

subiculum, and bilateral DG/CA2,3 (Figure 2.3). While these regions demonstrated 
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greater activation for high-value relative to low-value trials, only PHc responses were 

related to successful associative encoding, as revealed by a repeated-measures ANOVA 

with memory (remembered, forgotten) and reward condition (high-value, low-value) as 

factors. PHc activation showed a main effect of memory in addition to the main effect of 

reward (all other F(1,26) < 3.10, p > 0.09); left PHc activation showed a main effect of 

memory (F(1,26) = 4.72, p = 0.04), and right PHc activation showed a main effect of 

memory F(1,26) = 7.42, p = 0.01) as well as a memory × reward interaction (F(1,26) = 

6.02, p = 0.02). 

Reward Modulation of Successful Memory Formation 

The central focus of the present study was to understand how reward influences 

associative encoding processes in MTL subregions.  To do so, I isolated those regions 

that were related to subsequent memory performance (Paller & Wagner, 2002) by 

performing a linear contrast comparing activation for remembered and forgotten 

associations (remembered > forgotten) regardless of reward status during the encoding 

phase.  This contrast revealed a spatially restricted set of MTL regions associated with 

successful associative encoding, including bilateral CA1, bilateral DG/CA2,3, left 

subiculum, and bilateral parahippocampal cortex (PHc), as well as VTA/SN (Figure 

2.4A). To investigate how monetary incentives influence associative encoding in these 

memory sensitive regions, I examined whether subsequent memory effects in these 

regions were modulated by reward status at encoding, using repeated-measures ANOVA 

with memory (remembered, forgotten) and reward (high-value, low-value) as factors. 
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Encoding activation in right PHc (F(1,26) = 5.34, p = 0.03) and VTA/SN (F(1,26) = 4.89, 

p = 0.04) showed a significant memory × reward interaction, with greater subsequent 

memory effects for high-value relative to low-value associations (Figure 2.4B). No other 

region showed a memory × reward interaction (all F(1,26) < 2.44, p > 0.13) or a main 

effect of reward (all F(1,26) < 3.59, p > 0.07).  

Notably, I observed large differences in the degree of behavioral reward 

modulation of memory (the difference in corrected hit rate between high-value and low-

value associations) between individuals. Given this behavioral finding, the effect of 

reward on encoding processes may be best reflected in individual differences in the 

relationship between subsequent memory effects for high-value relative to low-value 

associations and the degree of behavioral reward modulation of memory.  To test this 

hypothesis, I assessed how the difference in subsequent memory effects between high-

value and low-value pairs (the memory x reward interaction) was associated with the 

degree of behavioral reward modulation of memory across participants.  I conducted a 

multiple regression analysis with the memory x reward interaction term for each of the 

eight subsequent memory regions as regressors and behavioral reward modulation across 

participants as the outcome measure. I did not observe a positive relationship between the 

memory x reward interaction term and the behavioral reward effect in any region (all 

t(18) < 0.80, p > 0.43). However, when I limited our analysis to remembered trials only, I 

observed a positive relationship between the difference in reward-related activity during 

successful encoding (high-value remembered – low-value remembered activation) and 

behavioral reward modulation in right DG/CA2,3 (t(18) = 2.45, p = 0.03). Those 
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participants who showed greater activation for high-value remembered associations 

relative to low-value remembered associations in right DG/CA2,3 demonstrated the 

greatest behavioral sensitivity to reward (Pearson’s r = 0.41; Figure 2.5). The multiple 

regression analysis did not reveal a positive relationship between activation differences 

for high-value and low-value remembered associations and the amount of behavioral 

reward modulation in any other region (all other t(18) < 1.51, p > 0.14).  

VTA/SN-MTL Functional Interactions during the Encoding Phase 

I hypothesized that behavioral sensitivity to reward would be reflected in across-

participant differences in sustained VTA/SN-MTL functional connectivity that are 

independent of task-based connectivity changes. To examine this hypothesis, I derived 

individual participant functional connectivity maps from the encoding phase that 

represented the residual connectivity between VTA/SN and MTL above and beyond task-

based covariation in activation. I then submitted these maps to a second-level regression 

analysis to determine how sustained connectivity varied as a function of behavioral 

reward modulation. This analysis revealed activation in bilateral DG/CA2,3 for which 

sustained functional connectivity with VTA/SN was positively correlated with behavioral 

reward modulation (Figure 2.6A). This relationship between VTA/SN connectivity and 

performance was unique to the DG/CA2,3, as no other region was identified by this 

analysis.  These results indicate that individuals who demonstrate higher levels of 

sustained connectivity between VTA/SN and DG/CA2,3 throughout the encoding phase of 
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the task are more likely to demonstrate behavioral effects of reward on memory 

performance. 

Regions Differentially Sensitive to Reward during the Retrieval Phase 

Although participants did not receive explicit cues to reward during cue and delay 

period of the cued recall task, I hypothesized that monetary incentives presented during 

encoding would be reflected in later cued recall activation. To examine this hypothesis, I 

identified regions showing reward effects (high > low) during the combined cue and 

delay period at test. This analysis revealed activation in bilateral hippocampus (inclusive 

of all subfields), bilateral PHc, and VTA/SN (Figure 2.7A). Repeated measures ANOVA 

further revealed that within these regions sensitive to reward status, PHc activation 

further differentiated trials based on memory success, with greater activation for 

remembered relative to forgotten associations (main effect of memory: left: F(1,26) = 

5.66, p = 0.03; right: F(1,26) = 6.55, p = 0.02; Figure 2.7B). No other region showed a 

main effect of memory (all F(1,26) <  2.74, p > 0.11), and no region showed a memory × 

reward interaction (all F(1,26) < 2.24, p > 0.14). These results indicate that reward cues 

presented during encoding impact later cued recall responses, even in the absence of 

explicit cues to reward.  

Regions Sensitive to Retrieval Success during Cued Recall 

To investigate whether monetary incentives presented during associative encoding 

modulate retrieval success effects during cued recall, I identified regions showing 
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retrieval success effects (remembered > forgotten) during the combined cue and delay 

period at test.  This comparison revealed activation in bilateral regions of subiculum, 

PHc, and PRc, as well as right ERc and VTA/SN (Figure 2.8A) that differentiated 

between successfully remembered and forgotten associations.  None of these retrieval 

success regions demonstrated a main effect of reward (all F(1,26) < 3.41, p > 0.07) or a 

memory × reward interaction (all F(1,26) < 1.16, p > 0.29) (Figure 2.8B). Multiple 

regression analysis also revealed that neither the memory x reward interaction (t(18) < 

1.20, p > 0.24) nor the reward effect for successfully remembered events (t(18) < 1.56, p 

> 0.13) in these retrieval success regions was related to the degree of behavioral reward 

modulation across participants. Thus, although the direct comparison of high-value and 

low-value associations in the previous section revealed reward sensitive regions at 

retrieval, activation in regions sensitive to cued recall success was not modulated by 

reward. This pattern differs from the encoding phase results and suggests that brain 

processes and regions that support reinstatement of reward value and retrieval of correct 

paired associations may be distinct. 

VTA/SN-MTL Functional Interactions during the Retrieval Phase 

I was also interested in whether behavioral sensitivity to reward was related to 

individual differences in sustained VTA/SN-MTL connectivity throughout the retrieval 

phase. Utilizing the same approach applied to the encoding phase data, I derived maps of 

sustained VTA/SN-MTL functional connectivity for each individual during the retrieval 

phase and conducted regression analysis to examine whether individual differences in 
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sustained functional connectivity varied as a function of behavioral reward modulation. 

This analysis revealed activation in right DG/CA2,3 for which sustained functional 

connectivity with VTA/SN was positively correlated with behavioral reward modulation 

(Figure 2.6B). This relationship between VTA/SN connectivity and performance was 

unique to the DG/CA2,3, as no other region was identified by this analysis.  

DISCUSSION 

Several leading theories propose that motivation plays a key role in the formation 

of detailed episodic memories through modulation of MTL processing.  The current study 

used the potential of future monetary rewards to examine how motivation impacts 

associative encoding and retrieval processes in hippocampal and surrounding MTL 

cortical subregions. Participants were more likely to remember object pairs linked to 

high-value compared to low-value monetary incentives. Within PHc and VTA/SN, 

subsequent memory effects were modulated by reward, with greater activation for 

remembered compared to forgotten associations for high-value but not low-value pairs. 

Individuals differed in the degree to which reward influenced memory performance; 

these differences were associated with reward-related changes in DG/CA2,3 activation 

during encoding and greater sustained functional connectivity between DG/CA2,3 and 

VTA/SN during both encoding and retrieval phases of the task. Furthermore, at retrieval, 

I observed enhanced activation in hippocampus, PHc, and VTA/SN during the combined 

cue and delay period for high-value relative to low-value associations that occurred in the 

absence of explicit reward cues. In the present study, the use of high-resolution fMRI 
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affords a more detailed view into the neural mechanisms by which motivation impacts 

associative memory formation in the human brain and characterizes how those 

mechanisms differ across individuals. 

Reward Modulation of Subsequent Memory Effects in PHc and VTA/SN 

Several MTL subregions as well as VTA/SN demonstrated sensitivity to the 

reward manipulation during the encoding phase, with greater activation for high-value 

relative to low-value associations.  However, a more spatially restricted set of regions 

was associated with successful associative encoding across the group, including 

hippocampal subfields, PHc, and VTA/SN.  Within these regions, only right PHc and 

VTA/SN showed reward modulation of encoding activation, with subsequent memory 

effects for high-value but not low-value pairs.  This interaction pattern suggests that right 

PHc and VTA/SN were selectively engaged during high-value trials to promote memory 

formation.   

 The present finding that VTA/SN is exclusively engaged during successful 

encoding of high-value associations is consistent with prior research demonstrating that 

VTA/SN responses to high-value reward cues prior to individual item encoding are 

related to successful subsequent memory (Adcock, et al., 2006). This increased activation 

may reflect enhanced dopamine release from VTA/SN in response to high-value cues 

when participants are successfully motivated to learn. During high-value forgotten trials, 

VTA/SN activation was not above baseline, possibly reflecting a lack of motivation on 

these trials. However, in contrast to Adcock and colleagues, VTA/SN responses observed 



 38 

here were not associated with individual differences in behavior. As discussed below, the 

reward-related activation in VTA/SN may relate to individual differences in hippocampal 

activation due to differences in functional connectivity with MTL structures. 

 Several prior studies have implicated PHc in the binding of associative 

information (Davachi, Mitchell, & Wagner, 2003; Dobbins, Rice, Wagner, & Schacter, 

2003; Duzel, et al., 2003; Kirwan & Stark, 2004; Ranganath, et al., 2004). The present 

data extend this work by demonstrating that engagement of PHc associative encoding 

processes are influenced by reward, leading to superior memory for motivationally 

significant events. Here, enhanced subsequent memory effects for high-value associations 

in right PHc could reflect the selective engagement of PHc encoding processes during 

high-value trials to promote binding of the objects themselves.  Alternatively, recent 

theoretical accounts of MTL function propose that PHc plays an important role in the 

representation of spatial and non-spatial contextual information surrounding individual 

events (Aminoff, Gronau, & Bar, 2007; Bar & Aminoff, 2003; Davachi, 2006; Diana, 

Yonelinas, & Ranganath, 2007).  According to this view, enhanced right PHc encoding 

activation during high-value events may reflect facilitated binding of a specific paired 

associate to the reward context in which it was presented. Future work that separately 

indexes memory for item associations and memory for reward context would help to 

clarify which of these potential PHc binding mechanisms (or both) are reflected in the 

present findings.   
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Relationship between DG/CA2,3 Activation and Individual Differences in Reward 

Modulation of Memory 

Few studies to date have examined how individual differences in reward 

sensitivity impact episodic memory through modulation of MTL processing.  The present 

findings demonstrate a high-degree of behavioral variability in the influence of 

motivational cues on subsequent memory performance.  These individual differences in 

behavioral reward modulation of memory were related to across participant differences in 

the relative engagement of DG/CA2,3 during the encoding phase, with larger reward-based 

enhancements in memory performance associated with greater DG/CA2,3 activation for 

high-value remembered relative to low-value remembered associations. 

 Prior high-resolution fMRI studies in humans have implicated DG/CA2,3 in 

successful associative memory formation (Eldridge, et al., 2005; Zeineh, et al., 2003), 

and the present data extend these findings by demonstrating that associative memory 

processing in this region is subject to motivational influences.  One mechanism through 

which reward impacts memory may be by enhancing learning-related CA3 plasticity 

(Lisman & Otmakhova, 2001; Otmakhova & Lisman, 1999) that is hypothesized to 

support the rapid binding of events into integrated memory representations (Marr, 1971; 

McClelland, McNaughton, & O'Reilly, 1995; O'Reilly & Rudy, 2001).  This 

interpretation is supported by a recent animal study demonstrating reward-related 

increases in CA3 activity that were enhanced during new associative learning (Singer & 

Frank, 2009). The present findings suggest that reward exerts a similar influence in 



 40 

human hippocampus, whereby reward-related engagement of CA3 serves to enhance 

memory for events that lead to future reward. 

It is important to note that the relationship between reward-related activation in 

DG/CA2,3 during encoding and behavioral reward modulation of memory was only 

observed when I restricted our analysis to remembered associations.  I did not observe an 

interaction between reward and subsequent memory effects in DG/CA2,3, nor did I 

observe a correlation between behavioral reward modulation and the degree of reward 

modulation of subsequent memory effects (the memory x reward interaction) in this (or 

any other) region.  Thus, the present findings contrast to some degree with previous 

results demonstrating reward-related increases in hippocampal subsequent memory 

effects during item encoding (Adcock, et al., 2006; Wittmann, et al., 2005). In the present 

study, several possibilities could account for the observation that the relationship between 

DG/CA2,3 activation and individual differences in reward modulation of memory was 

limited to remembered trials. 

One possibility is that signal reductions in the hippocampus relative to PHc in this 

high-resolution fMRI study (see Liang, Wagner, & Preston, 2012, in press) may limit the 

ability to observe interaction effects in hippocampal subregions.  In addition, 

performance in the present study was well-above chance for high-value and low-value 

associations, leading to a reduced number of forgotten associations relative to prior 

studies of individual item encoding (Adcock, et al., 2006), which when combined with 

hippocampal signal reductions would further reduce statistical power. An additional 

possibility is that the relationship between DG/CA2,3 activation and behavioral reward 
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modulation may be biased by the asymmetry in the number of remembered trials between 

those participants who showed large behavioral effects of reward relative to those who 

showed no reward modulation of memory. However, this bias applies to the neural 

reward effect in all regions, yet only activation in DG/CA2,3—a region hypothesized to 

play a key role in associative encoding—was found to correlate with reward modulation 

of memory and demonstrate a behaviorally-relevant pattern of functional connectivity 

with VTA (see below). 

Aspects of the present task design that differ from prior related studies may also 

underlie differences in the observed pattern of hippocampal activation across studies.  In 

particular, Adcock et al. (2006) examined the relationship between reward-related 

hippocampal activation and subsequent memory performance during an anticipatory 

phase prior to individual item encoding. Here, I examined associative encoding, and the 

present design did not afford the ability to differentiate between the cue period and 

presentation of the associations.  

In addition, and as noted above, participants performed well on both high-value 

and low-value associations in contrast to prior research.  Because DG/CA2,3 regions are 

implicated in successful associative binding, significant DG/CA2,3  subsequent memory 

effects should be expected for high-value and low-value associations, as observed here.  

Thus, greater DG/CA2,3 encoding activation for high-value remembered events relative to 

low-value remembered events may reflect enhancement of associative encoding 

processes that are engaged during both event types, but enhanced for high-value trials. 

One possibility is that enhanced DG/CA2,3 processing specific to remembered 
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associations may reflect the formation of stronger, or more detailed, memory traces for 

high-value associations than those formed for low-value associations.  Follow-up high-

resolution fMRI studies could help resolve differences between the present findings and 

existing research by separately examining cue-related and stimulus-related responses in 

MTL subregions and by providing more detailed assessments of the quality of 

successfully formed memories under different motivational conditions. 

VTA/SN—DG/CA2,3 Functional Connectivity and Individual Differences 

The pattern of functional connectivity between DG/CA2,3 and VTA/SN further 

supports the link between DG/CA2,3 processing and individual differences in reward 

modulation of memory.  During both the encoding and cued recall phases, greater 

sustained functional connectivity between VTA/SN and DG/CA2,3 was associated with 

enhanced memory for high-value relative to low-value associations across individuals. 

Thus, while VTA/SN responses themselves demonstrated sensitivity to reward across the 

entire group, only those individuals with greater sustained VTA/SN-DG/CA2,3 functional 

connectivity showed behavioral evidence for reward modulation of memory.  

Notably, DG/CA2,3 was the only MTL region whose connectivity with VTA/SN 

had a functional relationship to performance.  The localization of the functional 

connectivity results to DG/CA2,3 is consistent with theoretical models and empirical 

findings that suggest dopaminergic VTA/SN signals facilitate hippocampal processing 

(Lisman & Grace, 2005; Shohamy & Adcock, 2010) by enhancing CA3 plasticity 

(Lisman & Otmakhova, 2001; Ortiz, et al., 2010; Otmakhova & Lisman, 1999).  The 
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present findings provide the first evidence for this proposed mechanism of motivation’s 

influence on memory in the human brain.   

It should be emphasized that our specific measure of functional connectivity 

assessed how sustained VTA/SN connectivity with DG/CA2,3 throughout the encoding 

and retrieval phases was related to performance and was not specific to one particular 

task condition (e.g., high-value trials).  One possible explanation for the present findings 

is that high-value events yield greater dopamine release in VTA/SN than low-value 

events in all participants, leading to enhanced VTA/SN activation for high-value 

associations across the group.  However, the impact of VTA/SN activation on MTL 

responses may differ between individuals. Accordingly, individual differences in 

sustained VTA/SN-DG/CA2,3 functional connectivity may reflect intrinsic differences in 

the degree of communication between these regions throughout the encoding and cued 

recall phases. Those participants with greater intrinsic VTA/SN-DG/CA2,3 connectivity 

(as measured by the sustained effects in the present study) would be more likely to 

demonstrate behavioral reward modulation of memory, presumably because of greater 

reward modulation of DG/CA2,3 responses. While intrinsic connectivity is typically 

measured during rest, I used a residual connectivity measure that accounted for 

covariation due to the different task conditions to examine intrinsic differences, as no rest 

scans were collected in the present study. Future work may help to better establish how 

our measure of sustained connectivity relates to intrinsic functional connectivity 

measured during rest. 
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An alternative, but not mutually exclusive, possibility is that associative binding 

processes in CA3 serve to link particular events with their reward value for both high- and 

low-value events during encoding, and thus different levels of VTA/SN-DG/CA2,3 

functional connectivity across participants may reflect the influence of downstream 

projections from CA3 to VTA/SN via the lateral septum (Luo, et al., 2011).  

Correspondingly, differences in VTA/SN-DG/CA2,3 functional connectivity at retrieval 

may reflect reinstatement of the encoded reward context through CA3 pattern completion 

processes that target VTA/SN neurons (Kennedy & Shapiro, 2009; Luo, et al., 2011). 

Consistent with this interpretation, the retrieval phase data indicate that monetary 

incentives presented at encoding are reflected in hippocampal, PHc, and VTA/SN cued 

recall responses even in the absence of explicit reward cues.  Notably, reward sensitive 

regions at retrieval were distinct from those demonstrating retrieval success effects, 

suggesting that reinstatement of reward value and retrieval of item associations are 

supported by distinct MTL processes. Reactivation of value information in MTL and 

VTA/SN and enhanced connectivity between regions could establish an expectation of 

trial outcome (Schultz, 1998; Schultz, et al., 1993), such as what probe stimulus should 

be expected or how much money is at stake, to guide behavioral choice.  Alternatively, 

such enhancements for high-value associations at retrieval could also reflect enhanced re-

encoding of retrieved value-pair associations during test (Stark & Okado, 2003).  
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Conclusions 

The present findings indicate that reward-based motivation serves to enhance 

episodic encoding and retrieval through facilitation of MTL and VTA/SN processing. By 

specifically influencing associative binding processes in PHc and DG/CA2,3, motivational 

goals may serve to make memories more detailed and flexible, thus better adapted for 

future use (Shohamy & Adcock, 2010).  In particular, this high-resolution fMRI study 

provides novel insights into the specific mechanisms by which motivation influences 

episodic memory by linking them to the differential engagement of specific hippocampal 

and MTL cortical subregions.  In doing so, our findings allow for greater convergence 

with electrophysiological and pharmacological research in animals and provide a 

foundation for future research aimed at understanding how specific hippocampal–

midbrain interactions guide adaptive learning processes that promote the flexible 

encoding and use of experience. 
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Chapter 3:  Parametric Modulation of Motivated Encoding by Reward 

INTRODUCTION 

One potential concern with fMRI Study 1 (Chapter 2), is that the reward value of 

cues preceding stimulus presentation may be ignored. In other words, our findings may 

not necessarily reflect motivating aspect of reward cues per se, but differences in 

strategy. It is possible individuals may use a general heuristic approach to attend to high-

value, but not low-value stimuli, without necessarily being motivated by the reward 

values. If this is the case, changes in activation associated with high-value reward cues 

may not be related to reward anticipation. If the actual values of monetary incentive cues 

influence memory, then I would expect behavior to be parametrically modulated by 

reward such that increasing reward values are associated with enhanced memory 

performance. Because only two reward values were used in fMRI Study 1, I cannot 

discriminate the strategic explanation from the motivational explanation in behavioral 

analyses. To examine whether parametric modulation of reward values result in 

consistent memory enhancements, I conducted a behavioral study of associative memory 

where participants received a range of possible reward cues associated with each stimulus 

pair. I hypothesized that the values of monetary incentive cues would influence memory, 

such that associative memory would increase monotonically with increasing reward 

value. 



 47 

Another question related to whether participants are motivated by the value of 

reward cues is whether participants can actually remember reward values associated with 

particular pairs. Recent theories suggest that reward may facilitate memory formation by 

serving as an additional contextual cue, that, when bound to the information to be 

encoded, serves to make memories more detailed (Shohamy & Adcock, 2010). Thus I 

hypothesized that if participants are motivated by the reward values, then these values 

may be implicitly encoded to memory. To examine this possibility, I asked participants 

whether they remembered the star value associated with each object pair in an additional 

surprise question at test.  

METHODS 

Participants 

Twenty-six undergraduates from the University of Texas at Austin (15 females, 

ages 18-23, mean age = 19) participated in the experiment for course credit or received 

$10/per hour for their time, and had the opportunity to receive bonus money based on 

their performance ($10).  Prior to beginning the experiment, participants gave informed 

consent in accordance with a protocol approved by the Institutional Review Board of the 

University of Texas at Austin. Data from three participants were excluded due to chance 

memory performance based on a binomial distribution (2 participants, proportion correct 

less than 0.56) and failure to adhere to instructions (1 participant). Thus, data from 23 

participants (14 female, ages 18-23, mean age = 19) were included in the analyses. All 
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participants included in analysis had overall memory accuracy above 0.56 (mean ± SEM: 

0.78 ± 0.02). 

Materials 

Stimuli consisted of 500 color photographs of common objects organized into 250 

object pairs. Object pairs were further organized into one of five reward conditions, each 

having a separate number of stars indicating potential future rewards. In order to account 

for diminishing marginal utility, the concept that the utility of incremental changes in 

reward values decrease as values increase (Stigler, 1950), four non-zero star values were 

chosen according to an exponential growth function: 2n-1 for n=1:4. A zero star condition 

was included to compare memory performance with and without monetary incentives in 

this task.  Thus, the five reward conditions were: zero stars (denoted by the null symbol), 

one star, three stars, seven stars, or fifteen stars. This allowed me to detect how 

incremental changes in reward value are related to reward modulation of memory. The 

presentation of object stimuli across reward conditions and the order of presentation were 

randomized across participants by assigning each participant to one of six randomization 

groups. One-fifth of the encoding pairs served as mismatch probes for the cued recall 

phase. 

Procedures 

 Encoding. On each encoding trial, a pair of objects appeared on the bottom of the 

screen and a reward cue indicating how many stars the participant could earn for 
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correctly recalling the association at test appeared at the top of the screen (Figure 3.1A). 

Each encoding trial lasted 3 s and was followed by a variable length fixation delay (3 s, 4 

s, or 5 s). As with fMRI study 1, participants provided a judgment of learning while 

stimuli appeared on the screen (Kao, Davis, & Gabrieli, 2005) to ensure participants’ 

attention. Participants were instructed that if they earned at least 750 out of a possible 

1040 stars, they would earn a $10 bonus. 

Cued Recall. Immediately following encoding, participants performed a cued 

recall task similar to that of fMRI Study 1 (Chapter 2). A single familiar object was 

presented for 2s, followed by a 3s crosshair delay. Next, participants responded with 

high/low confidence to a match/mismatch judgment request (“definitely match”, “maybe 

match”, “maybe mismatch”, “definitely mismatch”; Figure 3.1B). To examine the 

hypothesis that binding reward context to stimulus information facilitates memory, 

participants were presented with two surprise questions immediately following each 

match/mismatch judgment: 1) “How much was that question worth?” and 2) “How 

confident are you about the number of stars?” with options “sure”, “somewhat sure”, or 

“guess”. Participants were instructed that these questions would not affect how many 

stars they earned. Participants were not informed about these two additional surprise 

questions until immediately prior to the cued recall phase of the experiment. On 

mismatch trials, initial object cues were assigned mismatch foil objects studied under the 

same reward condition. All responses during cued recall were self-paced. 

Prior to beginning the experiment, participants performed practice versions of 

both encoding and cued recall phases, with the exception that the surprise questions were 
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not asked during this time. In the practice cued recall session, participants additionally 

received feedback of how many stars they earned on each trial. After completion of the 

entire experiment, participants were asked if they suspected to be tested on their memory 

for the number of stars associated with each pair prior to the cued recall phase.  

RESULTS 

The main question of interest in this study is whether associative memory 

encoding can be influenced by the value of monetary incentive cues. Memory 

performance for each reward value was measured by corrected hit rate (hit rate - false 

alarm rate). Repeated measures within-subject ANOVA across all reward values (0, 1, 3, 

7, and 15 stars) revealed a linear effect of reward (F(1,22) = 11.3, p = 0.003) on corrected 

hit rate, suggesting that participants are indeed sensitive to the reward value of these cues. 

Visual inspection of the mean corrected hit rate plots (Figure 3.2) also support the 

interpretation that reward impacts memory performance, as each successive reward value 

is associated with better memory performance.  

Post-hoc pairwise comparisons between successive reward values revealed the 

greatest difference in memory performance between zero star and one star pairs (t(22) = 

2.57, p = 0.02, all others t(22) < 1.67 p > 0.1). This finding raises the question of whether 

the linear effect of reward on memory performance could be largely dependent on the 

difference between no reward and some level of reward. To examine this possibility, I 

also conducted repeated measures within-subject ANOVA with the zero star pairs 

excluded (only 1, 3, 7, and 15 star pairs included). This analysis also revealed a linear 
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effect of reward (F(1,22) = 7.90, p = 0.01), providing strong evidence that participants 

were sensitive not only to the presence of monetary incentive cues, but to the values 

associated with them. 

The majority of participants (18 out of 23) stated that they did not expect to be 

tested on their memory for the number of stars. Based on a binomial distribution, only 14 

out of the 23 participants showed above chance overall source accuracy based on a 

binomial distribution (source accuracy of at least 0.25%). Additionally, on a majority of 

trials (0.64 +/- 0.05), participants indicated low confidence ("complete guess"). This was 

also true when examining responses within each individual reward condition. Although 

presented with an equal number of events within each of the five reward conditions, 

participants showed a clear bias to indicate middle option (three stars), with a 

significantly greater proportion of trials incorrectly labeled as three stars than any other 

value (all t(22) > 2.3, p < 0.03). In summary, participants had poor memory for the 

number of stars associated with the pairs in this experiment.  

DISCUSSION 

 In this study, I observed a positive linear relationship between the reward value of 

monetary incentive cues and memory performance. This linear relationship was observed 

even when zero star pairs were excluded from the analysis. These results indicate that the 

specific reward values of monetary incentive cues can impact memory performance. Had 

participants not been sensitive to the specific reward values, I would have predicted 

memory performance to be equal among all non-zero reward values. Alternatively, if 
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participants simply ignored zero star pairs and were only sensitive to the highest value of 

reward, I would not have expected increases in memory performance across all four non-

zero reward values.  

 Whether the effect of reward value on memory performance is linear or best fit by 

some other function may depend on the particular reward values chosen. In the case of 

the present study, reward values were chosen from an exponential series to account for 

diminishing marginal utility. Memory performance for a different set of reward values 

may be best fit by another function. The key finding, however, is the positive relationship 

between reward values and memory performance such that increased monetary incentives 

are associated with better memory.  

Participants had poor memory for the number of stars associated with each pair. 

This finding conflicts with my hypothesis that if participants are sensitive to reward 

values, they should remember information about these reward values. However, the task 

of remembering the specific number of stars associated with each pair is particularly 

difficult given five possible options. It is possible that participants would be able to 

remember the reward value associated with stimuli when there are fewer possible 

options. 

The aim of the current study was to examine whether there is a relationship 

between the value of monetary incentive cues to learn and associative memory 

performance. I observed parametric modulation of memory by reward, such that memory 

performance increased monotonically with increasing reward values. Although these 

results may not necessarily generalize to all studies of motivated learning, these results 
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provide evidence that specific values of monetary reward cues can influence memory 

performance. Thus, it is likely that in my fMRI work, participants are sensitive to reward 

values associated with object pairs. 
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Chapter 4:  fMRI Study 2: Distributed hippocampal codes representing 

reward context are associated with enhanced episodic binding. 

INTRODUCTION 

Leading models of hippocampal function suggest that reward increases dopamine 

release to the hippocampus that facilitates associative encoding processes by binding event 

elements together with the context of their occurrence (Shohamy & Adcock, 2010). Yet 

little is known about how the hippocampus and surrounding cortical regions encode reward 

context in the human brain. Previous functional magnetic resonance imaging (fMRI) 

studies examining reward-motivated learning have been restricted to univariate measures 

to evaluate how subsequent memory effects within medial temporal lobe (MTL) regions 

are modulated by reward (Adcock, Thangavel, Whitfield-Gabrieli, Knutson, & Gabrieli, 

2006; Kuhl, Shah, DuBrow, & Wagner, 2010; Wolosin, Zeithamova, & Preston, 2012). In 

particular, monetary incentives have been shown to elicit hippocampal activation prior to 

stimulus encoding that predicts later memory formation (Adcock, et al., 2006), and have 

been shown to modulate encoding processes within the dentate gyrus/CA2,3 (DG/CA2,3) 

region of the hippocampus to support later memory formation (Wolosin, et al., 2012).  

Both animal and human research have suggested that reward can serve as a context 

that facilitates the reactivation of a memory representation (Kennedy & Shapiro, 2009; 

Kuhl, et al., 2010; Singer & Frank, 2009), however, no studies to date have examined 

hippocampal representation of reward context during motivated learning through 
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evaluation of distributed patterns of fMRI activation. Recent advances in fMRI analysis 

methods have revealed that pattern-information analysis is a powerful tool that can provide 

information about representational content in the brain (Kriegeskorte, Mur, & Bandettini, 

2008). In some cases, the pattern of activation across multiple voxels in a region can be 

informative even when the mean of activation is not (Raizada, Tsao, Liu, & Kuhl, 2010). 

One study of reinforcement learning suggests that reward states, in particular, may be well 

represented by patterns of activation throughout the brain (Vickery, Chun, & Lee, 2011). 

In the present study, I used representational similarity analysis (RSA) to examine whether 

motivational cues that precede stimulus encoding influence patterns of activation within 

the hippocampus and surrounding medial temporal lobe (MTL) cortex to support 

associative learning.  

Several studies have suggested that activation immediately preceding encoding can 

predict memory formation (Adcock, et al., 2006; Addante, Watrous, Yonelinas, Ekstrom, 

& Ranganath, 2011; Gruber & Otten, 2010; Mackiewicz, Sarinopoulos, Cleven, & 

Nitschke, 2006; Otten, Quayle, Akram, Ditewig, & Rugg, 2006; Park & Rugg, 2009), and 

evidence suggests that monetary incentives may modulate neural processes immediately 

prior to stimulus encoding to influence memory formation (Adcock, et al., 2006; Gruber & 

Otten, 2010). Thus, I hypothesized that during anticipation of stimulus presentation, 

hippocampal representation of reward context would predict memory formation. I further 

hypothesized that this effect would be modulated by cues indicating reward for successful 

subsequent memory, where highly motivated stimuli would show the greatest effect.  
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Additionally, I was interested in how individual differences in representation of 

reward context are related to subsequent memory. Individual differences in reward-related 

hippocampal activation have been shown to correlate with behavioral performance 

(Adcock, et al., 2006; Wolosin, et al., 2012). If reward can facilitate memory by providing 

contextual cues that support episodic binding, then enhanced representation of reward 

context should be associated with enhanced memory. Specifically, I hypothesized that the 

degree to which activation patterns distinguished reward states would be associated with 

enhanced associative memory. 

Finally, I sought to examine how representation of reward context in hippocampal 

subfields is related to associative memory performance. Using high-resolution fMRI of the 

MTL (Carr, Rissman, & Wagner, 2010) I examined how reward-based motivation 

influences encoding through differential representation of reward context in hippocampal 

subregions. In a previous study, I demonstrated that enhanced memory for highly 

rewarding events was associated with individual differences in reward-related changes in 

DG/CA2,3 activation (Wolosin, et al., 2012). I hypothesized that individual differences in 

representation of reward context in DG/CA2,3 would also predict enhanced memory for 

highly rewarding events. 

METHODS 

Participants 

Thirty-seven healthy, English-speaking individuals (16 females, ages 18-33, mean 

age = 21) participated in the fMRI study. All participants were right-handed with normal or 
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corrected to normal vision. Prior to beginning the experiment, participants gave informed 

consent in accordance with a protocol approved by the Institutional Review Boards of 

Stanford University and The University of Texas at Austin. Participants received $20/hr 

for their involvement, and received additional bonus money based on task performance (up 

to $34). Data from 13 participants were excluded from analysis due to excessive head 

motion (5 participants), chance memory performance based on a binomial distribution (2 

participants, proportion correct less than 0.58), scanner malfunction resulting in loss of 

data (1 participant), and insufficient number of incorrect trials (10 or fewer incorrect trials) 

to permit subsequent memory analysis (5 participants). Thus, data from 24 participants (10 

female, ages 18-33, mean age = 22) were included in the fMRI analyses. All participants 

included in analysis had overall memory accuracy above 0.61 (mean ± SEM: 0.77 ± 0.02). 

Materials 

Stimuli consisted of 320 greyscale photographs of common objects organized into 

160 object pairs. Object pairs were further organized into high-value and low-value trials 

(80 pairs in each condition). The assignment of object pairs across reward conditions and 

the order of presentation were randomized across participants by assigning each participant 

to one of eight randomization groups.  

Procedures 

Encoding: Across eight event-related functional runs, participants intentionally 

encoded object pairs, half presented under high reward and half under low reward 
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conditions using a modified version of the monetary incentive encoding task (Adcock, et 

al., 2006). Each functional run consisted of 10 high-value and 10 low-value trials. The 

order of conditions was determined by a sequencing algorithm to optimize the efficiency of 

the event-related fMRI design (Dale, 1999). The assignment of events to high-value and 

low-value conditions and the assignment of object pairs was counterbalanced across 

participants. On each trial, a monetary cue was be displayed for 2s (either $2.00 or $0.10) 

indicating how much money a participant could earn for successfully recalling the 

association at test, followed by a 2s-7s variable fixation delay, 3s display of the object pair, 

and 13s of baseline (Figure 4.1A). Baseline consisted of six 2s trials of a modified 

odd/even task (Stark & Squire, 2001), immediately preceded and immediately followed by 

a 0.5s fixation. During each 2s baseline trial, a pair of digits between one and eight was 

presented on the screen for 1.75s followed by 0.25s of fixation, and participants indicated 

whether the sum of the digits was odd or even. During presentation of the object pairs, 

participants provided a judgment of learning (Kao, Davis, & Gabrieli, 2005), indicating 

how well they learned each association. These judgments were collected to ensure 

participants’ attention during the encoding phase and were not considered in the analysis of 

fMRI data. Participants were informed that they would be paid 20% of what they earned in 

the experiment in addition to the base pay of $20/hour. 

Retrieval (not scanned): Following encoding, participants were tested on their 

memory for all 160 pairs in a 2-alternative forced choice design. On each trial, a cue object 

appeared at the top of the screen and the participant chose one of the two probe objects 
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presented at the bottom of the screen (the object originally associated with the cue object 

and another previously viewed object). 

Stimuli were generated using Matlab (The MathWorks, Inc., Natick, MA, USA) on 

a Macbook laptop computer and back-projected via a magnet-compatible projector onto a 

screen that could be viewed through a mirror mounted above the participant's head. 

Participants responded with a button pad held in their right hand.  Prior to the encoding 

task, participants performed a version of the monetary incentive delay (MID) task 

(Knutson, Taylor, Kaufman, Peterson, & Glover, 2005) for 6 minutes. Following encoding, 

participants were asked to lie still and close their eyes during which time an additional 

functional run of 6 minutes was acquired. Neither analysis of the MID task nor rest scans 

are considered in this manuscript. Prior to scanning, participants practiced the encoding 

and retrieval tasks using stimuli distinct from those presented during functional scanning. 

FMRI Acquisition Procedures 

Imaging data were acquired on a 3.0 T GE Signa whole-body MRI system (GE 

Medical Systems, Milwaukee, WI, USA) with an 8-channel head coil array. Prior to 

functional scanning, a high-resolution, T2-weighted, flow-compensated spin-echo 

structural image (TR = 3s, TE = 63 ms, 0.43 x 0.43 inplane resolution) was acquired with 

39 1.7-mm thick slices perpendicular to the main axis of hippocampus (oblique coronal) to 

enable visualization of hippocampal subfields, MTL cortical regions and midbrain. A 

second high-resolution, T2-weighted, flow-compensated spin-echo structural image (TR = 

3 s, TE = 65.5 ms, 0.43 x 0.43 inplane resolution) was acquired with 17 2-mm thick slices 
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parallel to the main axis of hippocampus (oblique inplane axial). Functional images were 

acquired using a high-resolution T2*-sensitive gradient echo spiral in/out pulse sequence 

(Glover & Law, 2001) with the same slice locations as the second (oblique axial) high-

resolution structural image (TR = 2.5s, TE = 31ms, flip angle = 61°, FOV = 22 cm, 1.7 x 

1.7 x 2.0 mm resolution). Before functional scanning, a high-order shimming procedure, 

based on spiral acquisitions, was utilized to reduce B0 heterogeneity (Kim, Adalsteinsson, 

Glover, & Spielman, 2002).  

A total of 1745 volumes were acquired for each participant (164 during the MID 

scan, 180 during each of the 8 encoding scans, and 141 during the rest scan). To obtain a 

field map for correction of magnetic field heterogeneity, the first time frame of the 

functional timeseries was collected with an echo time 2 ms longer than all subsequent 

frames. For each slice, the map was calculated from the phase of the first two time frames 

and applied as a first order correction during reconstruction of the functional images. In 

this way, blurring and geometric distortion were minimized on a per-slice basis. In 

addition, correction for off-resonance due to breathing was applied on a per-time-frame 

basis using phase navigation (Pfeuffer, Van de Moortele, Ugurbil, Hu, & Glover, 2002). 

This initial volume was then discarded as well as the following three volumes of each scan 

(a total of 12 s) to allow for T1 stabilization. 

FMRI Analyses 

FMRI Preprocessing. FMRI data were analyzed using SPM5 (Wellcome 

Department of Cognitive Neurology, London, UK) and custom MATLAB routines. Images 
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were realigned to the first volume of the time series to correct for motion. A mean T2*-

weighted functional image was computed during realignment, and then to coregistered to 

the T2-weighted oblique inplane axial image. The T2-weighted oblique inplane axial 

image was coregistered to the T2-weighted oblique coronal image. Resulting 

coregistrations were applied to all functional images. A high-pass temporal filter (128s) 

was applied to all functional images. Functional images were then converted to percent 

signal change. Finally, a 3 mm smoothing kernel was applied to all functional volumes.  

Subject-level analysis of fMRI data: Voxel-based statistical analyses were 

conducted in SPM5 at the individual participant level according to the general linear model 

(Worsley & Friston, 1995). In order to examine how distributed codes in the MTL relate to 

memory performance, I extracted parameter estimates for each cue and stimulus event. To 

optimize estimation, I constructed a separate model for each event using a method 

described by Mumford and colleagues (Mumford, Turner, Ashby, & Poldrack, 2012). To 

generate regressors, events were treated as an impulse convolved with a canonical 

hemodynamic response function. For each event, the general linear model included a 

regressor for the single event, four additional regressors representing each of the four event 

types (high-value cue, high-value stimulus, low-value cue, and low-value stimulus) 

containing all of the remaining events, and motion parameters. Additionally the model 

included temporal derivatives for all regressors.  

High Resolution Normalization: High-resolution normalization was achieved using 

Advanced Normalization Tools (ANTS: http://www.picsl.upenn.edu/ANTS/) (Avants, et 

al., 2011). The first fifteen participant’s high-resolution oblique coronal images were used 
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to create a high-resolution template. To maximize alignment of MTL regions across 

subjects, MTL masks (a hippocampal mask and an MTL cortex mask consisting of PHc, 

PRc and ERc) were draw on individual subject’s high-resolution oblique coronal images 

and used as labels to guide normalization to the high-resolution template brain. Label-

guided alignment approaches implementing diffeomorphic transformations result in more 

accurate correspondence of the MTL across subjects and higher statistical sensitivity than 

standard methods (Yassa & Stark, 2009) while enabling us to detect potential 

heterogeneous responses within MTL subregions. A target template image was generated 

for statistical parametric mapping of functional data by reslicing the high-resolution 

template to 1.5mm isotropic voxel space. To enable second-level, group statistical analysis, 

the transformations generated from the anatomical data were applied to the first-level 

statistical contrast maps and beta images, using the 1.5mm template as the target.  

Anatomical ROI definition. Anatomically defined ROIs were demarcated on the 

high-resolution template using techniques adapted for analysis and visualization of MTL 

subregions (Amaral & Insausti, 1990; Insausti, et al., 1998; Preston, et al., 2010; Pruessner, 

et al., 2002; Pruessner, et al., 2000; Zeineh, Engel, & Bookheimer, 2000; Zeineh, Engel, 

Thompson, & Bookheimer, 2003). Eight MTL subregions were defined in each 

hemisphere: the hippocampal subfields (DG/CA2/3, CA1, and subiculum) within the body of 

the hippocampus and surrounding MTL cortices, including perirhinal cortex (PRc), 

parahippocampal cortex (PHc), and entorhinal cortex (ERc). Because the hippocampal 

subfields cannot be delineated in the most anterior and posterior extents of the 

hippocampus at the resolution employed, anterior hippocampal and posterior hippocampal 
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ROIs (inclusive of all subfields) were also demarcated on the most rostral and caudal 1-2 

slices of the hippocampus, respectively (Olsen, et al., 2009; Preston, et al., 2010; Zeineh, et 

al., 2003). These regions roughly correspond to MNI coordinates of y = 0 to y = -6 for the 

anterior hippocampus and y = -33 to y = -40 for the posterior hippocampus (Preston, et al., 

2010). Finally, inverse normalizations were applied to generate anatomical ROIs for each 

individual subject in native space. 

Representational Similarity Analysis. In order to measure similarity within and 

between event types, I conducted representational similarity analysis (Kriegeskorte, et al., 

2008) for which the pattern of activation during each event was correlated with the pattern 

of activity elicited on every other event. RSA analysis was conducted separately for each 

subject in native space. This analysis permitted examination of how distributed codes in 

the MTL distinguish between high-value and low-value events. Within each ROI, I 

computed pearson’s correlation between parameter estimates for each pair of events within 

the same functional run. The resulting correlation coefficients were then converted to 

fisher's z-values using fisher’s z-transformation to permit averaging across pairs of events.  

Next, I averaged within-reward-state and between-reward-state fisher's z-values separately 

for cue event and stimulus events. Specifically, for both the cue period and stimulus 

period, I obtained a mean fisher's z-value for 1) high-value with high-value events, 2) high-

value with low-value events, and 3) low-value with low-value events. I also obtained an 

overall measure of within-reward-state similarities by computing the average of (1) and 

(3).  
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I measured representational similarity (RSA values)–a measure of the strength of 

representation of reward context–as the difference between within-reward-state similarity 

and between-reward-state similarities. RSA values were also computed separately for high-

value and low-value events by subtracting between-reward-state similarity from within-

reward-state similarities within high-value or low-value events, respectively. To examine 

how distributed patterns of activation relate to memory for individual pairs, I further 

separated events by subsequent memory status (remembered, forgotten). Specifically, I 

measured within-reward-state similarities by computing average fisher's z-values between 

events of the same reward-state (high-value with high-value or low-value with low-value) 

separately for high-value remembered, high-value forgotten, low-value remembered, and 

low-value forgotten events. RSA values were then computed as the difference between 

resulting within-reward-state similarities and between-reward-state similarity. 

Statistical Analysis of RSA Values 

I used one-way t-tests to examine whether regions showed significant RSA values 

across participants, and paired t-tests to examine differences in RSA values between 

conditions. To examine the relationship between RSA values and subsequent memory 

status, I conducted 2x2 repeated measures ANOVA with reward value and subsequent 

memory status as factors, as well as paired t-tests comparing RSA values between 

remembered and forgotten associations for each reward value. 

To examine how individual differences in distributed codes for high-value and low-

value associations are related to behavioral performance, I conducted robust regression 
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analyses with RSA values as the independent variable and behavioral performance as the 

outcome measure. Separate analyses were conducted for hippocampus, ERc, PRc, and 

PHc. For all regression analyses, I applied robust regression by iteratively reweighting 

least squares to prevent the influence of outliers. To examine whether distributed codes in 

a specific hippocampal subfield are related to behavioral performance, I applied multiple 

linear robust regression with the RSA values in each subregion as regressors and 

behavioral performance as the outcome measure. 

RESULTS 

Behavioral Results 

At test, memory accuracy for high-value pairs (mean ± standard error (SEM): 0.80 

± 0.02) and low-value pairs (0.74 ± 0.02) was significantly above chance (both p < 0.001). 

Participants had better memory for high-value compared to low-value associations (t(23) = 

3.31, p = 0.003). Importantly, the degree to which participants showed better memory for 

high-value compared to low-value associations was not correlated with overall accuracy (r 

= 0.03, p = 0.90). Median reaction times at test did not differ between high-value (2.23 ± 

0.11) and low-value (2.27 ± 0.2) associations (t(23) = -1.29, p = 0.21). 

Representational Similarity Analyses (RSA) 

Previous multivariate analyses of fMRI data have suggested that distributed codes 

throughout the brain represent reward outcomes (Vickery, et al., 2011). To see if 

distributed codes within the MTL also represent reward context during motivated learning, 
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I computed RSA values (within-reward-state – between-reward-state similarities) within 

bilateral hippocampus, PHc, PRc, and ERc. All regions demonstrated significant RSA 

values, with greater within-reward-state compared to between-reward-state similarities, 

during both the cue period and stimulus period (all p < 0.01). Thus, distributed patterns of 

activation within the MTL distinguished between events associated with high-value and 

low-value monetary incentives.  

To examine whether RSA values differed between reward conditions, I next 

computed RSA values separately for high-value and low-value events. During the cue 

period, high-value and low-value RSA values did not differ in any region (all p > 0.2). 

During the stimulus period, however, greater RSA values were observed for high-value 

compared to low-value events in all regions (all p < 0.02), suggesting that high-value cues 

facilitate sustained representations of reward context during encoding. 

RSA and Subsequent Memory Status 

To examine how RSA values relate to memory for individual pairs, I further 

separated events by subsequent memory status (whether the association was later 

remembered or forgotten). During the cue period, RSA values were greater for high-value 

remembered compared to high-value forgotten associations within bilateral hippocampus 

(t(23) = 2.06, p = 0.05), with a significant interaction effect observed in left hippocampus 

(F(1,23) = 5.10, p = 0.03) . No other region showed a difference between remembered and 

forgotten RSA values during the cue period for high-value (all p > 0.08) or low-value (all p 

> 0.07) pairs, however PHc showed a main effect of memory across both reward 
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conditions, with greater RSA values for remembered, compared to forgotten associations 

(F(1,23) = 6.87, p = 0.02) (Figure 4.2A). During stimulus encoding, no region showed a 

difference in RSA values between remembered and forgotten associations for high value 

(all p > 0.06) or low-value (all p > 0.06) pairs (Figure 4.2B). These results suggest that 

hippocampal processes that represent reward context prior to stimulus presentation may 

facilitate subsequent encoding processes.  

Individual Differences in RSA 

I was also interested in how individual differences in distributed representations of 

reward relate to behavioral performance. In particular, I wanted to examine whether 

enhanced representation of reward context was associated with successful memory. I 

hypothesized that the degree to which individuals showed hippocampal representation of 

reward context would be positively associated with memory performance. To test this 

hypothesis, I conducted robust regression between RSA values and memory performance. 

During the cue period, no region showed a relationship between associative memory 

performance and RSA values (all p > 0.07). During the stimulus period, however, I 

observed a positive relationship between associative memory performance and RSA values 

in hippocampus (r = 0.45, p = 0.04) and ERc (r = 0.44, p = 0.05), but not PRc or PHc (p > 

0.2) (Figure 4.3A). To examine if this effect observed in hippocampus was driven by RSA 

values in a specific hippocampal subregion, I conducted a multiple linear robust regression 

analysis with associative memory performance as the outcome measure and RSA in each 
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hippocampal subregion as regressors. This analysis did not reveal a specific role for any 

region (all p > 0.5). 

Similarly, I was interested in whether representation of reward context was 

associated with behavioral sensitivity to reward. To examine this possibility, I examined 

the relationship between RSA values and behavioral reward modulation—the difference 

between high-value and low-value associative memory accuracy. Neither hippocampus nor 

MTL cortical regions showed this relationship during the cue period (all p > 0.09). During 

the stimulus period, hippocampus showed a positive relationship between behavioral 

reward modulation and the strength of representation of reward context (r = 0.32, p = 0.04) 

(Figure 4.3B). No cortical region showed this effect (all p > 0.1). Multiple regression 

analysis revealed that DG/CA2,3 was the only hippocampal subregion to show this 

relationship (p = 0.01, all other p > 0.1).  

As representation of reward context was greater for high-value compared to low-

value events during stimulus encoding, representation of high-value, but not low-value 

reward context during stimulus encoding may be associated with greater behavioral 

sensitivity to the reward manipulation. Specifically, representation of high-value reward 

context during stimulus encoding may facilitate memory processing for high-value, 

compared to low-value events. I hypothesized that during stimulus encoding, 

representation of reward context for high-value associations would be associated with 

greater behavioral reward modulation across participants. Indeed, I observed a positive 

correlation between RSA values for high-value associations during stimulus encoding and 

behavioral reward modulation in hippocampus (r = 0.40, p = 0.04) (Figure 4.3C). This 
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relationship was also observed in PHc (r = 0.30, p = 0.05), but not ERc or PRc (p > 0.6).  

To examine if this relationship was driven by representation of reward context in a specific 

hippocampal subregion, I conducted a multiple regression analysis with behavioral reward 

modulation as the outcome measure and RSA values for high-value events in each 

hippocampal subregion as regressors. This analysis also revealed a specific role for 

DG/CA2,3, (p = 0.009) and no other hippocampal subregion (all p > 0.1). Finally, I also 

conducted the same analysis using representation of reward context for low-value pairs, 

and found no correlation with behavioral reward modulation in any region (all p > 0.1). 

DISCUSSION 

In the present study, I observed patterns of activation within the hippocampus that 

distinguish between reward contexts during motivated learning. High-value cues elicited 

greater representation of reward context for remembered compared to forgotten 

associations. During stimulus encoding, representation of reward context was greater for 

high-value, compared to low-value pairs. Furthermore, greater hippocampal representation 

of reward context was associated with overall memory performance, and greater 

representation of reward context for high-value pairs was associated with enhanced 

memory for high-value compared to low-value pairs. Examination of activation patterns 

within hippocampal subfields revealed a unique role for DG/CA2,3 in reward modulation of 

associative memory encoding processes.  These results demonstrate that during motivated 

learning, distributed hippocampal patterns of activation that represent reward state can 

facilitate memory, and that the degree to which individuals maintain reward 



 70 

representations in DG/CA2,3 for highly motivating events is associated with enhanced 

memory for these events. 

Both animal and human research have indicated that reward can serve as a context 

that facilitates the reactivation of a memory representation (Kennedy & Shapiro, 2009; 

Kuhl, et al., 2010; Singer & Frank, 2009), however, to my knowledge the present study is 

the first to directly examine hippocampal representation of reward context during 

motivated learning through evaluation of distributed patterns activation. In one fMRI study 

of motivated learning in humans, enhanced activation within independently localized 

reward-related regions was associated with improved memory for past overlapping events 

(Kuhl, et al., 2010). This result is interesting because it suggests that activation in reward-

related regions may facilitate resistance to interference between past and present events 

during learning, however these results are based on changes in mean activation within 

reward-related regions. The present results extend this work by directly examining reward 

representations through multivariate patterns of activation. In rodents, distributed patterns 

of neuronal activation within hippocampus have been shown to distinguish between 

motivational states (animals deprived of water or food) during contextual retrieval 

(Kennedy & Shapiro, 2009). Additionally, in one study of reinforcement learning, reward 

outcomes were shown to be present throughout the brain (Vickery, et al., 2011). The 

present findings extend this work by showing that distributed patterns of activation within 

human hippocampus differentiate between reward contexts during motivated learning to 

support encoding of novel information. 
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During the anticipatory cue period immediately prior to object pair encoding, I 

observed greater hippocampal representation of reward context for high-value remembered 

compared to high-value forgotten associations. Importantly, this relationship was only 

observed for high-value associations in hippocampus; representation of reward context did 

not differ between low-value remembered and low-value forgotten associations. This result 

suggests that motivational cues modulate representation of reward context to support 

hippocampal processes that facilitate encoding in anticipation of stimulus presentation. 

This result is consistent with univariate results demonstrating that activation immediately 

preceding encoding predicts memory formation (Adcock, et al., 2006; Addante, et al., 

2011; Gruber & Otten, 2010; Mackiewicz, et al., 2006; Otten, et al., 2006; Park & Rugg, 

2009), and that monetary incentives can modulate these anticipatory processes to support 

learning (Adcock, et al., 2006; Gruber & Otten, 2010). The present results further suggest 

that this reward-based modulation occurs through changes in hippocampal representation 

of reward context. 

In contrast, PHc showed a main effect of memory during the cue period, with 

greater representation of reward context for remembered compared to forgotten 

associations. Thus, changes in distributed patterns of PHc activation preceding encoding 

predicted memory formation but were not modulated by reward. Current theories propose 

that PHc plays an important role in the representation of spatial and non-spatial contextual 

information surrounding individual events (Aminoff, Gronau, & Bar, 2007; Bar & 

Aminoff, 2003; Davachi, 2006; Diana, Yonelinas, & Ranganath, 2007). The observed 

relationship between representation of reward context during the cue and subsequent 
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memory status suggests that contextual representation in PHc may facilitate learning even 

when memories are not influenced by the particular value of reward per se. 

During the stimulus period, distributed codes in the MTL showed greater 

consistency in the representation of reward context for high-value, compared to low-value 

pairs. This difference suggests greater maintenance of reward context for high-value 

events, which could potentially facilitate encoding for these events. Enhanced maintenance 

of reward context may be due to enhanced salience of the high-value cues that drives 

motivational processes to influence MTL activation in a particular pattern. Future research 

may help determine whether this process is supported by automatic “bottom-up” responses 

or by an intentional “top-down” response to the cues (Corbetta, Patel, & Shulman, 2008). 

 Additionally, hippocampal representation of reward context during the stimulus period 

was positively correlated with enhanced associative memory across participants. Rather 

than demonstrating trial-by-trial differences, these result indicate that individuals who 

successfully maintain information about reward context during stimulus encoding show 

enhanced memory, and suggests that reward modulation of memory may depend on 

translating motivational significance from the time of reward cue presentation to the time 

of study. This process may involve a strategic approach to learning whereby information 

about reward is actively represented through selective attention. 

I also observed a positive relationship between hippocampal representation of 

reward context during the stimulus period and enhanced memory for high value compared 

to low value pairs. Furthermore, when representation of reward context was examined 

separately for high-value and low-value pairs, only enhanced representation of high-value 
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events was correlated with differences in associative memory performance between high-

value and low-value pairs. This result suggests that greater maintenance of reward context 

for highly motivated events facilitates memory for these events. 

Finally, the present results suggest that memory enhancements for highly 

motivating events may be supported by representation of reward context in DG/CA2,3. 

Multiple regression analysis revealed that DG/CA2,3 was the only hippocampal subregion 

to show a relationship between enhanced memory for high value compared to low value 

pairs and representation of reward context. This result is consistent with animal models 

indicating that increased dopaminergic drive associated with reward may specifically 

enhance plasticity at CA3-CA1 synapses to promote memory formation (Lisman & 

Otmakhova, 2001; Otmakhova & Lisman, 1999). It is also consistent with our recent 

findings demonstrating a correlation between enhanced DG/CA2,3 activation and reward 

modulation of memory (Wolosin, et al., 2012). The present results extent previous work by 

demonstrating that patterns of activation across multiple voxels in DG/CA2,3 representing 

reward states are associated with enhanced reward modulation of memory. 

By using pattern-information analysis to identify distributed patterns of activation 

across multiple voxels, I was able to examine how representation of reward context during 

encoding relates to associative memory. Previous research has shown that distributed 

codes within MTL can distinguish between different classes of content (Liang, Wagner, & 

Preston, 2012). The current results demonstrate that distributed MTL codes can also 

distinguish between reward context during motivated learning. One limitation of this 

approach is that activation patterns during the cue period may be biased to distinguish 
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high-value and low-value cues due to differences in the visual properties of the cue. 

However, activation patterns during the stimulus period are not biased to distinguish 

between condition, and activation patterns are not biased to show a relationship with 

subsequent memory status.  

In the present study, I used pattern-information analysis of fMRI data to examine 

how distributed hippocampal codes represent reward context during motivated learning in 

humans. I found that highly-valued monetary incentives to learn modulated hippocampal 

representation of reward context in anticipation of stimulus encoding to support memory 

formation. Furthermore, I found that maintained representation of reward context during 

stimulus encoding in hippocampus was associated with enhanced memory performance, 

and enhanced representation of reward context for highly-valued pairs in DG/CA2,3 was 

associated with reward-related changes in memory. Together, these results suggest that 

reward serves as a context that facilitates memory processing within the hippocampus. 
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Chapter 5:  Behavioral Effects of Timing of Reward Cue Presentation 

INTRODUCTION 

 The current fMRI research examining the influence of monetary incentives on 

encoding processes within the MTL suggest that monetary incentives may affect 

anticipatory processes that facilitate learning. Adcock and colleagues (2006) 

demonstrated that monetary incentives are associated with enhanced subsequent memory 

effects in the MTL prior to stimulus presentation, but not during stimulus encoding. In 

fMRI study 2 (Chapter 4) I demonstrated that anticipatory representation of reward 

context is associated with successful associative binding. Together, these results suggest 

that reward-based motivation modulates anticipatory processes that support encoding, 

however, it is not possible to determine from this research whether there is any benefit to 

presenting reward cues in advance of stimulus presentation.  

 The lack of subsequent memory effects during stimulus encoding in the study by 

Adcock and colleagues is inconsistent with previous fMRI research on memory, where 

subsequent memory effects in MTL during stimulus encoding are typically observed  

(Spaniol et al., 2009; Wolosin, et al., 2012). This raises the question of whether the 

subsequent memory effects observed during the cue period were influenced by changes in 

BOLD response during the stimulus period that, due to errors in estimation, may have 

been attributed to the cue period. 
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 In two experiments, I examined whether an anticipatory motivation period is 

necessary to observe the behavioral effect of reward on memory, or enhances the 

behavioral effect of reward on memory. In Experiment 1, I tested whether having 

additional time to process reward cues in advance of stimulus encoding would lead to 

enhanced reward modulation of memory compared to studying reward cues only during 

the time of stimulus presentation. In Experiment 2, I used timing similar to the study by 

Adcock and colleagues to examine whether there is a benefit to requiring participants to 

study reward cues in advance and maintain the reward information in short-term memory 

prior to stimulus encoding. Additionally, to examine whether reward cues could impact 

learning even after the stimulus is no longer visually available, half of the subjects in 

Experiment 2 participated in a modified version of the task where instead of presenting 

reward cues prior to stimulus presentation, reward cues were presented immediately after 

stimulus presentation. 

EXPERIMENT 1: METHODS 

Participants 

Twenty-eight undergraduates from the University of Texas at Austin (18 female, 

ages 18-23, mean age 19) participated in the experiment for course credit or received 

$10/per hour for their time, and had the opportunity to receive bonus money based on 

their performance ($10).  Prior to beginning the experiment, participants gave informed 

consent in accordance with a protocol approved by the Institutional Review Board of The 
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University of Texas at Austin. All participants had above-chance memory accuracy based 

on a binomial test (all accuracies above 0.58, mean ± SEM: 0.75 ± 0.02). 

Materials 

 Stimuli consisted of 480 color photographs of common objects organized into 240 

object pairs. Object pairs were further organized into high-value and low-value trials (120 

pairs in each condition). Participants studied 240 object pairs during the encoding phase, 

with 20% of the encoding pairs (24 high-value and 24 low-value) serving as mismatch 

probes for the cued recall phase. The presentation of object stimuli across reward 

conditions and the order of presentation were randomized across participants by 

assigning each participant to one of eight randomization groups. Reward cues consisted 

of pictures of stars or a null symbol indicating no stars. 

Procedures 

 Encoding. During encoding, object pairs were presented on the bottom of the 

screen, while a reward cue indicating how many stars a participant could earn for 

successfully recalling the association on a later memory test was presented on the top of 

the screen. In the simultaneous condition (half of all trials) the object pair and reward cue 

were presented together for 3 s, followed by 0.5 s fixation (Figure 5.1A). In the pre-

stimulus condition, an additional 3 s presentation of the reward cue immediately preceded 

the combined reward cue and object pair presentation (Figure 5.1B). Reward cues (either 

one star, five stars, or a null symbol indicating no stars) were evenly distributed between 



 78 

simultaneous and pre-stimulus conditions. To ensure participant's attention, participants 

provided a judgment of learning responses (Kao, Davis, & Gabrieli, 2005), during 

stimulus presentation. Participants were instructed that if they earned at least 275 out of a 

possible 384 stars, they would earn a $10 bonus.  

Cued Recall. Immediately following encoding, participants performed a cued 

recall task. Participants first performed a match/mismatch judgment (page 49, Figure 

3.1B). Next, participants were presented with an additional surprise source memory 

questions: “How much was that question worth?”, with possible answers "zero stars", 

"one star", "five stars", or "I don't know". All cued recall responses were self-paced. 

EXPERIMENT 1: RESULTS 

Associative Memory Performance 

 In this experiment, I was interested in whether the influence of monetary 

incentive cues on memory depends on additional time to study a reward cue  prior to 

stimulus encoding.  Memory performance was measured using corrected hit rate (hit rate 

- false alarm rate). Examining responses across all three reward levels (zero star, one star, 

five stars), repeated measures ANOVA revealed a linear effect of reward (F(1,27) = 

5.274, p = 0.03), but no effect of cueing (F(1,27) = 0.013, p = 0.9) on mean corrected hit 

rate. To determine that the effect of reward on memory performance is not dependent on 

the difference between no reward and some level of reward, I also conducted repeated 

measures within-subject ANOVA with the zero star pairs excluded. This analysis also 

revealed a linear effect of reward (F(1,27) = 4.41, p = 0.05) and no effect of cueing 



 79 

(F(1,27) < 0.01, p = 0.9). Indeed, mean corrected hit rates were nearly identical between 

simultaneous and pre-stimulus conditions over all three reward levels (Figure 5.2A). 

Thus, in this experiment, I have replicated reward effects observed in fMRI studies 1 and 

2, but additional time to study the cue did not result in any change to the impact of 

reward on memory. 

Source Memory (Memory for Reward Values) 

I also sought to examine if participants had source memory for the number of 

stars associated with each pair. Participants varied greatly in the number of trials where 

they indicated a star value for the source question at test, but on average indicated  “don’t 

know” on about half of all trials (mean ± standard error: 0.48 ± 0.06). Additionally, for 

trials where participants indicated a response, binomial tests revealed that only 16 out of 

the 28 participants had overall memory for star values that was significantly greater than 

chance. Thus, in general participants had poor memory for the number of stars associated 

with each pair.  

Although participants had low memory for the number of stars overall, it is 

possible that source memory was not equal across all reward levels. To examine how 

source memory differed between reward conditions, I restricted analyses to the 16 

participants who showed source memory accuracy that was significantly better than 

chance based on a binomial test. Each individual participant may be biased to one of the 

three possible responses, so examine source memory accuracy and account for this bias, I 

examined corrected hit rate for each reward level (hit rate - false alarm rate; where hit 
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rate = proportion of correct responses for the reward level; false alarm rate = proportion 

of responses where the reward level was incorrectly indicated for a pair of a different 

reward level). To examine whether memory for the reward values differed between 

reward conditions, I conducted paired t-test comparisons between the different reward 

levels. This analysis revealed that participants had significantly better source memory for 

the five star compared to one star pairs (t(15) = 5.03, p < 0.001). There was also a trend 

for greater source memory for zero star compared to one star pairs (t(15) = 1.87, p = 0.08; 

Figure 5.2B). These results indicate that participants were more accurate in remembering 

star values for five star and zero star pairs compared to one star pairs. 

EXPERIMENT 2: METHODS 

Participants 

Sixty-nine undergraduates from the University of Texas at Austin (42 female, 

ages 18-22, mean age 19) participated in the experiment for course credit and had the 

opportunity to receive bonus money based on their performance ($10).  Prior to 

beginning the experiment, participants gave informed consent in accordance with a 

protocol approved by the Institutional Review Board of The University of Texas at 

Austin. Data from three participants were excluded from analysis due to memory 

performance that was not above chance based on a binomial distribution (proportion 

correct less than 0.56). Thus, data from sixty-six participants (40 female, ages 18-22, 

mean age = 19) were included in the analyses. 
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Materials 

 Materials were identical to those in Experiment 1 (page 77).  

Procedures 

 Encoding. During encoding, object pairs were presented on the bottom of the 

screen. Several presentation periods were associated with each trial. These included an 

anticipation period of 1 s, a crosshair delay of 4 s, a stimulus presentation period of 3 s, 

and a post-stimulus period of 1 s (Figure 5.3A). A reward cue (one star, five stars, or a 

null symbol indicating no stars) presented at the top of the screen during one of three time 

periods indicated how many stars a participant could earn for successfully recalling the 

association on a later memory test. To ensure participant's attention, participants provided 

judgment of learning responses (Kao, Davis, & Gabrieli, 2005) during stimulus 

presentation. Following each trial, participants viewed a 2.5 s distractor task (Adcock, et 

al., 2006), preceded by a 0.5 s delay and followed by a 1 s delay (Figure 5.3B). In this 

distractor task, three arrows were presented for 0.667 s each, separated by a 0.25 s inter 

trial interval, and participants indicated whether the arrow pointed to the left or the right 

of the screen using a button press. Participants were instructed that if they earned at least 

275 out of a possible 384 stars, they would earn a $10 bonus. 

 Participants were randomly assigned to one of two groups to permit presentation 

of a sufficient number of trials within each condition to obtain reliable measures of 

memory. On half of the trials, reward cues were presented for all participants during the 

stimulus presentation period (simultaneous timing condition). On the other half of trials, 
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reward cues were presented in one of two non-simultaneous timing conditions: during the 

anticipation period for the pre-stimulus group (half of the participants), or during the 

post-stimulus period for the post-stimulus group (Figure 5.3A). I refer to these as the pre-

stimulus timing condition and post-stimulus timing condition, respectively. The three 

possible reward values (zero stars, one star, or five stars) were distributed equally 

between simultaneous and non-simultaneous cueing conditions. Participants viewed trials 

in one of six possible presentation orders determined by counterbalancing the order of 

simultaneous and non-simultaneous conditions between two sets of three randomly 

ordered lists. 

 Cued Recall. Immediately following encoding, participants performed a cued 

recall task. Participants first performed a match/mismatch judgment (page 49, Figure 

3.1B). As many participants responded "don't know" in response to the source memory 

question in Experiment 1, participants were first asked to indicate a source memory 

response for all trials: “How much was that question worth?”, with possible answers 

"zero stars", "one star", "five stars". Next, participants were asked to indicate their 

confidence in their source memory response: "How confident are you about the number 

of stars", with possible answers "sure", "somewhat sure/unsure", or "complete guess". All 

cued recall responses were self-paced. 
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EXPERIMENT 2: RESULTS 

Associative Memory Performance: Pre-stimulus group 

 Given the results of Experiment 1, it would appear that there is no benefit to 

having additional time to process the reward cue in advance of the stimulus presentation 

during motivated learning. However, participants in Experiment 1 were able to examine 

the reward cue during the stimulus presentation period regardless of whether or not the 

reward cue was presented in advance. Thus, it is possible participants did not attend to 

the reward cues until the stimulus encoding period. In Experiment 2, for the pre-stimulus 

group, I used a modified version of the experiment from Adcock and colleagues (2006) to 

examine whether there is a benefit to requiring participants to maintain reward cue 

information in short term memory prior to stimulus presentation. 

 To examine the effect of reward and timing condition on memory, I conducted 

repeated measures ANOVA with reward (zero stars, one star, and five stars) and timing 

condition (pre-stimulus, simultaneous) as factors and corrected hit rate (hit rate - false 

alarm rate) as the outcome measure. This analysis revealed a linear effect of reward 

(F(1,32) = 23.7, p < 0.001). To ensure that the observed effect of reward condition on 

memory performance was not driven by performance on zero star pairs, I also conducted 

repeated measures ANOVA with zero star pairs were excluded. This analysis also 

revealed a linear effect of reward (F(1,32) = 29.6, p <0.001). Thus, this study replicates 

the reward effects observed in previous experiments of reward motivated encoding. 
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 No effect of timing condition was observed (F(1,32) = 0.40, p = 0.5), however 

trend was observed for the interaction between the linear effect of reward and timing 

condition (F(1,32) = 3.76, p = 0.06). Post-hoc t-test comparisons reveal this trend for an 

interaction was driven by a difference between the two timing conditions for the five star 

reward level (t(32)=1.91, p = 0.06), with greater memory for trials where the reward cue 

was presented in advance of stimulus presentation (pre-stimulus condition) compared to 

during stimulus presentation (simultaneous condition; Figure 5.4A). In contrast, no 

difference was observed between timing conditions for zero star or one star pairs (both p 

> 0.5). These results suggest that presentation of reward cues prior to stimulus 

presentation may facilitate memory for highly motivated events.  

Associative Memory Performance: Post-stimulus Group 

 In the post-stimulus group, I examined whether reward cues would have an 

impact of memory even in the case when reward cues are not presented until after the 

stimulus is removed from the screen. Repeated measures ANOVA with reward (zero 

stars, one star, and five stars) and timing condition (pre-stimulus, simultaneous) as factors 

revealed a linear effect of both reward (F(1,32) = 8.34, p = 0.007) and timing condition 

(F(1,32) = 4.21, p = 0.05) on corrected hit rate. This analysis also revealed an interaction 

between reward and timing condition (F(1,32) = 5.48, p = 0.03). Post-hoc paired t-tests 

and examination of mean memory performance (Figure 5.4B) reveal that this effect was 

driven by the difference between timing conditions for the zero star reward level (t(32) = 

3.65, p < 0.001), with better memory for trials where the reward cue did not appear until 
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after object pair presentation. In contrast, memory performance was nearly identical 

between timing conditions for the non-zero reward levels (Figure 5.4B; both p > 0.8). 

Mean memory responses in the post-stimulus condition do not increase monotonically, as 

they do for all other variations of monetary incentive encoding tasks discussed in this 

document. This pattern of results suggests that in the post-stimulus condition, participants 

may be attending to stimuli with some degree of motivation due to the uncertainty in the 

possibility of reward.  

Source Memory (Memory for Reward Values) 

  As was observed in Experiment 1, participants had poor memory for the number 

of stars associated with each pair. Participants indicated low confidence ("complete 

guess") on nearly half of all trials (pre-stimulus group mean ± se: 0.48 ± 0.04, post-

stimulus group: 0.45+-0.04). Even after excluding trials labeled as "complete guess", 

binomial tests revealed that only 32 out of the 66 participants (12 from the pre-stimulus 

group and 20 from the post-stimulus group) had source memory accuracy (accuracy for 

the pair value) that was significantly greater than chance performance (33%). Thus to 

examine whether source memory differed between reward conditions, I restricted 

analyses to these 32 participants. To account for each individual participant's bias to 

respond with one of the three reward values, I first computed source memory corrected 

hit rate separately for each reward level (see pages 79-80). T-test comparisons between 

the different reward levels revealed that participants in both the pre-stimulus (Figure 

5.5A) and post-stimulus (Figure 5.5B) groups had significantly better source memory for 
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the five star compared to one star pairs (both p < 0.05) and for zero star compared to one 

star pairs (both p < 0.05). 

 I was also interested in whether memory for the reward value is associated with 

memory for the association.  To answer this question, I conducted a correlation analysis 

between memory for the pair value (proportion correct for the source memory question) 

and memory for the association (corrected hit rate for the match/mismatch judgment) 

across all participants. There was no correlation between memory for the pair value and 

memory for the association in the pre-stimulus group (p = 0.5), however a trend for a 

positive correlation was observed in the post-stimulus group (r(32) = 0.30, p = 0.09).  

 Finally, to examine whether memory for the reward value is associated with the 

behavioral memory benefit of reward, I measured the correlation between source memory 

accuracy and the difference between corrected hit rates for five star and one star trials. 

This analysis revealed a positive correlation for both pre-stimulus group (r(32) = 0.44, p 

= 0.01 Figure 5.5C) and post-stimulus group (r(32) = 0.60, p < 0.001; Figure 5.5D). 

Thus participants who remembered source also more likely to show reward modulation of 

memory.  

DISCUSSION 

Effects of Reward Cue Timing on Reward Modulation of Memory 

 The primary purpose of the two experiments presented in this chapter was to 

examine how timing of reward cue presentation influences reward modulation of 

memory. In Experiment 1, I examined whether additional time to view reward cues in 
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advance of stimulus presentation would lead to enhanced reward modulation of memory 

compared to viewing reward cues only during the time of stimulus presentation. I 

observed reward modulation of memory across both timing conditions, with no difference 

in memory performance between timing conditions for any of the reward values. This 

result may suggest that reward-based motivation may influence memory formation even 

when presented for a very brief period during presentation of the information to be 

learned. This result also indicates that additional time to study reward cues in advance of 

stimulus presentation does not enhance reward modulation of memory.  

 In Experiment 2, I examined how presentation of reward cues prior to, during, or 

immediately following stimulus encoding influenced reward modulation of memory. As 

with Experiment 1, I observed significant reward modulation of memory. In contrast to 

findings from Experiment 1, however, I found that additional time to process reward cues 

in advance of stimulus presentation resulted in enhanced memory for stimuli that 

predicted the highest level of reward. This result is consistent with the interpretation of 

that anticipatory processes supporting memory formation may be modulated by reward-

based motivation. 

 This discrepancy between studies may be explained by differences in 

experimental design. In Experiment 2, reward modulation of memory depended on 

participants maintaining information about the reward cue (either the actual reward 

information or perhaps a more general motivational state) during a 4 s delay prior to 

stimulus presentation. Thus, the results from Experiments 1 and 2 suggest that reward 

modulation of memory is enhanced by anticipatory reward cueing only when participants 
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are required to maintain information about the cue in short-term memory prior to 

stimulus encoding. Such maintenance of reward cue information may drive the 

representation of reward observed through multivariate patterns of MTL activation during 

this anticipatory period in fMRI study 2. The results of Experiments 1 and 2 extend the 

results of fMRI study 2 by suggesting that this anticipatory period is critical for 

behavioral reward modulation of memory, and is also consistent with the theory that 

binding of stimulus information to reward context may facilitate memory formation.  

 It should also be noted that the effect of timing condition observed in Experiment 

2 did not reach significance. Thus we do not have very strong evidence for a difference 

between timing conditions.  It is possible that larger differences in reward values, 

additional variations on time, or a similar study combining multiple timing conditions 

with parametric modulation of reward would reveal a significant effect. 

 In Experiment 2 I also examined whether reward cues would have an impact of 

memory even when not presented until after the stimulus is removed from the screen. 

Excluding trials of zero star value, I observed a significant effect of reward, but no 

difference between timing conditions. This suggests that encoding processes that 

continue to occur after the stimulus has been removed from the screen may also be 

subject to the influence of reward. This encoding process could be due to active rehearsal 

of stimulus information or some implicit form of information processing that the subject 

is unaware of. For the zero star reward condition, I observed enhanced memory 

performance for trials where the reward cue did not appear until after object pair 

presentation, compared to trials where the reward cue appeared with the object pair. It is 
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also interesting to note that the post-stimulus condition is the only case where associative 

memory did not increase monotonically with reward value. This result may reflect a 

difference in strategy within the post-stimulus group. Specifically, participants may be 

attending to stimuli with some degree of motivation in post-stimulus trials because there 

is uncertainty in the possibility of reward. This is a rational approach given that there is a 

2/3 possibility of these pairs being rewarded with either one or five stars. Alternatively, 

this difference for zero-valued trials may be driven by participants intentionally ignoring 

the simultaneously cued zero-valued trials.  

Source Memory 

 A secondary goal of these experiments was to examine whether participants could 

successfully remember the star values associated with each pair. In general, participants 

had poor memory for the star values, with only about half of participants demonstrating 

source memory accuracy that was significantly better than chance. Among these 

participants, however, memory for reward values was greater in the zero and five star 

condition compared to the one star condition. This result may reflect enhanced salience 

for values that appear at the extremes. Alternatively this may be driven by bias to use the 

middle response option (one star) that effectively dilutes evidence of significant memory 

for this response.   

 Examining responses across all participants, I observed a correlation between 

source memory accuracy and behavioral reward modulation. In other words, individuals 

who showed the greatest memory for reward values also showed the greatest 
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enhancements of associative memory by reward. As with the previous findings, this 

results is consistent with the theory that binding the reward context to an event facilitates 

memory particularly for events that lead to the highest level of reward.  

Conclusions 

 Together, the results of these two experiments suggest that while presentation of 

reward cues in advance of stimulus presentation may not be necessary to successfully 

motivate encoding by monetary incentives, maintenance of reward cue information in 

short-term memory prior to stimulus presentation may provide a distinct advantage for 

stimuli that lead to the highest level of reward. These results indicate that the anticipatory 

period prior to stimulus encoding examined by Adcock and colleagues (2006) and fMRI 

Studies 1 and 2 are behaviorally relevant for reward modulation of memory. Along with 

the results from fMRI study 2, these results suggest that representation of reward context 

facilitates memory specifically for events that lead to the highest level of reward.  
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Chapter 6:  General Discussion 

OVERVIEW 

The reported research examined how reward-based motivation impacts 

associative encoding and retrieval processes within the MTL of the human brain. In fMRI 

Study 1 (Chapter 2), I investigated how motivational incentives influence MTL 

subregional function during encoding and retrieval of novel associations. In fMRI study 2 

(Chapter 4), I examined how representation of reward context influences associative 

memory processing within MTL subregions both prior to and during encoding. In 

Chapters 3 and 5, I examined how associative memory is influenced by incremental 

changes in reward incentives and the timing of presentation of reward cues.  

BEHAVIORAL REWARD MODULATION OF MEMORY 

 In a series of behavioral and fMRI experiments, a high-value or low-value reward 

cue preceded a pair of objects indicating potential reward for successful retrieval of the 

association on a later memory test. Across all experiments, I observed reward modulation 

of memory, where participants were more likely to remember object pairs linked to high-

value compared to low-value rewards. This was true regardless of whether monetary 

values were explicitly used or whether a point system (number of stars) was 

implemented. Furthermore, even when more than two non-zero reward values were 

employed (Chapter 3), memory performance increased monotonically with increasing 

reward value. These results extend previous work demonstrating reward modulation of 
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memory (Adcock, et al., 2006; Gruber & Otten, 2010; Murayama & Kuhbandner, 2011), 

by showing that reward-based motivation can enhance associative memory as well as 

memory for individual items. 

REWARD MODULATION OF ASSOCIATIVE MEMORY PROCESSING IN MTL SUBREGIONS  

One of the primary goals of this research was to examine how reward-based 

motivation differentially impacts associative memory processing within distinct MTL 

subregions. Given previous evidence implicating the hippocampal subfield CA3 in the 

rapid acquisition of new memories (Eldridge et al., 2005; Zeineh et al, 2003; Gilbert & 

Kesner, 2003; Lee & Kesner, 2004; Cravens et al., 2006), I hypothesized that reward-

based motivation would impact associative memory processing specifically within CA3 

(measured as the combined region DG/CA2,3). The results of both fMRI Study 1 and 

fMRI Study 2 suggest that PHc and hippocampal subfield CA3 may play a particularly 

important role in reward modulation of associative memory.  

Reward Modulation of Parahippocampal Cortex (PHc) Encoding Mechanisms 

In both fMRI Studies, PHc activation was influenced by reward. In fMRI Study 1, 

I observed subsequent memory effects in PHc that were modulated by reward, with 

greater activation for remembered compared to forgotten associations for high-value but 

not low-value pairs. In fMRI Study 2, multivariate patterns of PHc activation showed 

greater reward representation in anticipation of object pairs that were later remembered 

compared to object pairs that were later forgotten. These results are consistent with 
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previous research demonstrating a role for PHc in both associative learning (Davachi, et 

al., 2003; Dobbins, et al., 2003; Duzel, et al., 2003; Kirwan & Stark, 2004; Ranganath, et 

al., 2004) and representation of spatial and non-spatial contextual information 

surrounding individual events (Aminoff, et al., 2007; Bar & Aminoff, 2003; Davachi, 

2006; Diana, et al., 2007). It is important to note that these effects occurred at different 

times, with reward representations in PHc related to memory during the anticipatory cue 

period, and mean activation within PHc subsequent memory regions related to memory 

during object pair encoding. The results suggest that enhanced reward representations for 

remembered compared to forgotten events during the anticipatory cue period may 

facilitate encoding processes in the upcoming stimulus period. Together, these results 

suggest that PHc may play an important role in reward modulation of memory. 

Individual Differences in Reward-related Changes in DG/CA2,3 Activation are 

Associated with Reward Modulation of Memory 

In both fMRI Studies 1 and 2, individual differences in the behavioral effect of 

reward on memory were specifically related to changes in activation related to reward 

within DG/CA2,3. In fMRI Study 1, behavioral reward modulation of memory was 

positively correlated with reward-related changes in DG/CA2,3 encoding activation, with 

larger reward-based enhancements in memory performance associated with greater 

DG/CA2,3 activation for high-value remembered relative to low-value remembered 

associations. In fMRI Study 2, behavioral reward modulation of memory was positively 

correlated with the strength of representation of reward context in DG/CA2,3, with larger 



 94 

reward-based enhancements in memory performance associated with greater consistency 

in multivariate activation patterns among events of the same reward value compared to 

events of different reward values. This work extends previous high-resolution fMRI 

studies suggesting a selective role for DG/CA2,3 during encoding (Eldridge, et al., 2005; 

Zeineh, et al., 2003), by demonstrating that associative memory processing in this region 

is modulated by motivational incentives to learn.  

Interactions Between VTA/SN and MTL 

 Current theory suggests that reward may influence memory encoding through 

interactions between midbrain regions that respond to reward (VTA/SN) and the 

hippocampus (Shohamy & Adcock 2010). Several studies have suggested that 

hippocampal-midbrain interactions may support memory formation (Wittmann, et al., 

2005; Adcock, et al., 2006; Shohamy & Wagner, 2008). Additionally, behavioral 

differences in reward sensitivity during feedback learning are related to mesolimbic 

dopamine function (Schonberg et al., 2007; Hahn et al., 2010; Linke et al., 2010).  Based 

on this evidence, I hypothesized that hippocampal-midbrain interactions would be 

modulated by reward value during motivated encoding. In fMRI Study 1, activation in 

VTA/SN was modulated by reward, with greater activation for high-value, compared to 

low-value events. Consistent with the results of Adcock and colleagues (2006), I also 

observed that VTA/SN activation was associated with subsequent memory, with greater 

activation for remembered compared to forgotten associations for object pairs that led to 

high-value but not low-value rewards. This result may reflect enhanced dopamine release 
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from VTA/SN in response to high-value cues when participants are successfully 

motivated to learn. Alternatively, subsequent memory effects in VTA/SN may reflect the 

downstream influence of hippocampal outputs. Consistent with the hypothesis that 

reward impacts hippocampal-midbrain interactions, I also observed that sustained 

functional connectivity between VTA/SN and DG/CA2,3 during both encoding and 

retrieval was associated with behavioral reward modulation of memory. Specifically, 

individuals with enhanced connectivity between these regions throughout the task 

showed enhanced greater differences in associative memory between high-value and low-

value object pairs. As with the results described above this suggests a unique role for the 

hippocampal region DG/CA2,3 in reward modulation of memory.   

THE ROLE OF REWARD REPRESENTATION IN EPISODIC MEMORY 

Behavioral Evidence for Reward Representation 

 In Chapter 5, I examined how timing of reward cue presentation influences 

reward modulation of associative memory in two experiments. In two experiments, I 

examined whether additional time to view reward cues during an anticipatory period prior 

to stimulus presentation would lead to enhanced reward modulation of memory compared 

to viewing reward cues only during the time of stimulus presentation. The pattern of 

results suggest that memory for high-value pairs was enhanced by anticipatory reward 

cueing only in the case where the reward cue was removed from the screen prior to 

stimulus presentation. Although the effect did not reach significance, this pattern suggests 

that maintenance of reward cue information in short-term memory prior to stimulus 
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presentation may facilitate reward modulation of memory by providing a distinct 

advantage for stimuli that lead to the highest level of reward. This also suggests that the 

anticipatory period prior to stimulus encoding examined by Adcock and colleagues 

(2006) and fMRI Studies 1 and 2 are behaviorally relevant for reward modulation of 

memory.  

 Based on the theory that reward facilitates memory formation by serving as an 

additional contextual cue that is bound to the information to be encoded (Shohamy & 

Adcock, 2010), I hypothesized that participants would implicitly encode reward values 

that preceded object pairs, and that memory for reward values would be associated with 

memory for the object pairs. Thus, in Chapters 3 and 5, I also examined whether 

participants could successfully remember the reward values associated with each pair. I 

observed that participants had poor memory for the reward values, and memory for 

reward values was not correlated with overall associative memory. However, I did 

observe that individuals who showed the greatest memory for reward values also showed 

the greatest enhancements of associative memory by reward. This result suggests that 

binding of reward context to an event may facilitate memory for events that lead to the 

highest level of reward.  

Reactivation of Reward During Retrieval 

 In fMRI Study 1, I hypothesized that enhanced recall of contextual information 

for high-value events would be reflected in hippocampal cued recall responses. Indeed, in 

the absence of reward cues during cued recall, I observed activation in hippocampus, 
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PHc, and VTA/SN that was greater for object pairs associated with high-value compared 

to low-value reward at the time of study. This is consistent with recent evidence 

suggesting that representation of rewards associated with prior events are reactivated by 

current overlapping events (Kuhl et al., 2010). This enhanced activation for high-value 

events could reflect reactivation of value information that helps establish an expectation 

of reward (Schultz, 1998; Schultz, et al., 1993), or could reflect processes that support re-

encoding of value-pair associations at test (Stark & Okado, 2003). One possibility is that 

high-value motivational reward cues increase dopamine levels within the hippocampus 

during encoding, resulting in establishment of synaptic tags that increase the likelihood 

that those same synapses will be reactivated in response to partial inputs (Morris et al., 

2003). In this way, this activation may reflect the output of hippocampal pattern 

completion processes that successfully reinstate both the object pair and the reward 

context in which the object pair was learned.  

Multivariate Patterns of Activation Representing Reward are Associated with 

Successful Encoding 

 In fMRI Study 2, I examined how reward-based motivation influenced 

representation of reward context through multivariate patterns of activation. I 

hypothesized that MTL representation of reward context in anticipation of object pairs 

would facilitate memory for upcoming stimuli. Indeed, representation of reward context 

was associated with memory success, with greater representation of reward context for 

remembered compared to forgotten associations within hippocampus (for high-value 
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pairs only) and PHc. The observed enhanced reward representation during the 

anticipatory cue period may reflect maintenance of reward information in short-term 

memory, which could serve to facilitate memory processing at the time of encoding. This 

interpretation is consistent with results from Chapter 5 suggesting that the anticipatory 

cue period is behaviorally relevant, in particular when reward cue information must be 

maintained in short-term memory prior to encoding. 

 One possible mechanism by which this reward representation may facilitate 

memory is through interactions with VTA/SN. Anticipatory reward representations may 

drive VTA/SN responses, resulting in enhanced dopamine release to hippocampus at the 

time of stimulus encoding. Enhanced dopamine release to the hippocampus may in turn 

to facilitate memory processing during encoding, and reactivation during retrieval, as 

suggested by fMRI Study 1. This view is consistent with a model of hippocampal-

midbrain interactions indicating that these regions form a functional loop (Lisman & 

Grace, 2005). 

 During object pair encoding, representation of reward context was greater for 

high-value compared to low-value pairs in all MTL regions. Furthermore, greater 

hippocampal representation of reward context was associated with overall memory 

performance and behavioral reward modulation of memory. Along with retrieval results 

from fMRI Study 1 showing enhanced re-activation for high-value pairs in the absence of 

explicit cues to reward, this result suggests that binding of reward cue information to the 

stimulus may be enhanced for high-value events. This is also supported by behavioral 
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evidence from Chapter 5, as memory for reward value was associated with enhanced 

memory for high-value, compared to low-value pairs.  

LIMITATIONS AND FUTURE DIRECTIONS 

 There were several limitations associated with the present research. First, the 

present results are based on results of a study using a paradigm which tests how 

motivational cues influence associative memory, and it is unknown how these results 

may generalize to reward learning in general or other forms of memory. Second, results 

from the behavioral experiments and Chapter 3 and 5 may not necessarily generalize to 

all variations of the task. Ideally source memory responses would have been collected 

from fMRI participants. It should also be noted that the effect of timing condition 

observed in Experiment 2 did not reach significance. It is possible that larger differences 

in reward values, additional variations on time, or a similar study combining multiple 

timing conditions with parametric modulation of reward would reveal a significant effect. 

 In regards to examination of MTL subregional activation, while the present results 

suggest an important role for PHc and DG/CA2,3, I cannot rule out the possibility that 

other regions are involved in reward modulation of memory during motivated learning. 

Indeed, some comparisons were close to my statistical threshold (α = 0.05), suggesting 

that the observed effects may not be unique to PHc and DG/CA2,3.  Additionally, because 

I could not collect high-resolution data for the entire brain, I was restricted to 

examination of MTL and midbrain, but these regions are most certainly not the only ones 

involved in reward modulation of memory during motivated learning. For example, a 
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recent study using dynamic causal modeling indicated that dorsolateral prefrontal cortex 

(dlPFC) may modulate VTA activation under reward motivation, suggesting dlPFC could 

play an important role  (Ballard et al., 2011). Future research using standard resolution 

imaging may elucidate how prefrontal-midbrain-MTL interactions may relate to reward 

modulation of memory. In addition to examining activation in other regions, there are 

other avenues for potential future research. For example, an experiment using a slow-

event related retrieval task could be used to test whether multivariate patterns of 

activation at the time of retrieval distinguish between stimuli that were associated with 

different levels of reward at encoding. 

CONCLUSIONS  

 The research presented in this dissertation examined how reward incentives 

influence associative memory processing with MTL subregions of the human brain. 

Results indicate that reward-based motivation enhances associative memory processing 

specifically within DG/CA2,3 through interactions with reward-related midbrain regions. 

Additionally, these results suggest that associative memory may be facilitated when 

information about reward context is incorporated into stored memory representations. By 

using a combination of behavioral and high-resolution fMRI experiments, I was able to 

investigate neurobiological models of MTL function that could previously only be 

studied in animals. Collectively, these findings shed light on fundamental mechanisms 

through which reward-based motivation impacts associative memory. 
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Figure 2.1. Encoding and cued recall tasks in fMRI Study 1  

(A) During each encoding trial, participants viewed monetary cues indicating the possible 
reward for successfully recalling the association at test, followed by a pair of objects.  
Associative encoding trials were jittered with an odd-even baseline task. (B) During cued 
recall, a studied object was presented as a cue followed by a delay period during which 
participants were instructed to recall the learned associate.  At the end of the trial, a probe 
object was presented that was either the correct association (a match) or a studied object 
that was paired with another object during encoding (a mismatch).  After providing a 
match or mismatch response, participants received feedback regarding their performance.  
As with encoding, cued recall trials were jittered with an odd-even baseline task. 
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Figure 2.2. Behavioral results in fMRI Study 1 

(A) Percentage of hits (white bars) and false alarms (gray bars) for high-value and low-
value associations.  Error bars represent standard error of the mean. (B) Cued recall 
performance (as measured by overall corrected hit rate) as a function of behavioral 
reward modulation (the difference in corrected hit rate for high and low-value 
associations).  Overall corrected hit rate was not correlated with the degree of behavioral 
reward modulation (p > 0.5). 
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Figure 2.3. Regions differentially sensitive to reward value during encoding  

Encoding activation in VTA/SN and several MTL subregions (shown in red) showed 
greater activation for high-value relative to low-value associations. An orange dotted 
outline indicates the location of VTA/SN on a representative slice. 
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Figure 2.4. Reward modulation of successful memory formation  

(A) Encoding activation in VTA/SN and several MTL subregions (shown in red) was 
associated with subsequent cued recall performance, with greater activation for 
remembered relative to forgotten associations. An orange dotted outline indicates the 
boundaries of the anatomical VTA/SN region on a representative slice (see Methods for 
full description of localization procedures). (B) Subsequent memory effects (remembered 
> forgotten associations) in MTL and VTA/SN plotted as a function of reward value: 
high-value remembered (dark blue), high-value forgotten (light blue), low-value 
remembered (red), and low-value forgotten (pink).  A significant reward x memory 
interaction was observed in right PHc and VTA/SN (denoted by a ⊗). Error bars 
represent standard error of the mean. Asterisks indicate significant pairwise differences (p 
< 0.05). 
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Figure 2.5. Brain-behavior correlations during associative encoding 

We observed a positive relationship between the reward effect for successfully 
remembered events (high-value remembered parameter estimate – low-value remembered 
parameter estimate) in DG/CA2,3 and behavioral reward modulation of memory (corrected 
hit rate for high-value trials – corrected hit rate for low-value trials). 
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Figure 2.6. Sustained functional connectivity between VTA/SN and MTL  

(A) Activation in DG/CA2,3 (shown in red) for which functional connectivity with 
VTA/SN was positively correlated with behavioral reward modulation during associative 
encoding. (B) Activation in DG/CA2,3 (shown in red) for which functional connectivity 
with VTA/SN was positively correlated with behavioral reward modulation during cued 
recall.  
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Figure 2.7. Regions differentially sensitive to reward value during retrieval 

(A) Direct comparison of high-value and low-value cued recall trials revealed enhanced 
activation for high-value information in VTA/SN and MTL subregions (shown in red). 
An orange dotted outline indicates the boundaries of the anatomical VTA/SN region on a 
representative slice (B) Cue and delay period activation as a function of memory 
(remembered and forgotten associations) and reward (high- and low-value associations) 
in MTL and VTA/SN: high-value remembered (dark blue), high-value forgotten (light 
blue), low-value remembered (red), and low-value forgotten (pink) within regions 
showing a reward effect (high-value > low-value). Error bars represent standard error of 
the mean. Asterisks indicate significant pairwise differences (p < 0.05). 
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Figure 2.8. Regions sensitive to retrieval success during cued recall  

(A) Cue and delay period activation at test was associated with cued recall success in 
MTL and VTA/SN (shown in red), with greater activation for successfully recalled 
relative to forgotten associations. An orange dotted outline indicates the boundaries of the 
anatomical VTA/SN region on a representative slice. (B) Retrieval success effects 
(remembered > forgotten associations) in MTL and VTA/SN plotted as a function of 
reward value: high-value remembered (dark blue), high-value forgotten (light blue), low-
value remembered (red), and low-value forgotten (pink).  A significant reward effect for 
successfully remembered events (high-value remembered parameter estimate – low-value 
remembered parameter estimate) was observed in left subiculum and left PHc. Error bars 
represent standard error of the mean. Asterisks indicate significant pairwise differences (p 
< 0.05). 
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Figure 3.1. Encoding and cued recall tasks in Chapter 3  

(A) During each encoding trial, a pair of objects appeared on the bottom of the screen and 
a reward cue indicating how many stars the participant could earn for correctly recalling 
the association at test appeared at the top of the screen. Each encoding trial was followed 
by a variable length fixation delay (3 s, 4 s, or 5 s). (B) During cued recall, a single 
familiar object was presented and after a delay, participants responded with four possible 
options ("definitely match", "maybe match", "maybe mismatch", or "definitely 
mismatch"). 
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Figure 3.2. Memory performance as a function of reward 

Examination of mean corrected hit rate for the object pair across all five reward 
conditions show that memory performance increases monotonically with reward value. 
Error bars represent standard error of the mean. 
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Figure 4.1. Encoding task in fMRI Study 2 and representation of RSA analysis 

(A) During each encoding trial, participants viewed monetary cues indicating the possible 
reward for successfully recalling the association at test, and after a variable delay, viewed 
a pair of objects, followed by 13 s of baseline task. (B) Representation of RSA Analysis 
during stimulus encoding. RSA values were computed as the difference between within-
reward-state similarity (mean of all similarities within events of the same reward value, 
e.g. shown in green) and between-reward-state similarities (mean of all similarities 
between events of different reward value, e.g. shown in purple). 
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Figure 4.2. RSA results  

(A) RSA values (within-reward-state – between reward-state similarities) during the cue 
period for all high-value remembered (dark blue), high-value forgotten (light blue), low-
value remembered (red), and low-value forgotten (pink) events. Significantly greater 
RSA values were observed for high-value remembered compared to forgotten 
associations in hippocampus. Additionally, PHc showed a main effect of memory 
(remembered > forgotten, denoted by a ⊕). Error bars represent standard error (SEM). 
(B) RSA values during the stimulus period. A main effect of reward (high-value > low-
value, denoted by bracket and *) was observed in hippocampus, PRc, and PHc. 
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Figure 4.3. Brain-behavior correlations in bilateral hippocampus  

P-values shown are generated using robust regression. We observed positive correlations 
between (A) RSA values (within-reward-state – between reward-state similarities) and 
overall memory accuracy (B) RSA values and behavioral reward modulation of memory 
(high-value – low-value associative memory accuracy) (C) RSA values for high-value 
events (high-value within-reward-state similarities – between reward-state similarities) 
and behavioral reward modulation of memory. 
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Figure 5.1. Encoding task in Experiment 1 of Chapter 5 

(A) During each encoding trial in the simultaneous condition, a pair of objects appeared 
on the bottom of the screen and a reward cue indicating how many stars the participant 
could earn (zero stars, one star, or five stars) for correctly recalling the association at test 
appeared at the top of the screen for 3 s. (B) In the pre-stimulus condition, reward cues 
appeared alone for an additional 3 s immediately prior to the presentation of object pair 
and reward cue. 
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Figure 5.2 Behavioral performance in Experiment 1 of Chapter 5 

(A) Mean memory performance (corrected hit rate) for object pair associations at each 
reward level (zero stars, one star, five stars) plotted separately for pre-stimulus (blue) and 
simultaneous (red) timing conditions. (B) Mean corrected hit rate for source memory 
(memory for star values) at each reward level. Error bars represent standard error of the 
mean. 
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Figure 5.3 Encoding task in Experiment 2 of Chapter 5 

(A) Each encoding trial consisted of four presentation windows: the pre-stimulus (1 s), 
delay (4 s), stimulus (3 s), and post-stimulus (1 s) time windows. In all three conditions, a 
pair of objects appeared at the bottom of the screen during the stimulus window. A 
reward cue indicating how many stars the participant could earn (zero stars, one star, or 
five stars) for correctly recalling the association at test appeared at a different time for 
each condition: during the stimulus window (simultaneous condition), pre-stimulus 
window (pre-stimulus condition), or post-stimulus window (post-stimulus condition). An 
orange crosshair appeared during the pre-stimulus window to indicate the start of the trial 
in simultaneous and post-stimulus conditions. (B) Immediately following each trial, 
participants performed a 2.5 s distractor task by indicating whether an arrow pointed to 
the left or right of the screen using a button press. 
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Figure 5.4. Associative memory performance in Experiment 2 of Chapter 5 

(A) Mean memory performance for object pair associations (corrected hit rate) at each 
reward level (zero stars, one star, five stars) plotted separately for pre-stimulus (blue) and 
simultaneous (red) timing conditions in the pre-stimulus group. (B) Mean memory 
performance for object pair associations at each reward level plotted separately for 
simultaneous (red) and post-stimulus (green) timing conditions in the post-stimulus 
group. (C) Plots of mean difference in associative memory performance between pre-
stimulus and simultaneous conditions for the pre-stimulus group (D) Plots of mean 
difference in associative memory performance between post-stimulus and simultaneous 
conditions for the post-stimulus group. Error bars represent standard error of the mean.  
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Figure 5.5. Source memory performance in Experiment 2 of Chapter 5 

(A) Mean corrected hit rate for source memory (memory for star values) at each reward 
level (zero stars, one star, five stars) within the pre-stimulus group. Error bars represent 
standard error of the mean. (B) Mean corrected hit rate for source memory within the 
post-stimulus group. (C) Correlation between source memory accuracy (proportion 
correct on source question) and behavioral reward modulation (high-value - low-value 
corrected hit rate for the object pair association) within the pre-stimulus group (D) 
Correlation between source memory accuracy and behavioral reward modulation within 
the post-stimulus group. 
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