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ABSTRACT 

 

 Our remarkable ability to relive personal experiences, referred to as episodic 

memory, is a vital topic of research in both psychology and neuroscience. Evidence from 

neuropsychological work, animal lesions, electrophysiology, and non-invasive imaging 

all points toward the hippocampus playing a central role in supporting episodic encoding 

and retrieval. The complex nature of these memories, however, places conflicting 

demands on the hippocampus during encoding and retrieval, resulting in potential 

tradeoffs in terms of pattern completion vs. separation, plasticity, and how information is 

routed through the system. The potential existence of these tradeoffs begs a crucial 

question: How can a single structure, the hippocampus, support both encoding and 

retrieval? One proposed solution is that neuromodulatory loops regulate hippocampal 

processing, biasing it toward encoding in the presence of unexpected events and toward 

retrieval when the environment matches expectations. Although these issues have 

received extensive treatment in theoretical models, they have been comparatively under-

explored in the domain of human cognitive neuroscience. The experiments in this 

dissertation explore several predictions from this work using a combination of 

techniques, including behavioral manipulations, functional connectivity analyses, and 

measures of trial-evoked responses using high-resolution and conventional-resolution 

fMRI. In the first study, we found evidence for temporally extended behavioral biases 

following encoding and retrieval events, suggesting that mnemonic biases can be 
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established in the episodic memory system. The second study measured functional 

connectivity within the medial temporal lobe and midbrain nuclei and revealed evidence 

for a double dissociation between the networks that support encoding and retrieval, with 

connectivity within the hippocampus associated with retrieval, while connectivity 

between the hippocampus and the ventral tegmental area was associated with encoding. 

In our third study, we found evidence for a signal that is posited by theoretical research to 

regulate encoding and retrieval biases. Lastly, in the final study, we found evidence that 

this signal can be modulated by goals, suggesting that hippocampal processing can be 

influenced by more than computations of perceptual novelty. Together, these studies 

employ a novel approach to human memory research and exemplify how high-resolution 

imaging techniques can help to bridge research conducted in animals and humans. 
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INTRODUCTION 

 

 Our memory abilities go beyond allowing us to change our behavior based on past 

experience. They also allow us to re-experience events from our past in remarkable 

detail. This capacity for “mental time travel” is referred to as episodic memory (Tulving, 

1983). Decades of research in psychology and neuroscience have focused on better 

understanding the characteristics of these episodic memories and the neural structures 

that support them (Cohen & Eichenbaum, 1993; Davachi, 2006; Eichenbaum, Yonelinas, 

& Ranganath, 2007; R. Henson, 2005; Mayes, Montaldi, & Migo, 2007; Scoville & 

Milner, 1957; Squire, 1992). More recently, researchers have also begun to explore the 

interplay between episodic encoding and retrieval. This relationship is complicated by the 

fact that most of our experiences contain both novel and familiar elements. Thus, at any 

given moment we could either lay down a distinctive memory trace to allow for 

subsequent retrieval, or we could retrieve memories that are related to the familiar 

components of an unfolding event. This conflict leads to certain crucial questions about 

the human memory system: Are we able to simultaneously encode and retrieve episodic 

memories? Are there costs to performing both the processes at the same time? What 

determines which events are encoded and which events will be treated as a retrieval cue?  

 Several theoretical models, called comparator models, have addressed these 

questions by proposing a mechanism that can regulate how information is processed in 

the hippocampus (Hasselmo & Schnell, 1994; Hasselmo, Schnell, & Barkai, 1995; 



 2 

Hasselmo, Wyble, & Wallenstein, 1996; Kumaran & Maguire, 2007b; Lisman & Grace, 

2005; Meeter, Murre, & Talamini, 2004; Vinogradova, 2001), a brain region that is 

known to be necessary for both episodic encoding and retrieval (Scoville & Milner, 1957; 

Squire, 1992). These models have several common features. First, they propose that 

hippocampal processing can be biased toward encoding or retrieval at different times. 

Second, they argue that these biases are established by a computation performed in the 

hippocampus. Third, they propose that the regulation is not provided directly by the 

hippocampal signal. Rather, according to these models, the signal travels through multi-

synaptic pathways where it can be integrated with motivation, goal, or salience 

information before returning to the hippocampus in the form of neuromodulatory input. 

This neuromodulatory input, in turn, has been proposed to influence plasticity (Hasselmo, 

et al., 1995; Lisman & Grace, 2005), the likelihood of reactivating associated memory 

traces (Hasselmo, et al., 1995), and the way that information is routed through the 

hippocampal network (Hasselmo & Schnell, 1994; Lisman & Otmakhova, 2001).  

 The research presented in this dissertation uses multiple approaches to explore 

predictions of comparator models in humans. Before discussing these studies in detail, I 

will first give a targeted review of several key background areas.  

 

The Hippocampus is Necessary for Encoding Episodic Memories 

 The hippocampus was first implicated in episodic memory formation in the 

1950’s when Scoville and Milner characterized memory deficits in several patients who 
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received temporal lobe resections (1957). These patients underwent surgery to treat 

psychiatric and neurological disorders, and the severity of many of the patients’ 

afflictions initially masked their memory impairment. The memory loss was well 

documented, however, in patient H.M., who underwent a bilateral resection of his medial 

temporal lobes (MTL)1 to treat his severe epilepsy. After recovering from the surgery, it 

became clear that, despite his generally intact cognitive capabilities (e.g. IQ, perception, 

language), he was not able to form new memories (Milner, Corkin, & Teuber, 1968; 

Scoville & Milner, 1957).  

 Although this landmark case demonstrated that memory encoding depends on the 

MTL, the extensive nature of the surgery left open the specific role of the hippocampus. 

To pinpoint the structure(s) responsible for H.M.’s memory deficit, the consequences of 

more selective lesions were studied in monkeys (Mishkin, 1978; Murray & Mishkin, 

1998; Zola-Morgan & Squire, 1986; Zola-Morgan, Squire, & Amaral, 1986), rodents 

(McDonald & White, 1993; Morris, Garrud, Rawlins, & O'Keefe, 1982; Phillips & 

LeDoux, 1992), and humans (Manns, Hopkins, Reed, Kitchener, & Squire, 2003; A. R. 

Mayes, Holdstock, Isaac, Hunkin, & Roberts, 2002; Squire, Zola-Morgan, & Chen, 1988; 

Vargha-Khadem, et al., 1997; Zola-Morgan, et al., 1986). This approach has 

demonstrated that bilateral damage limited to the hippocampi is sufficient to produce 

deficits in episodic memory. Specifically, hippocampal damage has been linked to 

                                                             
1 It was later determined that this surgery included the bilateral resection of his amygdala, 
hippocampus, entorhinal cortex, and perirhinal cortex, and the anterior portions of his 
parahippocampal cortex (Corkin, Amaral, Gonzalez, Johnson, & Hyman, 1997) 
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impairments in the rapid formation of new spatial (Morris, et al., 1982; Sutherland & 

McDonald, 1990), contextual (Phillips & LeDoux, 1992), and sequential (Fortin, Agster, 

& Eichenbaum, 2002) memories.2 The constellation of deficits found in these studies 

effectively demonstrates that the hippocampus is involved in binding the diverse aspects 

of an event over time to create a coherent memory trace. In contrast, damage to the 

underlying MTL cortical regions is more often associated with deficits in recognizing 

individual items (Bowles, et al., 2007; Meunier, Bachevalier, Mishkin, & Murray, 1993; 

Winters & Bussey, 2005; Zola-Morgan, Squire, Amaral, & Suzuki, 1989).  

 Complementary support for the role of the hippocampus in episodic encoding can 

be found by characterizing hippocampal responses in the intact brain. This approach has 

demonstrated that hippocampal neurons increase their firing rates when presented with a 

novel event (Fyhn, Molden, Hollup, Moser, & Moser, 2002; S. Leutgeb, et al., 2005), 

potentially reflecting the encoding of the unexpected episode. Also, the spatial 

representations coded in hippocampal place cells have been shown to remap during 

periods of learning (Frank, Stanley, & Brown, 2004; Fyhn, et al., 2002). Moreover, 

changes in hippocampal neurons’ responses have been correlated with associative 

learning and some neuronal changes precede behavioral markers of learning (Cahusac, 

Rolls, Miyashita, & Niki, 1993; Wirth, et al., 2003). Recordings from humans have also 

provided support for the hippocampus’ role in episodic memory. Encoding responses of 

                                                             
2 Note that there is conflicting evidence for whether hippocampal damage will also result 
in object recognition deficits (A. R. Mayes, et al., 2002; Murray & Mishkin, 1998; 
Squire, et al., 1988; S. Zola-Morgan & Squire, 1986) 
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individual hippocampal neurons have been related to whether a trial will later be 

remembered (Fried, Cameron, Yashar, Fong, & Morrow, 2002). Additionally, several 

fMRI studies have demonstrated that responses in the human hippocampus during 

encoding are related to successful encoding (Davachi, Mitchell, & Wagner, 2003; Kirwan 

& Stark, 2004; Ranganath, et al., 2004; Sperling, et al., 2003; Staresina & Davachi, 2009; 

Uncapher & Rugg, 2005). In these studies, encoding responses are sorted according to 

whether different features of the trial are later remembered. A common finding is that 

hippocampal responses are higher for trials about which subjects later remember 

associated information (e.g. source) (Davachi, et al., 2003; Kirwan & Stark, 2004; 

Sperling, et al., 2003; Staresina & Davachi, 2008; Staresina, Duncan, & Davachi, 2011; 

Yonelinas, Otten, Shaw, & Rugg, 2005) and for trials that subjects later report being able 

to recollect in detail (Ranganath, et al., 2004; Uncapher & Rugg, 2005; Yonelinas, et al., 

2005).  

 

The Hippocampus is Necessary for Retrieving Episodic Memories 

 Although patient H.M.’s most conspicuous memory deficit was his inability to 

form new memories after his surgery, he also was impaired at retrieving some events 

from before his surgery (Milner, et al., 1968). Specifically, he became unable to recall 

events from at least the three years prior to his surgery, potentially extending as far back 

as 11 years. This observation led to systems-level theories of consolidation in which 

memories are initially stored in the hippocampus, making their retrieval hippocampal-
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dependent, but are then transferred to the cortex after repeated reactivations (Frankland & 

Bontempi, 2005; McClelland, McNaughton, & O'Reilly, 1995; Nadel, Samsonovich, 

Ryan, & Moscovitch, 2000; Squire & Alvarez, 1995). These theories have been 

supported by the finding that removal of the hippocampus immediately following 

learning results in impaired retrieval performance, but delayed removal of the 

hippocampus can result in intact memory for remote events (Kim & Fanselow, 1992; 

Quinn, Ma, Tinsley, Koch, & Fanselow, 2008; Tse, et al., 2007; Winocur, 1990; Zola-

Morgan & Squire, 1990). Some models of consolidation, however, posit that while 

representations may also be present in the cortex, true episodic retrieval always requires 

the hippocampus (Nadel, et al., 2000; Winocur, Moscovitch, & Bontempi, 2010). 

Consistent with this hypothesis, retrograde deficits to autobiographical memory have 

been found in amnesiacs, even for remote memories (Cipolotti, et al., 2001; Hirano, 

Noguchi, Hosokawa, & Takayama, 2002). 

 Importantly, hippocampal responses have been linked to memory retrieval in the 

intact brain. Neuroimaging studies have found greater hippocampal responses when 

people successfully retrieve memories compared to unsuccessful retrieval, particularly 

when they report a subjective experience of recollection (Diana, Yonelinas, & Ranganath, 

2010; Kahn, Davachi, & Wagner, 2004; Weis, Specht, et al., 2004), or when they 

successfully retrieve details that were associated with an event, for example the source of 

the information (Eldridge, Knowlton, Furmanski, Bookheimer, & Engel, 2000; Sharot, 

Delgado, & Phelps, 2004; Wheeler & Buckner, 2004; Yonelinas, et al., 2005). Increased 
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hippocampal responses have even been found when retrieving memories that are decades 

old, if they are recalled vividly (Addis, Moscovitch, Crawley, & McAndrews, 2004; 

Ryan, et al., 2001). Additionally, hippocampal neurons that show selective responses for 

particular events have been found to increase their firing rates seconds before patients 

freely recall that specific event (Gelbard-Sagiv, Mukamel, Harel, Malach, & Fried, 

2008), suggesting that retrieval-related responses may be involved in the generation of 

retrieval, and are not just an epiphenomenal after-effect.   

 Together, the episodic retrieval deficits associated with hippocampal lesions and 

the functional correlations between retrieval and hippocampal responses provide strong 

evidence for the role of the hippocampus in the retrieval of recent episodic memories and 

suggest that it may be involved in the retrieval of more remote memories in the intact 

brain. 

 

Neuroanatomy of the Hippocampal Formation: 

 The hippocampus is composed of an interconnected circuit of anatomically 

distinct subregions. In this paper, I will use the term hippocampus to refer to the dentate 

gyrus (DG), the CA subfields of the hippocampus proper (CA1, CA2, and CA3), and the 

subiculum. The distinctive circuitry of the hippocampus, and its afferent and efferent 

connections, provide important clues to the mechanisms that underlie episodic memory 

formation and retrieval and have inspired a wealth of formal models. Here I discuss both 

how the intrinsic, predominately feed-forward connections of the hippocampus could be 
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related to its mnemonic function and how the neuromodulatory loops, which are formed 

between the hippocampus and nuclei of the midbrain and basal forebrain, could be 

involved in the regulation of these functions.  

  

 Intrinsic Connections:  Three properties of the primary connections of the 

hippocampus make it well suited to the requirements of episodic memory formation and 

retrieval. First, in order to form associations between the various aspects of an event, the 

hippocampus would need to receive highly processed input from various modalities. 

Additionally, the hippocampus would also need to send output to the same regions in 

order to reactivate high-level representations during retrieval or consolidation. The strong 

bi-directional connections between the hippocampus and the entorhinal cortex serve these 

requirements well (Burwell, Witter, & Amaral, 1995; Lavenex & Amaral, 2000). The 

entorhinal cortex receives strong input from the perirhinal and parahippocampal cortices 

(postrhinal in rodents), and these regions, in turn, are highly inter-connected with 

representational regions of various modalities (Lavenex, Suzuki, & Amaral, 2004; Suzuki 

& Amaral, 1994). The entorhinal cortex projects this information to all subfields of the 

hippocampus, but most strongly to the DG. The DG serves as the first in a sequence of 

serial processing steps where information is transferred from the DG to area CA3, to area 

CA1, and finally to the subiculum (Amaral & Witter, 1989). Area CA1 and the 

subiculum project the processed information back to the entorhinal cortex (Amaral & 

Witter, 1989), and the entorhinal cortex then projects to cortical poly-sensory regions 
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(Agster & Burwell, 2009). 

 The second important feature of hippocampal circuitry involves the convergence 

of information at various processing stages. Encoding episodic memories is particularly 

challenging because it requires that the highly overlapping events of our lives be stored in 

distinctive memory traces. It has been proposed that the representations of these 

overlapping events become more distinctive as information moves through the 

hippocampus (Marr, 1971; O'Reilly & McClelland, 1994; Treves & Rolls, 1992). This 

process is called pattern separation. It is hypothesized further that the convergence of 

entorhinal connections on the sparse network of the DG, followed by the strong 

convergent connections from the DG to area CA3, are responsible for this transformation. 

Consistent with this hypothesis, evidence for pattern separation has been found within the 

DG and area CA3 (Bakker, Kirwan, Miller, & Stark, 2008; J. K. Leutgeb, Leutgeb, 

Moser, & Moser, 2007), and damage to these hippocampal regions results in a deficit in 

the ability to distinguish between highly related environments (Clelland, et al., 2009; 

Gilbert & Kesner, 2006; McHugh, et al., 2007). Convergence of information could also 

play a role in the integration of the diverse aspects of an event. The interconnections 

within hippocampal subregions and the broad projections across subregions, especially 

along the long axis of the hippocampus (Amaral & Witter, 1989), could allow for 

extensive integration of information from different sources.  
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 Lastly, plastic recurrent networks, like those found in area CA33, have been 

demonstrated as well suited to associative memory storage (Lisman, 1999; Marr, 1971; 

McNaughton & Morris, 1987; Treves & Rolls, 1992). In these networks, individual nodes 

can be involved in the representation of different aspects of a complex event. Plastic 

recurrent connections between nodes could allow the quick formation of connections 

between the disparate elements of a memory. The potentiation of these connections could 

result in distinct memory traces, so that the activation of just a few nodes within a trace at 

retrieval leads to the reactivation of the full memory via a process called pattern 

completion (O'Reilly & McClelland, 1994). Consistent with this hypothesis, Hebbian 

plasticity has been demonstrated in the synapses that form recurrent connections in area 

CA3, such that the co-activation of connected neurons results in a strengthening of their 

connection. Additionally, damage to area CA3 (Gold & Kesner, 2005) or disconnection 

of area CA3 from area CA1 (Nakashiba, Young, McHugh, Buhl, & Tonegawa, 2008) has 

been shown to prevent associative memory retrieval. 

 

 Regulatory Loops: In addition to the strong feed-forward connections that are 

thought to support episodic encoding and retrieval, the subfields of the hippocampus also 

have direct connections with several nuclei in the brainstem and basal forebrain. For 

example, areas CA3, CA1, and the subiculum all project directly to the lateral septal 

                                                             
3 More recently, the connections between the interneurons and granular cells in area DG 
have also been found to form a recurrent network. The potential function of two 
interconnected recurrent networks has also been discussed (Lisman, 1999). 
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nuclei (Amaral & Lavenex, 2006; Dutar, Bassant, Senut, & Lamour, 1995). The 

hippocampus also receives input from the basal forebrain with the medial septal nuclei 

and the nucleus of diagonal band sending cholinergic input primarily to area DG and 

CA3 and also, more weakly, to area CA1 and the subiculum (Amaral & Lavenex, 2006). 

This functional loop has two interesting properties. First, hippocampal output comes from 

regions that are later in the serial processing chain of the hippocampus, while cholinergic 

input is strongest in the earlier processing subregions of the hippocampus. This suggests 

that highly processed hippocampal output is being projected back to earlier processing 

areas, consistent with a regulator function. Second, the cholinergic projections to area 

CA3 are primarily focused in the stratum radium and stratum oriens (Amaral & Lavenex, 

2006), the layers that contain the recurrent connections of area CA3 that are thought to 

play a key role in memory storage and retrieval (Amaral & Witter, 1989). This suggests 

that cholinergic input to area CA3 could be involved in the regulation of these 

connections and, thus, the regulation of memory encoding and retrieval.  

 The hippocampal subfields also form reciprocal connections with the 

dopaminergic network. As is the case with cholinergic loops, later hippocampal regions 

provide the main output to dopaminergic regions, but dopaminergic input includes earlier 

subregions. In particular, the subiculum has strong projections to the nucleus accumbens 

(Groenewegen, Vermeulen-Van der Zee, te Kortschot, & Witter, 1987). Moreover, 

excitation of the subiculum results in a disinhibition of neurons in the ventral tegmental 

area (VTA) (Floresco, Todd, & Grace, 2001; Floresco, West, Ash, Moore, & Grace, 
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2003), the major dopamine input region to the hippocampus (Gasbarri, Sulli, & Packard, 

1997). This suggests that a functional loop is formed between the hippocampus and the 

VTA, which could also provide regulatory control for hippocampal processing. 

 The potential regulatory function of these loops has been implemented in several 

models, which propose that neuromodulatory input can temporally segregate periods of 

encoding and retrieval (Hasselmo & McGaughy, 2004; Hasselmo & Schnell, 1994; 

Hasselmo, et al., 1995; Hasselmo, et al., 1996; Kunec, et al., 2005; Lisman & Grace, 

2005; Lisman & Otmakhova, 2001; Meeter, et al., 2004; Shohamy & Adcock, 2010; 

Vinogradova, 2001). Specifically, comparator models propose that the hippocampus 

adaptively establishes mnemonic biases by comparing retrieved expectations to 

environmental input; if the expectations do not match the environment, then 

neuromodulatory input is increased, resulting in a bias toward encoding the novel 

experience. If, on the other hand, the expectations are aligned with the environment, 

neuromodulatory input is decreased resulting in a bias toward the retrieval (Hasselmo & 

Schnell, 1994; Hasselmo, et al., 1995; Hasselmo, et al., 1996; Kumaran & Maguire, 

2007b; Lisman & Grace, 2005; Meeter, et al., 2004; Vinogradova, 2001). Thus, by 

establishing encoding and retrieval biases with a novelty computation, the hippocampus 

could essentially self-regulate its mnemonic processing to suit the demands of the 

situation. 

 

 



 13 

Encoding and Retrieval Tradeoffs: 

The motivation for retrieval and encoding biases goes beyond the adaptive 

benefits of encoding in the presence of novelty and retrieving in familiar environments; 

the distinct and potentially incompatible demands of episodic encoding and retrieval 

provide additional theoretical impetus for this regulation. These include three main 

conflicts: 1) the inherent incompatibility of pattern completion and separation; 2) 

differential plasticity requirements; and 3) differences in the routing of information. 

Although the examination of these tradeoffs has primarily been the domain of theoretical 

work, there is some empirical support for the presence of these conflicts and for the role 

of neuromodulatory control in regulating the conflicting demands. 

 

Pattern Completion and Separation: Episodic memories are highly overlapping. 

For example, you may be able to recall the unique details of several dinners that you 

enjoyed with a particular friend in your favorite restaurant. To avoid proactive 

interference, the hippocampus is thought to form distinctive memories by processing 

incoming perceptual information while suppressing the excessive reactivation of related 

experiences. This is in contrast to retrieval demands, which require the reactivation of 

previous experiences in the presence of a related memory cue.  

This conflict can be understood as in terms of the inherent tradeoff between the 

network processes of pattern separation and completion, which are thought to support 

encoding and retrieval respectively (O'Reilly & McClelland, 1994). These two processes 
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reflect opposing transformations of cortical input; pattern separation reduces the overlap 

in cortical input while pattern completion increases the overlap by reinstating related 

patterns. The recurrent network in area CA3 is thought to be at the center of this conflict 

because neurons in this area may store pattern-separated representations during encoding 

that can be reactivated via pattern completion during retrieval. Ensemble recordings in 

rodents are consistent with this hypothesis. Distributed representations of spatial 

environments in this area have been shown to remap more readily than representations in 

other subfields in some experiments (S. Leutgeb, Leutgeb, Treves, Moser, & Moser, 

2004; Vazdarjanova & Guzowski, 2004), potentially reflecting pattern separation. 

Conversely, they have also been shown to be more resistant to remapping in other 

experiments (Lee, Yoganarasimha, Rao, & Knierim, 2004; Vazdarjanova & Guzowski, 

2004), potentially reflecting pattern completion. Interestingly, the degree of difference 

between environments may be a key factor in determining which process occurs in this 

area (Guzowski, Knierim, & Moser, 2004). In a study that measured the overlap in 

activated hippocampal neurons when animals were presented with a broad range of 

environmental changes, compared to other regions, patterns of activation in area CA3 

were found to be especially overlapping for similar environments, but were especially 

distinctive for environments that were more different (Vazdarjanova & Guzowski, 2004). 

This suggests that area CA3 may be biased toward pattern separation in novel 

environments and toward pattern completion in familiar environments. 
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The regulation of acetylcholine release in area CA3 is a potential mechanism for 

establishing these biases (Hasselmo, et al., 1995; Hasselmo, et al., 1996). As mentioned 

above, acetylcholine is released more prominently in the CA3 layers that contain 

recurrent collateral fibers. Strong inhibition of these connections should limit the 

reactivation of related representations so that the remaining activation in area CA3 would 

reflect feed-forward input from the DG and entorhinal cortex, benefiting pattern 

separation. Lower levels of inhibition should increase the likelihood of reactivating 

associated memory traces stored in the CA3 network, benefiting pattern completion. 

Consistent with these requirements, application of a cholinergic agonist in hippocampal 

slices selectively inhibits activity in the stratum radiatum layer of area CA3, a layer that 

contains recurrent fibers (Hasselmo, et al., 1995). Additionally, administration of 

cholinergic antagonists has been found to produce learning deficits in humans and rats 

when the to-be-learned associates overlap with prior learning (Atri, et al., 2004; De Rosa 

& Hasselmo, 2000). Although this increase in proactive interference is consistent with a 

model positing that acetylcholine supports pattern separation in the hippocampus, the 

antagonists in these studies were administered systemically, so it is unclear whether the 

learning deficits were driven by reduced acetylcholine action in the hippocampus.  

 

Plasticity: A second challenge for episodic encoding and retrieval involves 

plasticity. Episodic memories can be encoded after a single exposure (Tulving, 1983), so 

the system must have sufficient plasticity to allow the rapid formation of memory traces 
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during encoding. This level of plasticity during retrieval, however, could lead to the 

overwriting and destruction of stored memory traces.  

Neuromodulatory input to the hippocampus could resolve this conflict by 

adaptively regulating the level of plasticity. Hippocampal dopamine input, for example, 

has been proposed to dynamically increase plasticity during periods of novelty (Lisman 

& Grace, 2005) and periods of behavioral importance (Shohamy & Adcock, 2010). 

Consistent with this idea, dopamine has been found to enhance LTP in area CA1 (Frey, 

Schroeder, & Matthies, 1990; Huang & Kandel, 1995; Otmakhova & Lisman, 1998) and 

to modulate the formation of long-term memories (Bethus, Tse, & Morris, 2010; 

O'Carroll, Martin, Sandin, Frenguelli, & Morris, 2006; Rossato, Bevilaqua, Izquierdo, 

Medina, & Cammarota, 2009). Moreover, neurons in the VTA, the major dopamine input 

to the hippocampus, increase their firing rates in the presence of novelty and following 

unexpected rewards and punishments (Ljungberg, Apicella, & Schultz, 1992; Matsumoto 

& Hikosaka, 2009; Schultz, 1998), events that should receive preferential encoding. In 

one study that explored the combined effects of these findings (Li, Cullen, Anwyl, & 

Rowan, 2003), a reduced threshold for LTP was found in area CA1 following exposure to 

a novel environment. This facilitation, moreover, was dependent on dopamine receptors. 

Enhanced memory for material that was presented minutes after unrelated novel stimuli 

has also been reported in humans (Fenker, et al., 2008), suggesting that novelty exposure 

can facilate encoding. 
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Furthermore, several fMRI studies have reported a relationship between the 

human hippocampus and dopaminergic midbrain areas during encoding. Increased 

midbrain activation to reward cues has been related to subsequent memory for those cues 

(Wittmann, et al., 2005). Additionally, coordinated hippocampal and midbrain activity 

during encoding has been related to increased long-term memories and increased 

integration of memories (Adcock, Thangavel, Whitfield-Gabrieli, Knutson, & Gabrieli, 

2006; Shohamy & Adcock, 2010; Shohamy & Wagner, 2008). These studies, however, 

did not record during retrieval, so it remains unclear whether these midbrain-hippocampal 

interactions have a selective relationship with memory formation or if they are more 

generally related to mnemonic processing. 

Acetylcholine is also proposed to play a role in the regulation of hippocampal 

plasticity. Although this mechanism has been somewhat less investigated, especially in 

humans, there is some evidence in favor of the hypothesis. Acetylcholine levels in the 

hippocampus have been shown to increase during the exploration of a novel environment 

(Giovannini, et al., 2001) and acetylcholine has been shown to enhance LTP in the 

hippocampus (Leung, Shen, Rajakumar, & Ma, 2003; Ovsepian, Anwyl, & Rowan, 2004; 

Shinoe, Matsui, Taketo, & Manabe, 2005). Moreover, systemic application of cholinergic 

antagonists has been shown to impair memory formation, but not retrieval (Atri, et al., 

2004; De Rosa & Hasselmo, 2000). These results suggest that dopamine and 

acetylcholine may both play roles in regulating plasticity in the hippocampus. 
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Routing of Information: Lastly, the source of information that receives 

hippocampal processing could differ between encoding and retrieval. During retrieval, 

processing is focused on retrieved memories, an internally generated source of 

information that presumably originates in area CA3. Conversely, encoding tends to 

require the processing of perceptual information from the external world, presumably 

arising from direct entorhinal inputs. Several models have proposed that memory 

interference could be reduced by temporally segregating CA1 input streams arising from 

area CA3 and entorhinal cortex. (Colgin & Moser, 2010; Hasselmo & Schnell, 1994; 

Kunec, et al., 2005). Consistent with this prediction, a recent study found that oscillations 

in area CA1 tended to be synchronized with those in area CA3 on different theta cycles 

than CA1 oscillations were synchronized with entorhinal oscillations (Colgin, et al., 

2009). Moreover, increased correlations between areas CA3 and CA1 have been found 

when rats pause at decision points in a maze, potentially to retrieve the outcomes of 

taking each path (Montgomery & Buzsaki, 2007). This is consistent with the hypothesis 

that CA3 input would dominate during periods of retrieval. Although the behavioral 

correlates of these physiological findings are indirect, these results are broadly consistent 

with the hypothesis that the routing of information to area CA1 is an important factor in 

successful episodic encoding and retrieval. 

Acetylcholine has been proposed to play a role in shifting the dominant input 

source to area CA1. Application of a cholinergic agonist in hippocampal slices has been 

shown to have a greater inhibitory effect in the stratum radiatum layer of area CA1, the 
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layer that receives input from area CA3, than in the stratum lacunosum-molecular layer, 

the layer that receives input from the entorhinal cortex (Hasselmo & Schnell, 1994). This 

pattern of inhibition suggests that information about the environment would dominate 

during periods of high acetylcholine while the content of retrieved memories could play a 

larger role during periods of low acetylcholine. This fits well with the proposed effect of 

acetylcholine in the regulation of pattern completion with low levels of acetylcholine 

promoting the retrieval of memories through pattern completion (Hasselmo, et al., 1995). 

 
 
Evidence for match/mismatch mechanism: 

As reviewed above, there is some evidence that dopaminergic and cholinergic 

input to the hippocampus may be involved in regulating encoding and retrieval dynamics. 

What is less clear, however, is the exact mechanism by which the regulation is controlled. 

Comparator models hypothesize that the loops formed between the hippocampus and the 

regions that provide this modulatory input are key (Hasselmo, et al., 1996; Lisman & 

Grace, 2005; Meeter, et al., 2004; Vinogradova, 2001). Specifically, it is proposed that 

the hippocampus determines how well an unfolding event matches previous experience. 

This match/mismatch signal could then be sent to cholinergic and dopaminergic regions 

to influence the amount of neuromodulatory input received by the hippocampus.  

An important feature of this match/mismatch signal is that it is thought to be 

driven not simply by novelty per se, but instead requires a comparison between internally 

generated expectation and externally driven experience (Kumaran & Maguire, 2007a, 
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2007b). Expectations are hypothesized to be generated by the recurrent collaterals in area 

CA3, which use environmental cues to retrieve previous experiences (Hasselmo et al., 

1995; Lisman and Grace, 2005). These predictions are then automatically compared to 

sensory input transferred through the entorhinal cortex to determine if the environmental 

input mismatches the expectation (Hasselmo and Schnell, 1994; Lisman and Grace, 

2005). Consistent with these theories, recent electrophysiological recordings in humans 

have provided some evidence for two temporally-distinct hippocampal responses; an 

early automatic signal in response to unexpected events, and a later, more task-related 

response that correlated with memory performance (Axmacher, et al., 2010). 

Additionally, fMRI studies have highlighted the role of expectations by demonstrating 

that the hippocampus responds maximally when some portion of a stimulus is familiar 

and is, thus, likely to initiate an expectation, while the other portion of the stimulus is 

unexpected in that context (Kohler et al., 2005; Kumaran and Maguire, 2006, 2007a).  

Empirical tests of the precise locus of this signal, however, had been lacking. In 

many of the models concerned with this match/mismatch calculation (Hasselmo and 

Schnell, 1994; Hasselmo et al., 1995; Kumaran and Maguire, 2007b; Lisman and Grace, 

2005; Meeter et al., 2004) it is hypothesized that area CA1 performs the comparison 

because it receives direct input from both the entorhinal cortex and area CA3. However, 

the human studies that found evidence for match/mismatch signals in the hippocampus 

were conducted at too coarse a spatial resolution to determine which hippocampal 

subfields contributed to the signal (Axmacher et al., 2010; Dudukovic et al., 2010; 
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Duncan et al., 2009; Hannula and Ranganath, 2008; Kohler et al., 2005; Kumaran and 

Maguire, 2006, 2007a). Additionally, the results from animal research, which has the 

spatial resolution to isolate hippocampal subfields, do not paint a clear picture. On the 

one hand, pyramidal cells in area CA1 have been shown to increase their firing rate when 

an escape platform appeared in an unexpected location (Fyhn, et al., 2002), but these 

recordings were only made in area CA1 leaving open the possibility that neurons in 

upstream areas had similar properties. On the other hand, selective lesion of areas CA3 

and DG significantly impared rats’ ability to detect displaced objects, while animals with 

CA1 lesions had comparatively preserved performance (Lee et al., 2005). The surgery in 

this study, however, was performed prior to learning so the deficits could have resulted 

from a deficient mismatch detection or deficient initial encoding.  

 
 
Approach to Dissertation work: 
 
 As the above review of recent scholarship makes clear, there is substantial 

theoretical motivation for the idea that biases toward episodic encoding and retrieval may 

be established in the hippocampus. Moreover, the functional loops between the 

hippocampus and neuromodulatory input centers may play a role in establishing these 

biases. Empirical exploration of these hypotheses, especially in humans, is lacking with 

the exception of some suggestive findings. 

 The research presented in this dissertation explores several aspects of this 

theoretical work using a combination of techniques. The first two studies explore the 
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three potential conflicts between episodic encoding and retrieval outlined above. They 

provide behavioral and neural evidence in favor of temporally extended biases toward 

processes hypothesized to support encoding and retrieval. The second two studies explore 

the hypothetical match/mismatch computation that has been proposed to regulate these 

biases using conventional and high-resolution fMRI. 

The first study tested whether there is behavioral evidence for encoding and 

retrieval biases in episodic memory, with specific focus on the theoretical tradeoff 

between pattern separation and completion. If pattern completion and separation biases 

are established by neuromodulators, we hypothesized that the biases would extend in 

time due to the slow action of neuromodulators (Hasselmo & Fehlau, 2001; Meeter, et al., 

2004). In line with this hypothesis, we found evidence for a temporally-extended bias 

toward pattern separation following novelty detection; participants more accurately 

identified subtle changes that followed the identification of novelty as compared to the 

recognition of old events. Moreover, the lingering influence of the preceding memory 

decision was time-limited at a scale consistent with neuromodulatory mechanisms 

(Meeter, et al., 2004).  

 The second study used high-resolution fMRI to explore predictions derived from 

the remaining two potential tradeoffs, plasticity and the routing of information. We 

measured functional connectivity between hippocampal subregions and associated 

structures during blocks of encoding and retrieval. Consistent with the hypothesis that 

retrieval requires focusing on internally generated memories, we found that the 
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correlations between DG/CA3 and CA1 during retrieval, but not during encoding, were 

positively related to memory performance across subjects. Conversely, during encoding, 

but not during retrieval, correlations between the area CA1 and the ventral tegmental area 

were positively related to long-term memory performance across subjects, consistent with 

findings that dopamine release in the hippocampus facilitates long-term potentiation.  

With this evidence for encoding and retrieval biases, we next turned to the 

potential mechanism that could be involved in their regulation. In the third study, we 

tested the theoretical role of area CA1 in match/mismatch detection. We had subjects 

study complex stimuli and then, during high-resolution fMRI scanning, make memory 

judgments about probes that either matched or mismatched expectations. We found that 

area CA1 displayed responses consistent with a match/mismatch detector. Specifically, 

the responses in area CA1 tracked the total number of changes present in the probe. 

Additionally, area CA1 was sensitive to both behaviorally relevant and irrelevant 

changes, a key feature of an automatic comparator. Moreover, these properties were more 

prominent in area CA1 than the other hippocampal subfields. 

  Lastly, the final study explored the role of intentional states in hippocampal 

processing. Comparator models propose that the automatic match/mismatch calculation is 

sent through a multisynaptic loop which includes regions that receive input thought to 

contain information about goals, motivation, and salience prior to biasing hippocampal 

processing (Lisman & Grace, 2005). This suggests that hippocampal processing could 

reflect more than simple computations of perceptual novelty. To test this hypothesis, we 
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fully crossed whether a probe stimulus relationally matched or mismatched a previously 

perceived image or an actively maintained target. Subjects performed two working 

memory tasks in which they either responded ‘yes’ to probes that were identical to the 

previous sample scene, or, after performing a relational manipulation of the scene, 

responded ‘yes’ only to probes that were identical to this perceptually novel image. Using 

conventional resolution fMRI, we identified a hippocampal response that was evoked by 

matches between the probe stimulus and the maintained goal, but which was not 

modulated by whether that goal was perceptually novel. In addition to this more 

controlled signal, we found evidence for a heightened hippocampal response to stimuli 

containing salient perceptual manipulations. This response was potentially produced by a 

similar mechanism as that which produced the automatic match/mismatch response 

identified in the third experiment. 
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CHAPTER 1 

 

1.1 Summary 

 To accommodate the conflicting demands of pattern separation and completion, it 

has been proposed that the episodic memory system uses environmental cues to establish 

processing biases that favor either encoding or retrieval. In line with this hypothesis, we 

found a temporally-dependent bias toward pattern separation following novelty detection; 

participants more accurately identified subtle changes that followed identification of 

novelty as compared to recognition of old events. Moreover, the lingering influence of 

the preceding memory decision was time-limited at a scale consistent with computational 

models. These experiments are the first to study carry-over effects as a consequence of 

prior episodic memory decisions and provide the first behavioral evidence for models that 

predict adaptive switching between pattern separation and completion.  

 

 

 

 

 

 

 

 



 26 

1.2 Introduction 

The ebb and flow of everyday life requires that we encode new events and 

retrieve old ones countless times each day. Decades of theoretical and empirical research 

(Marr, 1971; Norman & O'Reilly, 2003; Scoville & Milner, 1957; Squire, 1992) have 

improved our understanding of both the neural systems and computations that underlie 

episodic memory processes. However, the convergence of these lines of research reveals 

a paradox. On the one hand, neuroscience research shows that both encoding and 

retrieval depend on the same specific brain region – the hippocampus (Davachi, 2006; 

Eichenbaum, et al., 2007; Squire, Wixted, & Clark, 2007). On the other hand, 

computational models propose that the network processes of pattern separation4 and 

completion5, which are thought to support encoding and retrieval respectively, are 

incompatible (O'Reilly & McClelland, 1994). Since these processes cannot 

simultaneously occur in the same network, a potential resolution to the paradox is that the 

hippocampus switches between them. In fact, neurocomputational models posit that 

neuromodulatory systems dynamically bias hippocampal processing at any given time 

toward either pattern completion or separation (Hasselmo & Schnell, 1994; Hasselmo, et 

al., 1995; Meeter, et al., 2004). While plausible, there has been little evidence provided 

for this switching hypothesis. Here we provide empirical support for the switching 

                                                             
4 The reduction in the overlap between similar representations, thought to support the 
formation of distinctive memories.   
5 The reactivation of a previously stored representation by a partial or noisy cue. 
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hypothesis in humans using a novel paradigm that can, for the first time, identify a 

behavioral signature of switching. 

To this end, we used a modified continuous recognition paradigm that has 

previously been used to study pattern separation in the human hippocampus (Kirwan & 

Stark, 2007). Participants were presented with a series of novel and repeated objects and 

were asked to identify whether each object was new (first presentation) or old (exact 

repetition). Neurocomputational models suggest that these memory decisions will 

establish biases: detecting novelty will bias the system toward pattern separation to 

support encoding of the new information; identifying that a stimulus is old, conversely, 

will bias the system toward pattern completion to support memory retrieval (Hasselmo & 

Schnell, 1994; Hasselmo, et al., 1995; Hasselmo, et al., 1996; Meeter, et al., 2004). 

Critically, because neuromodulatory action is known to be slow (Hasselmo & Fehlau, 

2001), these biases should linger, potentially influencing subsequent memory decisions. 

To measure this, we also included stimuli that were similar, but not identical, to 

previously presented objects. Participants were instructed to respond ‘similar’ to similar 

objects, but, because the differences were often quite subtle (see example in Figure 1.1), 

these objects sometimes acted as a memory cue for their previously viewed counterpart 

and were mistakenly identified as ‘old’. We reasoned that if the memory system was 

already biased toward pattern completion, these similar stimuli would be more likely to 

be incorrectly identified as ‘old’, whereas if the system was biased away from pattern 

completion and toward separation, the likelihood of noticing the small differences would  



 28 

Figure 1.1 
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be increased. Harnessing this prediction, we tested lingering biases in the memory system 

by examining whether performance on similar trials was higher following new trials than 

following old trials. The sequences of trials were also carefully designed so that similar 

trials were equally likely to follow each trial type, ensuring that participants would not be 

able to predict the upcoming trial type (see supporting material in Appendix A). 

 

1.3 Results 

Consistent with our hypotheses, in the first experiment we found that similar trials 

were indeed more accurately identified as ‘similar’ when they were preceded by new 

trials than when they were preceded by old trials (t(14)=3.41, p<.005) (Figure 1.2). This 

performance benefit (6%) was even larger (9%) when we binned similar trials based on 

the preceding response (e.g. when subjects reported a stimulus as ‘new’) rather than the 

preceding trial type (when a stimulus was actually new) (t=3.32, p<.005), suggesting that 

the critical factor is the subjective memory decision rather than the stimulus type. To 

further explore this possibility, we restricted our analysis to similar trials that were 

preceded by incorrect judgments in order to distinguish the preceding response from the 

preceding trial type. In the participants with a sufficient number of preceding error trials 

(N=6), we saw a large benefit for preceding new responses (11%), but little evidence of 

influence for the preceding trial type (1% new benefit). We also submitted the data to a 

Generalized Estimating Equation (GEE) model to predict accuracy on a trial-by-trial 

basis with the preceding response and the preceding trial type. When both factors were  
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Figure 1.2 
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included in the model, only the preceding response was a significant predictor of 

accuracy (wald chi-square=6.43, p<.05). Additional models were run to adjust for 

potential covariates and the effect of the preceding response remained significant (see 

supporting material in Appendix A). There was a similar pattern of influence on response 

time (RT), with similar trials being correctly identified faster when they were preceded 

by new than old trials, and the difference approached significance when correct similar 

trials were sorted according to the preceding response (Prec New =967 ms, Prec Old 

=988 ms, t(14)=2.01, p=.06). 

Experiment 1 demonstrated that memory decisions influence subsequent 

mnemonic decisions in a manner consistent with the switching hypothesis. However, it is 

also true that the bias created by a memory decision should be temporally-limited.  To 

test this, in Experiment 2 we measured the time window over which these carry-over 

effects exert themselves with a new set of subjects (N=27) by varying the inter-stimulus 

time interval (ISI) that elapsed between trials (.5, 1.5 and 2.5 seconds). We replicated the 

main effect of the preceding response (old vs. new; F(1,26)=6.29, p<.05), and, critically, 

found that the preceding new benefit was time-dependent. Specifically, the benefit on 

similar trial accuracy was only significant for similar trials that were preceded by the 

shortest ISI (t(26)=2.46, p<.05; all other p>.23; Figure 1.3a). Again, a similar pattern of 

findings was found for RT, with a significant interaction between preceding response and 

ISI (F(2, 53)= 4.12, p<.05), driven by a significant effect of preceding response only at 

the shortest ISI (t=3.59, p<.005; all other p>.32; Figure 1.3b). We also found a similar  
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Figure 1.3 
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pattern of results when dividing trials by the preceding trial type instead of the preceding 

response (Supporting Figure A6).  

Finally, if these lingering biases are truly influencing the memory decision, the 

biases should be most evident on trials where the mnemonic evidence is near the decision 

boundary. To test this we utilized the strong relationship between accuracy on similar 

trials and the perceptual similarity of object pairs. We therefore binned similar trials 

according to an independently derived perceptual similarity rating (see supporting 

materials Appendix A, Experiment 1b) and calculated the preceding new benefit for trials 

that had different probabilities of being correct. We found that the preceding new 

response benefit was largest for the bin that contained similar trials that had a 50% 

likelihood of being correctly identified. (Prec New=57%, Prec Old=46.2%, t(26)=3.36, 

p<.05, Bonferoni corrected; Figure 1.3c). Conversely, the preceding new benefit was 

unreliable and small for trials that had high and low probabilities of being correct (both 

p>.58, new benefit<2%). 
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1.4 Discussion 

Together, these findings provide the first demonstration of time-dependent 

mnemonic carry-over effects, supporting the assertion made by computational models 

that episodic encoding and retrieval operations are incompatible and that time is required 

to switch between them. The present findings, however, go beyond demonstrating 

competition between concurrent encoding and retrieval (Allan & Allen, 2005; Huijbers, 

Pennartz, Cabeza, & Daselaar, 2009) an effect that could be explained by a bottleneck at 

various cognitive stages (Pashler, 1994); rather, we have provided evidence, for the first 

time, that memory decisions can exert a temporally-limited bias on subsequent 

computational processes thought to support encoding or retrieval, namely pattern 

separation and completion. We demonstrated this by showing that recent mnemonic 

decisions on old and new trials can influence the current memory decision. Furthermore, 

the effect is only seen at the shortest ISI, consistent with the notion that biases toward 

pattern separation and completion are time-dependent. Finally, the influence of the 

preceding trial response was strongest for trials that were near the decision boundary, 

consistent with the notion that the carry-over effect reflects a bias in mnemonic 

processing itself rather than a more general change in response bias.  

Although the temporal segregation of encoding and retrieval processes is a 

common feature of several hippocampal memory models (Hasselmo, et al., 1996; Kunec, 

et al., 2005; Lisman & Grace, 2005; Vinogradova, 2001), the time required to switch 

between the two modes varies widely across models from a few hundred milliseconds 
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(Kunec, et al., 2005) up to 10 seconds (Meeter, et al., 2004). The present results suggest 

that the influence of a prior memory decision was only reliable when the trial was 

presented within 2 seconds of the onset of the prior trial. Thus, these data could shed light 

on the neural mechanisms that are most likely contributing to the memory bias in humans 

by constraining the timescale over which the behavioral effects are evident. 

The design of the experiments also allows us to exclude several alternative 

explanations of our findings. Firstly, performance costs when switching between tasks, or 

responses, are often difficult to interpret because they could reflect the time needed to 

switch between types of cognitive processing or response priming. By using a task that 

includes three responses, and only considering similar trials that were preceded by a 

different trial type, we were able to rule out any contribution of response priming to the 

effects. This design does not, however, conclusively exclude the possibility that a 

criterion shift at the decision stage contributed to the experimental effect. Another 

potential concern for the interpretation of carry-over effects would be raised if there was 

an unintended structure in the sequences of trials, e.g. if similar trials were more likely to 

follow new trials than old trials. With this in mind, we carefully designed the sequence of 

trials so that there was an equal probability of a given trial type following each trial type. 

Lastly, a more general mechanism could be proposed to drive the effect we found on 

similar trials (e.g. heightened attention following novelty). Our design, though, allows us 

to determine how specific the preceding new benefit is, by demonstrating that the 
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combined performance on old and new trials, unlike similar trials, was not influenced by 

whether the preceding trial was old or new (see supplemental material). 

An intriguing open question is whether the observed lingering memory bias could 

be an adaptive mechanism to dynamically adjust the criterion for memory reactivation 

based on the requirements of the environment. Rarely do our experiences rapidly switch 

between the familiar and novel. Instead, we tend to navigate through situations that 

contain more novel or more familiar components. It could be advantageous for our 

memory system to be more sensitive to change when in novel environments and less 

sensitive to irregularities when in familiar environments, where the retrieval of previous 

associates may be of greater importance (Kumaran & Maguire, 2007b; Lisman & Grace, 

2005).  
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CHAPTER 2 

 

2.1 Summary 

 The formation and retrieval of episodic memories are critically dependent on the 

hippocampus, however little is known about how hippocampal subregions interact to 

support the different requirements of these processes. We used high-resolution fMRI to 

measure whether functional connectivity between hippocampal subregions and associated 

structures differed during encoding and retrieval. We found that inter-region connectivity 

was, indeed, modulated by the memory task. Furthermore, the magnitude of inter-region 

connectivity was related to encoding and retrieval success in theoretically important 

ways. First, consistent with the hypothesis that retrieval requires focusing on internally-

generated memories, we found greater correlations between areas DG/CA3 and CA1 

during retrieval than encoding, Furthermore, these retrieval correlations, but not encoding 

ones, were correlated with memory performance across subjects. Second, we found that, 

during encoding but not during retrieval, correlations between area CA1 and the ventral 

tegmental area were correlated with long-term memory performance across subjects. This 

result is consistent with findings that dopamine release in the hippocampus facilitates 

long-term potentiation. This experiment provides the first analysis of hippocampal 

subfield connectivity in humans, and the results suggest two theoretically important 

mechanisms that differentially support encoding and retrieval.  
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2.2 Introduction 

We continually encode events as they unfold and draw on our past experiences to 

interpret our environment and make adaptive decisions. These processes appear to work 

together seamlessly in support of episodic memories; encoding provides the material that 

will later be retrieved and retrieval supplies context to facilitate meaningful encoding. 

Decades of theoretical research into the neural mechanisms that support these processes, 

however, reveal a potential tension: Both episodic encoding and retrieval have been 

found to critically depend on the hippocampus (Davachi, 2006; Eichenbaum, et al., 2007; 

R. Henson, 2005; Scoville & Milner, 1957; Squire, et al., 2007), yet they are thought to 

differ in their processing requirements (Hasselmo & Schnell, 1994; Lisman & Grace, 

2005; Marr, 1971; Meeter, et al., 2004; O'Reilly & McClelland, 1994; Vinogradova, 

2001).  

The complex nature of episodic memory presents two key challenges for 

successful encoding and retrieval. First, episodic memories typically contain highly 

overlapping content, for example remembering your commute this morning and 

yesterday. To successfully differentiate these events during encoding, the episodic 

memory system must faithfully process incoming perceptual information while 

suppressing the reactivation of related experiences (Hasselmo & Schnell, 1994; Kunec, et 

al., 2005; O'Reilly & McClelland, 1994). This is in contrast, however, to retrieval 

demands that require the reactivation of previous experiences based on a related memory 
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cue (Hasselmo, et al., 1995; Kunec, et al., 2005; O'Reilly & McClelland, 1994). To 

resolve this conflict, computational models have proposed that area CA1 receives 

temporally segregated information from distinct processing streams: information about 

retrieved associations from area CA3 and perceptual information from the medial 

temporal lobe (MTL) cortex (Colgin & Moser, 2010; Kunec, et al., 2005). Consistent 

with this prediction, a recent electrophysiology study found that oscillations in area CA1 

tended to be synchronized with CA3 oscillations in different theta cycles than with 

entorhinal oscilations (Colgin, et al., 2009). Moreover, increased correlations between 

areas CA3 and CA1 have been found when rats pause at decision points on a maze as 

compared to pausing at non-decision points, potentially reflecting the retrieval of each 

path’s outcome (Montgomery & Buzsaki, 2007). Although the behavioral correlates of 

these physiological findings are indirect, these results are broadly consistent with the 

hypothesis that the routing of information to area CA1 is an important factor in successful 

episodic encoding and retrieval. 

A second challenge for episodic encoding and retrieval involves plasticity. 

Episodic memories can be encoded after a single exposure (Tulving, 1983), thus the 

system must have sufficient plasticity during encoding to support the rapid formation of 

memory traces. Such a high level of plasticity during retrieval, however, could lead to the 

overwriting and destruction of memory traces. One proposed solution is that 

neuromodulatory input to the hippocampus might adaptively regulate levels of plasticity 

(Hasselmo & Schnell, 1994; Hasselmo, et al., 1995; Lisman & Grace, 2005; Meeter, et 



 40 

al., 2004; Vinogradova, 2001). Hippocampal dopamine input, for example, has been 

proposed to increase plasticity during periods of novelty (Lisman & Grace, 2005) and 

periods of behavioral importance (Shohamy & Adcock, 2010). Consistent with this idea, 

dopamine has been found to enhance LTP in the hippocampus following exposure to 

novelty (Li, et al., 2003). Moreover, several recent fMRI studies have reported a 

relationship between the hippocampus and dopaminergic midbrain areas during encoding 

(Adcock, et al., 2006; Shohamy & Wagner, 2008; Wittmann, et al., 2005). These studies, 

did not record during retrieval, though, so the specificity of the mnemonic benefits of 

hippocampal-midbrain interactions to successful encoding versus retrieval could not be 

determined. 

In the currently study we used high-resolution fMRI to measure whether extended 

periods of encoding and retrieval are related to changes in the functional connectivity 

between medial temporal subregions and dopaminergic midbrain nuclei. We measured 

this relationship by quantifying differences in the magnitude of inter-region connectivity 

across encoding and retrieval periods and by measuring correlations between this 

connectivity and memory performance. Based on the theoretical work outline above, we 

hypothesized that area CA1 would be differentially connected with related structures 

during periods of associative encoding and retrieval. First, we predicted that successful 

retrieval would be positively related to CA1-DG/CA3 connectivity because input from 

area CA3 is thought to contain information about retrieved memories. Furthermore, we 

predicted that the connectivity between area CA1 and MTL cortical regions may be more 
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related to encoding because input from these regions is thought to reflect sensory input. 

Second, we predicted that successful long-term memory formation would also be 

positively related to connectivity between the VTA and hippocampal subfield CA1 

during blocks of encoding because the release of dopamine from the VTA to area CA1 is 

thought to support plasticity (Gasbarri, Packard, Campana, & Pacitti, 1994; Huang & 

Kandel, 1995; Li, et al., 2003; Lisman & Grace, 2005).  

To test these hypotheses, participants engaged in alternating 5.5 min blocks of 

associative encoding and retrieval (see Figure 2.1 for example trials). During encoding 

blocks, participants viewed pairs of objects and were asked to associatively bind them by 

generating vivid scenarios in which the objects interact. Critically, one object in each pair 

was trial-unique while the other was selected from a set of four repeating objects. This 

allowed us to assess retrieval with a scanned cued-recall test, a test that taxes associative 

retrieval. During cued retrieval blocks, participants were re-presented with the trial 

unique objects along with a placeholder that served to equate the visual complexity of the 

screen in both tasks. Participants were asked to indicate which of the four repeated 

objects was paired with each trial unique object using one of four button presses. Subjects 

performed four encoding-retrieval cycles with a 5.5 min intervening math task that served 

as an active delay period between encoding and retrieval. Finally, participants returned 

one day later for an unscanned test of their long-term memory. Importantly, all three 

scanned tasks had identical timing, the same number of response options, and, where 

possible, the tasks were equated for their accuracy and visual displays. This ensured that 
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the critical differences between periods of encoding and retrieval were related to the 

memory operations required by the task, not to differences in the structure of the tasks. 

  

Figure 2.1 
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2.3 Experimental Procedures 

Subjects:  

Seventeen (8 female) right-handed members of the New York University 

community with normal or corrected to normal vision participated in the study. One 

subject was removed from the analysis because of experimental error. The remaining 16 

subjects had a mean age of 27.1 with a range of 22-35. Consent was obtained in a manner 

approved by the Institutional Review Board at New York University.  

Behavioral Procedures:  

Participants performed repeating sequences of three tasks during the scanning 

session. Each session began with a 5.5 min block of the Math Task that served as an 

active baseline task. Next, participants completed four scans, each of which began with a 

5.5 min block of the Encoding Task followed by a 5.5 min block of the Math Task and 

ended with a 5.5 min block of the Retrieval Task. The Retrieval Tasks only tested the 

memory for objects that were presented during that block’s Encoding Task, making the 

retention period 11 minutes on average. The three tasks were similarly structured, with 

identical timing, the same number of response options, and similar levels of difficulty as 

assessed by accuracy. Subjects returned approximately 24 hours after the scanning 

session and completed a surprise second memory test. 

Encoding Task: Participants were instructed to form vivid mental images of 

objects interacting during the encoding task. Each trial began with the presentation of a 

pair of objects for 3s. Participants were asked to spend this entire period creating and 
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elaborating on a mental image of the two objects interacting. The object on the left side 

of the screen was unique on every trial while the object on the right side of the screen was 

selected from a set of four repeating objects (baby bottle, clover, lobster, scissors). Next, 

a vividness-rating screen was presented for 2s. The scale ranged from 1 to 4. For 

approximately half of the subjects, a rating of “4” corresponded to their most vivid 

images, while a rating of “1” corresponded to the most vivid images for the other half of 

subjects. Responses were made using the finger keys on an MRI compatible button box. 

Subjects also had the option to indicate that they were unsuccessful in forming an image 

by using the thumb key. The rating period was followed by a 4s fixation period. The 

fixation cross turned from black to red for the last 1s of the fixation period so that 

subjects could prepare for the presentation of the next pair of objects. 

Before the scanned session, participants were informed that their memory would 

be tested during the retrieval blocks. They were provided with two examples of scenarios 

in which an example pair of objects interacted and one example in which the two objects 

did not interact with each other. They were strongly encouraged to generate creative and 

vivid scenarios in which the two objects interacted and were told that this would improve 

their ability to recall the associations during the retrieval task. Following instructions, 

subjects completed a practice block of encoding, math and retrieval tasks (6 trials each). 

Each scanned encoding block included 36 trials. Each of the four repeating 

associates was presented in nine trials per block. The trial unique objects were paired 

with the four associates such that, across subjects, each trial unique object was equally 



 45 

likely to be paired with each associate.    

Math Task: During the math blocks, participants solved two-part arithmetic 

problems (e.g. “(72/8) – (24/8)”). The problems were always the subtraction of two 

dividends. For each trial, a problem was randomly generated with the requirement that 

the divisor of the division portions be no greater than 12 and that the final answer be 1, 2, 

3, or 4. The problem was displayed for 3s during which participants were instructed to try 

to solve the problem. This was followed by a 2s response period during which the 

participants indicated their answer (1, 2, 3, or 4) using the finger keys on the button box. 

As was the case for the Encoding Task, participants had the option to indicate that they 

did not successfully solve the problem by using their thumb key. The instructions 

emphasized that there was no need to guess and that it was better to accurately indicate 

when they were not able to perform the task than to try to increase their accuracy by 

guessing. Following the response period there was a 4s fixation period that was identical 

to the Encoding Task fixation period. 

This task served as a baseline period. Previous studies have demonstrated that 

having participants engage in a complex task, such as making numerical decisions, 

improves baseline fMRI estimates in the medial temporal lobe (Stark & Squire, 2001). 

We designed this task so that it would also be equated to the encoding and retrieval tasks 

in terms of timing and number of responses options and so that it would be equated to the 

retrieval task in terms of difficulty as measured by accuracy. 

 Retrieval Task: Participants were asked to recall which of the four repeated 
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associates was paired with each trial unique image during the Retrieval Task. Each trial 

began with the presentation of a trial unique image from that scan’s encoding block on 

the left side of the screen. A placeholder object was presented on the right side of the 

screen, the position that had been occupied by one of the four associates, to make the 

visual displays more similar during the Encoding and Retrieval blocks. The placeholder, 

a notebook, was the same on every trial and it was familiar to the participants because the 

same place-holder was used during practice. Participants were asked to spend the full 3 

seconds of stimulus presentation trying to determine which of the four associates was 

originally paired with the presented object. They were encouraged to recall the details of 

the scenario that they had generated so that they could be confident in their responses. 

Subjects made their response during the following 2s response period. Each finger 

corresponded to one of the four associates. To make the response mapping intuitive, the 

associates were ordered alphabetically (bottle, clover, lobster, scissors) and the first letter 

of each object was presented in order on the response screen (“B  C  L  S”) as a reminder.  

Participants also began the practice session learning which key corresponded to which 

object. In the Retrieval Task, participants had the option to indicate that they did not 

successfully retrieve the associate by using the thumb key. Like in the Math task, 

participants were asked not to guess. Specifically, they were told that “if you find 

yourself trying to decide between multiple associates, simply use the thumb key.” A 4s 

fixation period, identical to the fixation period in the other tasks, followed the response 

period.  
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 Day 2 Memory Test: Participants returned approximately 24 hours after the 

scanned session and performed a surprise memory test. This task involved a three-step 

memory decision. Participants were presented with an object that was either studied on 

Day 1 or was novel. They were first asked if the object was “definitely old”, “probably 

old”, “probably new”, or “definitely new”. They were instructed to reserve “definitely 

old” responses for trials that they remembered associated details for. They were also 

given the option to respond, “don’t know” if they were uncertain. If they responded that 

the object was either “probably old” or  “definitely old”, they were next asked which of 

the four repeated associates was paired with it. Again, they were given the option to 

indicate, “don’t know” if they were unsure. Finally, if they indicated that they did 

remember the associated object, they were asked how confident they were of their source 

memory on a scale from 1-4. This scale was later compressed to a high-confidence rating 

(3&4) and low-confidence rating (1&2) to increase the number of trials in the confidence 

bins.  

MRI Methods:  

 All scanning was performed using a 3T Siemens Allegra MRI system with a 

whole-head coil. Functional data was collected using a zoomed high-resolution echo-

planar pulse (EPI) sequence similar to that in used in Olman et al.  (2009) (TR = 1500 

ms, TE= 22, FOV=192x96, 21 interleaved slices, 1.5 x 1.5 x 3 mm voxel size, flip angle 

= 77 degrees). The oblique coronal slices were aligned perpendicular to the hippocampal 

long axis. The field of view was reduced in the phase encode direction to reduce the total 
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read out time and, thus, minimize distortions and artifacts (Olman, et al., 2009). 

Saturation bands were used to suppress signal for tissue superior and inferior to the 

region of interest. Two high-resolution scans were collected for anatomical visualization. 

A T2-weighted 2D image (TR = 5100 ms, TE = 88, .898 x .898 x 1.5 mm voxel size,) 

was acquired in-plane to the function images. A T1-weighted high-resolution MPRAGE 

(magnetization-prepared rapid-acquisition gradient echo) sequence (1x1x1 voxel size, 

176 sagital slices) was also acquired to obtain full brain coverage. Finally, a field map 

sequence was collected to obtain estimates of the magnetic field and an in-plane spin-

density image. Visual stimuli were projected onto a screen that was viewed through a 

mirror attached to the subject’s head coil.  

Preprocessing of functional data was conducted with FSL (FMRIB Software 

Library; online at http://www.fmrib.ox.ac.uk/fsl) and AFNI (Cox, 1996). The first 11 

volumes (16 seconds) were discarded to allow for signal normalization and the FSL’s 

slicetimer function was used to correct for differences in slice acquisition timing. Next, 

the EPI volumes were motion corrected and aligned to anatomical scans using a multi-

step procedure where both functional and anatomical images were co-registered to target 

images that were generated by the field map sequence. Functional images were first 

aligned within run and they were aligned to a common target across runs. 

Separate anatomical regions of interest (ROIs) were drawn for each subject’s 

hippocampal subfields (area DG/CA2/CA3, area CA1, and subiculum), MTL cortical 

regions (entorhinal cortex, perirhinal cortex, and parahippocampal cortex), and 



 49 

dopaminergic midbrain structures (ventral tegmental area and substantia nigra). Note that 

data from the entorhinal cortex were not included in analyses due to excess drop out in 

that area. A single observer (K.D.) drew ROIs for all participants. Hippocampal ROIs 

were drawn using a similar procedure to Kirwan et al. (2007). The coronal plates from 

Duvernoy (2005) were matched to the most similar coronal slice in each hippocampus 

and used as templates. Then, the remaining slices were filled in to form continuous 

regions. MTL cortical regions were drawn using the guidelines discussed in Insausti et al. 

(1998) and Pruessner et al. (2002). MTL regions were drawn while viewing slices from 

each plane on both the T1 and T2 weighted EPI-aligned anatomical images to ensure that 

the drawing respected all anatomical boundaries. Midbrain regions were drawn on axial 

slices of the T2-weighted anatomical image using guidelines presented in Ardenne et al. 

(2008). All ROIs were resampled to functional resolution and masked to remove voxels 

that had substantial dropout or distortions in the EPI images. See Supplemental Figure B8 

for example ROIs. 

FMRI Statistical Analysis:  

Removal of Nuisance Signals: We quantified task-dependent changes in the 

connectivity between anatomical regions by calculating the low frequency (.01-.1 Hz) 

correlations between regions during the different experimental tasks. Several nuisance 

factors were removed prior to this calculation. First, a voxel-wise GLM was conducted 

which included regressors for nuisance factors and task evoked responses. The nuisance 

regressors included the 6 motion parameters that were calculated during motion 



 50 

correction, the mean signal from white matter ROIs, and the mean signal from ventricular 

ROIs. To remove task-evoked responses, encoding trials were divided according to 

subsequent memory performance on Day 2 (miss, item only & source correct low 

confidence, source correct high confidence). Math and retrieval trials were divided into 

correct and incorrect bins. Regressors were created by convolving 3s boxcars that 

corresponded to the stimulus presentation period for all trials in a condition with a 

canonical HRF function. Temporal and dispersion derivatives were also included for each 

condition to adjust for small errors in the timing and width of the response, respectively. 

Next, the residuals from this model, which reflect fluctuations in the BOLD response that 

are not tied to a particular type of event, were band-passed filtered into the .01-.1 Hz 

range using AFNI’s 3dBandpass function. This range was selected because correlations 

within this approximate range have been demonstrated to reflect the functional 

connection between regions in resting-state studies. Additionally, this range is below the 

task frequency (.111 Hz), so this filter serves as an additional means of removing trial-

evoked responses. Finally, the average timeseries within each ROI was calculated.  

Task-Dependent Functional Connectivity: After removal of nuisance factors, the 

average low-frequency signal in each ROI pair was correlated across time. First, each run 

was divided into the timepoints that corresponded to the encoding (volumes 1-217), math 

(volumes 223-439), and retrieval (volumes 445-661) tasks. The average signal during the 

218 volumes collected during the baseline math scan was also separately extracted. Next, 

the average signal during each task was correlated for each ROI pair. The correlation 



 51 

coefficients for each task were then averaged across runs to result in one correlation 

coefficient per task (Baseline Math, Encoding, Math, Retrieval) per subject. Three 

participants reported difficulties staying awake during a subset of the scans (one 

participant had difficulty on one run and the remaining two had difficulty on two runs). 

To remove these runs from the analysis, only runs with memory performance above 50% 

were included in the analysis.   

To quantify task-induced changes in inter-region connectivity, we compared 

correlation values across the tasks. First, all correlation coefficients were Fisher-Z 

transformed so that they would better conform to the assumption of normality assumed 

by statistical tests. Next, a repeated-measures ANOVA was performed that included 

region-pair and task as factors. Finally, t-tests were used to measure simple effects of task 

for individual inter-region correlations.  

To quantify the relationship between region-pair connectivity and memory 

performance, we correlated our measure of connectivity with performance across 

subjects. First, region-pair correlations during encoding and retrieval were baseline-

corrected by subtracting the correlation between each pair during the Baseline Math 

Task. Next, behavioral measures of successful encoding and retrieval were calculated. To 

measure variability in the formation of long-term memories, we computed a corrected 

high-confidence source memory score for each subject [Day 2: High-Confidence correct 

– (High-Confidence Incorrect)/4]. To measure variability in retrieval success, we 

computed a corrected-memory score for performance during the retrieval scan [Day 1: 
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Source Correct – (Source Error)/4]. Finally, the baseline-corrected correlations during 

encoding were correlated with encoding success across subjects and the baseline-

corrected correlations during retrieval were correlated with retrieval success across 

subjects. The three subjects who had performance below 50% on a subset of runs were 

not included in this analysis to avoid categorical difference in the relationship between 

behavior and region-pair correlations that could be related to sleeping.  

A non-parametric shuffle approach was used to test for an interaction between 

region-pair and memory phase (encoding vs. retrieval). To develop a null-distribution, we 

randomly shuffled behavioral performance and re-calculated the correlations with 

encoding and retrieval success. Then, we calculated an interaction term [(Pair A encoding 

correlation –Pair A retrieval correlation) – (Pair B encoding correlation – Pair B retrieval 

correlation). We repeated this procedure 100,000 times to develop a null distribution of 

the interaction term. Finally, we calculated the likelihood of obtaining an interaction term 

as large as the one found in our experiment (two-tailed) by calculating the proportion of 

shuffles that resulted in an interaction term with an absolute value as was observed in the 

dataset.   

 

2.4 Results 

Behavior: 

 Subjects performed blocks of an associative encoding task, a math task, and a 

cued recall task on Day 1. Overall, subjects had high performance during this session (see 



 53 

supplemental Figure B7). On average, subjects generated a scenario on 95% of encoding 

trials (SD = 4%). During the Math Task, subjects correctly responded to 77% of trials 

(SD = 11%). Most importantly, cued recall performance was also high. On average, 

subjects correctly indicated the paired object on 80% of trials (SD = 15%). Importantly, 

despite the overall high performance, there was high variability in memory performance 

across subjects (range: 47-97% correct). This high variability is ideal for assessing the 

relationship between neural measures and performance across subjects. 

 In order to assess long-term memory, participants returned approximately 24 

hours after their scanned session and were administered a delayed memory test. Subjects 

correctly identified old objects on 90% of trials (SD = 10%) and correctly recalled the 

previously associated object on 65% of trials (SD = 20%) (see Supplemental Figure 

B7b). Trials were further divided according to source confidence ratings (high =3&4; 

low=1&2). Low-confidence source trials (d’=1.1) had a significantly lower d-prime than 

high-confidence source trials (d’=3.2) (t(16) = 11.4, p = 4.2x10-9). The proportion of 

high-confidence source trials was also quite variable across subjects (range: 11-74% of 

old trials), making it well suited for an analysis of individual differences. Source memory 

on the two days was highly correlated (R2(16) = .81, p = 1.8x10-6). 

Modulation of cross-region correlations by memory task: 

 We hypothesized that area CA1 would be differentially connected to related 

structures during periods of associative encoding and retrieval. Specifically, we 

hypothesized that successful retrieval would be more related to the connectivity between 
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area DG/CA3 and area CA1, reflecting the increased importance of area CA3 output, 

thought to support the reactivation of memory traces (Colgin & Moser, 2010; Kunec, et 

al., 2005). Conversely, we hypothesized that the encoding process would be more related 

to correlations between area CA1 and areas that are more likely to contain perceptual 

input, like PrC (Witter, Wouterlood, Naber, & Van Haeften, 2000), as well as areas that 

provide neuromodulatory input thought to increase plasticity, like the VTA (Gasbarri, et 

al., 1994; Huang & Kandel, 1995; Li, et al., 2003; Lisman & Grace, 2005).  

 To measure network changes in connectivity during encoding and retrieval, we 

computed the correlation between these regions separately for blocks of encoding and 

blocks of retrieval. First, we regressed out nuisance (motion parameters, CSF signal, and 

white matter signal) and trial evoked responses using a GLM (see Methods for more 

detail). Next, we filtered the timeseries in each voxel to be between .01-.1 Hz. This 

frequency band is commonly used when calculating correlations during resting-state 

scans (Cordes, et al., 2001) and during blocks of tasks (Newton, Morgan, Rogers, & 

Gore, 2010). Importantly, this frequency band is also below our task frequency, making it 

ideal for identifying state effects. Finally, we calculated the average signal across the 

voxels in each anatomically defined ROI, and correlated the timeseries separately for 

encoding, math, and retrieval periods.  

 We submitted the z-transformed correlations to a Repeated-Measures ANOVA 

(Region Pair: CA1 & DG/CA3; CA1 & PrC; CA1 & VTA x Task: encoding; retrieval) 

and, consistent with our hypotheses, we found a significant interaction between region 
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pair and task (F(2,30) = 4.46, p = .02), supporting the hypothesizes that connectivity 

between these pairs is differentially related to encoding and retrieval (Figure 2.2, for a 

report of correlation difference across all anatomical ROI pairs, see Supplemental Figure 

B9). Additionally, there was no significant main effect of task (F(1,15) = 1.9, p = .19) 

when all three region pairs were included, indicating that there was not a general 

tendency for higher correlations during one task. The interaction was driven by a robust 

increase in the correlation between areas CA1 and DG/CA3 during retrieval (t(15) = 3.4, 

p= .004) while the other inter-region correlations were not reliably modulated by the task 

(both p>.46). The selective increase in the correlation between areas CA1 and DG/CA3 

during retrieval as compared to encoding is consistent with the importance of this 

connection for associative retrieval.  

Behavioral correlations: 

 The above results establish that overall functional connectivity between CA1 and 

related structures is indeed modulated by the different stages of memory: encoding vs. 

retrieval. However, to more directly assess whether inter-region connectivity is 

differentially related to encoding and retrieval success, we examined whether our 

measures of functional connectivity correlate with behavioral measures of encoding and 

retrieval across subjects. To correct for baseline variance in inter-region correlations 
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Figure 2.2 
 
 

 
 
 
across subjects, we first subtracted the correlation obtained during the baseline math 

block. This block was selected as the baseline period because it has no explicit mnemonic 

demands and because it occurred before subjects engaged in either memory task. 

 We then focused on encoding and assessed the extent to which inter-region 

connectivity measures were related to the successful formation of long-term memories. 

We found that the correlation between areas CA1 and VTA during encoding significantly 

predicted subsequent long-term source memory, as assessed by Day 2 associative 

memory performance (r(13) = .58, p = .04) (Figure 2.3a). Conversely, the correlation 
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between areas CA1 and DG/CA3 (r(13) = .24 , p = .42) and between areas CA1 and PrC 

(r=-.05, p = .87) did not show a significant correlation with long-term memory. 

Furthermore, because the release of dopamine from the VTA to area CA1 is thought to 

selectively support late-phase LTP (Huang & Kandel, 1995), we reasoned that 

connectivity between these regions during encoding would be most related to the delayed 

expression of memory. To test this hypothesis, we performed a partial correlation 

between VTA-CA1 connectivity during encoding and Day 2 memory, partialing out the 

immediate memory test performance on Day 1. This partial correlation was significant 

(r(13) = .69, p = .01), suggesting that variability in CA1&VTA connectivity during 

encoding is uniquely related to the formation of long-term memories. 

 Next, we focused on retrieval and assessed the extent to which inter-region 

connectivity measures were related to the successful associative memory retrieval. The 

correlation between areas CA1 and DG/CA3 during retrieval significantly predicted 

successful cued-recall (r(13) = .55, p = 0.049) across subjects (Figure 2.3b). Conversely, 

the correlation between areas CA1 and VTA (r(13) = .27, p = 0.36) and between areas 

CA1 and PrC (r(13) = .10, p = .75) did not successfully predict retrieval success.  

 In summary, we found that the functional connectivity between areas CA1 and 

DG/CA3 was related to successful retrieval but not to encoding, while the functional 

connectivity between areas CA1 and VTA was related to successful long-term memory 

formation but not to retrieval. To test this double dissociation, we performed a  
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Figure 2.3 
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nonparametric-shuffle interaction test. We randomly shuffled the behavioral data and 

recalculated the correlations for both region pairs and then calculated the interaction term 

[(CA1&DG/CA3 retrieval correlation – CA1&DG/CA3 encoding correlation) - 

[(CA1&VTA retrieval correlation – CA1&VTA encoding correlation)] 100,000 times to 

obtain a distribution of the null-hypothesis. Finally, we calculated the probability of 

finding an interaction term as large as was observed in the dataset. We found that the 

probability was below 5% (two-tailed p = .024) (Figure 2.3c). We performed additional 

shuffle tests to determine the driving force behind the interaction and found marginal 

effects for the difference between encoding and retrieval for both CA1&DG/CA3 

correlations (one-tailed p = .051) and CA1&VTA correlations (one-tailed p = .058). 

 

2.5 Discussion 

We used high-resolution fMRI to measure how connections within the 

hippocampus as well as between the hippocampus and dopaminergic midbrain nuclei 
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support associative encoding and retrieval. Using this novel approach we were able to 

demonstrate, for the first time, dynamic shifts in connectivity within the human episodic 

memory network that are related to the fundamental processes of encoding and retrieval. 

Importantly, we found two types of theoretically motivated effects: changes in the overall 

connectivity that were related to the memory task within participants, providing neural 

evidence for encoding and retrieval state-effects, and a double dissociation between the 

networks that are related to successful encoding and retrieval across participants. 

Examination of the networks important for retrieval revealed that functional 

connectivity between areas DG/CA3 and area CA1 was significantly enhanced during 

retrieval as compared to encoding. Moreover, greater DG/CA3-CA1 connectivity during 

retrieval as compared to the baseline math task was positively correlated with associative 

retrieval success across subjects. Importantly, the functional connectivity between these 

areas during encoding was not significantly related to memory performance, suggesting 

that the coordinated activity of these regions is more important for retrieval than 

encoding. These results converge with recent electrophysiological data from rodents 

(Montgomery & Buzsaki, 2007) in which LFPs generated by area CA3 showed greater 

coherence with LFPs generated by area CA1 when rats paused at decision points on a 

maze as compared to pauses that did not require memory retrieval. The current results 

extend these findings by demonstrating that the coordination between DG/CA3 and area 

CA1 is correlated with retrieval success, and not simply increased during periods when 

retrieval is more likely to occur. It should also be noted, however, that the comparatively 
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lower functional connectivity between these areas during encoding does not imply that 

input from areas DG/CA3 are not required for encoding. In fact, the plasticity of mossy 

fiber synapses is thought to be a key mechanism that supports memory formation (Huang 

& Kandel, 1995). Additionally, the reversible inhibition of input from area CA3 has been 

found necessary for both recall and rapid one-trial contextual learning (Nakashiba, et al., 

2008). Instead, the correlative nature of our results suggests that while plasticity at the 

synapses between areas CA3 and CA1 may be important for encoding, area DG/CA3 is a 

comparatively stronger driving input for area CA1 during successful retrieval than 

encoding. This is consistent with models which propose that the transmission of 

reactivated memories from the recurrent collaterals of area CA3 to their output structure, 

area CA1, is critical for episodic retrieval (Hasselmo & Schnell, 1994; Hasselmo, et al., 

1995).  

Examination of the networks important for successful encoding revealed that CA1 

connectivity with the VTA during encoding was significantly correlated with individual 

differences in subsequent memory performance. By contrast, CA1-VTA correlations 

during retrieval did not correlate with memory performance. Moreover, using partial 

correlations we were able to demonstrate that hightened connectivity between the VTA 

and area CA1 was specificly related to long-term memory performance, consistent with 

the finding that increased levels of dopamine enhances late-phase LTP in area CA1 

(Huang & Kandel, 1995; Lisman & Grace, 2005) and that this increased plasticity is 

important for long-term memory formation. Previous fMRI studies have demonstrated 
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that coordinated activation of dopaminergic midbrain areas and the hippocampus is 

related to successful memory formation (Adcock, et al., 2006; Shohamy & Wagner, 

2008; Wittmann, et al., 2005). By using high-resolution fMRI we were able to 

demonstrate that it is the connectivity between the VTA and area CA1 specifically that is 

related to memory formation. Crucially, this finding is consistent with the claims made in 

a wide variety of recent research, including theoretical work (Lisman & Grace, 2005), 

anatomical connections (Gasbarri, et al., 1994), and animal studies which have 

demonstrated dopamine dependent enhancements of LTP in area CA1 (Huang & Kandel, 

1995; Li, et al., 2003). Further, by examining connectivity during retrieval in addition to 

encoding, the present results reveal that CA1-VTA connectivity is selectively related to 

the episodic encoding of long-term memories. 

The measure of connectivity used in the current study was designed to be 

sensitive to extended state effects over blocks of encoding and retrieval rather than 

transient, trial-evoked responses. We designed our tasks to have periodic structures at a 

higher frequency than was included in our analysis. This allowed us to remove the 

influence of responses that were consistently evoked across trials. To remove lower-

frequency trial-evoked responses, for example those related to memory success, we 

additionally removed performance related responses using a GLM (Norman-Haignere, 

McCarthy, Chun, & Turk-Browne, 2011). This approach increases the likelihood that the 

task differences that we observed were related to differences in the connectivity between 
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region pairs, rather than being driven by the regions performing similar trial-evoked 

processing. 

Together, our results provide strong evidence that encoding and retrieval are 

supported by dynamic network changes in functional connectivity, potentially optimizing 

the system for different modes of processing. Some behavioral support for the hypothesis 

that engaging in encoding and retrieval elicits different processing modes has come from 

dual-task studies in humans which found that concurrent performance of encoding and 

retrieval results in performance decrements (Allan, 2005; Huijbers, et al., 2009). These 

results could, however, be explained by a bottleneck at various stages of processing (e.g. 

attention allocation) (Pashler, 1994), because encoding and retrieval success in these 

studies depended on the concurrent processing of different stimuli. A different approach 

employed by recent work has alleviated this problem by measuring temporally extended 

biases in mnemonic processing. Periods of enhanced encoding have been documented 

following prolonged exposure to novel stimuli, which potentially increase dopamine 

release in the hippocampus (Fenker, et al., 2008). More recently, trial-by-trial carryover 

effects in memory decisions have been found. Behavior in this study was consistent with 

lingering biases toward pattern separation following encoding and completion following 

retrieval (Duncan & Davachi, 2010). Together, these effects provide convergent 

behavioral support for the hypothesis that the episodic memory network develops biases 

that support either encoding or retrieval.    
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If hipopcampal processing can be biased to support encoding or retrieval at 

different times, what are the mechanisms that adaptively control this switching? Several 

models have proposed that the degree of mismatch between expectations and the 

environment could serve to switch hippocampal processing between encoding and 

retrieval modes (Hasselmo & Schnell, 1994; Hasselmo, et al., 1995; Kumaran & 

Maguire, 2007b; Lisman & Grace, 2005; Meeter, et al., 2004; Vinogradova, 2001). These 

models have received support from initial evidence that area CA1, the proposed site of 

this match/mismatch calculation, signals deviations from past experience (Duncan, Ketz, 

Inati, & Davachi, 2011; Fyhn, et al., 2002). The stimuli presented during encoding in the 

current study contained both novel objects and associative novelty. This provides two 

means by which a match/mismatch detector could establish biases toward encoding 

processes during the Encoding Task (Kumaran & Maguire, 2007a, 2007b).  Conversely, 

because we used cued recall instead of a recognition test during the Retrieval Task, all 

stimuli during this period were familiar, so this proposed mechanism would be more 

likely to establish biases that favor retrieval during this period.  

In addition to the various types of novelty that could provide a bottom-up 

mechanism for establishing encoding and retrieval biases, participants were also 

explicitly aware of the tasks’ demands. To be successful on the cued recall task, in 

particular, participants may have needed to adopt a strategy that allowed for reactivation 

of previous pairings. Endel Tulving proposed the idea that memory cues are not sufficient 

for retrieval, but that the memory system must also be in a retrieval mode (Tulving, 
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1983). This   controlled retrieval mode hypothesis has been supported by evidence for 

retrieval preparation in the prefrontal cortex (Herron & Rugg, 2003; Lepage, Ghaffar, 

Nyberg, & Tulving, 2000). It is possible that one of the effects of this controlled 

preparation is to gate how information is processed in the hippocampus, for example 

increasing the driving power of CA3 inputs to area CA1. Moreover, this top down control 

is not mutually exclusive with the mechanisms proposed in models that rely on 

match/mismatch detection. Although the detection component of these models is thought 

to be automatic, the resulting signal is proposed to travel through multi-synaptic 

pathways (Hasselmo & Schnell, 1994; Hasselmo, et al., 1995; Lisman & Grace, 2005), 

allowing for integration with top-down signals before exerting its control on hippocampal 

processing.  

The methodological approach used in this study can serve as a complement to 

previous investigations of encoding and retrieval differences in the hippocampus. Prior 

high-resolution fMRI studies have measured subsequent memory effects and retrieval 

success effects in hippcoampal subfields (Eldridge, Engel, Zeineh, Bookheimer, & 

Knowlton, 2005; Kirwan & Stark, 2007; A. R. Preston, et al., 2009; Viskontas, Carr, 

Engel, & Knowlton, 2009; Zeineh, Engel, Thompson, & Bookheimer, 2003). A common 

finding across these studies is that earlier hippocampal subregions, like DG/CA3, display 

subsequent memory effects while later subregions, like the subiculum, display retrieval 

success effects (Eldridge, et al., 2005; Zeineh, et al., 2003). The current findings suggest 

that, although prior work has failed to demonstrate that the magnitude of DG/CA3 
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responses correlates with retrieval success, this region may contribute to successful 

retrieval through its interaction with area CA1. Moreover, the critical role of this region 

in retrieval in addition to encoding is more consistent with both animal work (Nakashiba, 

et al., 2008) and theoretical models (Marr, 1971; Norman & O'Reilly, 2003). 

More broadly, the use of high-resolution imaging to measure task-related changes 

in functional connectivity offers a novel tool for investigating how a region supports a 

psychological function in humans. For small structures like the hippocampus, the BOLD 

response at conventional resolution provides us with a rough estimate of the magnitude of 

task-evoked metabolism within an area as a whole. This sort of measure may not be 

sufficient to answer questions about how information is dynamically routed through the 

substructures of the neural system. By using high-resolution fMRI we were able to 

measure connectivity between the subregions of the hippocampus and demonstrate two 

novel and theoretically interesting ways in which the hippocampal BOLD response is 

broadly related to successful encoding and retrieval. Future studies using this sort of 

approach will be able to further specify how coordinated within-region connectivity is 

related to specific types of memory and other cognitive functions.   
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CHAPTER 3 

 

3.1 Summary 

The hippocampus is proposed to switch between memory encoding and retrieval 

by continually computing the overlap between what is expected and what is encountered. 

Central to this hypothesis is that area CA1 performs this calculation. However, empirical 

evidence for this is lacking. To test the theoretical role of area CA1 in match/mismatch 

detection, we had subjects study complex stimuli and then, during high-resolution fMRI 

scanning, make memory judgments about probes that either matched or mismatched 

expectations. More than any other hippocampal subfield, area CA1 displayed responses 

consistent with a match/mismatch detector. Specifically, the responses in area CA1 

tracked the total number of changes present in the probe. Additionally, area CA1 was 

sensitive to both behaviorally relevant and irrelevant changes, a key feature of an 

automatic comparator. These results are consistent with, and provide the first evidence in 

humans for, the theoretically important role of area CA1 as a match/mismatch detector.  
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3.2 Introduction 

Our experiences can be quite similar from day to day, even composed of the same 

elements, yet our episodic memory system (Tulving, 1987) allows us to form distinct 

mnemonic representations of these highly overlapping events and, later, to retrieve each 

event when presented with only a subset of the associated elements. Numerous lesion, 

electrophysiology, and human imaging studies have provided evidence that the 

hippocampus plays a key role in both encoding and retrieval (Davachi, 2006; 

Eichenbaum, et al., 2007; Mayes, et al., 2007; Squire, et al., 2007). However, an 

important challenge for any theoretical account of the hippocampal memory system is to 

explain how this system can de-emphasize similarities across events to lay down 

distinctive memory traces, yet also be able to utilize similarities to reactivate the details 

of an event. One solution proposed by many models of episodic memory is that the 

hippocampus is able to shift dynamically between encoding and retrieval modes 

(Hasselmo & Schnell, 1994; Hasselmo, et al., 1995; Lisman & Grace, 2005; Meeter, et 

al., 2004; Norman & O'Reilly, 2003; Vinogradova, 2001). This mode shift is thought to 

be controlled by calculating how consistent the environment is with previous experience; 

if an experience is consistent with expectation, then the hippocampal dynamics will favor 

retrieval or pattern completion, but if the two differ, the hippocampus will shift into a 

mode that supports the encoding of the unexpected event via pattern separation and 

enhanced long-term potentiation (Hasselmo & Schnell, 1994). 

This match/mismatch calculation is thought to be driven not simply novelty, per 
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se, but instead requires a comparison between expectation and what is being experienced 

(Kumaran & Maguire, 2006, 2007a, 2007b). Expectations are hypothesized to be 

generated by the recurrent collaterals in area CA3, which use environmental cues to 

retrieve previous experiences (Hasselmo, et al., 1995; Lisman & Grace, 2005). These 

predictions are then automatically compared to sensory input transferred through the 

entorhinal cortex to determine if the environmental input mismatches the expectation 

(Hasselmo & Schnell, 1994; Lisman & Grace, 2005). The resulting signal is then 

hypothesized to be integrated with attention and motivational information likely 

supported by acetylcholine (Hasselmo & Schnell, 1994) or dopamine (Lisman & Grace, 

2005) networks to allow for more controlled processing based on the integrated signals. 

Consistent with these theories, recent electrophysiological recordings in humans have 

provided some evidence for these two distinct hippocampal responses; an early automatic 

signal in response to unexpected events, and a later, more task-related response that 

correlated with memory performance (Axmacher, et al., 2010). Additionally, fMRI 

studies have highlighted the role of expectations, by demonstrating that the hippocampus 

responds maximally when some portion of a stimulus is familiar and thus likely to initiate 

an expectation, while the other portion of the stimulus is unexpected in that context 

(Kohler, Danckert, Gati, & Menon, 2005; Kumaran & Maguire, 2006, 2007a).  

Empirical tests of the precise locus of this signal are, as yet, lacking. In many of 

the models concerned with this match/mismatch calculation (Hasselmo & Schnell, 1994; 

Hasselmo, et al., 1995; Kumaran & Maguire, 2007b; Lisman & Grace, 2005; Meeter, et 
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al., 2004) it is hypothesized that area CA1 performs the comparison because it receives 

direct input from both the entorhinal cortex and area CA3. However, the human studies 

that have found evidence for match/mismatch signals in the hippocampus have been 

conducted at too coarse a spatial resolution to determine which hippocampal subfields 

contributed to the signal (Axmacher, et al., 2010; Dudukovic, Preston, Archie, Glover, & 

Wagner, 2011; Duncan, Curtis, & Davachi, 2009; Hannula & Ranganath, 2008; Kohler, 

et al., 2005; Kumaran & Maguire, 2006, 2007a). Additionally, the results from animal 

research, which has the spatial resolution to isolate hippocampal subfields, do not paint a 

clear picture. On the one hand, pyramidal cells in area CA1 have been shown to increase 

their firing rate when an escape platform appeared in an unexpected location (Fyhn, et al., 

2002), but these recordings were only made in area CA1 leaving open the possibility that 

neurons in upstream areas had similar properties. On the other hand, selective lesion of 

areas CA3 and DG significantly impared rats’ ability to detect displaced objects, while 

animals with CA1 lesions had comparatively preserved performance (Lee, Hunsaker, & 

Kesner, 2005), although the surgery was performed prior to learning so the deficits could 

have resulted from a deficit in mismatch detection or a deficit in the initial encoding.  

To address these inconsistent results, the current study used high-resolution fMRI 

as a complementary method to investigate match/mismatch signals arising from distinct 

human hippocampal subfields. We predicted that a match/mismatch signal should scale 

with the number of changes present in an image. Furthermore, since this response is 

hypothesized to reflect the automatic comparison of expectations and the environment  
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(Kumaran & Maguire, 2007b), this signal should reflect the total amount of change in the 

environment regardless of behavioral relevance. To test this hypothesis, we developed a 

paradigm with several key features. First, we presented subjects with images of well-

learned rooms that contained various combinations of different kinds of changes (see 

Figure 3.1 for details of the task) so that regions that have a general response to changes, 

both task relevant and irrelevant, could be identified. Second, we presented these probe 

images after subjects were cued with the name of the room. This allowed them to develop 

an expectation by, in essence, bringing a part or all of the image representation online 

prior to comparing it with the probe image. Finally, we used probe images that were 

largely composed of old features so that each probe could be used as a retrieval cue. This 

means that the signals associated with recollection should be similar across conditions 

and that response differences should be largely related to the degree to which an image 

matches expectations. Together, these features allowed us to identify which hippocampal 

subfield(s), if any, exhibits responses that would be consistent with match/mismatch 

detection. 

 

3.3 Experimental Procedures 

Subjects: 

Twenty-four (ten female) right-handed native English speakers with normal or 

corrected to normal vision participated in the study. Two subjects were removed from the 

analysis because of below chance performance on one of the tasks (Layout Task for one  
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Figure 3.1 
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subject and Furniture Task for the other), one subject was removed for excessive 

movement, and one subject was removed because of poor data quality. The remaining 20 

subjects had a mean age of 25.4 with a range of 21-34. Consent was obtained in a manner 

approved by the Institutional Review Board at New York University.  

Design:  

Participants performed two memory tasks (the Furniture and Layout Tasks) while 

in the scanner. In both tasks, the name of a familiar room (see training procedures below) 

was presented as a cue and was followed by an image that contained 0, 1, or 2 changes in 

the layout along with 0, 1, or 2 changes to the individual pieces of furniture. In the 

Furniture Task, participants were asked to indicate if all of the furniture was the same as 

in the studied image and ignore changes to the layout, while in the Layout Task the 

participants were asked to indicate if the layout was the same as the studied image and 

ignore changes to individual pieces of furniture. These manipulations result in a 2 (Task: 

Furniture, Layout) by 3 (Relevant change: 0, 1, 2) by 3 (Irrelevant change: 0,1, 2) 

factorial design. The crossing of relevant and irrelevant changes produces the nine types 

of visual stimuli that were used in each task.  

Stimuli:  

In total, 286 unique stimuli (16 for training only) were generated using Punch! 

Home Design Software (Kansas City, MO). The nine types of changes (0, 1, or 2 relevant 

x 0, 1, or 2 irrelevant changes) were applied to 30 distinctive rooms to generate the 270 

experimental stimuli. To produce relevant and irrelevant manipulations, changes were 
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made to the layout of the rooms by swapping the locations of two pieces of furniture and 

to the furniture in the rooms by replacing a piece of furniture with a piece of the same 

type (e.g. replacing a bed with a different bed). See Figure 3.1 for examples. Each 

original room had a distinctive layout that allowed all the furniture to be clearly visible 

after each manipulation. Additionally, relevant and irrelevant changes were equally likely 

to occur at each spatial position across rooms and nearly equally likely within a room. 

Stimuli were constrained such that relevant and irrelevant changes never occurred 

simultaneously to the same object. Stimuli in both the training and experimental sessions 

were presented using the psychophysics toolbox (version PTB-3) (Brainard, 1997) for 

Matlab (MathWorks, Sherborn, MA).  

Training Procedures:  

Participants were trained on the 30 room stimuli both during a separate session 

approximately 24 hours before the scanning session and again immediately before the 

scan. Each room was given an identifying name (for example, Johnson’s Living Room) 

that included the name of the family who owned it along with the type of room. In the 

first training session, subjects performed four tasks with the images. In the first task they 

were exposed to each room along with its name and were asked to rate their liking of the 

furniture and layout. The following three memory tasks required them to identify the 30 

rooms with a 90% accuracy criterion for at least two consecutive cycles. In the first 

memory task they were presented with each room and were asked to identify the name of 

the owner. In the second task the background cues were removed from the images so that 
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memory performance was only dependent on the furniture. In the third task, half of the 

image, either top, bottom, left, or right was covered with a black box to encourage the 

participants to distribute their attention across multiple pieces of furniture. Participants 

performed the second and third task again during the second session that took place right 

before the scanned portion. The training on the first day generally took participants 1.5 to 

2 hours to complete and ~ 30 minutes to complete on the second day.  

Participants were given instructions for both experimental tasks after they finished 

the training and then completed nine practice trials per task (one with each type of 

manipulation). To ensure they understood the task, participants were asked to tell the 

experimenter what response they were going to make and why before pressing the 

response button. At the end of each practice trial, the originally studied room was briefly 

presented so that the participants could get a sense of the types of manipulations that 

could occur. During the initial calibration scans the participants passively viewed the 30 

rooms (5 second presentation) to refresh their memories and to expose them to the images 

in the new setting.  

Behavioral Procedures:  

Each trial began with the presentation of the room name along with the name of 

the task (Furniture or Layout) for 1.5 s. This was followed by 1 s of blank screen and the 

presentation of a probe image for 4 s during which a response was made. In each image, 

0, 1, or 2 pieces of furniture could be changed (e.g. replacing a bed with another bed) and 

0, 1, or 2 swaps in location could be made (e.g. the bed moving to the position previously 
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occupied by the dresser and the dresser moving to the bed's previous location). In the 

Furniture Task, participants were instructed to indicate 'yes' with their left middle finger 

when the probe image contained all the original pieces of furniture regardless of their 

locations and 'no' with their left index finger if there were 1 or 2 changed pieces of 

furniture. Similarly, in the Layout Task, participants were instructed to indicate 'yes' with 

their middle finger when all pieces of furniture were in their original location, 

disregarding any changes to the individual pieces of furniture, and 'no' with their index 

finger if there were 1 or 2 swaps between pairs of objects. A variable ITI followed the 

probe presentation and lasted between 1 and 13.5 s. During all ITI periods greater than 1 

second, participants performed a secondary task where they indicated the direction of an 

arrow that randomly alternated between left and right every 0.5 s. This task was selected 

to reduce hippocampal activity between trials and, thus, improve our estimate of its 

response to experimental stimuli (Stark & Squire, 2001). Each run ended in 12.5 s (5 

TRs) of the active baseline task to allow for the full response to the last experimental trial 

to be fully recorded. Additionally, the first 12.5 s of each run did not include any trials to 

allow time for signal normalization.  

The experimental tasks were split across 10 runs (alternating between the Layout 

and Furniture Tasks) and subjects received performance feedback at the end of each run 

containing the percent of matches and changes correctly detected. At the end of the 6th 

run, the anatomical scan was run (11 minutes) and subjects were re-presented with the 

original images to release them from the interference that accumulates when viewing 
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manipulated images.  

 Each of the 10 runs contained 27 trials, resulting in a total of 135 trials per task. 

There were an equal number of trials with each type of perceptual change in a run, which 

resulted in 45 trials with each level of relevant (0, 1, or 2) and irrelevant (0, 1, or 2) 

change per task. The presentation sequences and ITI lengths were determined by the 

‘Optseq2’ algorithm (http://surfer.nmr.mgh.harvard.edu/optseq/) to optimize the design 

for subsequent estimation of condition specific effects. Participants were run on one of 

the sequences in pairs such that they saw the same sequence of images but performed 

different tasks on them (e.g. subject 1a would start with the Layout Task and subject 1b 

would see the same stimuli but start with the Furniture Task). 

FMRI methods:  

 All scanning was performed using a 3T Siemens Allegra MRI system with a 

whole-head coil. Functional data was collected using a zoomed high-resolution echo-

planar pulse (EPI) sequence similar to that in used in Olman et al. (2009) (TR = 2500 ms, 

TE= 49, FOV=192x96, 26 interleaved slices, distance factor of 20%, 1.5 x 1.5 x 2 mm 

voxel size, 10 runs, 125 volumes per run). The oblique coronal slices were aligned 

perpendicular to the hippocampal long axis. The field of view was reduced in the phase 

encode direction to reduce the total read out time thus minimize distortions and artifacts 

(Olman, et al., 2009). Saturation bands were used to suppress signal for tissue superior 

and inferior to the region of interest. A T1-weighted high-resolution MPRAGE sequence 

(magnetization-prepared rapid-acquisition gradient echo) (1x1x1 voxel size, 176 sagital 
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slices) was collected following the completion of the sixth experimental run and was used 

as a high-resolution anatomical scan. Visual stimuli were projected onto a screen that was 

viewed through a mirror attached to the subject’s head coil.  

Separate anatomical regions of interest (ROIs) were drawn for the DG/CA2/CA3, 

the CA1, and the subicular subfields of each participant's hippocampi. Before drawing, 

the T1-anatomical images were resampled to 0.75 mm isotropic voxels using a bicubic 

interpolation algorithm and then processed with the SUSAN nonlinear noise reduction 

tool in FSL to improve image quality. A single observer (K.D.) drew ROIs for all 

participants using a similar procedure to Kirwan et al. (2007). The coronal plates from 

Duvernoy (2005) were matched to the most similar coronal slice in each hippocampus 

and used as templates, and then the remaining slices were filled in to form continuous 

regions. This process was performed while viewing slices from each plane along with a 

3D rendering to ensure that the drawing respected all anatomical boundaries. See 

Supplemental Figure C11 for example ROIs 

Preprocessing of functional data was conducted with FSL (FMRIB Software 

Library; online at http://www.fmrib.ox.ac.uk/fsl). The first 5 volumes (12.5 seconds) 

were discarded to allow for signal normalization and the slicetimer function was used to 

correct for differences in slice acquisition timing. Next, the EPI volumes were motion 

corrected across runs by aligning to the last functional image recorded before the 

MPRAGE (the final volume from the sixth run) using the MCFLIRT function. One 

subject had 3 TRs of sudden movement (3 mm displacement) in a single run so these 
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volumes were excluded from all subsequent analyses. All other subjects included in the 

analyses did not move more than 2 mm in any direction over the course of the 

experiment. Finally, subject specific anatomical ROIs were used as masks for a 3 mm 

Gaussian smoothing kernel so that only data from the same hippocampal subfield would 

be smoothed with itself. Like other smoothing procedures, this process improves the 

signal-to-noise ratio and cross-subject registration, but it has the additional benefit of 

maintaining spatial specificity.  

Cross-subject registration was accomplished using the ROI-Demons tool (Yassa 

& Stark, 2009). First, all subjects’ anatomical images were aligned to their mean EPI 

image and the calculated transformation parameters were applied to the anatomical ROIs. 

Next, aligned anatomical images were transformed into Talairach space and the resulting 

affine transformations were applied to the aligned ROIs. Diffeomorphic transformations 

were then calculated (MedINRIA www-

sop.inria.fr/asclepios/software/MedINRIA/about.php) to bring each subject’s Talairached 

ROIs into registration with the first subject’s. These transformations were applied to the 

first-level parameter maps, which had been resampled to the anatomical resolution (1 mm 

isotropic). These aligned parameter maps were included in the second-level models. 

Supplemental Figure C11 includes example ROIs and overlap metrics for the transformed 

ROIs.  

FMRI Statistical Analysis:  

Functional data were analyzed using a general linear model (GLM) implemented 
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with 3dDeconvolve in AFNI (Cox, 1996). Separate run and linear drift regressors were 

included in first-level models as effects of no interest. The cue and probe portions of a 

trial were separately modeled as boxcars lasting for the duration of the event (1.5 seconds 

for the cue and 4 seconds for the probe) convolved with a double gamma function to 

approximate the hemodynamic response. A statistical threshold of p < .005 and 14 

contiguous voxels (3 original voxels) was used to determine which clusters were 

statistically reliable. 

Parametric Models: The Total Change Model was used to identify voxels that 

were linearly modulated by the total number of changes in a stimulus, regardless of the 

relevance of the changes. The model contained an event regressor for all correct trials in 

each of the tasks along with a single parametric regressor for each task that tracked the 

total number of changes (both relevant and irrelevant) in a trial. For example, if a probe 

during the Furniture task contained 2 furniture (i.e. relevant) and 1 layout (i.e. irrelevant) 

change, it would be coded with a ‘3’. Separate regressors of no interest were included for 

incorrect trials, linear drift, and run number.  

Non-parametric models: These models separately estimated responses to each 

condition so that differences that did not follow the predicted linear patterns could be 

evaluated. The Change Model separately estimated the response for each combination of 

relevant and irrelevant change in each task. The cue periods were binned according to 

task and accuracy to form four regressors. All incorrect probe periods in a task were 

included as single regressors. The correct probe periods were further divided into each 
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cell of the design for an additional 18 regressors (3 levels of relevant change by 3 levels 

of irrelevant change by 2 levels of task). Parameter estimates from these regressors were 

included in two second-level models that estimated the effects of relevant and irrelevant 

change using a 3 x 3 ANOVA for each task. Clusters of voxels that displayed main 

effects of relevant and irrelevant change were identified in group parameter maps. This 

model also provided the estimates for the visualization of condition specific responses in 

regions identified by parametric models.  

 Regions that predicted the accuracy of a response were isolated using a separate 

model. It contained a single regressor for cue periods and four regressors for probe 

periods that were binned according to accuracy and task. Probe parameter estimates were 

included in a second level ANOVA model that estimated main effects of task and 

accuracy. Additionally, contrasts for simple effects of accuracy for each task were 

included. 

Interaction Analysis: To directly compare the response to change across 

hippocampal subfields, all voxels (no cluster extent) that displayed a main effect of either 

task relevant or irrelevant change in either task (from the above non-parametric Change 

Model) were selected. The parameter estimates for each change condition (total number 

of changes = 0 through 4) were then averaged across voxels within a given hippocampal 

subfield. These estimates were submitted to a Generalize Estimating Equation (GEE) 

model that included the total number of changes and the subfields (CA1 as reference 

category) as factors along with their interaction. Importantly, the total number of changes 
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was included as a continuous measure so that the model would estimate how well fit each 

region was by a linear response to change.  

Linear Change Score: The Linear Change Score was developed so that the 

linearity of each region's response to the total number of changes could be directly 

compared. We used a simple correlation values as our measure of fit. Each subject’s 

response was correlated with the total number of changes in each task resulting in a set of 

correlation values for each hippocampal subfield. If a task resulted in a negative 

correlation with a region's response, we multiplied the correlation values by -1 for that 

task and subfield. This was done because we wanted to have a score that reflected the 

linear fit but was agnostic to the direction of the correlation. Finally, all statistical tests 

were performed on Fisher Z-transformed correlation values.  

 

3.4 Results 

Behavioral Results 

 During the experiment, subjects were cued to make one of two decisions on probe 

images of rooms that contained 0-2 manipulations to individual pieces of furniture (e.g. 

replacing a bed with a different bed) along with 0-2 changes to the layout of the furniture 

(e.g. swapping the locations of a dresser and a table). In the Furniture Task, subjects were 

asked to indicate if the pieces of furniture were the same as in the studied images, 

regardless of their layout, and in the Layout Task, subjects were asked to indicate if the 

layout was the same as in the studied image, regardless of changes to individual pieces of 
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furniture. The average accuracy and response times for each task can be found in the 

Supplemental Figure C10. A 3 (Relevant change) X 3 (Irrelevant change) X 2 (Task) 

repeated measures ANOVA was conducted for accuracy. A small but reliable main effect 

of the task was found (F(1, 19) = 15.6, p < .001), with the average performance on the 

Layout Task being 6% higher than the Furniture Task. There was a main effect of 

relevant change (F(2,38) = 51.5, p < .001) with planned comparisons showing higher 

performance on trials with 0 and 2 relevant changes than on trials with 1 relevant change 

(t(19) = 5.2, p < .001 and t(19) = 12.1, p < .001 respectively). Importantly, there was no 

interaction between task and number of relevant changes, F < 1, indicating that the 

manipulation of the task relevant changes had a similar effect across tasks. There was a 

main effect for irrelevant change (F(2, 38) = 4.8, p < .05) with planned comparisons 

indicating a significant advantage on trials with 0 irrelevant changes compared to those 

with 2 irrelevant changes (t(19) = 3.5, p < .01). There was also an interaction between 

task and irrelevant changes with the addition of irrelevant changes causing a more 

extreme decrement in performance in the Furniture than in the Layout Task. Finally, 

there was an interaction between relevant and irrelevant changes such that the improved 

accuracy that resulted from no irrelevant changes was only evident for trials that also 

included no relevant changes, i.e. for images that were identical to the studied image.  

A 3 (Relevant change) by 3 (Irrelevant change) by 2 (Task) repeated measures 

ANOVA was also conducted for response times on accurate trials. Overall, the results 

were similar to those found in the accuracy analysis. The main effects for all variables 
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were significant (F(1,19) = 9.2, p < .005 for task; F(2,38) = 38.0, p < .001 for relevant 

change; F(2,38) = 22.5, p < .001 for irrelevant change). Responses took on average 38 ms 

longer in the Furniture task, indicating that there was no speed accuracy tradeoff between 

tasks. Response times were faster as the number of relevant changes increased with 

significant differences between all levels (all p < .001), consistent with a strategy of 

searching for changes. Conversely, response times were slower as the number of 

irrelevant changes increased with 2 irrelevant changes taking significantly longer than 0 

or 1 (both p < .001), reflecting the time required to resolve interference from the 

irrelevant dimension.  

Imaging Results 

General Match/Mismatch signal:  To isolate voxels that display a response 

consistent with a general match/mismatch signal, we used a diffeomorphic subfield 

alignment procedure (Yassa & Stark, 2009) registering subject parameter maps according 

to hand-drawn subfield ROIs, in effect bringing each subject’s hippocampal subfields 

into alignment (see Methods section for details). We modeled the data using a simple 

parametric model that coded for the total number of changes (0, 1, or 2 relevant changes 

plus 0, 1, or 2 irrelevant changes) in each task. For example, if an image contained 2 

relevant changes in the Furniture Task (i.e. changes to individual pieces of furniture) and 

1 irrelevant change (i.e. a change to the layout), that trial would be coded with a ‘3’. 

Importantly, this model would be able to isolate voxels that have an increased response to 

more changes as well as voxels that have a maximal response to images that match the  
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Figure 3.2 
 

 
studied scene with a decreasing response to more changes. Allowing for both increases 

and decreases in response to change is a key feature of our analysis because whether a 

match/mismatch signal reflects the degree of match (Hasselmo and Schnell, 1994) or 

mismatch (Lisman & Grace, 2005) is not consistent across the proposed models. Both 

types of signal have also been reported across fMRI studies, with some finding greater 

hippocampal responses to probes that mismatch expectations (Duncan, et al., 2009; 

Kumaran & Maguire, 2006, 2007a) and others to probes that match expectations 

(Dudukovic, et al., 2011; Duncan, et al., 2009; Hannula & Ranganath, 2008  

Using this parametric approach, we found that the only hippocampal subregion to 
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display a general match/mismatch signal was area CA1, consistent with comparator 

models of the hippocampus (Hasselmo & Schnell, 1994; Hasselmo, et al., 1995; Kumaran 

& Maguire, 2007b; Lisman & Grace, 2005; Meeter, et al., 2004). Figure 3.2a displays the 

cluster of voxels in the anterior portion of area CA1 that exhibits a parametric increase in 

BOLD response as the total number of changes increase during the Furniture Task. 

Importantly, no other clusters in the hippocampus were revealed to show this kind of 

general response to change.  

Specificity of Area CA1: To more directly compare the CA1 activity with 

activation patterns seen in other hippocampal subfields, we next selected voxels in all 

hippocampal subfields that were in any way sensitive to change, but which were not 

statistically biased to show a particular pattern of responses across conditions. 

Specifically, we first identified voxels that displayed a main effect of task relevant or 

irrelevant change in either task. We removed our cluster extent threshold for this 

identification because there were no clusters outside of area CA1 that displayed 

significant main effects. The parameter estimates from these ‘change sensitive’ voxels 

were then submitted to a Generalized Estimating Equation (GEE) model that included 

both the total number of changes (0 through 4) as a linear predictor along with the 

hippocampal subfield (CA1, DG/CA2/CA3 and subiculum) to determine if there was an 

interaction between region and response to change. There was a significant interaction  
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Figure 3.3 
 

between subfield and number of changes in the Furniture Task (p < .05) driven by area 

CA1 being the only region to show a significant linear response to the total number of 

changes (p < .05; p > .12 in all other areas). There was also a marginal interaction 

between change and region for the Layout Task (p = .11) that was also driven by area 

CA1 being the only region to show a significant linear response to the total number of 

changes (p < .05; p > .54 in all other areas, see Figure 3.3a). 

Finally, we wanted to directly compare how well fit each region was by the total 
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number of changes across tasks. To do this we developed a linear change score that 

combined the correlation between the response in each hippocampal region and the total 

number of changes across tasks as a measure of how well fit each region was to the linear 

effect of change (see methods section for details). When the linear change scores for each 

region were submitted to a repeated measures ANOVA, there was a significant main 

effect of region (F(2,38) = 3.74, p < .05), that was driven by a significantly greater linear 

change score in area CA1 than in subiculum (F(1,19) = 6.0, p < .05) and a marginally 

greater score in area CA1 than in area DG/CA2/CA3 (p = .06) (Figure 3.3b). Together, 

the linear effects provide evidence that the response in area CA1, more than any other 

hippocampal subfield, tracks the total amount of change in an image, consistent with its 

hypothesized role in match/mismatch detection. 

Task-Related Response: In addition to the general response to changes, a more 

task-related mnemonic signal may be expressed by additional regions of the 

hippocampus, as has been found in recent work (Axmacher et al., 2010; Duncan et al 

2009). To identify clusters showing this type of response we looked for voxels that 

displayed a main effect for task relevant change in each task. As mentioned above, the 

only subfield to display a significant main effect of relevant change was area CA1. Figure 

3.4 displays a cluster that is selectively sensitive to relevant change. This cluster was 

located in the body of area CA1, and displayed an increased response for task relevant 

layout matches, with 0 relevant changes being greater than 1 or 2 relevant changes (t(19) 

= 3.0, p < .01 and t(19) = 4.6, p < .001, respectively). It was not, however, modulated by  
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Figure 3.4 
 

 
 

the degree of irrelevant change in the same task. Interestingly, these voxels also displayed 

a trend toward greater activity on accurate compared to inaccurate trials during the 

Layout Task (t(19) = 1.79, p = .09) and a  more directed analysis revealed a cluster 

showing a significant accuracy effect located close to this same region (Supplemental 

Figure 3.4). Taken together, these results suggest that this match enhancement signal may 

be involved in the memory decision and further shows that, area CA1 can express both a 

general and more selective response to change.  

We were also able to confirm the general change region using this approach. A 

cluster that was overlapping with the general change region emerged from this analysis as 
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showing a main effect for relevant change in the Furniture Task. This cluster also 

displayed a marginal effect for task irrelevant changes in the Furniture Task (linear trend: 

F(1,19) = 3.4, p = .08) (Supplemental Figure C12), consistent with our interpretation that 

these voxels signal the overall amount of change in each stimulus. 

Finally, anterior-posterior regions of CA1 do appear to show a sensitivity to 

change in different ways. The relevant change region in posterior CA1 displayed a match 

enhancement response while subjects performed the task which probed spatial aspects of 

the scene while the anterior region showing a general response to all change was 

identified while subjects focused on non-spatial, object information in the scene. This 

anterior-posterior distinction is consistent with previous human work (Pihlajamaki et al., 

2004) and is broadly consistent with the rodent literature that has demonstrated that the 

dorsal hippocampus, corresponding to the human posterior hippocampus, is differentially 

responsible for spatial memory (see (Fanselow & Dong, 2010) for a recent review). 

Although the rodent literature has traditionally treated the ventral hippocampus as being 

differentially involved in emotional processes (Moser & Moser, 1998), the results of a 

recent study are in line with the human literature in suggesting that neurons in this region 

may also code for non-spatial local environmental cues (Royer, Sirota, Patel, & Buzsaki, 

2010). Consistent with this interpretation, while the only cluster of voxels to correlate 

with task performance in the Layout Task was in a posterior portion of the hippocampus, 

two clusters in the anterior hippocampus were found to correlate with performance in the 

Furniture Task.  
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3.5 Discussion 
 

The current study was conducted to test hippocampal area CA1’s theoretical role 

in match/mismatch detection. Although these models have been influential in the 

conceptualization of hippocampal mechanisms, many of the specific aspects remain to be 

tested. Thus, it remains a critical goal to assess the validity of CA1 in performing a 

match/mismatch calculation. To this end, we conducted a high-resolution fMRI study 

during which subjects performed a task that establishes an expectation by cueing 

participants with the name of a previously well-studied room. Next, they were presented 

with a probe image that either matched the studied room or contained various numbers of 

changes, some of which were task relevant and others task irrelevant. We predicted that a 

region supporting a match/mismatch calculation would be sensitive to the total number of 

changes in each probe image, regardless of their behavioral relevance. Area CA1 was the 

only hippocampal subfield to reliably display this type of response. Furthermore, we 

demonstrated that area CA1 had a significantly more linear response to the total number 

of changes than any other hippocampal region.  

The results of this study provide much needed empirical evidence for the 

theoretically important role of area CA1 as a match/mismatch detector. Previous high-

resolution fMRI studies have recorded from hippocampal subfields while old and new 

stimuli were presented (Bakker, et al., 2008; Dudukovic, et al., 2011; Eldridge, et al., 

2005; Kirwan & Stark, 2007; A. R. Preston, et al., 2009; Viskontas, et al., 2009; Yassa & 
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Stark, 2009; Zeineh, et al., 2003). These studies did not, however, reveal that area CA1 

played any special role in discriminating between old and new stimuli. Two key aspects 

of our design likely led to the differentiation of  area CA1’s response from other 

subfields. First, most of the prior paradigms did not allow for a clear expectation to 

develop on each trial. Instead, previous studies presented new objects (Eldridge, et al., 

2005; Kirwan & Stark, 2007; Viskontas, et al., 2009), faces (Kirwan & Stark, 2007; A. R. 

Preston, et al., 2009; Zeineh, et al., 2003), scenes (A. R. Preston, et al., 2009), or words 

(Eldridge, et al., 2005; Viskontas, et al., 2009; Zeineh, et al., 2003), either in a continuous 

stream or intermixed with old items. Although these studies were well designed to answer 

questions about encoding or retrieval success, they were not designed to detect a signal 

related to how well a presented stimulus matches or mismatches an expectation since 

there was nothing in the stimulus, or preceding the stimulus, to set up an expectation. 

There is one recent study, however, that did establish an expectation (Dudukovic, et al., 

2011) but they also did not find a special role of area CA1 in discriminating between 

novel and repeated probes, instead they found that all subfields displayed an enhanced 

response for probes that matched a maintained image. Unlike our paradigm, the 

mismatching probes used in this study were completely novel, and so could not serve as a 

memory cue. This means that their results are equally consistent with a signal that reflects 

the reactivation of recent experience or a match/mismatch calculation. Indeed, the authors 

interpreted their findings as evidence for the former. By including the development of an 

expectation and by always using probes that could serve as retrieval cues, our design 
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allowed us to demonstrate that area CA1, more so than any other subfield, generates 

responses that are consistent with match/mismatch detection. 

The match/mismatch signals observed in the current study not only distinguished 

between images that did or did not contain change, but also represented the amount of 

change in a graded, roughly linear, manner. This is consistent with rodent 

electrophysiological data acquired while the animals explored environments that were 

manipulated versions of recently explored environments.  The results of these studies 

suggest that, as compared to areas DG and CA3, neurons in area CA1 represent change in 

a linear manner (Guzowski, et al., 2004; Lee, et al., 2004; S. Leutgeb, et al., 2004; 

Vazdarjanova & Guzowski, 2004). One additional study recorded from area CA1 while 

rats found an escape platform in an unexpected location (Fyhn, et al., 2002), a 

manipulation more analogous to those performed in the current study. They found that 

that area CA1 shifted its representation of the unexpected location by recruiting more 

pyramidal neurons while decreasing the response in a population of interneurons. While 

these studies have primarily measured shifts in neuronal representations to characterize 

hippocampal subfields’ sensitivity to change, there is some evidence that these 

representational changes are accompanied with changes in neuronal firing rate (S. 

Leutgeb, et al., 2005), which would be more readily translated into the BOLD response. 

It is noteworthy that all previous fMRI studies that have found evidence for 

hippocampal match/mismatch signals have used tasks with a working memory structure 

(Dudukovic, et al., 2011; Duncan, et al., 2009; Hannula & Ranganath, 2008; Kumaran & 
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Maguire, 2006, 2007a) where a matching or mismatching probe is presented within 

seconds of a cue stimulus. By contrast, the current study asks subjects to make a 

match/mismatch judgment by comparing a retrieved long-term memory representation, 

one well-learned across preceding days, to a currently presented stimulus. The 

hippocampus is proposed to continuously make comparisons based on previously 

encoded events, so arguably a long term memory paradigm may be more representative 

of the situations in which the hippocampus acts as comparator than traditional working 

memory paradigms. Additionally, by extending the evidence for match/mismatch signals 

to a long-term memory task, we were able to demonstrate that these responses are not tied 

to the structure of working memory paradigms but are, rather, more likely to reflect the 

comparison of past experience with the present.  

The theoretical importance of the match/mismatch signal lies in its proposed 

ability to adaptively direct the hippocampus toward the mnemonic processes that are best 

suited to the current situation (Hasselmo & Schnell, 1994; Hasselmo, et al., 1995; 

Kumaran & Maguire, 2007b; Lisman & Grace, 2005; Lisman & Otmakhova, 2001; 

Lorincz & Buzsaki, 2000; Meeter, et al., 2004; Vinogradova, 2001). Some evidence for 

the consequences of this detection have been found in electrophysiological recordings in 

humans which reported an early automatic hippocampal response followed by a later 

more task-related response (Axmacher, et al., 2010). Similarly, in addition to the 

automatic total change response reported here, we also identified a cluster in area CA1 

whose response was only sensitive to task relevant manipulations and was also correlated 
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with task performance. This more task-related signal may correspond to the memory 

processing that occurs subsequent to the automatic match/mismatch detection. Although 

fMRI does not allow us to determine the relative timing of these signals, we were able to 

add a critical piece to the emerging conceptualization of hippocampal novelty detection 

and memory by isolating these signals to area CA1. 

This study also serves as an example of how high-resolution fMRI can contribute 

unique evidence for theoretical models of hippocampal function (Carr, Rissman, & 

Wagner, 2010). Although this method is relatively new, it has already served an 

important role in testing other aspects of hippocampal models (Bakker, et al., 2008). This 

approach gives us a window into the intact hippocampus, allowing us to observe the 

operations performed within a subfield when all efferent and afferent connections are 

intact. This is critical when trying to distinguish between distinct operations performed 

by highly interconnected subfields. Furthermore, the ability to study these processes in 

humans not only provides evidence directly from the system which we are trying to 

model, but also allows us to more readily control intentional factors, such as goals and 

motivations, which are hypothesized to play a key role in modulating hippocampal 

processing (Lisman & Grace, 2005). 
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CHAPTER 4 

 

4.1 Summary   

 Incoming events that match or mismatch stored representations are thought to 

influence the ability of the hippocampus to switch between memory encoding and 

retrieval modes. Electrophysiological work has dissociated match and mismatch signals 

in the monkey perirhinal cortex, where match signals were selective for matches to goal 

states while mismatch signals were not modulated by intention (Miller & Desimone, 

1994). To investigate whether the theoretically important relational match and mismatch 

signals in the hippocampus are modulated by goal states, we fully crossed whether a 

probe stimulus relationally matched or mismatched a previously perceived image or goal 

state. Subjects performed two working memory tasks where they either responded ‘yes’ 

to probes that were identical to the previous sample scene, or, after performing a 

relational manipulation of the scene, responded ‘yes’ only to a probe that was identical to 

this perceptually novel image. Using functional magnetic resonance imaging we found 

evidence for relational match enhancements bilaterally in the hippocampus that were 

selective for matches between the probe stimulus and goal state, but were not modulated 

by whether that goal was perceptually novel. Moreover, we found evidence for a 

complementary hippocampal mismatch enhancement that was triggered by stimuli 

containing salient perceptual manipulations. Our results provided evidence for parallel 

memory signatures in the hippocampus: a controlled match signal that can detect matches 
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to internally generated goal states and an automatic mismatch signal that can identify 

unpredicted perceptual novelty.    

  

 

4.2 Introduction 

 The formation and retrieval of relational memories critically depends on the 

hippocampus, as demonstrated by numerous lesion, electrophysiological, and human 

imaging studies (for recent reviews, see (Davachi & Wagner, 2002; Eichenbaum, et al., 

2007; Mayes, et al., 2007; Squire, 1992). Nonetheless, how it performs these operations 

remains poorly understood. Strictly in terms of neuronal firing rate, previously encoded 

events can be distinguished from novel ones by increased activity for events that match 

stored representations (i.e. match enhancement6), or by greater activity for novel events 

(i.e. mismatch enhancement). Electrophysiological studies provide evidence for both of 

these signals within the hippocampus (Fried, MacDonald, & Wilson, 1997; Rutishauser, 

Mamelak, & Schuman, 2006; Wood, Dudchenko, & Eichenbaum, 1999) though neither 

the distinction between these seemingly redundant signals nor the nature of the 

representations against which these comparisons are being made are known.  

                                                             
6 For clarity purposes, we use the term match enhancement to refer to signals where the  

response to stimuli that match a previous representation is greater than the response to  

mismatching stimuli and mismatch enhancement to refer to signals where the response to  

new stimuli is greater. See Figure 2 Caption for a more detailed explanation. 
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 An intriguing clue comes from previous dissociations of memory signatures for 

item information in the monkey perirhinal cortex (Miller & Desimone, 1994). In a 

standard sequential delayed match-to-sample task, which can be performed by detecting 

any repetition, mismatch enhancement predominated in the perirhinal cortex. This study 

also included a modified version of the paradigm. Like in a standard delayed-match-to-

sample task, monkeys were rewarded for identifying the repetition of a sample stimulus. 

This version, however, also included  behaviorally irrelevant repetitions of intervening 

stimuli that had to be ignored. Because this task required distinguishing between sample 

repetitions and intervening repetitions, active maintenance of a the sample stimulus was 

required for successful performance. In this version of the task, two distinct neuronal 

populations expressing match and mismatch enhancements were found. Interestingly, 

match neurons signaled the repetition of the sample image, while mismatch neurons were 

not modulated by behavioral relevance.   

 Recent fMRI studies have reported relational mismatch enhancement in the human 

hippocampus (Kumaran & Maguire, 2006, 2007a). Specifically, the hippocampus 

displayed greatest BOLD signal when the second presentation of a quartet of objects 

mismatched an expectation7. A complementary match enhancement may not have been 

found, however, because participants in these studies performed 1-back tasks that were 

                                                             
7 Expectations were broken by quartets that had repeated initial objects (2006), sequences  

(2007a), or locations (2007a) but relationally differed from their initial presentation.  
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unrelated to the experimental manipulation. If match enhancements convey behaviorally- 

relevant matches then these signals would only be uncovered in experiments designed to 

investigate goal relevant matches.  

 Consistent with this hypothesis, Hannula and Ranganath (2008) found enhanced 

hippocampal activation for images that matched a maintained goal. In this task, 

participants mentally rotated arrangements of objects, and then identified probes that 

matched this perceptually novel, generated goal. Although finding match enhancements 

in response to perceptually novel stimuli suggests that internally generated 

representations may be used in goal-match calculations, it is still possible that a 

combination of perceptual-mismatch and goal match signals is driving the enhancement 

seen. In other words, goal-matches were present in conditions that always contained 

perceptual-mismatches.   

 We developed a paradigm that fully crosses whether stimuli match or mismatch a 

goal state or a previous perception to help elucidate the mechanisms underlying match 

and mismatch enhancements in the human hippocampus. We predict that hippocampal 

match enhancements will reflect goal-matches rather than perceptual-matches while 

mismatch enhancements may be influenced by perceptual novelty.   
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Figure 4.1 
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4.3 Experimental Procedures   

Subjects:     

  Eighteen (six were female) right-handed native English speakers with normal or 

corrected to normal vision participated in the study. Their mean age was 21 with a range 

of 18-27. Consent was obtained in a manner approved by the Institutional Review Board 

at New York University.   
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Design:  

  Participants performed two working memory tasks (Object-Match and Object-  

Switch). Both began with participants viewing a sample image (a room containing a pair 

of objects), maintaining information over a variable delay, and then making a memory 

decision on a probe image. In the Object-Match task, participants were instructed to only 

respond ‘yes’ to a probe that was identical to the sample stimulus, while in the Object-  

Switch task, participants were instructed to swap the locations of the objects and respond 

‘yes’ only to this perceptually novel goal.   

  Across the two tasks, six experimental conditions were developed (Figure 4.1). In 

the Object-Match task, if the probe contained the same objects as the sample image in 

their original locations, the probe would match both the goal and previous perceptual 

experience (BOTH) and if it contained the same objects in the reversed locations it would 

match neither the goal state nor the perceptual experience (NEITHER). In the Object-  

Switch task, if the probe was identical to the sample, then it matched the previous 

perception while mismatching the goal (PERCEPT), and if it contained the same objects 

in the reverse locations then the probe matched the goal but mismatched the percept  

(GOAL). In both tasks, a probe stimulus could contain a new object (OBJ) or an old 

object in a new location (LOC) with respect to the sample image. Subjects should 

respond negatively to these probe conditions. All subjects were presented with an equal 

number of trials of each condition.  

Stimuli:     
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  All stimuli were generated from a set of 138 two-color rooms (12 reserved for 

training) and 299 color drawings of objects (26 reserved for training). The room stimuli 

were rendered in Adobe Illustrator with a common spatial layout, but unique in the 

combination of colors and patterns of stripes or checkerboards used on the floor and 

walls. Two hundred and sixty of the object images were from a colorized Snodgrass 

image database (Rossion & Pourtois, 2004); the remainder (26 training and 13 test) were 

selected from web-based clip art collections with the criteria that they did not have the 

same names as any objects in the original set and had a similar style of rendering. Each 

scene stimulus was composed of one room with two overlaid objects, each positioned in 

one of nine locations defined by an invisible 3-by-3 grid on the floor of the room. All 

scenes were generated during the experiment or training sessions using the psychophysics 

toolbox (version PTB-3) (Brainard, 1997) for Matlab (MathWorks, Sherborn, MA).      

  Twenty-one arrangements of objects were used in the study. They were selected to 

ensure that no object was obscured by the other and that each location was filled a similar 

number of times. For every subject, each of the 21 arrangements was used in each of the 

six conditions. In the new location condition, one of the objects was moved to an adjacent 

grid location in either the x or y directions with approximately equal frequency. The 

objects were broken into 13 groups of 21 objects (plus the 26 reserved for the training 

trials). Over the subjects, each group of objects had approximately an equal likelihood of 

occurring in each of the six conditions. Each object was used as the new object in the new 

object condition and as old objects in all conditions across subjects.      
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Behavioral Procedures:     

 Subjects performed the Object-Match and Object-Switch working memory tasks 

while in the scanner. Both tasks began with the presentation of a sample stimulus (3 s 

duration) with an auditory task cue played during the last 0.5 seconds of the presentation. 

A variable delay period (7, 9, 11 s) followed and each trial ended with a probe stimulus 

presentation for 2 s. Subjects were able to make their response on a button box only 

during this 2 s period. A variable inter-trial interval (ITI) (8, 10, 12 s), during which 

subjects viewed a blank screen, separated trials.    

 In the Object-Match task (cued with the sound of a chime), subjects were instructed 

to make a ‘yes’ response only when the probe stimulus contained the same objects in the 

same locations as the sample and a ‘no’ response in all other cases. In the Object-Switch 

task (cued with the sound of a buzzer), subjects were instructed to make a ‘yes’ response 

when the probe contained the same objects as the sample stimulus but in the reversed 

locations, i.e. object 1 was in the location formally occupied by object 2 and vice versa. 

There were four possible probe scenes: the same objects in the original locations (BOTH 

in the Object-Match task and PERCEPT in the Object-Switch task); the same objects in 

the reversed locations (NEITHER in the Object-Match task and GOAL in the Object- 

Switch task); the same objects with one moved to a new location (LOC); and the same 

locations with one new object (OBJ).     

 Subjects were trained on the two tasks before entering the scanner. They first 

received written instructions outlining how to perform the Object-Match and Object- 
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Switch tasks. They were instructed to respond ‘yes’ by pressing a key with their index 

finger and to respond ‘no’ by pressing their middle finger key. They were warned that 

some probes would contain new objects or old objects in new locations and that they 

would need to attend to both the object identity and location in order to perform the task. 

Next, they performed a training session to ensure they understood the requirements of 

each condition and were able to make their response in the allotted time.   

 The experimental task was presented over three separate runs. Each run had 42 

trials, 7 of each condition. The order of trial types was determined by the ‘Optseq2’ 

algorithm (http://surfer.nmr.mgh.harvard.edu/optseq/) to provide the best sequence for 

subsequent estimation of condition specific effects.   

FMRI methods:     

 All scanning was performed using a 3T Siemens Allegra MRI system with a whole- 

head coil. Functional data was collected using a gradient-echo-planar pulse (EPI) 

sequence (TR = 2000 ms, TE=30, FOV=192, 36 slices aligned perpendicular to the 

hippocampal long axis, 3x3x3 mm voxel size, 3 runs, 505 volumes per run). A T1- 

weighted high-resolution sequence (magnetization-prepared rapid-acquisition gradient 

echo) (176 sagital slices, 1 x 1 x 1 mm3 voxels) was run to collect anatomical data 

following the completion of the final experimental run. Visual stimuli were projected 

onto a screen that was viewed through a mirror attached to the subject’s head coil. 

Auditory stimuli were presented though a Siemens headphone system. Prior to the first 

experimental run, the subjects adjusted the volume of the auditory cues over the noise of 
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the same EPI sequence used for the collection of functional data. During the same EPI 

sequence, they then performed a brief auditory discrimination task to insure that they 

could easily tell the cues apart over the noise of the scanner.    

 The imaging data were analyzed using SPM2 (Wellcome Department of Cognitive 

Neuroscience, University College London, London, UK). During preprocessing, the 

functional data were corrected for differences in slice acquisition timing, then motion 

corrected across runs. Subjects who moved more than 3 mm in any direction would have 

been removed from analysis, but all subjects' movement estimates were below this 

criterion. The functional data were then spatially normalized to an EPI template in MNI 

space. The transformation obtained from this normalization was used to normalize the 

anatomical data. Finally, the voxels were spatially smoothed with a 6 mm full-width half- 

maximum isotropic Gaussian kernel.    

FMRI Statistical Analysis:   

 Functional data were analyzed using a general linear model (GLM) implemented in  

SPM2. An impulse response at the onset of the sample stimulus and probe presentation 

was used to model the activity during these events. A boxcar of appropriate length (7,9, 

or 11 s) was used to model the intervening delay period activity. The two tasks, Object- 

Match and Object-Switch, were modeled separately during the delay period, the six 

possible probe conditions were modeled separately and all sample presentations were 

modeled together. Additionally, the sample, delay, and probe periods of error trials were 

modeled separately from those of successful trials. As performance was very high in both 
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tasks, error trials were not included in any subsequent analysis. The three runs were 

concatenated and modeled as one to increase the number of trials used to estimate each 

parameter. Each regressor was convolved with both a canonical hemodynamic response 

function and its temporal derivative resulting in two regressors per event. The mean 

signal and linear drift were separately modeled for each run as confounds. Subject 

specific fixed-effects models were used to estimate effects of task and probe conditions. 

These subject-specific contrasts were entered into a random-effects analysis (one-sample 

t-test) for group analysis. To investigate effects in the medial temporal lobe (MTL), an 

adjusted reliability threshold of p < .005 (five contiguous voxels) was adopted to 

accommodate the relatively low signal-to-noise ratio within the MTL (Davachi & 

Wagner, 2002; Mitchell, Macrae, & Banaji, 2004; O'Kane, Insler, & Wagner, 2005; 

Ojemann, et al., 1997; Schacter & Wagner, 1999; Strange, Otten, Josephs, Rugg, & 

Dolan, 2002; Weis, Klaver, Reul, Elger, & Fernandez, 2004). Regions outside of the 

MTL were considered reliable at a p < .001 level (five contiguous voxels). All subsequent 

comparisons were preformed on subject specific beta estimates for each condition across 

all voxels contained in clusters identified by the random-effects analysis.    

Conjunction Analyses:    

 The experiment was designed so that different types of memory signatures can be 

distinguished by the patterns of activation triggered by all of the probe conditions (see 

Figure 4.1b for predicted patterns of activation). A region whose activity is consistent 

with a match enhancement should exhibit greater activation during BOTH compared to 
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NEITHER probe stimuli. Importantly, however, goal-match and percept-match 

enhancements can be distinguished by the response to probe types in the Object-Switch 

task. Specifically, if there is more activation in the GOAL condition, the match 

enhancement is likely driven by a match between the probe and the goal; if there is more 

activation in the PERCEPT, the signal is more likely driven by a match to the previous 

percept. This same logic holds for mismatch enhancements defined by greater activation 

during the NEITHER than the BOTH condition. Greater activation during the PERCEPT 

than GOAL trials would be consistent with a goal-mismatch enhancement, while a 

percept-mismatch enhancement would be inferred when activity is greater in the GOAL 

than the PERCEPT conditions. Hence, consideration of activation across all four 

experimental conditions will yield a greater understanding of what representations are 

driving either response.    

 It should be noted that we are not able to conclusively determine whether an 

observed pattern is being driven by an enhancement or suppression of neural firing. For 

example, the pattern that we refer to as a goal-match enhancement (Figure 4.1) could be 

driven by an increased response to probes that match a goal state or, rather, a suppressed 

response to probes that mismatch a goal. Thus, we could have referred to this pattern as a 

goal-mismatch suppression. We have chosen to adopt terms here that are consistent with 

enhancement and they will be used throughout the article to refer to the four patterns in 

Figure 4.1.   

 Regions showing the predicted pattern of activation across the four relational 
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conditions (BOTH, NEITHER, GOAL, and PERCEPT) were identified by looking at the 

conjunctions of within-task contrasts of probe regressors. We entered the results of 

targeted group random-effects contrasts into the each conjunction analysis to identify 

voxels that show a combination of effects. Regions showing a goal-match enhancement 

were identified by the conjunction of the BOTH > NEITHER and GOAL > PERCEPT 

contrasts. Regions showing a goal-mismatch enhancement were identified by the 

conjunction of the contrasts of NEITHER > BOTH and PERCEPT > GOAL. Regions 

showing a perceptual-match enhancement with the conjunction of BOTH > NEITHER 

and PERCEPT > GOAL and perceptual-mismatch enhancements were identified with the 

conjunction of NEITHER > BOTH and GOAL > PERCEPT contrasts. Similarly, second 

level analyses were used to investigate identified regions of interest using a 2x2 within-

subjects ANOVA (goal: match vs. mismatch; percept: match vs. mismatch) so that a 

main effect for goal where match > mismatch would indicate that the selected region 

shows goal-match enhancement. Critically, paired t-tests were used to verify that the 

expected conditions did indeed differ from each other.  

 A conjunction analysis was also performed to identify regions that were 

preferentially responsive to conditions with both types of salient perceptual novelty (OBJ 

and LOC). This novelty-conjunction analysis consisted of the conjunction of LOC > 

(BOTH & NEITHER & GOAL & PERCEPT) and OBJ > (BOTH & NEITHER & 

GOAL & PERCEPT).  

 Regions in the MTL were considered reliable in a conjunction analysis at a 
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combined p < .005 level and regions outside the MTL were considered reliable at a 

combined p < .001 level.   

 

4.4 Results   

Behavioral results:   

 See Table 4.1 for the mean accuracy and reaction times for correct trials in each 

condition. Paired sample t-tests revealed that responses in the Object-Match task were 

faster than those in the Object-Switch task, t(17) = 4.0, p < .001 and that responses to 

probes that matched the goal (‘yes’ responses) were faster than those that mismatched 

this representation (‘no’ responses), t(17) = 5.7, p < .001. Hence, greater activation for 

goal matches, compared to mismatches, are not simply driven by time on task. The 

accuracy measure did not show these effects. Instead, trials where the probe stimulus was 

a perceptual match to the sample (BOTH and PERCEPT trials) had greater accuracy than 

conditions where the probe contained reversed objects (NEITHER and GOAL trials), 

t(17) = 3.3, p < .005. Critically, we only used correct trials in all functional imaging 

analyses.  
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FMRI results:     

 The global pattern of activation elicited by the task was first assessed with contrasts 

of the sample period > baseline (supplementary Figure D14a) and the probe period 

(collapsed across conditions) > baseline (supplementary Figure D14c). Both of theses 

periods were associated with robust activity throughout the ventral visual pathway, 

medial temporal lobe regions including bilateral hippocampus, perirhinal and 

parahippocampal cortex, as well as the frontal cortex, basil ganglia, thalamus and parietal 

cortex.  

 The crucial comparisons in this design, however, are based on the patterns of 

activation seen across conditions during the probe period. To determine this, four 

conjunction analyses were completed to reveal regions that exhibited activation patterns 

consistent with match and mismatch enhancements selective for goal or perceptual 

information. Critically, we predicted that if regions in the hippocampus express match 

enhancements driven by matches to goal states and not perceptual novelty, then activity 

would be greater for BOTH compared to NEITHER trials in the Object-Match task, and 

for GOAL compared to PERCEPT trials in the Object-Switch task. This should be the 

case even though the probe on GOAL trials has never been seen before.   

 Hippocampal Match Enhancements:  Of the four match/mismatch conjunction 

analyses, only the goal-match pattern (BOTH > NEITHER and GOAL > PERCEPT 

yielded voxels within the MTL. This was true even when the combined threshold was 
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reduced to a very liberal threshold of p < .01. In particular, bilateral posterior 

hippocampal regions (extending into parahippocampal cortex on the right) were found to 

exhibit a goal-match pattern of response. Critically, when the condition-specific beta 

estimates were examined in these regions, the benefit for trials that matched the goal state 

over those which mismatched was comparable across both encoding tasks (Figure 4.2). 

Because the goals in each task differed in perceptual novelty, this comparable benefit 

implies that the match calculation is not affected by whether the goal was perceived or 

had to be internally generated. It should be noted, however, that BOTH and GOAL 

activations are not significantly greater than the activations for OBJ or LOC trials, all p > 

0.1 (with the exception of GOAL being greater than OBJ in the right 

hippocampal/parahippocampal region, t(17) = 2.4,  p < 0.05). BOTH and GOAL 

conditions would be expected to have the greatest activation in voxels which are solely 

devoted to goal-match calculations.  

 Instead, in the right hippocampal/parahippocampal region, LOC activations are 

significantly greater than NEITHER activations, t(34) = 2.34, p < 0.05. OBJ and LOC 

responses were not significantly different from any other conditions, all p > 0.1. The 

heightened response for conditions with salient perceptual novelty suggests that a weak 

mismatch enhancement may be occurring along side the match calculations made in these 

regions, but, as noted above, the match calculation itself does not seem to be modulated 

by the perceptual novelty of the goal image.   
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Figure 4.2 
 

 
 

 Moreover, when voxels within the left posterior hippocampus were isolated with a 
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sample period > baseline contrast, these voxels also displayed a significant goal-match 

pattern, F(1,34) = 4.4, p < .05. Voxels in this same area isolated with a probe period 

(collapsed across stimulus types) > baseline contrast showed a similar, but marginally 

significant goal-match trend, F(1,34) = 3.0, p = .09. Finally, voxels in the right anterior 

hippocampus that were activated by the probe (compared to baseline) also displayed this 

same goal-match pattern of activation F(1,34)=5.2, p < .05. The finding of goal-match 

enhancements in hippocampal voxels that were selected only by their activation during 

the task reinforces the interpretation that goal-match enhancements were the predominant 

mnemonic signals elicited in the hippocampus by this paradigm.  

  A small region in the left posterior hippocampus (MNI coordinates: -27, -24, -9) 

was revealed by a GOAL > PERCEPT contrast but it did not show a benefit for goal- 

matches (BOTH > NEITHER) in the Object-Match task, t < 1. If the benefit for GOAL 

trials reflected a general preference for perceptual-mismatches or goal-matches (as is 

seen in the two posterior hippocampal regions) then some selectivity for either NEITHER 

or BOTH trials, respectively, would be expected. The pattern in this region, however, is 

more consistent with an area that has a preference for a combination of goal-matches and 

perceptual-mismatches, consistent with associative match-mismatch detection (Kumaran 

& Maguire, 2007b). Interestingly, although it is found in the left instead of right  

hemisphere, this region is similarly located along the anterior-posterior axis to a region  

(MNI Coordinates: 27,-27,-6) found in Kumaran and Maguire (2007a).   

 Hippocampal Mismatch Enhancements:  Although no regions within the MTL were  
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found to show mismatch enhancements in response to goal-mismatches or subtle  

perceptual-mismatches, regions in the MTL were found to show preferential activity for  

the more salient perceptually novel OBJ and LOC conditions. The novelty-conjunction  

analysis revealed regions in the posterior right hippocampus (Figure 4.3), left  

parahippocampal cortex, right perirhinal cortex, and right amygdala (see Table 4.2).  

Interestingly, the hippocampal region does display a pattern consistent with a goal-match  

enhancement but this was not found to be significant, F(1,34) = 2.4, p > .1. Moreover 

within each task, BOTH activation was not significantly greater than NEITHER and 

GOAL activation was not significantly greater than PERCEPT, both p > .1. Additionally, 

a large region in the anterior hippocampus was also found to have preferential activity for 

the novel OBJ condition as revealed by an OBJ > (BOTH & NEITHER & GOAL & 

PERCEPT) contrast (Figure 4.3). In this region, the responses to BOTH, NEITHER, 

GOAL, and PERCEPT conditions were also not significantly different from each other, 

all p > .1.   

 Delay Period Activity:  A region in the posterior left hippocampus (MNI 

coordinates: - 32, -31, -8) showed sustained delay period activity regardless of trial type 

as determined by an Object-Match delay + Object-Switch delay > baseline contrast. See 

supplementary Figure D14 for cortical regions revealed by this contrast. It is worth noting 

that this region overlaps with the left hippocampal goal-match region. When the beta 

estimates for the probe were extracted from this delay region, a goal-match pattern was 

also observed, F(1, 34) = 10.2, p <  .005 (Figure 4.4).   
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Figure 4.3 
 

 



 117 

  

 Additional regions in MTL and prefrontal cortex were revealed in a contrast of 

Object-Switch delay > Object-Match delay. A region in the right posterior hippocampus  

(MNI coordinates: 29, -20, -11) and left amygdala (MNI coordinates: -29, -10, -21) both 

displayed this pattern, along with medial prefrontal (MNI coordinates: -3, 14, 49), and 

anterior cingulate cortex (3, 24, 33). Bilateral dorsolateral prefrontal cortex (MNI 

coordinates: 36, 39, 39; -42, 48, 15) was also revealed in this contrast, consistent with its 

proposed role in the manipulation of information during working memory tasks  

(Blumenfeld, Booth, & Burman, 2006; D'Esposito, Postle, Ballard, & Lease, 1999; 

Owen, Evans, & Petrides, 1996; Postle, Berger, & D'Esposito, 1999; Ranganath, 2006). 

 Perirhinal Signals:  Although there is some evidence for match enhancement in the 

perirhinal cortex (Miller & Desimone, 1994), activation patterns in the human perirhinal 

cortex are more commonly consistent with mismatch enhancement (Brozinsky, 

Yonelinas, Kroll, & Ranganath, 2005; Danckert, Gati, Menon, & Kohler, 2007; 

Gonsalves, Kahn, Curran, Norman, & Wagner, 2005; R. N. Henson, Cansino, Herron, 

Robb, & Rugg, 2003; Kohler, et al., 2005). For example, a recent study that compared 

hippocampal and perirhinal responses to stimuli over multiple repetitions demonstrated 

that while the hippocampus can express enhanced responses to repeated stimuli, the 

perirhinal and parahippocampal cortices show their greatest response to the first 

presentation of a stimulus  (Preston & Gabrieli, 2008).  
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Figure 4.4 
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 In the current study, however, we were able to find evidence for both match and 

mismatch enhancement in the perirhinal cortex. A region in the right perirhinal cortex, 

extending laterally into the fusiform gyrus (MNI coordinates: 38, -10, -35), was revealed 

in the goal-match conjunction analysis. Another region in the right perirhinal cortex  

(MNI coordinates: 36, -21, -27) was identified in the novelty conjunction that reveals 

regions that are sensitive to salient perceptual manipulations. When the different probe 

responses were examined in perirhinal voxels that were significantly activated by the cue 
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(greater than baseline at a p>0.005 level) the activation to the OBJ condition, which 

elicited the strongest response, was significantly greater than the activation related to the  

PERCEPT condition, which elicited the weakest response, t(17) = 2.9, p < 0.05 in the left 

hemisphere and t(17) = 4.0, p < 0.001 in the right. No other condition comparisons were 

significant in these voxels. Left perirhinal voxels activated by the probe (all probe 

conditions greater than baseline at a p>0.005 level) had a similar pattern with the OBJ 

response being significantly greater than the PERCEPT response, t(17) = 2.2, p < 0.05.  

Together, these results provide evidence for a goal-match enhancement in the human 

hippocampus but also suggest that, unlike the hippocampus, the global pattern of 

activation in the perirhinal is biased toward responses to novel objects and is suppressed 

for repeated presentations of images, consistent with the repetition suppression literature.   

 

4.5 Discussion    

 The calculation of matches/mismatches between the environment and expectation 

has been proposed to mediate the switching between encoding and retrieval modes in the 

hippocampus (Hasselmo & Schnell, 1994; Hasselmo, et al., 1995; Kumaran & Maguire, 

2007b; Lisman & Grace, 2005; Lisman & Otmakhova, 2001; Lorincz & Buzsaki, 2000; 

Meeter, et al., 2004; Vinogradova, 2001). According to these accounts, encoding and 

retrieval biases must be established in the hippocampus because uncontrolled co-

occurrence of these processes would result in the overwriting of memories and the 

formation of excessively overlapping traces.    
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 While these theoretically important match and mismatch signals have been reported 

before, to our knowledge this is the first experiment, using either functional imaging or 

electrophysiological techniques, to modulate intentional and perceptual states to 

systematically examine relational match and mismatch enhancements in the 

hippocampus. To accomplish this, the present paradigm decoupled whether a probe 

stimulus matched the actively maintained goal or the previous perceptual experience. 

Thus, regions could be identified that exhibit match or mismatch enhancements selective 

for each type of representation. Based on previous electrophysiological research (Miller 

& Desimone, 1994; Suzuki, Miller, & Desimone, 1997), we predicted that goal states 

would drive match enhancements, while perceptual experience would influence mismatch 

enhancements. Importantly, our task was designed to be similar to this prior work in that 

it included stimulus repetitions that either matched or mismatched a maintained target. 

The task was also designed to extend this previous research by including relational 

manipulations, which are thought to drive hippocampus processing (Cohen & 

Eichenbaum, 1993), in addition to object manipulations, which had been shown to drive 

medial temporal cortical regions. 

 Goal-match enhancements were found in bilateral posterior hippocampi, extending 

into right parahippocampal cortex. Critically, the benefit seen for stimuli matching the 

goal state was similar across tasks even though these stimuli differed in their perceptual 

novelty, suggesting that these match calculations were not influenced by whether the goal 

image was perceived or had to be internally generated. The finding that match 
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enhancements are goal dependent provides a framework for synthesizing apparently 

discordant findings of match vs. mismatch enhancements in the hippocampus (Hannula & 

Ranganath, 2008; Kumaran & Maguire, 2006, 2007a); the analyses in Kumaran and 

Maguire’s studies (2006, 2007a) were not sensitive to goal-match enhancements because 

the participant’s goal (i.e. one-back task) was orthogonal to the experimental 

manipulations. Moreover, our finding that match enhancements can operate on internally 

generated goals also supports Hannula and Ranganath’s (2008) interpretation that it was 

the match to goal states that drove the enhanced hippocampal response to perceptually 

novel target trials.   

 The reversal of memory signals seen in two recent high-resolution imaging studies 

(Bakker, et al., 2008; Kirwan & Stark, 2007) further supports the selectivity of match 

enhancements for goal information. In both experiments, participants were presented with 

a series of images that contained exact repetitions, manipulated repetitions, and novel 

image, but the task performed by the subjects differed. When instructed to perform a 

continuous recognition task where repetitions had to be distinguished from similar lures, 

match enhancements predominated in the hippocampus (Kirwan & Stark, 2007). In the 

second study, participants passively viewed the stimuli (Bakker, et al., 2008). Under 

these instructions, a mismatch enhancement was seen throughout the subfields of the 

hippocampus. Although not discussed within our proposed framework, these prior results 

are consistent with our findings that, while both match and mismatch enhancements co-

occur within the hippocampus, match enhancements are responses to goal matches.  
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  Evidence for the more commonly observed mismatch enhancements (Kohler, et al., 

2005; Kumaran & Maguire, 2006, 2007a; Ranganath & Rainer, 2003), was also obtained 

in the current study. While a perceptually driven mismatch enhancement was not 

revealed in the conjunctive contrast of NEITHER > BOTH and GOAL > PERCEPT, a 

hippocampal mismatch enhancement was seen in conditions where a novel, unexpected 

object occurred and/or when an old object occurred in a new location. It is likely that 

these activations reflect the detection and subsequent encoding of these unpredictable and 

salient events. It should be noted that a hippocampal region showing a mismatch response 

also displayed a pattern consistent with a goal-match enhancement, although this did not 

reach significance. This raises the important question of the spatial independence of these 

signals and suggests that neurons expressing these signals may be intermixed.   

 A region similar in location to the hippocampal novel object area described above 

was found in a recent study that modulated attention to novelty (Dudukovic & Wagner, 

2007). In that experiment, participants were presented with two previously studied words 

and one novel word, and asked to either perform a recency judgment or select the novel 

word. A contrast of novelty task > recency task revealed an anterior hippocampal region. 

Because the stimuli were identical in both tasks, this contrast does not reveal regions that 

have preferential firing for novel items, but instead for attention to novelty. This signal 

may also have been related to the successful encoding of novel stimuli since a follow-up 

behavioral study indicated that the novel words in the novelty task were better 

remembered during a subsequent recognition task than novel items in the recency task.   
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 There remain other possible causes of the match and mismatch enhancements seen 

here. The trial structure of this experiment resulted in fewer probes containing novel 

objects and locations than other probe types. On any given trial, participants had a 1/3 

chance of seeing a probe that was identical to the sample (BOTH and PERCEPT trials), a 

1/3 chance of seeing a probe with objects in reversed locations (NEITHER and GOAL 

trials), a 1/6 chance of seeing a novel object, and a 1/6 chance of seeing a novel location. 

It is possible, therefore, that the mismatch response was not driven solely by the saliency 

of the perceptual manipulation but, also, by the breaking of expectations, similar to the 

interpretation given by Kumaran and Maguire (2006). Furthermore, to maintain an equal 

number of trials in each condition and maximize the power in this design, it was 

necessary to have fewer ‘yes’ responses than ‘no’ responses. It is possible that part of the 

observed match enhancement was driven by a mismatch in response expectation. 

However, there are several reasons why we think this is unlikely. In a preliminary 

behavioral pilot experiment, participants generally reported that they were not aware of 

any differences between the frequency of making ‘yes’ and ‘no’ responses, although 

processes occurring outside of conscious awareness could drive a response mismatch 

enhancement. If this were the case, we might expect to see some effect on response times, 

which could result in the less frequent ‘yes’ responses being slower than ‘no’ responses 

but, in fact, the opposite pattern was found. Of course, the possibility remains that the 

effect of response bias on response times was overshadowed by the relative ease of 

making ‘yes’ responses. As a more direct test, we conducted a post hoc analysis by 
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separately extracting time-courses from the hippocampal match-regions during the first 

and third runs. It was reasoned that, if the benefit for trials that match the goal state were 

driven by the novelty of the ‘yes’ response, then this benefit would be larger during the 

final run when response probabilities were well established. We found that the difference 

between the response to trials that matched the goal state and those that mismatched it 

was actually stronger during the first run than the third (see supplementary Figure D15), 

again providing evidence that it is the match between the active goal state and the probe 

which is driving the effect.     

  The possibility that active maintenance of goals contributes to match calculations is 

supported by sustained delay period activation seen in the hippocampus during both 

tasks. Interestingly, the region that shows a delay period response also displayed a goal- 

match activation pattern during the probe presentation. Additionally, this region 

overlapped with the left hippocampal area revealed in the goal-match analysis. This 

overlap suggests that the mechanism underlying goal match enhancement may be a 

reactivation, through perceptual input, of the already excited delay active neurons. Taken 

together, these results suggest that active maintenance of a goal is supported, at least in 

part, by sustained hippocampal neuronal firing and that, at probe presentation, a 

comparison is made between the maintained goal and the perceptual probe. Our data 

show that this comparison is reflected in two distinct memory signatures. First, when the 

probe matches the internally maintained goal, there is an enhancement in hippocampal 

activation, perhaps resulting from an enhancement in the firing of the very same neurons 
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used to maintain the goal throughout the delay. Second, when a probe contains a novel 

element, enhanced activation may reflect attention to or encoding of novel elements.   

 The dissociation between match and mismatch signals by their sensitivity to top-

down intentional information and bottom-up perceptual information intuitively fits the 

role of a memory system. Although it would be inefficient to continually monitor 

matches between expectations and the environment, calculating matches to goals that are 

being actively maintained is a necessary step toward achieving those goals. Similarly, 

significant novel events need to be identified by an automatic memory decision based on 

perceptual information to allow for quick orienting toward unpredicted events. 
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DISCUSSION 

 
 

A fundamental question in the study of episodic memory is why we remember 

some events and not others. To answer this question, the field has traditionally focused on 

gaining an understanding of how the processing that is evoked by a given stimulus relates 

to memory success. Cognitive psychology, for example, has outlined how performance is 

related to the way stimuli are processed during encoding and to the characteristics of the 

stimuli that are available at the time of retrieval (Tulving & Thomson, 1973). Similarly, 

cognitive neuroscience has focused on how trial-evoked responses in different brain 

regions are related to these cognitive processes (Davachi, 2006; Mayes, et al., 2007; 

Squire, et al., 2007). Although these approaches have built a rich understanding of how 

we remember the distinct events of our lives, they tend to treat each memory event as 

though it occurs in isolation. Yet, in reality memory events are always unfolding within a 

broader context of ongoing mnemonic processes and intentional states, and this context 

can also play a role in determining what information is remembered. Recent findings 

using diverse methodologicial approaches have provided some support for the relevance 

of these factors in episodic memory. For example, pre-stimulus activity in frontal and 

temporal sites during both retrieval and encoding has been related to memory success 

(Addante, Watrous, Yonelinas, Ekstrom, & Ranganath, 2011; Guderian, Schott, 

Richardson-Klavehn, & Duzel, 2009), both encoding success and hippocampal plasticity 

have been shown to be enhanced following prolonged periods of novelty (Fenker, et al., 
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2008; Li, Cullen, Anwyl, & Rowan, 2003), and intentions to remember have been shown 

to affect pre-stimulus hippocampal responses (Adcock, Thangavel, Whitfield-Gabrieli, 

Knutson, & Gabrieli, 2006) and post-encoding consolidation (Wilhelm, et al., 2011). 

The results reported in this dissertation provide novel empirical support to this 

emerging perspective. First, they demonstrate that hippocampal processing can reflect the 

behavioral relevance of an event in addition to simple computations of perceptual 

novelty. This suggests that our understanding of hippocampal contributions to episodic 

memory may be facilitated by a careful consideration of the behavioral meaning of a 

stimulus in addition to its repetition history. Second, the results provide evidence for 

temporally extended state effects in both behavior and the brain. This suggests that the 

way that a mnemonic stimulus will be treated behaviorally and neuronally depends on 

what sort of processing the episodic memory system is best prepared for at that time. 

Moreover, the theoretical framework proposed by comparator models suggests that these 

state effects could be adaptively regulated by a mechanism that integrates computations 

of novelty and intentional information. 

 

Mnemonic State Effects: 

The first two experiments provide complementary evidence for mnemonic state 

effects and suggest that these effects could serve an adaptive advantage: dealing with the 

tradeoffs between encoding and retrieval. The results of the first experiment are 

consistent with the hypothesis that developing biases toward pattern separation during 
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encoding and pattern completion during retrieval could moderate the inherent tradeoff 

between these computational processes. We found evidence for these biases by recording 

carry-over effects in mnemonic decisions. Specifically, we found that participants were 

more sensitive to subtle changes when they followed the identification of novelty as 

compared to the identification of a repetition. Although this temporally-extended 

heightened sensitivity to change following novelty lasted for only a few seconds, it may 

serve an adaptive advantage because we tend not to rapidly move between novel and 

familiar environments. Such a state effect, then, would aid our processing of novelty 

when in environments that contain many novel components, allowing us to preferentially 

process novelty in environments where unexpected events are likely to occur. The idea 

that novelty exposure prepares the memory system for encoding is supported by the 

recent finding of facilitated encoding for stimuli that were presented within minutes of 

prolonged novelty processing (Fenker, et al., 2008).   

Neural evidence for mnemonic state effects was presented in the second 

experiment. Specifically, we found evidence for heightened intra-hippocampal 

connectivity during periods of retrieval as compared to periods of encoding. This is 

consistent with the hypothesis that encoding and retrieval orientations can be established 

by changing how information is routed through the hippocampus, with retrieval being 

more dependent on the propagation of  retrieved associations that presumably originate 

from area CA3 (Colgin & Moser, 2010; Kunec, et al., 2005). Although we were not able 

to differentiate between areas CA3 and DG using fMRI, the proposal that the connection 
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between areas CA3 and CA1 drove the reported correlation is supported by the lack of 

direct connections between the DG and area CA1 (Amaral & Lavenex, 2006; Amaral & 

Witter, 1989) as well as by electrophysiology recordings in rodents which have found 

heighten connectivity between areas CA3 and CA1 during potential periods of retrieval 

(Montgomery & Buzsaki, 2007). 

 In addition to demonstrating that changes in functional connectivity are associated 

with different memory tasks, the second experiment also showed that these changes are 

related to memory performance across subjects. Specifically, we found evidence for a 

double dissociation between the inter-region correlations that were associated with 

successful encoding and retrieval, consistent with the theoretical tradeoffs between these 

processes. We found that retrieval success was specifically associated with the 

connectivity between areas DG/CA3 and area CA1, further supporting the hypothesis that 

retrieval is more dependent on the processing of information that is generated within area 

CA3 (Colgin & Moser, 2010; Hasselmo & Schnell, 1994; Kunec, et al., 2005; 

Montgomery & Buzsaki, 2007). Conversely, we found that encoding success was 

associated with the connectivity between the VTA and area CA1. Importantly, increased 

correlations between this pair were positively related to delayed memory performance, 

consistent with the hypothesis that increased dopamine release in the hippocampus 

promotes long-term potentiation (Lisman & Grace, 2005; Shohamy & Adcock, 2010). 

Furthermore, we found a significant interaction between region-pair and memory task 
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(encoding vs. retrieval), further supporting the hypothesis that encoding and retrieval are 

dependent on different processes.  

 As discussed above, these findings fit well with neurocomputational models that 

propose that the episodic memory system establishes specialized modes of processing for 

encoding and retrieval. A similar hypothesis can also be traced back to cognitive 

psychology. In his discussion of episodic memory, Endel Tulving proposed that retrieval 

requires more than just the appropriate retrieval cue; it also requires an orientation toward 

retrieval (Tulving, 1983). This hypothesis has been tested in cognitive neuroscience 

research, but with a focus on the role of the frontal cortex rather than the MTL (Duzel, et 

al., 1999; Herron & Wilding, 2004; Lepage, et al., 2000; Morcom & Rugg, 2002). For 

example, diverging event related potentials at frontal sites have been associated with 

preparation for episodic retrieval decisions versus semantic retrieval (Herron & Wilding, 

2004; Morcom & Rugg, 2002; Wilckens, Tremel, Wolk, & Wheeler, 2011). Interestingly, 

this physiological correlate of retrieval preparation is only found when episodic retrieval 

cues follow an episodic trial, suggesting that the development of a frontal retrieval mode 

may depend more on recent mnemonic processing than on conscious strategies. This 

carry-over effect for episodic and semantic memory decisions parallels the carry-over 

effect in encoding and retrieval processes outlined in the first chapter. Interestingly, 

memory benefits for consecutive episodic memory decisions have only been reported 

when the decision involves source judgments on old items, and not when participants 

make old/new recognition judgments (Herron & Wilding, 2004; Wilckens, et al., 2011). 
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This phenomenon could be related to the findings presented in Chapter 1 in two ways: 

First, source recognition should be more dependent on successful pattern completion than 

item recognition. This opens the possibility that the behavioral carry-over effects reported 

in these studies may also be related to temporally-extended biases in pattern completion. 

Second, our results suggest that test material used in these experimentsmay also play a 

role. Specifically, the source memory tests used only old stimuli so the carry-over benefit 

for source decisions would have occurred when the preceding stimulus was also old. Our 

results suggest that the preceding act of retrieval could prime the memory system for 

pattern completion. Conversely, the old/new recognition test included both old and new 

stimuli, so the lack of benefit found in these studies was observed when an old or new 

stimulus followed another old or new stimulus. It is possible that a retrieval mode benefit 

could be found in these experiments if the analysis was limited to the subset of old 

recognition trials that were preceded by “old” memory decisions.  

 Although this research has focused on the role of frontal networks, it is possible 

that one of the effects of the frontal retrieval mode signals is to direct how information is 

processed in the hippocampus. For example, a frontal signal could release the inhibition 

on CA3 recurrent collaterals to increase the likelihood of pattern completion. Similarly, it 

could increase the driving power of CA3 inputs to area CA1 to focus hippocampal 

processing on retrieved information. Crucially, the possibility of top-down control is not 

mutually exclusive with the mechanisms proposed by models that rely on hippocampal 

match/mismatch detection. Although the detection component of these models is thought 
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to be automatic, the resulting signal is proposed to travel through multi-synaptic 

pathways (Hasselmo & Schnell, 1994; Hasselmo, et al., 1995; Lisman & Grace, 2005). 

This could allow the signal to be integrated with top-down signals before exerting its 

control on hippocampal processing.  

 

How Exclusive are Encoding and Retrieval? 

The results presented in this dissertation are consistent with the hypothesis that 

encoding and retrieval biases can be established in our episodic memory system. Our 

results, however, do not address exactly how exclusive these modes of processing are. As 

outlined in the Introduction, establishing strong biases toward these states could moderate 

the potential tradeoffs between encoding and retrieval, but this theoretical advantage does 

not necessitate that strong biases actually exist in our memory system. Moreover, some 

situations may benefit from combined encoding and retrieval. For example, the 

integration of new experiences with previous knowledge is sometimes more beneficial 

than the formation of distinctive memories. Although it is possible that these more 

generalized memories are supported by extra-hippocampal regions (McClelland, et al., 

1995), there is some evidence that the rapid integration of memories could be 

hippocampally mediated (A. R. Preston, Shrager, Dudukovic, & Gabrieli, 2004; Shohamy 

& Wagner, 2008; Zeithamova & Preston, 2010). An intermediate state where the memory 

system is not strongly biased toward encoding or retrieval operations may be able to 

perform this function (Hasselmo, et al., 1995).  
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Results from a recent fMRI study suggest that task requirements can also 

contribute to the weight that the hippocampus places on distinctiveness (Hashimoto, et 

al., 2010). Participants in this study performed two tasks; one that required the 

identification of small differences and another that required a generalization across small 

differences. Hippocampal responses during the task that emphasized distinctiveness 

strongly distinguished between old images and images which contained subtle changes. 

Conversely, these stimulus types resulted in a similar hippocampal signal when 

participants were instructed to generalize across these differences. This finding suggests 

that the strength of hippocampal biases in processing could be related to the demands of 

the tasks.  

The reconsolidation phenomenon also raises questions about how distinctive 

encoding and retrieval states are. Reconsolidation refers to the finding that memory traces 

can become labile for a time window following retrieval (Debiec, LeDoux, & Nader, 

2002; Nader, Schafe, & Le Doux, 2000). This suggests that plasticity mechanisms can be 

at play during periods of retrieval in addition to periods of memory formation. Plasticity 

at the time of retrieval increases the risk of overwriting existing memories, but it has been 

argued that this could also serve an adaptive role when memories should be overwritten 

(Dudai, 2006; Sara, 2000). Behavioral demonstrations of reconsolidation show that a 

memory is degraded if conflicting information is presented within a time window 

following the retrieval of that memory (Rodriguez-Ortiz, De la Cruz, Gutierrez, & 

Bermudez-Rattoni, 2005; Schiller, et al., 2010). This suggests that plasticity during 
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periods of retrieval could serve to update the relevance of our existing memories by 

integrating them with new developments in the environment.   

 

Match/Mismatch Signals 

Comparator models propose that the automatic comparison between what is 

expected and what is encountered can establish encoding and retrieval biases in 

hippocampal processing. The hypothesis that area CA1 performs this calculation plays a 

central role in many of these models (Hasselmo & Schnell, 1994; Hasselmo, et al., 1995; 

Hasselmo, et al., 1996; Lisman & Grace, 2005). Empirical evidence for this, however, 

had been lacking. In the third experiment, therefore, we used high-resolution fMRI to 

determine which hippocampal subfields, if any, produce a response that is consistent with 

this computation. We found that area CA1 did, in fact, produce a response that possessed 

two important properties of a match/mismatch detector: first, the response roughly 

tracked the number of changes in probe stimuli; second, the response reflected the total 

number of changes regardless of whether the changes were task relevant, consistent with 

the hypothesis that this signal is automatically calculated.  

Interestingly, we also identified a secondary signal in area CA1 that appeared to 

be more selectively driven by task relevant manipulations. This suggests that 

hippocampal responses can also be subject to a degree of control. Evidence for dual 

hippocampal signals, with one being more controlled and the other being more automatic, 

was also reported in recent electrophysiological recordings from humans (Axmacher, et 
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al., 2010). The increased temporal resolution in this study allowed for the relative timing 

of these signals to be adjudicated. Consistent with predictions of comparator models 

(Lisman & Grace, 2005), the more automatic signal was produced first, followed by a 

response in the nucleus acumens, and then finally a response that was modulated by 

memory success. This finding suggests that the two signals that were identified in the 

third experiment might reflect two distinct stages of hippocampal processing. 

To further explore the distinction between task related and perceptually driven 

hippocampal signals, the fourth experiment fully crossed these factors by having 

participants perform two working memory tests. In one of the tasks, the target was a 

perceptual repetition, but in the other, the target was internally generated, thus making it 

perceptually novel. While we did find increased hippocampal responses to salient 

perceptual novelty using this paradigm, the predominant response in the hippocampus 

reflected whether the probe matched the actively maintained target, regardless of its 

perceptual novelty. 

 Interestingly, the task relevant responses in both the third and fourth experiments 

were greatest for stimuli that matched either the expectation or actively maintained target. 

This is in contrast to repetition-suppression effects, which are more commonly found in 

response to repetitions (Grill-Spector, Henson, & Martin, 2006; R. N. A. Henson & 

Rugg, 2003). This suggests that these two hippocampal signals, namely the enhancement 

for perceptual mismatches and enhancement for task relevant matches, may be produced 

by distinct mechanisms. Electrophysiological recordings in monkeys support this 
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dissociation. In an experiment that used a modified delayed match-to-sample task that 

required the active maintenance of a target, distinct neuronal populations expressing 

match and mismatch enhancements were found in the perirhinal cortex. Importantly, 

match neurons signaled the repetition of the target image, while mismatch neurons were 

not modulated by behavioral relevance (Miller & Desimone, 1994).   

 Additional evidence for this distinction in the human hippocampus can be found in 

the pattern of results reported across recent fMRI studies. Specifically, studies that 

reported hippocampal responses to repetitions that were not relevant to the task 

requirements have predominantly found evidence for mismatch enhancements (Bakker, et 

al., 2008; Kumaran & Maguire, 2006, 2007a). Conversely, studies in which actively 

maintained targets were repeated have found evidence for match enhancements 

(Dudukovic, et al., 2011; Hannula & Ranganath, 2008). The potential role of active 

maintenance in the production of match enhancement signals may also be reflected in the 

results presented here. Although both the third and fourth studies found evidence for 

hippocampal match and mismatch enhancements, the former tended to be more dominant 

in the study which used a task that depended on active maintenance. Moreover, in this 

study, we found that the cluster of hippocampal voxels that displayed a sustained 

response during the delay period overlapped with a cluster that displayed match 

enhancement. This further supports the hypothesis that active maintenance may play a 

role in determining how the hippocampus responds to repetition. 
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High-resolution imaging 
 

Each of the experiments presented in this dissertation used different 

methodological approaches to investigate different types of predictions. Our use of high-

resolution fMRI played an important role in our ability to provide unique evidence for 

theoretical models of hippocampal function. As discussed in the Introduction, the unique 

properties of each hippocampal subfield have inspired theories about their distinct 

contributions to episodic memory and about how their interactions can support memory 

processes. Although animal research has been able to provide empirical constraints for 

these theories, the coarse spatial resolution of conventional fMRI did not permit 

empirical tests within the subregions of the human hippocampus. The recent advances in 

high-resolution fMRI (Carr, et al., 2010), however, have unlocked that ability, something 

we took advantage of with this line of research.   

A set of studies related to the work presented here also used high-resolution fMRI 

to identify signals arising from distinct hippocampal subfields that may be related to 

pattern separation (Bakker, et al., 2008; Kirwan & Stark, 2007; Lacy, Yassa, Stark, 

Muftuler, & Stark, 2011; Yassa, Mattfeld, Stark, & Stark, 2011). Specifically, they 

recorded hippocampal responses to new stimuli, repeated stimuli, and to stimuli that 

contained subtle changes. Using the assumption that subtle changes and novelty would be 

treated similarly in a region that performs pattern separation, clusters of voxels which 

showed equivalently high responses to similar and new images, but which showed 

suppressed responses to old images, were used as evidence for pattern separation in the 
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hippocampus. Consistent with model predictions, this pattern of results was found in area 

DG/CA3. Moreover, deficiencies in this response pattern have been linked to reductions 

in perforant path integrity and to the behavioral decrements in pattern separation that are 

associated with aging (Yassa, et al., 2011).  

Predictions regarding pattern separation and completion may be more directly 

tested, however, with an fMRI measure that better captures the representation of stimuli 

across the voxels in a region. A new approach that combines high-resolution fMRI with 

pattern classification may prove fruitful to this end. Recently, high-resolution fMRI 

studies have used pattern classifiers to demonstrate that spatial locations and distinct 

memories can be classified within the human hippocampus (Bonnici, et al., 2011; 

Chadwick, Hassabis, Weiskopf, & Maguire, 2010; Hassabis, et al., 2009). Of particular 

interest is a recent demonstration of pattern separation in the MTL (Bonnici, et al., 2011). 

Participants were presented with two well-learned scenes that were perceptually similar 

while undergoing high-resolution fMRI. Multivariate pattern classification demonstrated 

that information contained in the pattern of responses across voxels in the hippocampus 

could better distinguish between the two images than the information contained in other 

regions. This is consistent with the hypothesis that hippocampal representations are 

particularly distinctive due to pattern separation. Future studies that use this type of 

approach may be able to further delineate the representational characteristics in 

individual human hippocampal subfields with a similar logic as has been used in rodent 

research (Guzowski, et al., 2004). 
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Future Directions 
 

As reviewed in the Introduction, neuromodulators are proposed to play a pivotal 

role in regulating hippocampal processing. The work presented in this dissertation 

provides evidence supporting the hypotheses that temporally extended biases can be 

evoked in memory performance and in hippocampal processing, that the hippocampus 

produces the match/mismatch detection signal that is proposed to establish these biases, 

and even that coordinated activity between the hippocampus and the ventral tegmental 

area, the major dopamine source for the hippocampus, is related to successful memory 

formation. While this evidence is consistent with the proposed effects of 

neuromodulators, the measures are indirect.  

In my future work, I plan to use pharmacological agents as a more direct means to 

test the roles of neuromodulators in episodic encoding and retrieval. Specifically, I plan 

on administering drugs that manipulate the efficacy of dopamine in healthy individuals 

during periods of time surrounding encoding and retrieval. This approach can provide 

more direct measures of how this neuromodulator influences episodic memory and can 

help to define the time scale at which this mechanism exerts its influence. Further 

specificity can also be gained by combining this approach with fMRI measurements to 

determine if the observed behavioral effects are mediated through hippocampal 

interactions or through interactions with other neural systems. When combined with my 

dissertation work, this research program will provide a unique, comprehensive multi-
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pronged approach to understanding how our episodic memory system adaptively deals 

with the computational demands of encoding and retrieval.
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Appendix A: Supplemental Material for Chapter 1 
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Experiment 1a. 

Materials and Methods: 

 Participants. 16 undergraduate students at NYU participated in exchange for 

course credit. Consent was obtained in a manner approved by the Institutional Review 

Board at New York University. One participant was excluded due to a technical error 

during the experimental session. 

 Materials. 600 pairs of objects along with 76 single objects were used in the 

experiment. Single presentation objects were included to faciliate the developement of 

presentaion sequences with the desired propertiese. The pairs of objects were generated 

such that the members were the same type of object but differed in terms of their exact 

identity (e.g. two different apples), orientation, configuration, or color. Of the 600 pairs, 

385 were selected from an established database developed by Dr. Craig Stark’s lab while 

the remaining pairs were selected to have similar characteristics.  

 Design. A within-subjects design was used. Similar trials were presented in three 

conditions, following new, old, or similar trials. The preceding response (determined by 

the subject), preceding response time (RT), preceding trial accuracy, delay between first 

and second presentation, and similarity rating (independently determined in Exp 1b), 

were also used as predictors of similar trial accuracy and RT. 

 Procedure. Participants were presented with a series of objects on a computer 

screen and were asked to identify each object as new (first presentation), old (exact 

repetition), or similar (a modified version of a previously presented object) with a left 
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handed button press (J, K, and L keys on a standard keyboard). The three response 

options appeared in black on the bottom of the stimulus screen in the same order as the 

response keys. Each object was presented for 1500 ms, during which participants made 

their response. For 250 ms following the response period, the selected response was 

highlighted in red so that participants knew that they had pressed their intended key. A 

fixation-cross appeared for 500 ms between trials.  

 Participants were first given written and oral instructions about what constituted a 

similar object. This was followed by 12 practice trials containing examples of all trial 

types. During the experimental session, participants viewed 674 new trials (600 later 

tested as old or similar), 400 similar trials, and 200 old trials. The higher proportion of 

similar trials was chosen because the dependent measures were recorded on these trials. 

The 1276 trials were split into 4 blocks of equal length, and participants were given a 

break between each block. Participants were also informed that there would be no 

repetitions across blocks. 

 The sequence of object presentation was determined in advance to fit several 

requirements. Critically, the probability of a similar trial following each trial type was 

kept constant (31%) so that participants would not be able to make predictions about the 

upcoming trial. The probabilities of old (15-16%) and new trials (52-54%) following 

each trial type were also controlled. A maximum of 5 new stimuli were presented in a 

row and the probability of a similar trial following a new stimulus in each of these 

positions was also roughly equated. The average delay between first presentation (new) 
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and second presentation (old or similar) was 15.2 intervening trials with a maximum of 

32.   

 Participants were run in pairs such that half of the participants would see a given 

object as an old trial while the other half would see the object as a similar trial. 

Additionally, several unique sequences of stimuli were generated and objects were 

randomly assigned to each condition so that across participants there was no systematic 

relationship between a particular stimulus and experimental condition. 

Results 

 Overall accuracy:  Participants were more likely to identify a trial with the 

correct label than an incorrect label for each trial type (all t(14)>7.6, p<0.0001; see 

Supporting Figure A1a). Participants were more likely to mistakenly call a similar trial 

‘old’ than ‘new’ (t(14)=6.71, p<0.0001), consistent with the modifications on similar 

trials being subtle. Importantly, this also indicates that errors on similar trials are driven 

by participants’ inability to identify the subtle changes and tendency to simply use the 

similar stimulus as a retrieval cue for its previously presented pair. Participants were, 

however, able to reliably distinguish between similar and old trials (d’ =1.30 +/- .25). 

 Influence of preceding trial type: As hypothesized, similar trials were more 

accurately identified when they followed new trials than old ones (Prec New= 67.7%, 

Prec Old= 61.7%, t(14)=3.42 p<.005). A comparable benefit was found for similar trials 

that followed similar trials as compared to old ones (Prec Similar=68.7%, similar vs. old 

t(14)=3.11, p<0.01; similar vs. new, p>.3).  
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 The modulation by preceding trial type on the accuracy on old and new trials 

showed a different pattern. Performance on both old and new trials was highest when 

they were preceded by the same trial type (both p<.05). Importantly, benefits for having 

the same preceding trial type could be driven by a priming of the mnemonic processes or 

the response. Unlike similar trials, there were no differences in the accuracy of trials that 

were preceded by different trial types (both p>.15). Additionally, the preceding new trial 

benefit observed on similar trials is unlikely to be explained by a general enhanced 

performance following new trials as compared to following old trials because there was 

no accuracy benefit for old and new trials (combined) that were preceded by new trials 

(Prec New= 89.2% Prec Old=89.4%, p=.82)   

 The observed preceding new trial benefit could be driven by the relative novelty 

of the preceding stimulus, or it could be more tightly linked to the prior memory decision. 

To test this, we also divided similar trials according to the preceding response (e.g. 

responding that a trial is “new”) rather than the actual trial type (e.g. a new trial) and 

found an even larger preceding new benefit (Prec New= 68.0%, Prec Old= 59.4%, 

t(14)=3.32 p<.005). To further differentiate the preceding response from the preceding 

trial, we restricted our analyses to similar trials that were preceded by an error trial (i.e. 

when the preceding trial type is not the same as the preceding response). In the 

participants that had at least 10 trials per condition (N=6), we found a large accuracy 

difference between similar trials that were preceded by old and new responses (Prec 
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New= 66.9%, Prec Old= 53.6%), but a minimal difference between trials that were 

preceded by an old or new trial (Prec New=63.4, Prec Old= 62.0).   

 Finally, we pitted the two variables against each other in a Generalized Estimating 

Equation (GEE) model to determine which could better predict similar trial accuracy on a 

trial-by-trial basis. Because accuracy is a binary variable, we used a logistic linking 

function. We also limited our analysis to similar trials that were preceded by an old or 

new trial and an old or new response so that the effects of preceding trial type and 

response would not be driven by preceding similar trials and responses. When the two 

predictors and their interaction were included in the model, we found that only the 

preceding response uniquely explained a significant portion of the variance in similar trial 

accuracy (wald chi-square=6.43, p<.05). 

 The influence of preceding trials on response time (RT) was in a similar direction, 

with similar trials being correctly identified faster when they were proceeded by new than 

old trials, and the difference approached significance when the correct similar trials were 

sorted according to the preceding response (Prec New =967 ms, Prec Old =988 ms, 

t(14)=2.01, p=.06). These analyses were preformed using correct trials only and RTs that 

were more than 3 standard deviations from the mean were discarded.   

 Covariate Analyses: There are several additional variables that could contribute 

to the preceding new benefit found on similar trials. For example, new trials were 

identified both more accurately (new= 92.9%, old=69.9%, t(14)=8.23, p<.0001) and more 

quickly than old trials (new= 803 ms, old=987 ms, t(14)=11.6, p<.0001). We performed 
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several analyses to adjust for these factors. First, to adjust for preceding trial accuracy, 

we restricted our analysis to similar trials that were preceded by accurate trials and found 

a robust benefit for trials that were preceded by new ones (new=67.8%, old=57.6%, 

t(14)=3.88, p<.005). Next, to adjust for preceding RT, we performed a median split on 

similar trials that were preceded by new trials so that only similar trials preceded by slow 

new trials were included in the analysis. Importantly, these slow new trials were on 

average slower than old trials (new= 1025 ms, old=984 ms). Again, we found a robust 

preceding new trial benefit (Prec New= 68.7%, Prec Old= 61.5%, t(14)=3.26, p<.01) and 

preceding new response benefit (Prec New= 69.5%, Prec Old= 59.4%, t(14)=3.25, 

p<.01).   

 To partial out the effects of several covariates at once we conducted another GEE 

model which predicted similar trial accuracy on the bases of preceding trial type, 

preceding response, preceding trial accuracy, the linear effect preceding RT, the linear 

effect of similarity rating (derived in experiment 1b), and the linear effect of number of 

intervening trials between first and second presentation. Even with the inclusion of these 

covariates, the preceding response still uniquely explained a significant portion of the 

variance in accuracy (wald chi-squared=8.9, p<.005). The similarity rating was also a 

significant predictor (wald chi-squared=51.1, p<.0001) and preceding RT had a marginal 

influence (wald chi-squared=3.67, p=.06).  
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Experiment 1b 

Materials and Methods: 

  Participants: 25 members of the NYU community participated in the experiment 

in exchange for experimental credit or $10 per hour.  Consent was obtained in a manner 

approved by the Institutional Review Board at New York University.  

 Materials. The 600 pairs of objects described in experiment 1a were used as 

stimuli. 

 Procedure. Participants were presented with each pair of objects (left and right 

side of screen) and were asked to rate how similar they found the pair on a scale of 1-7, 

where 1 corresponded to “not very similar” and 7 corresponded to “almost identical.” 

Participants were told that the objects in a pair could differ because they are different 

examples of the same type of object, because they differ in their orientation or color, or 

because they are conceptually different due to a change in the configuration of the object 

(e.g. an open or closed take-away cup). They were asked to make a subjective rating that 

reflected all of these factors. Rating decisions were self-paced. The order of pair 

presentation was shifted across participants so that an object pair was not consistently 

seen at the beginning or end of a session. 

 Results. To test the validity of our measure of similarity, we correlated the 

average accuracy from experiment 1a with the average similarity rating from experiment 

1b across stimuli. We found the two measures to be highly correlated (r=.71, p<.01) such 
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that the more similar a pair was rated, the harder it was to identify the change during the 

continuous recognition memory test.  

 

Experiment 2 

Materials and Methods 

 Participants: 30 members of the NYU community participated in the experiment 

in exchange for experimental credit or $10 per hour.  Three participants were removed 

from the analysis due to poor behavioral performance: one subject missed responses on 

one quarter of the trials (4.5 SD above mean) and two did not reliably discriminate 

between old and similar trials. Consent was obtained in a manner approved by the 

Institutional Review Board at New York University.  

 Materials. 576 pairs of objects (selected from the set described in Experiment 1a) 

along with 40 single objects were used in the experiment. 

 Design. A within-subjects design was used. Similar trials were presented in 3 

conditions, following new, old, or similar trials. Additionally, this was fully crossed with 

3 lengths of preceding inter-stimulus interval (ISI) for a 3 (preceding trial type) by 3 (ISI) 

factorial design. The preceding response (determined by the subject) was also used as 

predictors of similar trial accuracy and RT. 

 Procedures: The procedures were similar to those used in experiment 1a but with 

the following changes: Rather that having a fixed inter-stimulus interval (ISI) of 750 ms, 

this version included an equal number of trials preceded by 500 ms, 1500 ms, and 2500 
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ms ISIs. Like experiment 1a, we ensured that each trial type was equally likely to follow 

all trial types and, furthermore, we ensured that each trial type was equally likely to occur 

following each combination of preceding ISI and trial type. This version also included an 

equal number of similar and old trials (288 trials) to test the generalizability of the effects 

found in experiment 1a.  

 Finally, we performed additional counterbalancing to control for object pair 

similarity using the similarity score derived in experiment 1b. The object pairs were 

divided into 24 groups, each with the same mean similarity score (determined by 

experiment 1b). Groups were then assigned to an experimental condition (ISI x preceding 

trial type) such that across participants each group was equally likely to appear in each 

condition.  

 Results: The overall pattern of accuracy was similar to that found in experiment 

1a (see Supporting Figure A3a). Participants were most likely to identify each condition 

with the correct label (all p<.0001) and were more likely to identify a similar trial as old 

than as new (t(14)=7.51, p<.0001).  

 The influence of the preceding trial was also replicated in this experiment (see 

Supporting Figure A3b and Supporting Figure A4). When similar trials were binned 

according to preceding trial type, there was significantly higher accuracy on trials that 

were preceded by new trials than ones that were preceded by old trials (Prec New= 

55.2%, Prec Old= 52.1%, t(26)=2.26, p<.05). Like experiment 1a, the preceding new 
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benefit was larger when similar trials were binned by preceding response (Prec 

New=54.3%, Prec Old= 50.0%, t(26)=3.06, p<.01). 

 The influence of the preceding trial on RT was somewhat more robust in this 

experiment than in Experiment 1a (see Supporting Figure A5). Although the effect of 

preceding trial type did not reach significance (p>.28), RTs were reliably shorter for 

accurate similar trials that were preceded by “new” responses as compared to those that 

were preceded by “old” responses (Prec New= 995 ms, Prec Old= 1021 ms, t(26)=3.67, 

p<.005). 

 These preceding new benefits were limited to similar trials that followed shorter 

ISIs, suggesting that the influence is time-limited. There was only an accuracy benefit for 

similar trials that followed new trials at the shortest two ISIs (both p<.05, p>.83 for 2500 

ms ISI) (Supporting Figure A6a). Similarly, there was only an accuracy benefit for 

similar trials that followed new responses at the shortest ISI (t(26)=2.45, p<.05; all other 

ISIs p>.23) (Figure 1.3a). The interaction between ISI and preceding trial type and the 

interaction between ISI and preceding response did not, however, reach significance, 

(both p>.27).  An ANOVA run on RTs did find a significant interaction between ISI and 

preceding response (old vs. new) (F(2, 53)= 4.12, p<.05) (Figure 1.3b). This interaction 

was driven by a significant effect of preceding response only at the shortest ISI 

(t(26)=3.59, p<.005; all other p>.32). A marginal interaction between ISI and preceding 

trial type was also found in a separate RT ANOVA which included those factors 
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(F(1,26)=3.50, p=.07) (Supporting Figure A6b). This was also driven by a stronger effect 

of preceding trial type at the shortest ISI (t(26)=1.85, p=.08, all other p>.43) 

 Lastly, we explored how the preceding new response benefit was modulated by 

the similarity ratings. If the benefit results from a shift in mnemonic criterion, then it 

would be expected that the effect would largely manifest itself on trials that are at the 

decision boundary. We tested this by dividing similar trials into eight equal groups based 

on their similarity ratings and separately calculating the preceding new response benefit 

at each level of similarity (Figure 1.3c). We found that the preceding new benefit was 

largest for the similar trials that were performed around 50% accuracy on average (Prec 

New= 57.7%, Prec Old= 46.2%, t(26)=3.36, p<0.005, Bonferoni corrected). Conversely, 

there was very little preceding new benefit for trials with extreme levels of similarity 

(both p>.58, new benefit<2%). 
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Figure A1 
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Figure A2: 
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Figure A3: 
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Figure A5: 
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Figure A6: 
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Appendix B: Supplemental Material for Chapter 2 
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Figure B7 
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Figure B8 
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Figure B9 
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Appendix C: Supplemental Material for Chapter 3 
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Figure C10 
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Figure C11 
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Figure C12 
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Figure C13 
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Appendix D: Supplemental Material for Chapter 4 
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Figure D14 
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Figure D15 
 

 



 172 

References: 
 
Adcock, R. A., Thangavel, A., Whitfield-Gabrieli, S., Knutson, B., & Gabrieli, J. D. 

(2006). Reward-motivated learning: mesolimbic activation precedes memory 
formation. Neuron, 50(3), 507-517. 

 
 
Addante, R. J., Watrous, A. J., Yonelinas, A. P., Ekstrom, A. D., & Ranganath, C. (2011). 

Prestimulus theta activity predicts correct source memory retrieval. Proc Natl 
Acad Sci U S A, 108(26), 10702-10707. 

 
 
Addis, D. R., Moscovitch, M., Crawley, A. P., & McAndrews, M. P. (2004). Recollective 

qualities modulate hippocampal activation during autobiographical memory 
retrieval. Hippocampus, 14(6), 752-762. 

 
 
Agster, K. L., & Burwell, R. D. (2009). Cortical efferents of the perirhinal, postrhinal, 

and entorhinal cortices of the rat. Hippocampus, 19(12), 1159-1186. 
 
 
Allan, K., Allen, R. (2005). Retrieval Attempts Transiently Interfere with Concurrent 

Encoding of Episodic Memories But Not Vice Versa. Journal of Neuroscience, 
25(36), 8122-8130. 

 
 
Amaral, D. G., & Lavenex, P. (2006). Hippocampal neuroanatomy. Oxford: in press 

Oxford UP. 
 
 
Amaral, D. G., & Witter, M. P. (1989). The three-dimensional organization of the 

hippocampal formation: a review of anatomical data. Neuroscience, 31(3), 571-
591. 

 
 
Atri, A., Sherman, S., Norman, K. A., Kirchhoff, B. A., Nicolas, M. M., Greicius, M. D., 

et al. (2004). Blockade of central cholinergic receptors impairs new learning and 
increases proactive interference in a word paired-associate memory task. Behav 
Neurosci, 118(1), 223-236. 

 
 



 173 

Axmacher, N., Cohen, M. X., Fell, J., Haupt, S., Dumpelmann, M., Elger, C. E., et al. 
(2010). Intracranial EEG correlates of expectancy and memory formation in the 
human hippocampus and nucleus accumbens. Neuron, 65(4), 541-549. 

 
 
Bakker, A., Kirwan, C. B., Miller, M., & Stark, C. E. (2008). Pattern separation in the 

human hippocampal CA3 and dentate gyrus. Science, 319(5870), 1640-1642. 
 
 
Bethus, I., Tse, D., & Morris, R. G. (2010). Dopamine and memory: modulation of the 

persistence of memory for novel hippocampal NMDA receptor-dependent paired 
associates. J Neurosci, 30(5), 1610-1618. 

 
 
Blumenfeld, H. K., Booth, J. R., & Burman, D. D. (2006). Differential prefrontal-

temporal neural correlates of semantic processing in children. Brain Lang, 99(3), 
226-235. 

 
 
Bonnici, H. M., Kumaran, D., Chadwick, M. J., Weiskopf, N., Hassabis, D., & Maguire, 

E. A. (2011). Decoding representations of scenes in the medial temporal lobes. 
Hippocampus. 

 
 
Bowles, B., Crupi, C., Mirsattari, S. M., Pigott, S. E., Parrent, A. G., Pruessner, J. C., et 

al. (2007). Impaired familiarity with preserved recollection after anterior 
temporal-lobe resection that spares the hippocampus. Proc Natl Acad Sci U S A, 
104(41), 16382-16387. 

 
 
Brainard, D. H. (1997). The Psychophysics Toolbox. Spat Vis, 10(4), 433-436. 
 
 
Brozinsky, C. J., Yonelinas, A. P., Kroll, N. E., & Ranganath, C. (2005). Lag-sensitive 

repetition suppression effects in the anterior parahippocampal gyrus. 
Hippocampus, 15(5), 557-561. 

 
 
Burwell, R. D., Witter, M. P., & Amaral, D. G. (1995). Perirhinal and postrhinal cortices 

of the rat: a review of the neuroanatomical literature and comparison with 
findings from the monkey brain. Hippocampus, 5(5), 390-408. 



 174 

 
 
Cahusac, P. M., Rolls, E. T., Miyashita, Y., & Niki, H. (1993). Modification of the 

responses of hippocampal neurons in the monkey during the learning of a 
conditional spatial response task. Hippocampus, 3(1), 29-42. 

Carr, V. A., Rissman, J., & Wagner, A. D. (2010). Imaging the human medial temporal 
lobe with high-resolution fMRI. Neuron, 65(3), 298-308. 

 
 
Chadwick, M. J., Hassabis, D., Weiskopf, N., & Maguire, E. A. (2010). Decoding 

individual episodic memory traces in the human hippocampus. Curr Biol, 20(6), 
544-547. 

 
 
Cipolotti, L., Shallice, T., Chan, D., Fox, N., Scahill, R., Harrison, G., et al. (2001). 

Long-term retrograde amnesia: the crucial role of the hippocampus. 
Neuropsychologia, 39(2), 151-172. 

 
 
Clelland, C. D., Choi, M., Romberg, C., Clemenson, G. D., Jr., Fragniere, A., Tyers, P., 

et al. (2009). A functional role for adult hippocampal neurogenesis in spatial 
pattern separation. Science, 325(5937), 210-213. 

 
 
Cohen, N. J., & Eichenbaum, H. (1993). Memory, amnesia, and the hippocampal system. 

Cambridge, MA: The MIT Press. 
 
 
Colgin, L. L., Denninger, T., Fyhn, M., Hafting, T., Bonnevie, T., Jensen, O., et al. 

(2009). Frequency of gamma oscillations routes flow of information in the 
hippocampus. Nature, 462(7271), 353-357. 

 
 
Colgin, L. L., & Moser, E. I. (2010). Gamma oscillations in the hippocampus. Physiology 

(Bethesda), 25(5), 319-329. 
 
 
Cordes, D., Haughton, V. M., Arfanakis, K., Carew, J. D., Turski, P. A., Moritz, C. H., et 

al. (2001). Frequencies contributing to functional connectivity in the cerebral 
cortex in "resting-state" data. AJNR Am J Neuroradiol, 22(7), 1326-1333. 

 



 175 

 
Corkin, S., Amaral, D. G., Gonzalez, R. G., Johnson, K. A., & Hyman, B. T. (1997). H. 

M.'s medial temporal lobe lesion: findings from magnetic resonance imaging. J 
Neurosci, 17(10), 3964-3979. 

 
 
Cox, R. W. (1996). AFNI: software for analysis and visualization of functional magnetic 

resonance neuroimages. Comput Biomed Res, 29(3), 162-173. 
 
 
D'Ardenne, K., McClure, S. M., Nystrom, L. E., & Cohen, J. D. (2008). BOLD responses 

reflecting dopaminergic signals in the human ventral tegmental area. Science, 
319(5867), 1264-1267. 

 
 
D'Esposito, M., Postle, B. R., Ballard, D., & Lease, J. (1999). Maintenance versus 

manipulation of information held in working memory: an event-related fMRI 
study. Brain Cogn, 41(1), 66-86. 

 
 
Danckert, S. L., Gati, J. S., Menon, R. S., & Kohler, S. (2007). Perirhinal and 

hippocampal contributions to visual recognition memory can be distinguished 
from those of occipito-temporal structures based on conscious awareness of prior 
occurrence. Hippocampus, 17(11), 1081-1092. 

 
 
Davachi, L. (2006). Item, context and relational episodic encoding in humans. Curr Opin 

Neurobiol, 16(6), 693-700. 
 
 
Davachi, L., Mitchell, J. P., & Wagner, A. D. (2003). Multiple routes to memory: distinct 

medial temporal lobe processes build item and source memories. Proc Natl Acad 
Sci U S A, 100(4), 2157-2162. 

 
 
Davachi, L., & Wagner, A. D. (2002). Hippocampal contributions to episodic encoding: 

insights from relational and item-based learning. J Neurophysiol, 88(2), 982-990. 
 
 



 176 

De Rosa, E., & Hasselmo, M. E. (2000). Muscarinic cholinergic neuromodulation 
reduces proactive interference between stored odor memories during associative 
learning in rats. Behav Neurosci, 114(1), 32-41. 

 
 
Debiec, J., LeDoux, J. E., & Nader, K. (2002). Cellular and systems reconsolidation in 

the hippocampus. Neuron, 36(3), 527-538. 
 
 
Diana, R. A., Yonelinas, A. P., & Ranganath, C. (2010). Medial temporal lobe activity 

during source retrieval reflects information type, not memory strength. J Cogn 
Neurosci, 22(8), 1808-1818. 

 
 
Dudai, Y. (2006). Reconsolidation: the advantage of being refocused. Curr Opin 

Neurobiol, 16(2), 174-178. 
 
 
Dudukovic, N. M., Preston, A. R., Archie, J. J., Glover, G. H., & Wagner, A. D. (2010). 

High-resolution fMRI Reveals Match Enhancement and Attentional Modulation 
in the Human Medial Temporal Lobe. J Cogn Neurosci. 

 
 
Dudukovic, N. M., Preston, A. R., Archie, J. J., Glover, G. H., & Wagner, A. D. (2011). 

High-resolution fMRI reveals match enhancement and attentional modulation in 
the human medial temporal lobe. J Cogn Neurosci, 23(3), 670-682. 

 
 
Dudukovic, N. M., & Wagner, A. D. (2007). Goal-dependent modulation of declarative 

memory: neural correlates of temporal recency decisions and novelty detection. 
Neuropsychologia, 45(11), 2608-2620. 

 
 
Duncan, K., Curtis, C., & Davachi, L. (2009). Distinct memory signatures in the 

hippocampus: intentional States distinguish match and mismatch enhancement 
signals. J Neurosci, 29(1), 131-139. 

 
 
Duncan, K., & Davachi, L. (2010). Carry-over effects provide evidence for pattern 

separation and completion biases. Paper presented at the Society of Neuroscience 
Anual Meeting, San Diego. 



 177 

 
 
Duncan, K., Ketz, N., Inati, S. J., & Davachi, L. (2011). Evidence for area CA1 as a 

match/mismatch detector: A high-resolution fMRI study of the human 
hippocampus. Hippocampus. 

 
 
Dutar, P., Bassant, M. H., Senut, M. C., & Lamour, Y. (1995). The septohippocampal 

pathway: structure and function of a central cholinergic system. Physiol Rev, 
75(2), 393-427. 

 
 
Duvernoy, H. M. (2005). The human hippocampus: functional anatomy, 

vaqscularization, and serial sections with MRI (3rd ed.). New York: Springer. 
 
 
Duzel, E., Cabeza, R., Picton, T. W., Yonelinas, A. P., Scheich, H., Heinze, H. J., et al. 

(1999). Task-related and item-related brain processes of memory retrieval. Proc 
Natl Acad Sci U S A, 96(4), 1794-1799. 

 
 
Eichenbaum, H., Yonelinas, A. P., & Ranganath, C. (2007). The medial temporal lobe 

and recognition memory. Annu Rev Neurosci, 30, 123-152. 
 
 
Eldridge, L. L., Engel, S. A., Zeineh, M. M., Bookheimer, S. Y., & Knowlton, B. J. 

(2005). A dissociation of encoding and retrieval processes in the human 
hippocampus. J Neurosci, 25(13), 3280-3286. 

 
 
Eldridge, L. L., Knowlton, B. J., Furmanski, C. S., Bookheimer, S. Y., & Engel, S. A. 

(2000). Remembering episodes: a selective role for the hippocampus during 
retrieval. Nat Neurosci, 3(11), 1149-1152. 

 
 
Fanselow, M. S., & Dong, H. W. (2010). Are the dorsal and ventral hippocampus 

functionally distinct structures? Neuron, 65(1), 7-19. 
 
 



 178 

Fenker, D. B., Frey, J. U., Schuetze, H., Heipertz, D., Heinze, H. J., & Duzel, E. (2008). 
Novel scenes improve recollection and recall of words. J Cogn Neurosci, 20(7), 
1250-1265. 

 
 
Floresco, S. B., Todd, C. L., & Grace, A. A. (2001). Glutamatergic afferents from the 

hippocampus to the nucleus accumbens regulate activity of ventral tegmental area 
dopamine neurons. J Neurosci, 21(13), 4915-4922. 

 
 
Floresco, S. B., West, A. R., Ash, B., Moore, H., & Grace, A. A. (2003). Afferent 

modulation of dopamine neuron firing differentially regulates tonic and phasic 
dopamine transmission. Nat Neurosci, 6(9), 968-973. 

 
 
Fortin, N. J., Agster, K. L., & Eichenbaum, H. B. (2002). Critical role of the 

hippocampus in memory for sequences of events. Nat Neurosci, 5(5), 458-462. 
 
 
Frank, L. M., Stanley, G. B., & Brown, E. N. (2004). Hippocampal plasticity across 

multiple days of exposure to novel environments. J Neurosci, 24(35), 7681-7689. 
 
 
Frankland, P. W., & Bontempi, B. (2005). The organization of recent and remote 

memories. Nat Rev Neurosci, 6(2), 119-130. 
 
 
Frey, U., Schroeder, H., & Matthies, H. (1990). Dopaminergic antagonists prevent long-

term maintenance of posttetanic LTP in the CA1 region of rat hippocampal slices. 
Brain Res, 522(1), 69-75. 

 
 
Fried, I., Cameron, K. A., Yashar, S., Fong, R., & Morrow, J. W. (2002). Inhibitory and 

excitatory responses of single neurons in the human medial temporal lobe during 
recognition of faces and objects. Cereb Cortex, 12(6), 575-584. 

 
 
Fried, I., MacDonald, K. A., & Wilson, C. L. (1997). Single neuron activity in human 

hippocampus and amygdala during recognition of faces and objects. Neuron, 
18(5), 753-765. 

 



 179 

 
Fyhn, M., Molden, S., Hollup, S., Moser, M. B., & Moser, E. (2002). Hippocampal 

neurons responding to first-time dislocation of a target object. Neuron, 35(3), 555-
566. 

 
 
Gasbarri, A., Packard, M. G., Campana, E., & Pacitti, C. (1994). Anterograde and 

retrograde tracing of projections from the ventral tegmental area to the 
hippocampal formation in the rat. Brain Res Bull, 33(4), 445-452. 

 
 
Gasbarri, A., Sulli, A., & Packard, M. G. (1997). The dopaminergic mesencephalic 

projections to the hippocampal formation in the rat. Prog Neuropsychopharmacol 
Biol Psychiatry, 21(1), 1-22. 

 
 
Gelbard-Sagiv, H., Mukamel, R., Harel, M., Malach, R., & Fried, I. (2008). Internally 

generated reactivation of single neurons in human hippocampus during free recall. 
Science, 322(5898), 96-101. 

 
 
Gilbert, P. E., & Kesner, R. P. (2006). The role of the dorsal CA3 hippocampal subregion 

in spatial working memory and pattern separation. Behav Brain Res, 169(1), 142-
149. 

 
 
Giovannini, M. G., Rakovska, A., Benton, R. S., Pazzagli, M., Bianchi, L., & Pepeu, G. 

(2001). Effects of novelty and habituation on acetylcholine, GABA, and 
glutamate release from the frontal cortex and hippocampus of freely moving rats. 
Neuroscience, 106(1), 43-53. 

 
 
Gold, A. E., & Kesner, R. P. (2005). The role of the CA3 subregion of the dorsal 

hippocampus in spatial pattern completion in the rat. Hippocampus, 15(6), 808-
814. 

 
 
Gonsalves, B. D., Kahn, I., Curran, T., Norman, K. A., & Wagner, A. D. (2005). Memory 

strength and repetition suppression: multimodal imaging of medial temporal 
cortical contributions to recognition. Neuron, 47(5), 751-761. 

 



 180 

 
Grill-Spector, K., Henson, R., & Martin, A. (2006). Repetition and the brain: neural 

models of stimulus-specific effects. Trends in Cognitive Sciences, 10(1), 14-23. 
 
 
Groenewegen, H. J., Vermeulen-Van der Zee, E., te Kortschot, A., & Witter, M. P. 

(1987). Organization of the projections from the subiculum to the ventral striatum 
in the rat. A study using anterograde transport of Phaseolus vulgaris 
leucoagglutinin. Neuroscience, 23(1), 103-120. 

 
 
Guderian, S., Schott, B. H., Richardson-Klavehn, A., & Duzel, E. (2009). Medial 

temporal theta state before an event predicts episodic encoding success in 
humans. Proc Natl Acad Sci U S A, 106(13), 5365-5370. 

 
 
Guzowski, J. F., Knierim, J. J., & Moser, E. I. (2004). Ensemble dynamics of 

hippocampal regions CA3 and CA1. Neuron, 44(4), 581-584. 
 
 
Hannula, D. E., & Ranganath, C. (2008). Medial temporal lobe activity predicts 

successful relational memory binding. J Neurosci, 28(1), 116-124. 
 
 
Hashimoto, R., Abe, N., Ueno, A., Fujii, T., Takahashi, S., & Mori, E. (2010). Changing 

the criteria for old/new recognition judgments can modulate activity in the 
anterior hippocampus. Hippocampus. 

 
 
Hassabis, D., Chu, C., Rees, G., Weiskopf, N., Molyneux, P. D., & Maguire, E. A. 

(2009). Decoding neuronal ensembles in the human hippocampus. Curr Biol, 
19(7), 546-554. 

 
 
Hasselmo, M. E., & Fehlau, B. P. (2001). Differences in time course of ACh and GABA 

modulation of excitatory synaptic potentials in slices of rat hippocampus. J 
Neurophysiol, 86(4), 1792-1802. 

 
 



 181 

Hasselmo, M. E., & McGaughy, J. (2004). High acetylcholine levels set circuit dynamics 
for attention and encoding and low acetylcholine levels set dynamics for 
consolidation. Prog Brain Res, 145, 207-231. 

 
 
Hasselmo, M. E., & Schnell, E. (1994). Laminar selectivity of the cholinergic 

suppression of synaptic transmission in rat hippocampal region CA1: 
computational modeling and brain slice physiology. J Neurosci, 14(6), 3898-
3914. 

 
 
Hasselmo, M. E., Schnell, E., & Barkai, E. (1995). Dynamics of learning and recall at 

excitatory recurrent synapses and cholinergic modulation in rat hippocampal 
region CA3. J Neurosci, 15, 13. 

 
 
Hasselmo, M. E., Wyble, B. P., & Wallenstein, G. V. (1996). Encoding and retrieval of 

episodic memories: role of cholinergic and GABAergic modulation in the 
hippocampus. Hippocampus, 6(6), 693-708. 

 
 
Henson, R. (2005). A mini-review of fMRI studies of human medial temporal lobe 

activity associated with recognition memory. Q J Exp Psychol B, 58(3-4), 340-
360. 

 
 
Henson, R. N., Cansino, S., Herron, J. E., Robb, W. G., & Rugg, M. D. (2003). A 

familiarity signal in human anterior medial temporal cortex? Hippocampus, 13(2), 
301-304. 

 
 
Henson, R. N. A., & Rugg, M. D. (2003). Neural response suppression, haemodynamic 

repetition effects, and behavioural priming. Neuropsychologia, 41(3), 263-270. 
 
 
Herron, J. E., & Rugg, M. D. (2003). Retrieval orientation and the control of recollection. 

J Cogn Neurosci, 15(6), 843-854. 
 
 
Herron, J. E., & Wilding, E. L. (2004). An electrophysiological dissociation of retrieval 

mode and retrieval orientation. Neuroimage, 22(4), 1554-1562. 



 182 

 
 
Hirano, M., Noguchi, K., Hosokawa, T., & Takayama, T. (2002). I cannot remember, but 

I know my past events: remembering and knowing in a patient with amnesic 
syndrome. J Clin Exp Neuropsychol, 24(4), 548-555. 

 
 
Huang, Y. Y., & Kandel, E. R. (1995). D1/D5 receptor agonists induce a protein 

synthesis-dependent late potentiation in the CA1 region of the hippocampus. Proc 
Natl Acad Sci U S A, 92(7), 2446-2450. 

 
 
Huijbers, W., Pennartz, C. M., Cebeza, R., Daselaar, S. M. (2009). When Learning and 

Remembering Compete: A Functional MRI Study, PLoS Biol, 7(1): e1000011. 
 
 
Insausti, R., Juottonen, K., Soininen, H., Insausti, A. M., Partanen, K., Vainio, P., et al. 

(1998). MR volumetric analysis of the human entorhinal, perirhinal, and 
temporopolar cortices. AJNR Am J Neuroradiol, 19(4), 659-671. 

 
 
Kahn, I., Davachi, L., & Wagner, A. D. (2004). Functional-neuroanatomic correlates of 

recollection: implications for models of recognition memory. J Neurosci, 24(17), 
4172-4180. 

 
 
Kim, J. J., & Fanselow, M. S. (1992). Modality-specific retrograde amnesia of fear. 

Science, 256(5057), 675-677. 
 
 
Kirwan, C. B., Jones, C. K., Miller, M. I., & Stark, C. E. (2007). High-resolution fMRI 

investigation of the medial temporal lobe. Hum Brain Mapp, 28(10), 959-966. 
 
 
Kirwan, C. B., & Stark, C. E. (2004). Medial temporal lobe activation during encoding 

and retrieval of novel face-name pairs. Hippocampus, 14(7), 919-930. 
 
 
Kirwan, C. B., & Stark, C. E. (2007). Overcoming interference: an fMRI investigation of 

pattern separation in the medial temporal lobe. Learn Mem, 14(9), 625-633. 
 



 183 

 
Kohler, S., Danckert, S., Gati, J. S., & Menon, R. S. (2005). Novelty responses to 

relational and non-relational information in the hippocampus and the 
parahippocampal region: a comparison based on event-related fMRI. 
Hippocampus, 15(6), 763-774. 

 
 
Kumaran, D., & Maguire, E. A. (2006). An unexpected sequence of events: mismatch 

detection in the human hippocampus. PLoS Biol, 4(12), e424. 
 
 
Kumaran, D., & Maguire, E. A. (2007a). Match mismatch processes underlie human 

hippocampal responses to associative novelty. J Neurosci, 27(32), 8517-8524. 
 
 
Kumaran, D., & Maguire, E. A. (2007b). Which computational mechanisms operate in 

the hippocampus during novelty detection? Hippocampus, 17(9), 735-748. 
 
 
Kunec, S., Hasselmos, M. E., Kopell, N. (2005). Encoding and retrieval in the CA3 

region of the hippocampus: a model of theta phase separation. J Neurophysiol 94: 
70–82(2005). 

 
 
Lacy, J. W., Yassa, M. A., Stark, S. M., Muftuler, L. T., & Stark, C. E. (2011). Distinct 

pattern separation related transfer functions in human CA3/dentate and CA1 
revealed using high-resolution fMRI and variable mnemonic similarity. Learn 
Mem, 18(1), 15-18. 

 
 
Lavenex, P., & Amaral, D. G. (2000). Hippocampal-neocortical interaction: a hierarchy 

of associativity. Hippocampus, 10(4), 420-430. 
 
 
Lavenex, P., Suzuki, W. A., & Amaral, D. G. (2004). Perirhinal and parahippocampal 

cortices of the macaque monkey: Intrinsic projections and interconnections. J 
Comp Neurol, 472(3), 371-394. 

 
 
Lee, I., Hunsaker, M. R., & Kesner, R. P. (2005). The role of hippocampal subregions in 

detecting spatial novelty. Behav Neurosci, 119(1), 145-153. 



 184 

 
 
Lee, I., Yoganarasimha, D., Rao, G., & Knierim, J. J. (2004). Comparison of population 

coherence of place cells in hippocampal subfields CA1 and CA3. Nature, 
430(6998), 456-459. 

 
 
Lepage, M., Ghaffar, O., Nyberg, L., & Tulving, E. (2000). Prefrontal cortex and 

episodic memory retrieval mode. Proc Natl Acad Sci U S A, 97(1), 506-511. 
 
 
Leung, L. S., Shen, B., Rajakumar, N., & Ma, J. (2003). Cholinergic activity enhances 

hippocampal long-term potentiation in CA1 during walking in rats. J Neurosci, 
23(28), 9297-9304. 

 
 
Leutgeb, J. K., Leutgeb, S., Moser, M. B., & Moser, E. I. (2007). Pattern separation in the 

dentate gyrus and CA3 of the hippocampus. Science, 315(5814), 961-966. 
 
 
Leutgeb, S., Leutgeb, J. K., Barnes, C. A., Moser, E. I., McNaughton, B. L., & Moser, M. 

B. (2005). Independent codes for spatial and episodic memory in hippocampal 
neuronal ensembles. Science, 309(5734), 619-623. 

 
 
Leutgeb, S., Leutgeb, J. K., Treves, A., Moser, M. B., & Moser, E. I. (2004). Distinct 

ensemble codes in hippocampal areas CA3 and CA1. Science, 305(5688), 1295-
1298. 

 
 
Li, S., Cullen, W. K., Anwyl, R., & Rowan, M. J. (2003). Dopamine-dependent 

facilitation of LTP induction in hippocampal CA1 by exposure to spatial novelty. 
Nat Neurosci, 6(5), 526-531. 

 
 
Lisman, J. E. (1999). Relating hippocampal circuitry to function: recall of memory 

sequences by reciprocal dentate-CA3 interactions. Neuron, 22(2), 233-242. 
 
 
Lisman, J. E., & Grace, A. A. (2005). The hippocampal-VTA loop: controlling the entry 

of information into long-term memory. Neuron, 46(5), 703-713. 



 185 

 
 
Lisman, J. E., & Otmakhova, N. A. (2001). Storage, recall, and novelty detection of 

sequences by the hippocampus: elaborating on the SOCRATIC model to account 
for normal and aberrant effects of dopamine. Hippocampus, 11(5), 551-568. 

 
 
Ljungberg, T., Apicella, P., & Schultz, W. (1992). Responses of monkey dopamine 

neurons during learning of behavioral reactions. J Neurophysiol, 67(1), 145-163. 
 
 
Lorincz, A., & Buzsaki, G. (2000). Two-phase computational model training long-term 

memories in the entorhinal-hippocampal region. Ann N Y Acad Sci, 911, 83-111. 
 
 
Manns, J. R., Hopkins, R. O., Reed, J. M., Kitchener, E. G., & Squire, L. R. (2003). 

Recognition memory and the human hippocampus. Neuron, 37(1), 171-180. 
 
 
Marr, D. (1971). Simple memory: a theory for archicortex. Philos Trans R Soc Lond B 

Biol Sci, 262(841), 23-81. 
 
 
Matsumoto, M., & Hikosaka, O. (2009). Two types of dopamine neuron distinctly convey 

positive and negative motivational signals. Nature, 459(7248), 837-841. 
 
 
Mayes, A., Montaldi, D., & Migo, E. (2007). Associative memory and the medial 

temporal lobes. Trends Cogn Sci, 11(3), 126-135. 
 
 
Mayes, A. R., Holdstock, J. S., Isaac, C. L., Hunkin, N. M., & Roberts, N. (2002). 

Relative sparing of item recognition memory in a patient with adult-onset damage 
limited to the hippocampus. Hippocampus, 12(3), 325-340. 

 
 
McClelland, J. L., McNaughton, B. L., & O'Reilly, R. C. (1995). Why there are 

complementary learning systems in the hippocampus and neocortex: insights from 
the successes and failures of connectionist models of learning and memory. 
Psychol Rev, 102(3), 419-457. 

 



 186 

 
McDonald, R. J., & White, N. M. (1993). A triple dissociation of memory systems: 

hippocampus, amygdala, and dorsal striatum. Behav Neurosci, 107(1), 3-22. 
 
 
McHugh, T. J., Jones, M. W., Quinn, J. J., Balthasar, N., Coppari, R., Elmquist, J. K., et 

al. (2007). Dentate gyrus NMDA receptors mediate rapid pattern separation in the 
hippocampal network. Science, 317(5834), 94-99. 

 
 
McNaughton, B. L., & Morris, R. G. M. (1987). Hippocampal Synaptic Enhancement 

and Information-Storage within a Distributed Memory System. Trends in 
Neurosciences, 10(10), 408-415. 

 
 
Meeter, M., Murre, J. M. J., & Talamini, L. M. (2004). Mode shifting between storage 

and recall based on novelty detection in oscillating hippocampal circuits. 
Hippocampus, 14(6), 722-741. 

 
 
Meunier, M., Bachevalier, J., Mishkin, M., & Murray, E. A. (1993). Effects on visual 

recognition of combined and separate ablations of the entorhinal and perirhinal 
cortex in rhesus monkeys. J Neurosci, 13(12), 5418-5432. 

 
 
Miller, E. K., & Desimone, R. (1994). Parallel neuronal mechanisms for short-term 

memory. Science, 263(5146), 520-522. 
 
 
Milner, B., Corkin, S., & Teuber, H. L. (1968). Further analysis of the hippocampal 

amnesic syndrome: 14-year follow-up study of H.M. Neuropsychologia, 6, 215-
234. 

 
 
Mishkin, M. (1978). Memory in monkeys severely impaired by combined but not by 

separate removal of amygdala and hippocampus. Nature, 273(5660), 297-298. 
 
 
Mitchell, J. P., Macrae, C. N., & Banaji, M. R. (2004). Encoding-specific effects of social 

cognition on the neural correlates of subsequent memory. J Neurosci, 24(21), 
4912-4917. 



 187 

 
 
Montgomery, S. M., & Buzsaki, G. (2007). Gamma oscillations dynamically couple 

hippocampal CA3 and CA1 regions during memory task performance. Proc Natl 
Acad Sci U S A, 104(36), 14495-14500. 

 
 
Morcom, A. M., & Rugg, M. D. (2002). Getting ready to remember: the neural correlates 

of task set during recognition memory. Neuroreport, 13(1), 149-152. 
 
 
Morris, R. G., Garrud, P., Rawlins, J. N., & O'Keefe, J. (1982). Place navigation impaired 

in rats with hippocampal lesions. Nature, 297(5868), 681-683. 
 
 
Moser, M. B., & Moser, E. I. (1998). Functional differentiation in the hippocampus. 

Hippocampus, 8(6), 608-619. 
 
 
Murray, E. A., & Mishkin, M. (1998). Object recognition and location memory in 

monkeys with excitotoxic lesions of the amygdala and hippocampus. J Neurosci, 
18(16), 6568-6582. 

 
 
Nadel, L., Samsonovich, A., Ryan, L., & Moscovitch, M. (2000). Multiple trace theory of 

human memory: computational, neuroimaging, and neuropsychological results. 
Hippocampus, 10(4), 352-368. 

 
 
Nader, K., Schafe, G. E., & Le Doux, J. E. (2000). Fear memories require protein 

synthesis in the amygdala for reconsolidation after retrieval. Nature, 406(6797), 
722-726. 

 
 
Nakashiba, T., Young, J. Z., McHugh, T. J., Buhl, D. L., & Tonegawa, S. (2008). 

Transgenic inhibition of synaptic transmission reveals role of CA3 output in 
hippocampal learning. Science, 319(5867), 1260-1264. 

 
 



 188 

Newton, A. T., Morgan, V. L., Rogers, B. P., & Gore, J. C. (2010). Modulation of steady 
state functional connectivity in the default mode and working memory networks 
by cognitive load. Hum Brain Mapp. 

 
 
Norman, K. A., & O'Reilly, R. C. (2003). Modeling hippocampal and neocortical 

contributions to recognition memory: a complementary-learning-systems 
approach. Psychol Rev, 110(4), 611-646. 

 
 
Norman-Haignere, S. V., McCarthy, G., Chun, M. M., & Turk-Browne, N. B. (2011). 

Category-Selective Background Connectivity in Ventral Visual Cortex. Cereb 
Cortex. 

 
 
O'Carroll, C. M., Martin, S. J., Sandin, J., Frenguelli, B., & Morris, R. G. (2006). 

Dopaminergic modulation of the persistence of one-trial hippocampus-dependent 
memory. Learn Mem, 13(6), 760-769. 

 
 
O'Kane, G., Insler, R. Z., & Wagner, A. D. (2005). Conceptual and perceptual novelty 

effects in human medial temporal cortex. Hippocampus, 15(3), 326-332. 
 
 
O’Reilly, R. C., McClelland, J. L., (1994). Hippocampal conjunctive encoding, storage, 

and recall: avoiding a trade-off. Hippocampus, 4(6), 661-682. 
 
 
Ojemann, J. G., Akbudak, E., Snyder, A. Z., McKinstry, R. C., Raichle, M. E., & 

Conturo, T. E. (1997). Anatomic localization and quantitative analysis of gradient 
refocused echo-planar fMRI susceptibility artifacts. Neuroimage, 6(3), 156-167. 

 
 
Olman, C. A., Davachi, L., & Inati, S. (2009). Distortion and signal loss in medial 

temporal lobe. PLoS One, 4(12), e8160. 
 
 
Otmakhova, N. A., & Lisman, J. E. (1998). D1/D5 dopamine receptors inhibit 

depotentiation at CA1 synapses via cAMP-dependent mechanism. J Neurosci, 
18(4), 1270-1279. 

 



 189 

 
Ovsepian, S. V., Anwyl, R., & Rowan, M. J. (2004). Endogenous acetylcholine lowers 

the threshold for long-term potentiation induction in the CA1 area through 
muscarinic receptor activation: in vivo study. Eur J Neurosci, 20(5), 1267-1275. 

 
 
Owen, A. M., Evans, A. C., & Petrides, M. (1996). Evidence for a two-stage model of 

spatial working memory processing within the lateral frontal cortex: a positron 
emission tomography study. Cereb Cortex, 6(1), 31-38. 

 
 
Pashler, H. (1994). Dual-task interference in simple tasks: data and theory. Psychol Bull, 

116(2), 220-244. 
 
Phillips, R. G., & LeDoux, J. E. (1992). Differential contribution of amygdala and 

hippocampus to cued and contextual fear conditioning. Behav Neurosci, 106(2), 
274-285. 

 
 
Postle, B. R., Berger, J. S., & D'Esposito, M. (1999). Functional neuroanatomical double 

dissociation of mnemonic and executive control processes contributing to 
working memory performance. Proc Natl Acad Sci U S A, 96(22), 12959-12964. 

 
 
Preston, A. R., Bornstein, A. M., Hutchinson, J. B., Gaare, M. E., Glover, G. H., & 

Wagner, A. D. (2009). High-resolution fMRI of Content-sensitive Subsequent 
Memory Responses in Human Medial Temporal Lobe. J Cogn Neurosci. 

 
 
Preston, A. R., & Gabrieli, J. D. (2008). Dissociation between explicit memory and 

configural memory in the human medial temporal lobe. Cereb Cortex, 18, 15. 
 
 
Preston, A. R., Shrager, Y., Dudukovic, N. M., & Gabrieli, J. D. (2004). Hippocampal 

contribution to the novel use of relational information in declarative memory. 
Hippocampus, 14(2), 148-152. 

 
 
 
 
 



 190 

Pruessner, J. C., Kohler, S., Crane, J., Pruessner, M., Lord, C., Byrne, A., et al. (2002). 
Volumetry of temporopolar, perirhinal, entorhinal and parahippocampal cortex 
from high-resolution MR images: considering the variability of the collateral 
sulcus. Cereb Cortex, 12(12), 1342-1353. 

 
 
Quinn, J. J., Ma, Q. D., Tinsley, M. R., Koch, C., & Fanselow, M. S. (2008). Inverse 

temporal contributions of the dorsal hippocampus and medial prefrontal cortex to 
the expression of long-term fear memories. Learn Mem, 15(5), 368-372. 

 
 
Ranganath, C. (2006). Working memory for visual objects: complementary roles of 

inferior temporal, medial temporal, and prefrontal cortex. Neuroscience, 139(1), 
277-289. 

 
 
Ranganath, C., & Rainer, G. (2003). Neural mechanisms for detecting and remembering 

novel events. Nat Rev Neurosci, 4(3), 193-202. 
 
 
Ranganath, C., Yonelinas, A. P., Cohen, M. X., Dy, C. J., Tom, S. M., & D'Esposito, M. 

(2004). Dissociable correlates of recollection and familiarity within the medial 
temporal lobes. Neuropsychologia, 42(1), 2-13. 

 
 
Rodriguez-Ortiz, C. J., De la Cruz, V., Gutierrez, R., & Bermudez-Rattoni, F. (2005). 

Protein synthesis underlies post-retrieval memory consolidation to a restricted 
degree only when updated information is obtained. Learn Mem, 12(5), 533-537. 

 
 
Rossato, J. I., Bevilaqua, L. R., Izquierdo, I., Medina, J. H., & Cammarota, M. (2009). 

Dopamine controls persistence of long-term memory storage. Science, 325(5943), 
1017-1020. 

 
 
Rossion, B., & Pourtois, G. (2004). Revisiting Snodgrass and Vanderwart's object 

pictorial set: the role of surface detail in basic-level object recognition. 
Perception, 33(2), 217-236. 

 
 



 191 

Royer, S., Sirota, A., Patel, J., & Buzsaki, G. (2010). Distinct representations and theta 
dynamics in dorsal and ventral hippocampus. J Neurosci, 30(5), 1777-1787. 

 
 
Rutishauser, U., Mamelak, A. N., & Schuman, E. M. (2006). Single-trial learning of 

novel stimuli by individual neurons of the human hippocampus-amygdala 
complex. Neuron, 49(6), 805-813. 

 
 
Ryan, L., Nadel, L., Keil, K., Putnam, K., Schnyer, D., Trouard, T., et al. (2001). 

Hippocampal complex and retrieval of recent and very remote autobiographical 
memories: evidence from functional magnetic resonance imaging in 
neurologically intact people. Hippocampus, 11(6), 707-714. 

 
 
Sara, S. J. (2000). Retrieval and reconsolidation: toward a neurobiology of remembering. 

Learn Mem, 7(2), 73-84. 
 
 
Schacter, D. L., & Wagner, A. D. (1999). Medial temporal lobe activations in fMRI and 

PET studies of episodic encoding and retrieval. Hippocampus, 9(1), 7-24. 
 
 
Schiller, D., Monfils, M. H., Raio, C. M., Johnson, D. C., Ledoux, J. E., & Phelps, E. A. 

(2010). Preventing the return of fear in humans using reconsolidation update 
mechanisms. Nature, 463(7277), 49-53. 

 
 
Schultz, W. (1998). Predictive reward signal of dopamine neurons. J Neurophysiol, 

80(1), 1-27. 
 
 
Scoville, W. B., & Milner, B. (1957). Loss of recent memory after bilateral hippocampal 

lesions. J Neurol Neurosurg Psychiatry, 20(1), 11-21. 
 
 
Sharot, T., Delgado, M. R., & Phelps, E. A. (2004). How emotion enhances the feeling of 

remembering. Nat Neurosci, 7(12), 1376-1380. 
 
 



 192 

Shinoe, T., Matsui, M., Taketo, M. M., & Manabe, T. (2005). Modulation of synaptic 
plasticity by physiological activation of M1 muscarinic acetylcholine receptors in 
the mouse hippocampus. J Neurosci, 25(48), 11194-11200. 

 
 
Shohamy, D., & Adcock, R. A. (2010). Dopamine and adaptive memory. Trends Cogn 

Sci, 14(10), 464-472. 
 
 
Shohamy, D., & Wagner, A. D. (2008). Integrating memories in the human brain: 

hippocampal-midbrain encoding of overlapping events. Neuron, 60(2), 378-389. 
 
 
Sperling, R., Chua, E., Cocchiarella, A., Rand-Giovannetti, E., Poldrack, R., Schacter, D. 

L., et al. (2003). Putting names to faces: successful encoding of associative 
memories activates the anterior hippocampal formation. Neuroimage, 20(2), 
1400-1410. 

 
 
Squire, L. R. (1992). Memory and the hippocampus: a synthesis from findings with rats, 

monkeys, and humans. Psychol Rev, 99(2), 195-231. 
 
 
Squire, L. R., & Alvarez, P. (1995). Retrograde amnesia and memory consolidation: a 

neurobiological perspective. Curr Opin Neurobiol, 5(2), 169-177. 
 
 
Squire, L. R., Wixted, J. T., & Clark, R. E. (2007). Recognition memory and the medial 

temporal lobe: a new perspective. Nat Rev Neurosci, 8(11), 872-883. 
 
 
Squire, L. R., Zola-Morgan, S., & Chen, K. S. (1988). Human amnesia and animal 

models of amnesia: performance of amnesic patients on tests designed for the 
monkey. Behav Neurosci, 102(2), 210-221. 

 
 
Staresina, B. P., & Davachi, L. (2008). Selective and shared contributions of the 

hippocampus and perirhinal cortex to episodic item and associative encoding. J 
Cogn Neurosci, 20(8), 1478-1489. 

 
 



 193 

Staresina, B. P., & Davachi, L. (2009). Mind the gap: binding experiences across space 
and time in the human hippocampus. Neuron, 63(2), 267-276. 

 
 
Staresina, B. P., Duncan, K. D., & Davachi, L. (2011). Perirhinal and parahippocampal 

cortices differentially contribute to later recollection of object- and scene-related 
event details. J Neurosci, 31(24), 8739-8747. 

 
 
Stark, C. E., & Squire, L. R. (2001). When zero is not zero: the problem of ambiguous 

baseline conditions in fMRI. Proc Natl Acad Sci U S A, 98(22), 12760-12766. 
 
 
Strange, B. A., Otten, L. J., Josephs, O., Rugg, M. D., & Dolan, R. J. (2002). Dissociable 

human perirhinal, hippocampal, and parahippocampal roles during verbal 
encoding. J Neurosci, 22(2), 523-528. 

 
 
Sutherland, R. J., & McDonald, R. J. (1990). Hippocampus, amygdala, and memory 

deficits in rats. Behav Brain Res, 37(1), 57-79. 
 
 
Suzuki, W. A., & Amaral, D. G. (1994). Perirhinal and parahippocampal cortices of the 

macaque monkey: cortical afferents. J Comp Neurol, 350(4), 497-533. 
 
 
Suzuki, W. A., Miller, E. K., & Desimone, R. (1997). Object and place memory in the 

macaque entorhinal cortex. J Neurophysiol, 78(2), 1062-1081. 
 
 
Treves, A., & Rolls, E. T. (1992). Computational constraints suggest the need for two 

distinct input systems to the hippocampal CA3 network. Hippocampus, 2(2), 189-
199. 

 
 
Tse, D., Langston, R. F., Kakeyama, M., Bethus, I., Spooner, P. A., Wood, E. R., et al. 

(2007). Schemas and memory consolidation. Science, 316(5821), 76-82. 
 
 
Tulving, E. (1983). Elements of episodic memory. New York: Oxford University Press. 
 



 194 

 
Tulving, E. (1987). Multiple memory systems and consciousness. Hum Neurobiol, 6(2), 

67-80. 
 
 
Tulving, E., & Thomson, D. M. (1973). Encoding Specificity and Retrieval Processes in 

Episodic Memory. Psychological Review, 80(5), 352-373. 
 
 
Uncapher, M. R., & Rugg, M. D. (2005). Encoding and the durability of episodic 

memory: a functional magnetic resonance imaging study. J Neurosci, 25(31), 
7260-7267. 

 
 
Vargha-Khadem, F., Gadian, D. G., Watkins, K. E., Connelly, A., Van Paesschen, W., & 

Mishkin, M. (1997). Differential effects of early hippocampal pathology on 
episodic and semantic memory. Science, 277(5324), 376-380. 

 
 
Vazdarjanova, A., & Guzowski, J. F. (2004). Differences in hippocampal neuronal 

population responses to modifications of an environmental context: evidence for 
distinct, yet complementary, functions of CA3 and CA1 ensembles. J Neurosci, 
24(29), 6489-6496. 

 
 
Vinogradova, O. S. (2001). Hippocampus as comparator: Role of the two input and two 

output systems of the hippocampus in selection and registration of information. 
Hippocampus, 11(5), 578-598. 

 
 
Viskontas, I. V., Carr, V. A., Engel, S. A., & Knowlton, B. J. (2009). The Neural 

Correlates of Recollection: Hippocampal Activation Declines as Episodic 
Memory Fades. Hippocampus, 19(3), 265-272. 

 
 
Weis, S., Klaver, P., Reul, J., Elger, C. E., & Fernandez, G. (2004). Neural correlates of 

successful declarative memory formation and retrieval: the anatomical overlap. 
Cortex, 40(1), 200-202. 

 
 
 



 195 

Weis, S., Specht, K., Klaver, P., Tendolkar, I., Willmes, K., Ruhlmann, J., et al. (2004). 
Process dissociation between contextual retrieval and item recognition. 
Neuroreport, 15(18), 2729-2733. 

 
 
Wheeler, M. E., & Buckner, R. L. (2004). Functional-anatomic correlates of 

remembering and knowing. Neuroimage, 21(4), 1337-1349. 
 
 
Wilckens, K. A., Tremel, J. J., Wolk, D. A., & Wheeler, M. E. (2011). Effects of task-set 

adoption on ERP correlates of controlled and automatic recognition memory. 
Neuroimage, 55(3), 1384-1392. 

 
 
Wilhelm, I., Diekelmann, S., Molzow, I., Ayoub, A., Molle, M., & Born, J. (2011). Sleep 

selectively enhances memory expected to be of future relevance. J Neurosci, 
31(5), 1563-1569. 

 
 
Winocur, G. (1990). Anterograde and retrograde amnesia in rats with dorsal hippocampal 

or dorsomedial thalamic lesions. Behav Brain Res, 38(2), 145-154. 
 
 
Winocur, G., Moscovitch, M., & Bontempi, B. (2010). Memory formation and long-term 

retention in humans and animals: convergence towards a transformation account 
of hippocampal-neocortical interactions. Neuropsychologia, 48(8), 2339-2356. 

 
 
Winters, B. D., & Bussey, T. J. (2005). Transient inactivation of perirhinal cortex 

disrupts encoding, retrieval, and consolidation of object recognition memory. J 
Neurosci, 25(1), 52-61. 

 
 
Wirth, S., Yanike, M., Frank, L. M., Smith, A. C., Brown, E. N., & Suzuki, W. A. (2003). 

Single neurons in the monkey hippocampus and learning of new associations. 
Science, 300(5625), 1578-1581. 

 
 
Witter, M. P., Wouterlood, F. G., Naber, P. A., & Van Haeften, T. (2000). Anatomical 

organization of the parahippocampal-hippocampal network. Ann N Y Acad Sci, 
911, 1-24. 



 196 

 
 
Wittmann, B. C., Schott, B. H., Guderian, S., Frey, J. U., Heinze, H. J., & Duzel, E. 

(2005). Reward-related FMRI activation of dopaminergic midbrain is associated 
with enhanced hippocampus-dependent long-term memory formation. Neuron, 
45(3), 459-467. 

 
 
Wood, E. R., Dudchenko, P. A., & Eichenbaum, H. (1999). The global record of memory 

in hippocampal neuronal activity. Nature, 397(6720), 613-616. 
 
 
Yassa, M. A., Mattfeld, A. T., Stark, S. M., & Stark, C. E. (2011). Age-related memory 

deficits linked to circuit-specific disruptions in the hippocampus. Proc Natl Acad 
Sci U S A, 108(21), 8873-8878. 

 
 
Yassa, M. A., & Stark, C. E. (2009). A quantitative evaluation of cross-participant 

registration techniques for MRI studies of the medial temporal lobe. Neuroimage, 
44(2), 319-327. 

 
 
Yonelinas, A. P., Otten, L. J., Shaw, K. N., & Rugg, M. D. (2005). Separating the brain 

regions involved in recollection and familiarity in recognition memory. J 
Neurosci, 25(11), 3002-3008. 

 
 
Zeineh, M. M., Engel, S. A., Thompson, P. M., & Bookheimer, S. Y. (2003). Dynamics 

of the hippocampus during encoding and retrieval of face-name pairs. Science, 
299(5606), 577-580. 

 
 
Zeithamova, D., & Preston, A. R. (2010). Flexible memories: differential roles for medial 

temporal lobe and prefrontal cortex in cross-episode binding. J Neurosci, 30(44), 
14676-14684. 

 
 
Zola-Morgan, S., & Squire, L. R. (1986). Memory impairment in monkeys following 

lesions limited to the hippocampus. Behav Neurosci, 100(2), 155-160. 
 
 



 197 

Zola-Morgan, S., Squire, L. R., & Amaral, D. G. (1986). Human amnesia and the medial 
temporal region: enduring memory impairment following a bilateral lesion limited 
to field CA1 of the hippocampus. J Neurosci, 6(10), 2950-2967. 

 
 
Zola-Morgan, S., Squire, L. R., Amaral, D. G., & Suzuki, W. A. (1989). Lesions of 

perirhinal and parahippocampal cortex that spare the amygdala and hippocampal 
formation produce severe memory impairment. J Neurosci, 9(12), 4355-4370. 

 
 
Zola-Morgan, S. M., & Squire, L. R. (1990). The primate hippocampal formation: 

evidence for a time-limited role in memory storage. Science, 250(4978), 288-290. 
 
 
 


		2011-12-07T08:50:50-0500
	Preflight Ticket Signature




