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What Are Memories For? The Hippocampus
Bridges Past Experience with Future Decisions
Natalie Biderman,1,2,4 Akram Bakkour,1,2,4 and Daphna Shohamy1,3,*
Many decisions require ﬂexible reasoning that depends on inference, generalization, and deliberation. Here, we review emerging ﬁndings indicating that the
hippocampus, known for its role in long-term memory, contributes to these ﬂexible
aspects of value-based decision-making. This work offers new insights into the
role of memory in decision-making and suggests that memory may shape decisions even in situations that do not appear, at ﬁrst glance, to depend on memory
at all. Uncovering the pervasive role of memory in decision-making challenges
the way we deﬁne what memory is and what it does, suggesting that memory’s
primary purpose may be to guide future behavior and that storing a record of the
past is just one way to do so.

Highlights
Memory plays a pervasive role in ﬂexible
decision-making that depends on inference, generalization, and deliberation.
This function of memory in decisionmaking is supported by the hippocampus, suggesting that the role of the hippocampus may be to create a record of
the past in the service of future behavior.
This view reconciles ﬁndings from the
ﬁelds of memory and decision-making.
It offers new insight into why some memories are prioritized over others, why
memory loss sometimes leads to impaired decision-making, and why decisions are shaped by regret and
counterfactual thinking.

What Are Memories For?
Learning is essential for adaptive behavior, allowing past experiences to improve the decisions
we make in the future. Much research has focused on how repeated experience with outcomes
enables the dynamic updating of predictions that guide later decisions [1]. However, we often
have to make decisions without having had any prior experience with that exact same decision
before. Such decisions must involve reasoning about new options, a process that involves
generalization (see Glossary) [2], inference [3], and deliberation [4]. We discuss how
these sorts of decisions depend on the ﬂexible use of memory, supported by the
hippocampus.
The importance of memory for decision-making is beautifully exempliﬁed in The Giver, by
Lois Lowry. The novel describes a dystopian world without decisions and without agency,
a world completely governed by habits. The Giver focuses on one member of society
who must keep all memories of the old society in mind and it describes the process by
which these memories are passed on from the current memory-keeper (The Giver) to a
young boy who comes to replace him (The Receiver). Through this process, the dystopian
story reﬂects on the content and purpose of memories. At a critical point in the story, the
young boy asks The Giver what exactly memories are for. The Giver replies that memories
are kept so that they can be consulted by the elders in case new situations are confronted.
With this response, the novel makes the point that memory is necessary when things are uncertain, changing, and dynamic. In a world full of uncertainty and change, how does memory
help us make decisions?
Here, we present emerging ﬁndings showing that the hippocampus, known for its role in longterm episodic memory (for review, see [5,6]), also contributes to multiple aspects of ﬂexible
decision-making. This work offers new insights into the role of hippocampal memory processes
in guiding inference and deliberation in service of value-based decisions. Together, these new
ﬁndings raise the possibility that the fundamental role of the hippocampus may be to guide future
behavior and that remembering the past is just one way to do so.
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Learning from Experience to Make Good Decisions
In the past decade, substantial progress has been made in understanding the brain mechanisms by which we learn from experience to improve our decisions (for a review, see [7]). The
brief summary of this work is that repeated experience with decisions and their outcomes
allows learning from the past to guide predictions about the future. For example, when contemplating what to order from a menu, we may choose falafel because when we have done so in
the past, we were usually rewarded (Figure 1A, Key Figure). In other words, past experience
helps us develop a tendency (a habit) of repeating choices that were rewarded and avoiding
choices that were not.
This process of trial-and-error learning from rewards depends on the striatum and its dopaminergic
inputs, as revealed by converging evidence from single cell recordings [8–10], optogenetics [11–13],
computational models [14–16], studies of patients with disrupted striatal activity (e.g., due to
Parkinson’s disease [17,18]), and studies with fMRI in healthy humans [19,20]. The common
computational framework to account for this process is model-free reinforcement learning.
Model-free reinforcement learning provides a framework for learning-based decisions in which a
prediction about value for a given option is generated based on past experience with choosing
this option. This account focuses on the idea that what is learned from reinforcement is the average
value of candidate cues or actions [14].
But many decisions cannot depend on the learned average value from experiencing the same
decision in the past (Figure 1). For example, we often face decisions for which we have very little
direct past experience (maybe we have only tried this dish once before), while other decisions
involve a choice between completely new choice options (every time we try a new cuisine). Moreover, even when we have extensive experience, surely we also have speciﬁc memories of particular
moments (that time we had falafel in that small market) that play prominently in shaping our
decisions every time.
All these cases depend on memory, but not the kind of overlearned memory that underlies habits.
Computationally, it has been suggested that another class of algorithms, model-based
reinforcement learning, may help support decisions that involve richer cognitive representations than model-free learning [21]. Model-based reinforcement learning contrasts with modelfree reinforcement in the assumptions it makes about what is being learned. In particular, the
model-based algorithm assumes that a learner forms associative knowledge of the structure of
the experience (such as the prediction of intermediary events) and not just the choices associated
with valuable outcomes [14,22]. Model-based learning thus involves richer forms of memory,
including relations between neutral events, that allow the sort of predictive inferences that are
essential for making ﬂexible decisions [23]. Indeed, cognitive theories of heuristics and biases in
judgment and decision-making have long emphasized the central role of memory-dependent
associations in shaping decisions [24–27]. These studies all point to potentially important links
between memory and decision-making, raising questions about the mechanisms by which
memory guides ﬂexible decisions, how it contributes to the construction of a model of the
world, and how this information enters the decision-making process.

The Hippocampus: Building Memories for Future Decisions
Decades of research have advanced our understanding of the neural mechanisms that contribute
to long-term memory for events or episodes, referred to as episodic memory. Episodic memories
are formed rapidly (after even a single experience) and are rich in contextual details. Extensive converging evidence indicates that episodic memory depends on the hippocampus and surrounding
medial temporal lobe (MTL) cortices [5,28].

Glossary
Anterograde amnesia: loss of the
ability to create new memories
after the event that caused the
amnesia.
Cognitive map: a mental
representation that organizes
knowledge systematically across
multiple domains.
Deliberation: consideration of
evidence in order to make a
decision.
Episodic memory: memory for a
speciﬁc event that is associated with a
particular time and space.
Generalization: using what is learned
in one context to guide behavior in a
different context.
Habit: a tendency to take the same
action or make the same decision in a
particular situation that is encountered
repeatedly.
Inference: a conclusion or a decision
that is based on evidence and
reasoning.
Model-based reinforcement
learning: a class of algorithms that
learn an internal model of the
environment that includes actionstate associations and their expected
value.
Model-free reinforcement learning:
a class of algorithms that learn the
expected value of actions through direct
experience.
Place cell: a neuron in the
hippocampus that ﬁres when an
animal is in a particular spatial
location.
Reinforcement learning: a class of
algorithms that learn the values of
different actions to guide rewardmaximizing behavior.
Relational memory: the ability to
remember arbitrary associations
between elements of an event or several
events, even if those events do not
happen concurrently.
Representational flexibility: the ability
to use memory ﬂexibly to guide
performance in new contexts other than
the learning event.
Sensory preconditioning: a form of
classical conditioning in which two
neutral stimuli A and B are paired.
Subsequently, stimulus A is paired
with an unconditioned stimulus
(e.g., reward). If stimulus B (which is
never paired with the unconditioned
stimulus) elicits a response
(e.g., approach behavior), then
sensory preconditioning has
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Key Figure

Multiple Mechanisms for the Inﬂuence of Memory on Value-Based
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Figure 1. Consider a decision-maker deliberating between falafel and shawarma and ultimately choosing the falafel. This decision
can be guided by memory in several distinct ways: (A) retrieval of cached value (computed in advance). In a model-free approach,
the decider retrieves the previously learned value associated with each of the options and chooses the option with the highest
cached value. (B) Generalization across related experiences (integrated in advance). In a model-based approach, the decider
has access to an associative memory network that represents related experiences and the relations between them, allowing
for the generalization of value. Here, the decider ﬁrst observed a falafel in a speciﬁc restaurant without tasting it (no value
information), associating the falafel with the restaurant. Later the decider had an amazing salad in the same restaurant, creating
an associative link between the high value of the salad and the (never tasted) falafel through the common associations with the
restaurant. Finally, when encountering the option of falafel, the falafel was already associated with high value, leading the
decider to choose it. (C) Recombination of experienced components (when faced with a decision). A model-based approach
can also apply to novel situations, in which the integration of value happens at the time of the decision. In the case of a decider
who has never before had falafel, the decision can be guided by separating the choice option into its different components and
using a model-based calculation to recombine them and infer the integrated value (e.g., the decider might consider how much
she likes chickpeas, pita, and hummus to infer how much she would like falafel). (D) Memory-guided deliberation (when faced
with a decision). In this scenario, the decider has already experienced both falafel and shawarma multiple times in the past and
likes them both equally. Memory mechanisms can support deliberation by allowing a comparison of the options, the retrieval of
relevant memories, and the extraction of speciﬁc features of each option that can break the tie by constructing value de novo.

In addition to its role in building long-term episodic memories, the hippocampus is also critical for
planning for the future [29–31]. Patients with bilateral damage to the hippocampus are famously
impaired at forming new memories for events and episodes they experience, a condition known
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occurred. This is an example of how
reward can generalize from A to B
through the memory of neutral
association of A with B.
Value-based decisions: decisions
based on one’s internal desire or
subjective preference.
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as anterograde amnesia [32]. These same patients, however, are also impaired at imagining
future hypothetical events [33]. The ﬁrst report of a possible connection between memory and
imagination came from the case study of patient K.C. [34]. Patient K.C. displayed typical and
devastating anterograde amnesia as a result of bilateral damage to the hippocampus and MTL.
When K.C. was asked what he would be doing the next day, he was unable to provide details.
This observation was later systematically conﬁrmed in studies with other patients with bilateral
hippocampal damage [33,35,36] (but see [37]). When asked to imagine a birthday party in a
year or a vacation next month, patients with hippocampal damage provide fewer details compared with healthy participants, suggesting that their ability to prospect about the future is
impoverished.
Converging evidence for the role of the hippocampus in prospecting about future events was obtained from fMRI studies in healthy individuals. Comparing brain activity related to retrieving a
memory of a past event (e.g., think of your birthday last year) with imagining a future event
(e.g., imagine a beach vacation next summer) revealed overlap in the network of brain regions
that were active during memory retrieval and during the imagination of future events, including
the hippocampus [38]. Additional evidence supporting the view that the hippocampus contributes
to planning future behavior comes from studies of navigation. In rodents, hippocampal activity
is famously related to spatial location [39]. Hippocampal ‘place cells’ consistently ﬁre when a
rodent visits a speciﬁc spatial location [40,41], but also when the rodent is navigating a maze
and planning where to go next [42,43]. Similar ﬁndings have been reported in humans engaged
in a spatial navigation task using virtual reality simulations [44]. Thus, whether imagining a future
event or planning where to go, hippocampal activity enables the use of past experience to
guide future behavior.
Collectively, the work reviewed in this section points to a common role for the hippocampus across
cognitive processes that seem, at ﬁrst glance, to be quite different: encoding of memories for past
events, simulating future events, and planning of spatial navigation. A compelling theory suggests
that these functions may all be accounted for under a single mechanism by considering the role of
the hippocampus in ‘relational memory’, a term coined by Howard Eichenbaum and Neal Cohen
to capture the common role of the hippocampus across seemingly different behaviors [28].
According to this view, the hippocampus binds the separate elements of an experience in memory,
encoding events as relational maps of items within spatial and temporal contexts.
Encoding relations between multiple elements of an event allows episodic memories to be ﬂexibly
deployed and generalized across changing circumstances. As detailed later, drawing on this perspective offers new predictions and ways of thinking about how, why, and when the hippocampus contributes to value-based decisions. For instance, it offers a useful framework for
understanding why damage to the hippocampus leads to decision-making impairments even in
tasks that do not appear to involve episodic memory (see Box 1; also [31]). It also helps explain
why decision-making phenomena, such as the experience of regret and the representation of
counterfactual information, are related to hippocampal activity (Box 2). Moreover, as we describe
next, it suggests that the hippocampus is well-suited to contribute to the sort of cognitive processes that are necessary for ﬂexible decisions that involve generalization, inference, and
deliberation.

Integration of Memories to Make Flexible Decisions
The idea that the hippocampus supports relational memory offers novel predictions about the role
of the hippocampus in making decisions that are not strictly based on direct prior experience. In
particular, it offers a framework for considering ‘representational flexibility’ [45], a hallmark
Trends in Cognitive Sciences, July 2020, Vol. 24, No. 7
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Box 1. Hippocampal Contributions to Decision-Making: The Case of Amnesia
The ﬁrst demonstration of the causal role of the hippocampus in episodic memory came from the famous case of patient H.M., who had bilateral damage to the hippocampus and surrounding medial temporal lobe (MTL) and suffered severe anterograde amnesia as a result [116]. Extensive subsequent work showed that people with
damage to the hippocampus exhibit an overwhelming and highly selective anterograde amnesia, characterized by an inability to create new episodic memories, while
virtually all other cognitive functions remain intact. If memory is important for decision-making, however, amnesic patients should also exhibit changes in how they make
decisions. Table I summarizes available studies that assessed value-based decision-making in amnesic patients.
The studies can be organized into two groups. The ﬁrst group of tasks (the ﬁrst three in Table I) involve incremental learning about value without requiring explicit
recollection of a speciﬁc past event. Nonetheless, amnesics show impairments on these tasks. For example, in the Iowa gambling task [117,118], amnesics were unable
to integrate information across trials to choose advantageous decks (despite showing sensitivity to value information). In the two-step task [119], patients were much
less likely to engage in model-based decision-making that requires learning the structure of events across trials (despite gaining overall similar levels of reward).
The tasks in the second group (the last three in Table I) are simple decision tasks that do not involve learning and merely require a choice between two options, for example,
between delayed and immediate rewards, or between two food items. On the surface, patients’ behavior appears intact: they exhibit delay discounting, the tendency to
devalue larger and delayed rewards over smaller and immediate ones [120,121], and their food choices are consistent with their initial preferences [87]. And yet, a more
subtle analysis of both behaviors reveals a different story: when asked to imagine oneself using the larger reward in the future, healthy controls attenuate the discounting
of future rewards, but amnesics do not [35] (but see [122]). Also, when making simple value-based choices, amnesic patients take much longer [87]. Altogether, these
ﬁndings suggest that, even when patients seem to reach the same decision as healthy controls, the mechanism by which they do so may be different. Future work would
beneﬁt from examining not just the outcomes of the decisions that patients make, but also how they reached that decision.

Table I. Studies with Amnesic Patients That Highlight the Role of the Hippocampus in Decision-Makinga
Decision-making task

Spared versus impaired behavior

Iowa gambling task [123].
Participants decide between four decks with varying outcomes: two
advantageous decks with small rewards and smaller punishments, and two
disadvantageous decks with large rewards and larger punishments. The task
requires learning and updating the contingencies of multiple decks across
time.

Spared: patients and healthy controls showed increased skin conductance
responses following high punishments, suggesting spared sensitivity to value
information [117].
Impaired: patients did not develop a preference for advantageous decks
[117,118], whether the outcomes were delayed or immediate [118] (but see
[124]). They also showed anticipatory skin conductance responses prior to
disadvantageous choices [117].

Probabilistic learning task [125].
Participants are asked to predict the outcome of a cue or a conﬁguration of
cues and are given feedback. The relationship between cues and outcomes
is probabilistic and changes across trials.

Spared: performance was intact when amnesic patients had to learn to
associate a single cue with immediate probabilistic feedback [126] and in
early trials of learning about conﬁgurations of cues [17,125] (but see [127] for
impairment even in early training).
Impaired: patients’ learning was impaired with conﬁgural cue structure
[17,125] and with single probabilistic cues with delayed feedback, suggesting
impairment in relating cue-outcome events across temporal delays [126].

Two-step decision task [20].
Participants ﬁrst make one choice between two stimuli, A and B. Stimulus A
commonly transitions to one pair of stimuli and rarely to a different pair of
stimuli, whereas for stimulus B, the transition probabilities are reversed. Next,
the participant makes another decision between two second-stage stimuli,
each associated with a slowly changing probability of reward.

Spared: patients gained similar rewards as healthy controls [119].
Impaired: patients showed altered strategies: compared with controls, they
relied more on the model-free learning (repeating choices that led to reward in
the previous trial) and less on the model-based learning (considering the
transition frequency, suggesting learning of task structure). This effect was
driven mostly by patients with right-lateralized lobectomy [119].

Intertemporal choice [93,128,129].
Participants are asked to choose between an immediate reward and a larger
reward later. In a subsequent version of the task, participants were cued to
imagine a future event prior to making the decision.

Spared: patients showed delay discounting (the tendency to devalue the
delayed reward), similar to healthy controls [120,121].
Impaired: when cued to imagine spending the delayed money in the future, healthy
controls exhibited attenuation of delay discounting, but patients did not [35] (but
see [122] for evidence of attenuation in several patients using personalized cues).

Free-choice task [130].
Participants are asked to rate items, decide between them, and rate again.
The task measures choice-induced preference change: the tendency to rate
chosen items higher and unchosen items lower, compared with initial ratings.

Spared: patients exhibited preference change, suggesting intact value
updating [131], yet this could relate to a revealed preference artifact, rather
than preference change [132–134].
Impaired: patients' memory of their choice was worse than that of healthy
controls [131].

Value-based (food choice) and perceptual (color discrimination) decisions [87].
In the value-based task, participants are shown two familiar food items and are
asked to choose which one they prefer. In the perceptual task, participants
view a cloud of ﬂickering dots that are either yellow or blue, with varying
proportions. Participants are asked to indicate whether there are more blue or
yellow dots.

Spared: patients showed comparable performance with controls in the
perceptual task. For the value-based task, patients’ choices were consistent
with initial ratings of the food items [87].
Impaired: for value-based decisions, patients responded more slowly and
more stochastically than healthy controls, suggesting differences in valuation
mechanisms [87].

a
Amnesic patients were tested on a representative set of decision-making tasks that do not overtly rely on declarative memory. Patients show a pattern of spared and
impaired behavior that implicates the hippocampus in generalization, inference, and deliberation during decision-making.
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Box 2. Regret through the Lens of Memory and Decision-Making
Regret is the emotion we experience when we realize or imagine that our current state could have been better had we
made a different choice. While regret is rooted in a past decision, it can also guide and affect future decisions [135]. As
such, regret offers an interesting lens through which to consider the inﬂuence of memory on decision-making [136].
Regret is typically triggered when we learn that an unchosen option turned out to be more valuable than a chosen one
[137,138]. Consider a scenario in which you expected to receive a $10 reward but ended up receiving $50 instead. The
surprising $40 gain is rewarding. But what would your experience be if it turned out that the alternative choice would have
led to a $200 win? And what if it would have led to a $5 win? Clearly these two alternative outcomes lead to different emotional responses as well as to different subjective valuations of the outcome received [138–142]. Consequently, regret is
not only an aversive emotion, but it can also serve as a learning marker that drives value updating and behavioral change
[140,143,144]. Indeed, studies have found that both humans [142,145,146] and animals [147–150] represent the potential outcomes of counterfactual options and use this information in subsequent choices (for a functional account of counterfactual thinking, see [151]). Regret also extends beyond the moment of learning about potential outcomes to futureoriented deliberation that can often consider future anticipated regret [140,144,152]. When deliberating between options,
people often try to predict not only how they will feel with the chosen option, but also how they will feel about forfeiting the
unchosen option [153–155].
The retrospective and prospective nature of regret has interesting parallels to the function of memory in decision-making.
The experience of regret involves mental travel to a past decision, imagining what would happen had the choice been different. The anticipation of regret also requires mental travel, into a possible future in which the previously unchosen option
out-values the chosen one. In either case, the mental construction of an alternative reality involves ﬂexible recombination of
past experiences. This process is adaptive, in that it can inform future decisions, and it may involve relational memory
mechanisms supported by the hippocampus. Indeed, in recent years there is mounting evidence for hippocampal involvement in counterfactual thinking and regret. For example, activity in the hippocampus has been shown to track the value of
counterfactual options in a decision-making task [150]. Furthermore, episodic counterfactual thinking recruits the same
core network of brain regions that are activated when remembering the past and thinking about the future [156–158].
Finally, the subjective experience of regret is associated with activity in the hippocampus (as well as in the OFC and anterior
cingulate cortex) [140]. The links between regret, memory, and value-based decisions are just beginning to be explored
and are an important area for future research.

feature of hippocampal memories that refers to their ability to be retrieved and used in new ways
and new contexts. This form of ﬂexibility is precisely what is missing from theories of model-free
reinforcement learning and provides a mechanism for understanding how memories for past
events can be integrated to form a ﬂexible ‘cognitive map’ [46], or world model [47], to support
new decisions.
The basic idea is that the hippocampus encodes the relations between different features of an experience and when elements of a current experience overlap with those of a previously encoded
experience, the hippocampus reactivates the encoded memory and completes the pattern, integrating the new memory with an old one [48–50]. Once this relational map is formed, inference
about elements within the map that were never directly experienced together can take place
[51–55]. As described later, this basic mechanism could support ﬂexibility and inferences in
value-based decisions in a number of different ways: by allowing value learned in one context
to become associated with otherwise neutral items (Figure 1B); by allowing novel recombinations
of value to support decisions about new options altogether (Figure 1C); and by supporting comparison of options across different dimensions (Figure 1D).
Generalizing Value across Related Experiences to Make New Decisions
To test whether the hippocampus supports generalization in decision-making, studies have used
tasks that involve the encoding of speciﬁc experiences or events, followed by an opportunity to
use what was learned to generalize and make ﬂexible inferences about new combinations of familiar options. Consider the phenomenon of ‘sensory preconditioning’ (Figure 2, left). Participants ﬁrst learn a series of associations through direct experience (e.g., that A is associated
with B and that C is associated with D), then learn that a subset of these cues are associated
Trends in Cognitive Sciences, July 2020, Vol. 24, No. 7
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Figure 2. Hippocampal Contributions to Value-Based Decisions across Different Levels of Familiarity. Three
tasks in humans that used fMRI to assess the role of the hippocampus in value-based decisions. All three tasks involve a
series of simple choices between two options, but they differ in the past experience that participants have had with the
choice options. On the left, Wimmer and Shohamy [53] used a sensory preconditioning task to test the role of the
hippocampus in the generalization of reward value during novel decisions about familiar options. Participants learned to
associate pairs of neutral stimuli with each other (e.g., scenes with fractals). They then learned that one stimulus (e.g., the
blue fractal) led to reward and the other (e.g., the red fractal) did not. In a ﬁnal choice phase, participants chose between
two scenes, neither of which had been directly associated with reward. Participants often preferred the scene that was
associated with the rewarded fractal, suggesting that they had integrated the reward value associated with the blue fractal
to the scene through memory associations. This choice behavior is correlated with blood-oxygenation-level-dependent
(BOLD) activity in the hippocampus [MNI coordinates of peak activation (26, –34, –12) in green]. In the center, Barron et al.
[79] asked participants to evaluate different foods (e.g., avocado, raspberries, tea, jelly, etc.) and then to choose
between two novel food combinations (e.g., avocado and raspberry smoothie or tea-jelly). fMRI analysis revealed
repetition suppression in the hippocampus [MNI coordinates of peak suppression (30, –10, –20) in teal] when a novel food
was preceded by a component food. Furthermore, the level of suppression was correlated with the value of the novel good.
These ﬁndings suggest that the hippocampus facilitates the construction of value for novel goods by ﬂexibly combining
previously experienced options. On the right, Bakkour et al. [87] used a standard food choice task to investigate the role of
the hippocampus in familiar choices about familiar options. Participants ﬁrst provided a measure of subjective value for familiar
food items in a valuation phase. They then chose between foods in a separate choice phase. The time it took to make these food
choices (i.e., reaction time) correlated with BOLD activity in the hippocampus [MNI coordinates of peak activation (28, –10, –28)
in blue], and patients with amnesia took longer, suggesting that hippocampal memory mechanisms were recruited during
deliberation about which food to choose. Together, these studies highlight that the role of the hippocampus in value-based decisions may be more ubiquitous than previously thought.

with reward (e.g., that B is associated with reward). Participants are later probed to make a
choice about a novel combination of cues (e.g., between stimulus A and C). Formally speaking,
A and C are both neutral cues and neither has been directly paired with reward. Yet, empirical
ﬁndings across species indicate that animals and humans tend to choose stimulus A. Both fMRI
and magnetoencephalography studies have shown that this tendency, taken as the behavioral
marker of value spreading across separate memories, is related to hippocampal activity
[52–54,56]. Furthermore, lesions to the hippocampus impair this behavior [57] (as do lesions to
the perirhinal cortex [58] and inactivation of the orbitofrontal cortex (OFC) [59]).
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One interesting aspect of sensory preconditioning is that the integration across separate events
can occur during learning, before a decision is ever faced (e.g., [52–54]). This has to do with the
mechanisms by which the hippocampus encodes and retrieves memories: when encountering
the B-reward association, presentation of the familiar B is thought to evoke retrieval of the
previously encoded A–B association and this retrieval, in turn, leads to integrated encoding of
A with reward in memory, despite the fact that A was never directly paired with reward. Later,
when faced with a decision, stimulus A has already acquired reward value. Evidence for such a
mechanism was adduced with fMRI studies that show that hippocampal activity during the
reward phase predicts later generalization [52] and that during the reward phase there is evidence
for reactivation of the A stimulus when B is presented [53].
This is not to say that such pre-encoding is the only way the hippocampus can support the integration of value across separate events (for review, see [31]). For example, sensory preconditioning and other forms of integration can also occur after learning, by retrieving associated items and
integrating them at the time a decision is faced. This form of integration ‘on the ﬂy’ has been
shown to involve the OFC and interactions with the hippocampus [59,60] (for review, see [3,61]).
Indeed, the dynamic integration of events across time and space is evident across many different
kinds of behaviors, from shortcut learning in spatial navigation [62], to acquired equivalence
[52,63], transitive inference [64–66], learning of latent structure [57,67], odor sequence learning
[68,69], reward revaluation [70,71], and rule abstraction [72,73]. Although the speciﬁc mechanism may vary across these wide-ranging behaviors, the hippocampus seems to play a common
role: integrating related but separate experiences into a rich associative structure that supports
ﬂexible behavior.
Recombining Value to Make Decisions about New Options
The generalization mechanisms reviewed earlier can explain how we make novel decisions
between choice options that were already somewhat familiar on their own. But what about decisions between completely novel options, which were never experienced in the past? Consider,
for example, someone who encounters the decision of whether to eat falafel for the very ﬁrst
time (Figure 1C). Because they never experienced this speciﬁc dish before, they did not yet integrate this information with other relevant memories or stored associations of value. In this
scenario, memory can serve as a good heuristic to solve the decision in a couple of different
ways. One approach is to assess the overall similarity of the dish to other familiar foods and
predict falafel’s value based on the value of similar foods (e.g., it is a Middle Eastern dish and
therefore in the same category as shawarma). Another approach is to mentally decompose the
dish into its familiar components and integrate the value of all the separate components (e.g., it
is made of chickpeas and served with hummus and pita bread, etc.) Both of these mechanisms
rely on the ability to ﬂexibly use and integrate previous experiences to compute a decision variable
and there is some evidence that both involve the hippocampus.
Some generalizations are based on the perceptual similarity of a new option to others that have
already been experienced. Early studies tested perceptual generalization in animals using conditioning to train the animals to associate an outcome with one exemplar (e.g., a speciﬁc tone) and
then testing generalization of the conditioned response to a range of new tones that vary in
similarity to the conditioned tone. Lesions to the hippocampus were found to change perceptual
generalization [74–76]. More recently, fMRI studies have linked activity in human hippocampus to
perceptual generalization in the context of value-based decisions [77]. For example, two stimuli
that vary along a single perceptual dimension (e.g., two lines with different orientations) were
either paired with reward, or not. At test, participants were presented with novel stimuli (that
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varied in orientation) and had to decide which is more valuable. Participants chose stimuli that were
perceptually similar to the rewarded stimulus (e.g., with similar orientation), a behavioral tendency
that was related to functional connectivity between the hippocampus and the striatum [77,78].
Other studies have addressed the question of how we make decisions about the value of novel
options by examining whether individuals decompose choice options into familiar components.
When asked to evaluate novel food items (e.g., tea-jelly), participants in one study accessed
memories for each of the separate components (e.g., tea and jelly, Figure 2, center [79]). The
medial prefrontal cortex and hippocampus contributed to this process: both regions displayed
reductions in activity (repetition suppression) when the novel item was preceded by one of its
components (e.g., tea), suggesting that the old components were evoked to make the new
decisions. This change in blood-oxygenation-level-dependent (BOLD) activity was correlated
with the value assigned to the novel items.
Together, these studies highlight the constructive nature of value-based decisions. In particular,
they suggest that when faced with a decision that we have not experienced before, one for
which we do not have a precomputed predicted value, rather than just guessing, we construct
a prediction based on the most relevant past experiences we have access to. Put simply, we
rely on what we know to predict outcomes in new situations (as described in The Giver). We
use memory as evidence in this constructive process and rely on relational mechanisms to
engage in the necessary construction, comparison, and generalization of value to guide decisions
[31]. In the next section, we discuss how this constructive memory-based process contributes
broadly to deliberation, even when making decisions between items that are not new at all.

Memory-Guided Deliberation
Integration of memories and construction of value are necessary when we make decisions about
new options. However, we may engage in construction of value even when we make choices
between highly familiar items for which value is well-known [4]. In this section, we examine the
potentially pervasive role of the hippocampus in decision-making by focusing on the interesting
problem of resolving approach–approach decisions in which we decide between two choice
options that are of similar value.
In cases where the cached value of choice options is the same, this cached value cannot resolve
the choice, even if we had extensive prior experience with both options before. Indeed, such
decisions are notoriously difﬁcult and are known to take more time and effort. This observation
has puzzled economists and philosophers for decades and is encapsulated in what is known
as ‘Buridan’s ass’ paradox [80]: a donkey that is equally thirsty and hungry and placed exactly
at equal distance from water and food should not be able to decide whether it should go drink
ﬁrst, or eat ﬁrst. Indeed, when both options are equally appealing, how do we choose?
One suggestion has been that perhaps such decisions are arbitrary: that they are made by sampling noisy value estimates. Dynamic sampling of noisy evidence, even when the mean values of
the options are equal, will eventually lead to one choice over the other, avoiding deadlock (for
review, see [81]). On this view, decisions between options of equal value take more time because
of the dynamic sampling process itself, not because of any consideration of the content of the
evidence or its relation to the speciﬁc decision that is being considered.
A recent alternative view suggests that the evidence may not emanate from stored noisy value
representations, but instead comes from memories related to the options at stake. According
to this view, value-based decisions may leverage hippocampal-dependent memory mechanisms
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to weigh the options, compare them, and decompose them [4]. Such processes would contribute
to the accumulation of new evidence about the options to help guide a decision. The idea that
decision-making involves a process of evidence accumulation has deep roots in models of perceptual decision-making (for review, see [82]). In tasks of perceptual decision-making (such as deciding whether dots on a screen are moving to the left or the right), choices and reaction times adhere
to principles of evidence accumulation. These models assume that statistically independent samples in favor of a choice option are accumulated over time and when enough evidence is accumulated, a commitment to a choice is made [83,84]. This bounded accumulator model also explains
simple value-based decisions, such as the choice between two foods [85,86].
Whereas the source of evidence in a display of dynamically moving dots is clear (it comes from the
external stimulus) the source of internal evidence in value-based decisions is ambiguous. It has
been proposed that relational processing in the hippocampus may supply samples of internal
evidence in the service of value-based decisions, even when these decisions involve familiar
choice options [4].
In support of this hypothesis, a recent fMRI study has shown that the amount of time it takes to
choose between two snacks is correlated with BOLD activity in the hippocampus. This correlation was speciﬁc to value-based decisions and was found within hippocampal subregions that
contributed to memory retrieval. Furthermore, amnesic patients with bilateral hippocampal damage made perceptual decisions that were intact, but their value-based decisions were impaired
[87]. This pattern of ﬁndings suggests that individuals with amnesia were able to sample and
use external information for perceptual decisions and recognize individual items, but they had difﬁculty comparing the items and took much longer to resolve pairwise value-based decisions than
did healthy controls (see Box 1). Together, these ﬁndings demonstrate that the hippocampus
supports the sampling of internal information during deliberation about value-based decisions,
even between highly familiar items, decisions that do not appear, at face value, to depend on
memory at all.

Prioritization of Memories for Decisions
So far, we have discussed how memories are used to make decisions. But the interplay between
memory and decision-making also has implications for understanding how memories are formed.
Emerging work suggests that even the initial encoding of a memory can be prioritized based on its
later potential value, allowing reward-relevant information to prioritize some memories over others
[88–92].
Value-related prioritization of memory can be due to the anticipation of value, before an event
occurs, or due to retroactive consolidation of memory for an event, based on its outcomes. A
seminal study found that a priori information about the potential value of remembering an
image was associated with enhanced hippocampal–midbrain coupling, and better memory, for
high-value images [92]. In addition to such anticipatory effects, retroactive effects of reward
have also been observed. For example, reward affects prioritization of memory for events that
were neutral at the time they were experienced, but were later revealed to be predictive of a reward [90].
These ﬁndings suggest that value is embedded in hippocampal memory representations,
whether this value information is provided prospectively [42,93–95] or retroactively [96,97]. The
encoding of value information appears to follow the same general principles of contextual
encoding of other behaviorally relevant information, such as space or time [61]. Indeed, recording
studies in animals have shown that reward information is encoded in hippocampal neurons
Trends in Cognitive Sciences, July 2020, Vol. 24, No. 7
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[73,98] and is organized by reward context contingencies, much like the representation of space
and actions [98].

Models of Hippocampal Involvement in Decision-Making
Advances in understanding interactions between memory and decision-making have led to new
computational efforts to bring memory mechanisms into decision models. One direction has
been the development of models in which value-based decisions are based on retrieval of a singular event in the past, rather than the aggregate value of multiple past events [99–104]. These
models are often referred to as ‘episodic reinforcement learning’ models. Another recent model
has focused more speciﬁcally on the link between decisions for reward and hippocampal place
cell activity [105]. This model aims to explain which spatial memories are prioritized and accessed
when an animal makes decisions about navigation for reward. By considering how useful a memory is for predicting the location of reward, the model offers a framework that links together value
with memory-guided spatial decisions.
A critical challenge moving forward is to develop unifying computational models that connect
known computational principles of the hippocampus to the sort of value-based decisions
reviewed here. The ﬁeld of memory has beneﬁted from modeling efforts that address hippocampal mechanisms at multiple levels of analysis, from neural plasticity and circuit mechanisms, to
spatial navigation and memory at the behavioral level [2,106–110]. However, so far there has
been a lack of models linking hippocampal physiology to value-based decisions speciﬁcally.
Such models will be particularly important for generating mathematically precise and testable predictions about how the hippocampus supports value-based decisions.

Concluding Remarks
Far from being a separate cognitive process from value and decisions, memory plays a pervasive
role in shaping value-based decisions. Interactions between memory and decision-making play out
in different ways, at different time points (Figure 1). The initial encoding of individual episodes allows
reward-relevant information to affect the prioritization of some memories over others [88–92].
Across episodes, interactions between encoding and retrieval allow the integration of separate
events into an associative world model that is well-suited for guiding later generalization
[2,52,53]. When faced with a decision, memory-dependent processes of inference and
prospection can enter the deliberation process by allowing memory to provide new evidence
bearing on the decision at hand [79,111], thereby resolving difﬁcult decisions between samevalue options and providing opportunities for value updating and changes of mind.
These different kinds of decisions all depend on the hippocampus (see Box 1). Traditionally, the
hippocampus was viewed as a ‘cold’ memory system, specialized for building long-term explicit
memories of neutral events, as distinct from a ‘hot’ reward-guided system for decisions and actions, supported by the striatum. The work reviewed here suggests a different view: that the hippocampus supports an adaptive function in the service of value-based decisions, which is
reﬂected both in how memories are encoded and in how they are used. This view offers a new
perspective on the role of memory in a variety of decision-making phenomena, including generalization and prospection (for review, see [31]), as well as deliberation, and the role of regret
and anticipated regret in value-based decisions (Box 2). It also suggests that a consideration of
the principles of episodic memory offers a framework for both understanding and generating predictions about the factors that inﬂuence decision-making.
Importantly, hippocampal contributions to decision-making can happen outside of conscious
awareness, allowing for automatic and implicit effects on behavior [112,113]. Moreover, although
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Outstanding Questions
What are the unifying computational
principles that link hippocampal
function at the physiological level to
decision-making at the behavioral level?
How is value updated by the reshaping
of mnemonic networks, for example,
following consolidation or memory
loss?
What role does the hippocampus play in
the experience and anticipation of
regret? Does it support the construction
of an alternative reality? Does it facilitate
the reactivation of a prior decision? How
do amnesic patients experience or
anticipate regret?
What are the consequences of
deliberation? When deliberating about
options, we often engage in mental
time-travel involving the different alternatives. Do we encode this mental
time-travel? And if so, do these new
memories affect the way we perceive
our own choices?
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not the focus of this paper, there is extensive evidence for important interactions between the
hippocampus and the striatum in value-based decisions, as well as between the hippocampus
and other decision-related regions in the brain such as the OFC and parietal cortex
[53,60,61,87,111,114]. Recent studies are beginning to uncover the nature of these interactions,
although many open questions remain about the circuit-level mechanisms by which information
from memory can come to bear on a decision. This will be an important topic for future research
(see Outstanding Questions).
Recognizing that memory plays an essential role in a wide range of value-based decisions offers
important insight into how decisions are made. But it also suggests a shift in how we think about
memory itself. This work suggests not only that memory can be used for guiding decisions, but
that this may be, fundamentally, what memory is for. This idea is supported by a consideration
of common errors in memory. Indeed, memories are notoriously vulnerable, prone not only to forgetting but also to suggestibility and to false insertions [115]. To some extent, these errors are
only errors when one considers the job of memory to be the accurate recording of past experiences. However, through the lens of decision-making, each of these errors can be viewed as
markers of a ﬂexible system that serves up relevant past experience to guide behavior in a changing and uncertain world. Indeed, memory errors can be attributed to a fundamental adaptive function: the integration of experiences, separated in time, into a complex and interconnected model
of our experiences, tying together the past, the present, and the future.
Acknowledgments
We are grateful to Nathaniel Daw for a longstanding collaboration that has been central to the work presented here. We are
also grateful to Michael Shadlen for an ongoing collaboration and co-mentorship (of A.B). We thank Ran Hassin, Catherine
Insel, Michael Shadlen, and Camilla Van Geen for helpful comments on an earlier draft. A special thanks to Amy Kissel and
Alma and Liya Avgar Shohamy for introducing us to The Giver. The research contributing to this review was funded by the
McKnight Memory and Cognitive Disorders Award (D.S.), the National Science Foundation Directorate for Social, Behavioral
& Economic Sciences Postdoctoral Research Fellowship grant # 1606916 (A.B.), the National Science Foundation CRCNS
grant # IIS-1822619 (D.S.), and the Templeton Foundation grant # 60844 (D.S.).

References
1.

2.

3.
4.
5.

6.

7.
8.

9.

10.
11.

Balleine, B.W. (2018) The motivation of action and the
origins of reward. In Goal-Directed Decision Making (Morris,
R. et al., eds), pp. 429–455, Elsevier
Kumaran, D. and McClelland, J.L. (2012) Generalization
through the recurrent interaction of episodic memories: a
model of the hippocampal system. Psychol. Rev. 119,
573–616
Shohamy, D. and Daw, N.D. (2015) Integrating memories to
guide decisions. Curr. Opin. Behav. Sci. 5, 85–90
Shadlen, M.N. and Shohamy, D. (2016) Decision making and
sequential sampling from memory. Neuron 90, 927–939
Squire, L.R. (1992) Memory and the hippocampus: a synthesis
from ﬁndings with rats, monkeys, and humans. Psychol. Rev.
99, 195–231
Moscovitch, M. et al. (2016) Episodic memory and beyond: the
hippocampus and neocortex in transformation. Annu. Rev.
Psychol. 67, 105–134
O'Doherty, J.P. et al. (2017) Learning, reward, and decision
making. Annu. Rev. Psychol. 68, 73–100
Kawagoe, R. et al. (2004) Reward-predicting activity of dopamine and caudate neurons – a possible mechanism of motivational control of saccadic eye movement. J. Neurophysiol. 91,
1013–1024
Montague, P.R. et al. (1996) A framework for mesencephalic
dopamine systems based on predictive Hebbian learning.
J. Neurosci. 16, 1936–1947
Schultz, W. et al. (1997) A neural substrate of prediction and
reward. Science 275, 1593–1599
Tsai, H.-C. et al. (2009) Phasic ﬁring in dopaminergic neurons is
sufﬁcient for behavioral conditioning. Science 324, 1080–1084

12.

13.

14.
15.

16.

17.
18.

19.

20.
21.

22.

Witten, I.B. et al. (2011) Recombinase-driver rat lines: tools,
techniques, and optogenetic application to dopaminemediated reinforcement. Neuron 72, 721–733
Danjo, T. et al. (2014) Aversive behavior induced by
optogenetic inactivation of ventral tegmental area dopamine
neurons is mediated by dopamine D2 receptors in the nucleus
accumbens. Proc. Natl. Acad. Sci. U. S. A. 111, 6455–6460
Sutton, R.S. and Barto, A.G. (1998) Reinforcement Learning,
MIT Press
Morita, K. et al. (2013) Dopaminergic control of motivation and
reinforcement learning: a closed-circuit account for rewardoriented behavior. J. Neurosci. 33, 8866–8890
Vitay, J. and Hamker, F.H. (2014) Timing and expectation of
reward: a neuro-computational model of the afferents to the
ventral tegmental area. Front. Neurorobot. 8, 4
Knowlton, B.J. et al. (1996) A neostriatal habit learning system
in humans. Science 273, 1399–1402
Frank, M.J. et al. (2004) By carrot or by stick: cognitive
reinforcement learning in parkinsonism. Science 306,
1940–1943
Pessiglione, M. et al. (2006) Dopamine-dependent prediction
errors underpin reward-seeking behaviour in humans. Nature
442, 1042–1045
Daw, N.D. et al. (2011) Model-based inﬂuences on humans'
choices and striatal prediction errors. Neuron 69, 1204–1215
Daw, N.D. and Dayan, P. (2014) The algorithmic anatomy of
model-based evaluation. Philos. Trans. R. Soc. B 369,
20130478
Doll, B.B. et al. (2012) The ubiquity of model-based reinforcement learning. Curr. Opin. Neurobiol. 22, 1075–1081

Trends in Cognitive Sciences, July 2020, Vol. 24, No. 7

553

Trends in Cognitive Sciences

23.

24.
25.
26.
27.
28.
29.

30.
31.
32.
33.

34.
35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.
46.
47.
48.

49.
50.

51.

554

Russek, E.M. et al. (2017) Predictive representations can
link model-based reinforcement learning to model-free
mechanisms. PLoS Comput. Biol. 13, e1005768
Tversky, A. and Kahneman, D. (1973) Availability: a heuristic for
judging frequency and probability. Cogn. Psychol. 5, 207–232
Morewedge, C.K. and Kahneman, D. (2010) Associative processes in intuitive judgment. Trends Cogn. Sci. 14, 435–440
Kahneman, D. (2011) Thinking, Fast and Slow, Farrar, Straus
and Giroux
Weber, E.U. and Johnson, E.J. (2009) Mindful judgment and
decision making. Annu. Rev. Psychol. 60, 53–85
Cohen, N.J. and Eichenbaum, H. (1993) Memory, Amnesia,
and the Hippocampal System, MIT Press
Schacter, D.L. and Addis, D.R. (2007) The cognitive neuroscience
of constructive memory: remembering the past and imagining
the future. Philos. Trans. R. Soc. B 362, 773–786
Buckner, R.L. and Carroll, D.C. (2007) Self-projection and the
brain. Trends Cogn. Sci. 11, 49–57
Palombo, D.J. et al. (2015) How does the hippocampus shape
decisions? Neurobiol. Learn. Mem. 125, 93–97
Squire, L.R. et al. (2004) The medial temporal lobe. Annu. Rev.
Neurosci. 27, 279–306
Hassabis, D. et al. (2007) Patients with hippocampal amnesia
cannot imagine new experiences. Proc. Natl. Acad. Sci. U. S. A.
104, 1726–1731
Tulving, E. (1985) Memory and consciousness. Can. Psychol.
26, 1–12
Palombo, D.J. et al. (2015) The medial temporal lobes are
critical for reward-based decision making under conditions
that promote episodic future thinking. Hippocampus 25,
345–353
Cole, S.N. et al. (2016) Amnesia and future thinking: exploring
the role of memory in the quantity and quality of episodic future
thoughts. Br. J. Clin. Psychol. 55, 206–224
Squire, L.R. et al. (2010) Role of the hippocampus in remembering the past and imagining the future. Proc. Natl. Acad.
Sci. U. S. A. 107, 19044–19048
Addis, D.R. et al. (2007) Remembering the past and imagining
the future: common and distinct neural substrates during
event construction and elaboration. Neuropsychologia 45,
1363–1377
Martin, S.J. and Clark, R.E. (2007) The rodent hippocampus
and spatial memory: from synapses to systems. Cell. Mol.
Life Sci. 64, 401–431
O'Keefe, J. and Dostrovsky, J. (1971) The hippocampus as a
spatial map. Preliminary evidence from unit activity in the
freely-moving rat. Brain Res. 34, 171–175
Morris, R.G.M. et al. (1982) Place navigation impaired in rats
with hippocampal lesions. Nature 297, 681–683
Pfeiffer, B.E. and Foster, D.J. (2013) Hippocampal place-cell
sequences depict future paths to remembered goals. Nature
497, 74–79
Kay, K. et al. (2020) Constant sub-second cycling between
representations of possible futures in the hippocampus. Cell
180, 552–567
Brown, T.I. et al. (2016) Prospective representation of navigational goals in the human hippocampus. Science 352,
1323–1326
Eichenbaum, H. (2017) Memory: organization and control.
Annu. Rev. Psychol. 68, 19–45
Tolman, E.C. (1948) Cognitive maps in rats and men. Psychol.
Rev. 55, 189–208
Craik, K.J.W. (1943) The Nature of Explanation, Cambridge
University Press
Bunsey, M. and Eichenbaum, H. (1996) Conservation of hippocampal memory function in rats and humans. Nature 379,
255–257
Eichenbaum, H. and Cohen, N.J. (2004) From Conditioning to
Conscious Recollection, Oxford University Press
Konkel, A. and Cohen, N.J. (2009) Relational memory and the
hippocampus: representations and methods. Front. Neurosci.
3, 166–174
Preston, A.R. et al. (2004) Hippocampal contribution to the
novel use of relational information in declarative memory.
Hippocampus 14, 148–152

Trends in Cognitive Sciences, July 2020, Vol. 24, No. 7

52.

53.

54.
55.

56.
57.
58.

59.

60.

61.

62.
63.

64.

65.
66.

67.

68.

69.

70.

71.
72.

73.
74.

75.

76.

77.
78.

Shohamy, D. and Wagner, A.D. (2008) Integrating memories in
the human brain: hippocampal-midbrain encoding of overlapping events. Neuron 60, 378–389
Wimmer, G.E. and Shohamy, D. (2012) Preference by
association: how memory mechanisms in the hippocampus
bias decisions. Science 338, 270–273
Wong, F.S. et al. (2019) 'Online’ integration of sensory and fear
memories in the rat medial temporal lobe. Elife 8, 180
Zeithamova, D. et al. (2012) Hippocampal and ventral medial
prefrontal activation during retrieval-mediated learning supports novel inference. Neuron 75, 168–179
Kurth-Nelson, Z. et al. (2015) Temporal structure in associative
retrieval. Elife 4, 600
Gilboa, A. et al. (2014) Higher-order conditioning is impaired by
hippocampal lesions. Curr. Biol. 24, 2202–2207
Nicholson, D.A. and Freeman, J.H. (2000) Lesions of the
perirhinal cortex impair sensory preconditioning in rats.
Behav. Brain Res. 112, 69–75
Jones, J.L. et al. (2012) Orbitofrontal cortex supports behavior
and learning using inferred but not cached values. Science
338, 953–956
Wang, F. et al. (2020) Interactions between human orbitofrontal
cortex and hippocampus support model-based inference.
PLoS Biol. 18, e3000578
Wikenheiser, A.M. and Schoenbaum, G. (2016) Over the river,
through the woods: cognitive maps in the hippocampus and
orbitofrontal cortex. Nat. Rev. Neurosci. 17, 513–523
Gupta, A.S. et al. (2010) Hippocampal replay is not a simple
function of experience. Neuron 65, 695–705
Myers, C.E. et al. (2003) Dissociating hippocampal versus
basal ganglia contributions to learning and transfer. J. Cogn.
Neurosci. 15, 185–193
Dusek, J.A. and Eichenbaum, H. (1997) The hippocampus
and memory for orderly stimulus relations. Proc. Natl. Acad.
Sci. U. S. A. 94, 7109–7114
Heckers, S. et al. (2004) Hippocampal activation during transitive inference in humans. Hippocampus 14, 153–162
Schlichting, M.L. and Preston, A.R. (2015) Memory integration:
neural mechanisms and implications for behavior. Curr. Opin.
Behav. Sci. 1, 1–8
Schuck, N.W. and Niv, Y. (2019) Sequential replay of nonspatial task states in the human hippocampus. Science 364,
eaaw5181
Ginther, M.R. et al. (2011) Hippocampal neurons encode different episodes in an overlapping sequence of odors task.
J. Neurosci. 31, 2706–2711
Zhou, J. et al. (2019) Complementary task structure representations in hippocampus and orbitofrontal cortex during an odor
sequence task. Curr. Biol. 29, 3402–3409
Carey, A.A. et al. (2019) Reward revaluation biases hippocampal replay content away from the preferred outcome. Nat.
Neurosci. 22, 1450–1459
Momennejad, I. et al. (2018) Ofﬂine replay supports planning in
human reinforcement learning. Elife 7, 1124
Saez, A. et al. (2015) Abstract context representations in
primate amygdala and prefrontal cortex. Neuron 87,
869–881
Bernardi, S. et al. (2018) The geometry of abstraction in hippocampus and pre-frontal cortex. bioRxiv 1998, 408633
Wild, J.M. and Blampied, N.M. (1972) Hippocampal lesions
and stimulus generalization in rats. Physiol. Behav. 9,
505–511
Solomon, P.R. and Moore, J.W. (1975) Latent inhibition and
stimulus generalization of the classically conditioned nictitating
membrane response in rabbits (Oryctolagus cuniculus) following dorsal hippocampal ablation. J. Comp. Physiol. Psychol.
89, 1192–1203
Freeman, F.G. et al. (1973) Discrimination learning and stimulus
generalization in rats with hippocampal lesions. Physiol. Behav.
11, 273–275
Kahnt, T. and Tobler, P.N. (2016) Dopamine regulates stimulus
generalization in the human hippocampus. Elife 5, e12678
Kahnt, T. et al. (2012) How glitter relates to gold: similaritydependent reward prediction errors in the human striatum.
J. Neurosci. 32, 16521–16529

Trends in Cognitive Sciences

79.

80.
81.

82.

83.

84.
85.

86.
87.
88.

89.

90.
91.

92.

93.

94.
95.

96.

97.

98.

99.

100.

101.
102.

103.
104.

105.

Barron, H.C. et al. (2013) Online evaluation of novel choices by
simultaneous representation of multiple memories. Nat.
Neurosci. 16, 1492–1498
Chislenko, E. (2016) A solution for Buridan’s ass. Ethics 126,
283–310
Forstmann, B.U. et al. (2016) Sequential sampling models in
cognitive neuroscience: advantages, applications, and extensions. Annu. Rev. Psychol. 67, 641–666
Summerﬁeld, C. and Blangero, A. (2017) Perceptual
decision-making: what do we know, and what do we
not know? In Decision Neuroscience (Dreher, J.-C. and
Tremblay, L., eds), pp. 149–162, Elsevier
Ratcliff, R. and McKoon, G. (2008) The diffusion decision
model: theory and data for two-choice decision tasks. Neural
Comput. 20, 873–922
Gold, J.I. and Shadlen, M.N. (2007) The neural basis of decision making. Annu. Rev. Neurosci. 30, 535–574
Krajbich, I. et al. (2010) Visual ﬁxations and the computation
and comparison of value in simple choice. Nat. Neurosci. 13,
1292–1298
Krajbich, I. et al. (2015) A common mechanism underlying food
choice and social decisions. PLoS Comput. Biol. 11, e1004371
Bakkour, A. et al. (2019) The hippocampus supports deliberation during value-based decisions. Elife 8, 227
Bornstein, A.M. and Daw, N.D. (2012) Dissociating hippocampal and striatal contributions to sequential prediction learning.
Eur. J. Neurosci. 35, 1011–1023
Duncan, K.D. and Shohamy, D. (2016) Memory states inﬂuence value-based decisions. J. Exp. Psychol. Gen. 145,
1420–1426
Braun, E.K. et al. (2018) Retroactive and graded prioritization of
memory by reward. Nat. Commun. 9 4886–4812
Wimmer, G.E. and Büchel, C. (2016) Reactivation of rewardrelated patterns from single past episodes supports memorybased decision making. J. Neurosci. 36, 2868–2880
Adcock, R.A. et al. (2006) Reward-motivated learning:
mesolimbic activation precedes memory formation. Neuron
50, 507–517
Peters, J. and Büchel, C. (2010) Episodic future thinking reduces reward delay discounting through an enhancement of
prefrontal-mediotemporal interactions. Neuron 66, 138–148
Stachenfeld, K.L. et al. (2017) The hippocampus as a predictive map. Nat. Neurosci. 20, 1643–1653
Zeithamova, D. et al. (2018) Abstract representation of prospective reward in the hippocampus. J. Neurosci. 38,
10093–10101
Gruber, M.J. et al. (2016) Post-learning hippocampal dynamics
promote preferential retention of rewarding events. Neuron 89,
1110–1120
Ambrose, R.E. et al. (2016) Reverse replay of hippocampal
place cells is uniquely modulated by changing reward. Neuron
91, 1124–1136
McKenzie, S. et al. (2014) Hippocampal representation of related and opposing memories develop within distinct, hierarchically organized neural schemas. Neuron 83, 202–215
Lengyel, M. and Dayan, P. (2009) Hippocampal contributions
to control: the third way. In Advances in Neural Information
Processing Systems 20, Proceedings of the Twenty-First
Annual Conference on Neural Information Processing Systems
Bornstein, A.M. and Norman, K.A. (2017) Reinstated episodic
context guides sampling-based decisions for reward. Nat.
Neurosci. 20, 997–1003
Bornstein, A.M. et al. (2017) Reminders of past choices bias
decisions for reward in humans. Nat. Commun. 8, 15958
Gershman, S.J. and Daw, N.D. (2016) Reinforcement learning
and episodic memory in humans and animals: an integrative
framework. Annu. Rev. Psychol. 68, 101–128
Nevo, I. and Erev, I. (2012) On surprise, change, and the effect
of recent outcomes. Front. Psychol. 3, 24
Gonzalez, C. and Dutt, V. (2011) Instance-based learning: integrating sampling and repeated decisions from experience.
Psychol. Rev. 118, 523–551
Mattar, M.G. and Daw, N.D. (2018) Prioritized memory access
explains planning and hippocampal replay. Nat. Neurosci. 21,
1609–1617

106. Gluck, M.A. et al. (2003) Computational models of the
hippocampal region: linking incremental learning and episodic
memory. Trends Cogn. Sci. 7, 269–276
107. Norman, K.A. et al. (2008) Computational models of episodic memory. In The Cambridge Handbook of Computational Psychology (Sun, R., ed.), pp. 189–225, Cambridge
University Press
108. Kesner, R.P. and Rolls, E.T. (2015) A computational theory of hippocampal function, and tests of the theory: new developments.
Neurosci. Biobehav. R. 48, 92–147
109. Redish, A.D. (2016) Vicarious trial and error. Nat. Rev.
Neurosci. 17, 147–159
110. Hasselmo, M.E. et al. (2020) Overview of computational models
of hippocampus and related structures: introduction to the
special issue. Hippocampus 30, 295–301
111. Gluth, S. et al. (2015) Effective connectivity between hippocampus and ventromedial prefrontal cortex controls preferential
choices from memory. Neuron 86, 1078–1090
112. Shohamy, D. and Turk-Browne, N.B. (2013) Mechanisms for
widespread hippocampal involvement in cognition. J. Exp.
Psychol. Gen. 142, 1159–1170
113. Henke, K. (2010) A model for memory systems based on processing modes rather than consciousness. Nat. Rev. Neurosci.
11, 523–532
114. Joo, H.R. and Frank, L.M. (2018) The hippocampal sharp
wave–ripple in memory retrieval for immediate use and
consolidation. Nat. Rev. Neurosci. 19, 744–757
115. Schacter, D.L. (2001) The Seven Sins of Memory, Houghton
Mifﬂin
116. Scoville, W.B. and Milner, B. (1957) Loss of recent memory
after bilateral hippocampal lesions. J. Neurol. Neurosurg.
Psychiatr. 20, 11–21
117. Gutbrod, K. et al. (2006) Decision-making in amnesia: do
advantageous decisions require conscious knowledge of previous behavioural choices? Neuropsychologia 44, 1315–1324
118. Gupta, R. et al. (2009) Declarative memory is critical
for sustained advantageous complex decision-making.
Neuropsychologia 47, 1686–1693
119. Vikbladh, O.M. et al. (2019) Hippocampal contributions to
model-based planning and spatial memory. Neuron 102,
683–693
120. Kwan, D. et al. (2012) Future decision-making without episodic
mental time travel. Hippocampus 22, 1215–1219
121. Kwan, D. et al. (2013) Dissociations in future thinking following
hippocampal damage: evidence from discounting and time
perspective in episodic amnesia. J. Exp. Psychol. Gen. 142,
1355–1369
122. Kwan, D. et al. (2015) Cueing the personal future to reduce
discounting in intertemporal choice: is episodic prospection
necessary? Hippocampus 25, 432–443
123. Bechara, A. et al. (1994) Insensitivity to future consequences
following damage to human prefrontal cortex. Cognition 50,
7–15
124. Turnbull, O.H. and Evans, C.E.Y. (2006) Preserved complex
emotion-based learning in amnesia. Neuropsychologia 44,
300–306
125. Knowlton, B.J. et al. (1994) Probabilistic classiﬁcation learning
in amnesia. Learn. Mem. 1, 106–120
126. Foerde, K. et al. (2013) A role for the medial temporal lobe in
feedback-driven learning: evidence from amnesia. J. Neurosci.
33, 5698–5704
127. Hopkins, R.O. et al. (2004) Impaired probabilistic category
learning in hypoxic subjects with hippocampal damage.
Neuropsychologia 42, 524–535
128. Green, L. and Myerson, J. (2004) A discounting framework for
choice with delayed and probabilistic rewards. Psychol. Bull.
130, 769–792
129. Benoit, R.G. et al. (2011) A neural mechanism mediating the
impact of episodic prospection on farsighted decisions.
J. Neurosci. 31, 6771–6779
130. Brehm, J.W. (1956) Post-decision changes in the desirability of
choice alternatives. J. Abnorm. Psychol. 52, 384–389
131. Lieberman, M.D. et al. (2001) Do amnesics exhibit cognitive
dissonance reduction? The role of explicit memory and attention in attitude change. Psychol. Sci. 12, 135–140

Trends in Cognitive Sciences, July 2020, Vol. 24, No. 7

555

Trends in Cognitive Sciences

132. Chen, M.K. and Risen, J.L. (2010) How choice affects and reﬂects preferences: revisiting the free-choice paradigm.
J. Pers. Soc. Psychol. 99, 573–594
133. Izuma, K. and Murayama, K. (2013) Choice-induced preference
change in the free-choice paradigm: a critical methodological
review. Front. Psychol. 4, 41
134. Alós-Ferrer, C. and Shi, F. (2015) Choice-induced preference
change and the free-choice paradigm: a clariﬁcation. Judgm.
Decis. Mak. 10, 34–49
135. Kahneman, D. and Tversky, A. (1982) The psychology of
preferences. Sci. Am. 246, 160–173
136. Hoerl, C. and McCormack, T. (2016) Making decisions about the
future. In Seeing the Future (Michaelian, K. et al., eds), Oxford
University Press
137. Connolly, T. and Zeelenberg, M. (2002) Regret in decision
making. Curr. Dir. Psychol. Sci. 11, 212–216
138. Inman, J.J. et al. (1997) A generalized utility model of disappointment and regret effects on post-choice valuation. Mark.
Sci. 16, 97–111
139. Camille, N. et al. (2004) The involvement of the orbitofrontal
cortex in the experience of regret. Science 304, 1167–1170
140. Coricelli, G. et al. (2005) Regret and its avoidance: a neuroimaging
study of choice behavior. Nat. Neurosci. 8, 1255–1262
141. Mellers, B. et al. (1999) Emotion-based choice. J. Exp. Psychol.
Gen. 128, 332–345
142. Palminteri, S. et al. (2015) Contextual modulation of value
signals in reward and punishment learning. Nat. Commun. 6,
8096
143. Büchel, C. et al. (2011) Ventral striatal signal changes represent
missed opportunities and predict future choice. Neuroimage
57, 1124–1130
144. Sweis, B.M. et al. (2018) Mice learn to avoid regret. PLoS Biol.
16, e2005853
145. Boorman, E.D. et al. (2011) Counterfactual choice and learning
in a neural network centered on human lateral frontopolar
cortex. PLoS Biol. 9, e1001093

556

Trends in Cognitive Sciences, July 2020, Vol. 24, No. 7

146. Kishida, K.T. et al. (2016) Subsecond dopamine ﬂuctuations in
human striatum encode superposed error signals about actual
and counterfactual reward. Proc. Natl. Acad. Sci. U. S. A. 113,
200–205
147. Abe, H. and Lee, D. (2011) Distributed coding of actual and hypothetical outcomes in the orbital and dorsolateral prefrontal
cortex. Neuron 70, 731–741
148. Hayden, B.Y. et al. (2009) Fictive reward signals in the anterior
cingulate cortex. Science 324, 948–950
149. Steiner, A.P. and Redish, A.D. (2012) The road not taken:
neural correlates of decision making in orbitofrontal cortex.
Front. Neurosci. 6, 131
150. Fouragnan, E.F. et al. (2019) The macaque anterior cingulate cortex translates counterfactual choice value into actual behavioral
change. Nat. Neurosci. 22, 797–808
151. Epstude, K. and Roese, N.J. (2008) The functional theory of
counterfactual thinking. Personal. Soc. Psychol. Rev. 12,
168–192
152. Abram, S.V. et al. (2019) Neural signatures underlying deliberation in human foraging decisions. Cognition 19, 1492–1508
153. Bell, D.E. (1982) Regret in decision making under uncertainty.
Oper. Res. 30, 961–981
154. Lee, W. (1971) Preference strength, expected value difference
and expected regret ratio. Psychol. Bull. 75, 186–191
155. Loomes, G. and Sugden, R. (1982) Regret theory: an alternative theory of rational choice under uncertainty. Econ. J. 92,
805–824
156. De Brigard, F. et al. (2013) Remembering what could have happened: neural correlates of episodic counterfactual thinking.
Neuropsychologia 51, 2401–2414
157. Schacter, D.L. et al. (2015) Episodic future thinking and episodic counterfactual thinking: Intersections between memory
and decisions. Neurobiol. Learn. Mem. 117, 14–21
158. St Jacques, P.L. et al. (2018) Remembering and imagining
alternative versions of the personal past. Neuropsychologia
110, 170–179

