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Highlights
Past experience drives our expectations
about future events. When new informa-
tion contradicts past experience, memo-
ries are updated and possibly distorted.

Reconsolidation studies have used in-
complete reminders to elicit prediction
errors and partially reinstate encoding
experiences.

Human memory studies have demon-
strated that surprising and incomplete
reminders influencemany types ofmem-
ory, from simple associations to natural-
Memories are readily distorted. What conditions allow memories to be altered?
Converging evidence implicates prediction error, or surprise, as a key mechanism
that renders memories malleable. Recent reconsolidation studies have used in-
complete reminders to elicit prediction error; retrieval cues that partially replicate
an encoding experience allow memories to be distorted, updated, and strength-
ened. Here, we review diverse evidence that incomplete reminders govern
human memory updating, ranging from classical conditioning to naturalistic epi-
sodes. Through the unifying theme of predictive coding, we discuss evidence
from reconsolidation theory and nonmonotonic plasticity. We argue that both an-
imal and human reconsolidation research can benefit from critically examining
prediction error and incomplete reminders. These findings bear implications for
pathological fear memories, false memories, misinformation, and education.
istic episodes.

Incomplete reminders can produce
memory distortion, updating, and
strengthening. We critically consider
how these diverse effects parallel, and
sometimes contradict, prediction errors
in reinforcement learning.

Parametrically modulating the strength of
expectation and memory reactivation
can cast light on the effects of incom-
plete reminders. Reconsolidation re-
search at multiple levels of analysis
stands to benefit from a critical examina-
tion of incomplete reminders.
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Prediction, Learning, and Incomplete Reminders
The record of our past experiences is not always faithful; memories are easily distorted. For de-
cades, cognitive research on false memory has demonstrated that misinformation and imagined
scenarios can develop into vivid false memories [1]. However, the same processes that distort
memories can sometimes be beneficial. Memories can be adaptively updated, allowing us to
learn from error and integrate old and new information. The broader question that arises is:
what are the conditions that allow memories to be changed?

Through the process of reconsolidation (see Glossary), memories can be reactivated, tempo-
rarily destabilized, and altered. Recent reconsolidation research conducted both in animal models
and humans has implicated prediction error, or surprise, as a key mechanism that drives mem-
ory change. Broadly, a prediction error is a surprising mismatch between expectation (based on
prior experiences) and reality. Intuitively, the idea that surprise governs memory change makes
sense; when we encounter information that contradicts a previous learning experience, our mem-
ories are adaptively updated.

Many reconsolidation studies have used incomplete reminders to generate prediction errors (these
are somewhat comparable to omission of an expected reward). Retrieval cues that replicate part, but
not all, of an encoding experience allow memories to be weakened, strengthened, and updated by
new information (Figure 1, Key Figure). Yet, the underlying mechanisms of these effects remain elu-
sive; few studies have parametrically manipulated expectation, surprise, andmemory reactivation.
These parameters are essential to understanding the effects of prediction error. In this review, we crit-
ically discuss the relationship between incomplete reminders and prediction error. We argue that
human memory studies offer valuable insights about the effects of incomplete reminders, uncovering
future directions for reconsolidation research across multiple levels of analysis.

Human and animal memory studies have expanded the concept of prediction error [2] to many do-
mains, including memory for context [3,4], pairs of images [5,6], temporal delays [7], stimulus se-
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Glossary
Incomplete reminders: reminders
that reinstate part of the encoding
experience, but not all of it. This may
involve omitting an expected outcome,
providing contextual cues, or partially
obscuring the memoranda. Incomplete
reminders can elicit surprise and violate
expectations.
Intrusions: a common dependent
variable in memory paradigms.
Intrusions are false memories that arise
from source misattribution. Examples
include words from a newly learned list
intruding into recall of an old list, or
integrating details from two videos into
one episode.
Memory reactivation: recall or
reinstatement of an established memory
trace. Incomplete reminders likely
produce neural reactivation of the
missing information. Reactivating a
memory with a reminder is a critical
component of the reconsolidation
process, initiating a period of memory
destabilization.
Nonmonotonic plasticity hypothesis
(NMPH): the hypothesis that there is a
nonlinear relationship between the
strength of neural activation/reactivation
and plasticity. When a memory is weakly
reactivated, it does not become labile.
Moderate reactivation induces optimal
synaptic weakening, inducing plasticity.
Strong reactivation strengthens synaptic
connections.
Prediction error: a signal that
represents the degree to which an
outcome contradicts expectations.
Prediction error reflects a sense of
surprise or expectancy violation. This
signal quantifies the discrepancy
between expectation and reality, driving
learning from error to improve future
predictions. In reinforcement learning,
prediction error is quantified as a
discrete error signal with ‘valence’
(positive or negative) and ‘magnitude’
(strength).
Predictive coding: a broad theoretical
framework of cognition that describes
how the brain draws on past experience
to make predictions. New experiences
affirm or violate those predictions, and
the brain refines its models to make
better predictions in the future.
Reconsolidation: the neural process
by which an established long-term
memory trace can be reactivated with a
reminder and temporarily destabilized.
During this period of lability, the memory
trace can be disrupted, modified, or
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quences [8], narrative videos [9], and knowledge updating [10]. We highlight the far-reaching implica-
tions of memory updating: attenuating pathological fear and drug memories, counteracting misinfor-
mation, understanding eyewitness testimony, and creating more effective learning and teaching
strategies. By synthesizing and contrasting evidence from reconsolidation theory and the
nonmonotonic plasticity hypothesis, we offer guidelines for future reconsolidation research that
can uncover the neural mechanisms of memory malleability. Through the overarching theme of pre-
diction error, we critically discuss how incomplete reminders influencemany forms of humanmemory,
ranging from classical conditioning to naturalistic episodes.

Incomplete Reminders Drive Reconsolidation
How do surprising reminders influence memories? The concept of predictive coding was first
characterized by computational models of reinforcement learning [11,12] and dopaminergic re-
ward learning [13,14]. In reinforcement learning models, large prediction errors induce greater
changes to memory, strengthening or weakening associations depending on whether the surpris-
ing outcome was positive or negative [15]. In the context of memory research, prediction error has
been linked to new encoding [2,16] as well as memory updating [17]. In this review, we aim to dis-
cuss the role of expectation and surprise beyond the realm of reward learning; for an overview of
reinforcement learning and the dopaminergic system, we refer readers to other reviews [15,18,19].

Below, we overview mechanisms of memory change, with a particular emphasis on reconsolidation
studies that have used incomplete reminders. As described above, omitting an expected outcome
can elicit surprise; incomplete reminders can be considered one subtype of prediction error. We
characterize how animal studies of prediction error and reconsolidation relate to human memory re-
search, reviewing diverse behavioral evidence of memory updating and distortion. In particular, we
critically discuss how incomplete reminders may modulate plasticity through expectation and mem-
ory reactivation. This discussion is broadly shaped by predictive coding in memory. We argue that
expectation, surprise, and reactivation are all critical components of memory change.

Reconsolidation of Associative Memories
According to reconsolidation theory, a reminder can reactivate and temporarily destabilize an
established long-term memory trace (Figure 2) [20,21]. Following a period of lability, the memory is
reconsolidated, or re-stabilized, through a time-dependent process of protein synthesis that takes
several hours. Reconsolidation studies have typically used a canonical three-session structure:
Encoding, Reactivation, and Test (Figure 3A). Critically, the Reactivation session includes interfer-
ence of some kind; typically, a protein synthesis inhibitor or interfering new learning. Delays between
each session ensure that there is enough time for the memory to be consolidated and
reconsolidated. The three-session reconsolidation paradigm has been translated to many human
memory studies: electroconvulsive shock [22], nitrous oxide (an NMDA-receptor antagonist) [23], in-
terfering information [9,24,25], the β-blocker propranolol [26,27], or the anesthetic propofol [28] have
all been used to suppress or distort memories after reactivation with an incomplete reminder.

However, not all reminders destabilize memories. Multiple animal studies of reconsolidation have
demonstrated that prediction error is a critical prerequisite for reconsolidation, particularly when
an expected outcome is omitted (Figure 2) [17,29–31]. In classical conditioning paradigms, an un-
reinforced conditioned stimulus is an incomplete reminder (e.g., a tone presented without the ac-
companying shock). Recently, several human memory studies also uncovered evidence that
incomplete reminders drive reconsolidation [9,32–34]. In humans, cueing an expected shock
but then omitting it can render fear memories vulnerable to the effects of β-adrenergic receptor
antagonists, reducing affective and physiological responses to the conditioned stimulus (CS)
[35]. Extinction training is also more effective after an incomplete reminder for image–shock
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strengthened. After several hours, the
memory is reconsolidated, and
stabilized once more.
Reinforcement learning: a
computational framework for learning,
based on choosing actions to maximize
reward. Prediction error alters the
likelihood of choosing actions again in
the future.
Temporal Context Model (TCM): a
model of human memory updating that
explains intrusions without making
assumptions about synaptic
reconsolidation processes. According to
the TCM, reminders reinstate the
encoding context, linking new learning to
the same contextual factors and
producing source confusion.
Testing effect: this cognitive
phenomenon demonstrates that
incomplete reminders, which allow
retrieval practice, strengthen memories
more effectively than restudying the
material.
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pairs [36] or aversive sounds [37]. These findings support the idea that incomplete reminders
allow memories to be updated.

Incomplete reminders have also been implicated in reconsolidation of nonfearful associative mem-
ories (e.g., two stimulus images paired together; Figure 1). In one such paradigm, participants
learned associations between pairs of nonsense words [38,39]. Later, participants were reminded
of the associations: they reviewed the word cues and reported the paired associates. Critically,
some trials were incomplete, abruptly ending before the participant could report the paired associ-
ate. These incomplete reminders disrupted memories, whereas complete trials did not. In variants
of this paradigm, incomplete reminders modified memories by increasing forgetting [38], or
updating memories with new words from an interfering list [24]. Recent functional magnetic reso-
nance imaging (fMRI) versions of this paradigm have contrasted complete and incomplete re-
minders of image–word associations. Incomplete reminders were associated with activation in
the left hippocampus that predicted subsequent memory updating with interference information
[34]. When incomplete reminders were presented without subsequent interference, memory reten-
tion was enhanced after a 15-day delay [40]. This memory retention benefit was also associated
with broad changes in brain network connectivity, as analyzed using graph theory.

Although these studies of human memory updating parallel findings from the animal reconsolidation
literature, it is important to note that direct evidence for cellular reconsolidation processes in humans
is lacking. Some studies have produced inconsistent and contradictory results [41,42], and alterna-
tive mechanisms are possible (Box 1). Overall, however, these studies demonstrate that surprising
and incomplete reminders can selectively update associative memories in humans.

Reconsolidation Theory Applied to Complex Episodic Memories
If incomplete reminders are a critical factor driving reconsolidation of associative memories, then
they should influencememory change in other domains aswell. We recently developed a novel par-
adigm to investigate whether incomplete reminders drive updating of temporally extended episodic
memories [9] (Figure 3). We used videos that featured narrative action–outcome events (e.g., a
baseball batter hitting a home run) (Figure 3A). By interrupting these video clips immediately before
the expected outcome (e.g., the baseball batter stopped mid-swing), we were able to violate the
action–outcome contingency and elicit a feeling of surprise, analogous to the incomplete reminders
previously used in rodent [17,29,30] and human [33,35,38] memory updating studies.

In the encoding session, participants viewed the full-length target video clips [9] (Figure 3B).
The next day, we reactivated their memories by presenting the target videos again; however,
we presented half of the videos in full-length form (complete reminder), and half in interrupted
form (incomplete reminder). We found that interrupting videos during reactivationmadememories
susceptible to subsequent interference from a new set of semantically related videos, producing
false memories (Figure 3C). In other words, incomplete reminders increased intrusions, defined
as details from an interference video that were mistakenly attributed to the corresponding target
video. Furthermore, in an item analysis, we found that videos that were rated more surprising
when interrupted produced more intrusions (Figure 3D). Importantly, participants in a control
group received interference before reactivation. We found that memory reactivation was a
prerequisite for memory change, such that in the control group, there were fewer intrusions,
and the incomplete reminders did not influence memory (Figure 3C). Lastly, in in a separate
sample, we modified the timing of our paradigm to test key predictions about the time course
of protein degradation and synthesis involved in reconsolidation (Box 1). In accordance with
reconsolidation theory, our memory updating effects only occurred when there were sufficient
delays between reactivation, interference, and test.
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Key Figure

Conceptual Overview of How Incomplete Reminders Can Produce Memory Change
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(See figure legend at the bottom of the next page.)
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Figure 1. (A) Encoding an association between two stimuli, Image 1 and Image 2. Here, we depict memory representat
horizontal line as the association between them. (B) An incomplete reminder, Image 1 presented alone, reactivates m
representations. (C) The memory trace is susceptible to change in three ways. ‘Disruption’, such as through pharmacolog
weakens the memory. ‘New learning’, or exposure to interference, updates memories and produces intrusions (e.g., learnin
of the guitar). If ‘no interference’ occurs after an incomplete reminder, the memory for the association between the images
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Figure 2. Overview of Reconsolidation Mechanisms. An established long-term memory is destabilized when
reactivated in conjunction with a prediction error. If interference (e.g., pharmacological intervention or new learning) occurs
during the critical window of destabilization, the memory is reconsolidated in an altered form. Alternatively, if the
reconsolidation process is completed without interference, the memory is preserved or strengthened. Abbreviation: ECT
electroconvulsive therapy.

Trends in Neurosciences

Trends i
,

Overall, we found that surprise destabilized memories for narrative videos, producing selective
updating with new, semantically related information. These results conceptually extend the find-
ings discussed in the above section, demonstrating that incomplete reminders drive dynamic
updating of complex, temporally extended naturalistic memories, allowing relevant new informa-
tion to be incorporated.

The items-in-a-basket paradigm, developed by Hupbach and colleagues, is another example of how
incomplete reminders can influence episodic memories, producing intrusions. Participants were
shown a series of objects (List 1) in a distinctive blue basket [25]. A day later, memory of the event
was reactivated with one of several reminders, and then participants learned a new list of objects
(List 2). Some participants returned to the encoding context and were shown the blue basket
(without the List 1 objects inside) as a reminder of the List 1 learning session.When these participants
later recalled the two lists, they reported intrusions, erroneously attributing List 2 items to List 1 [25].
Intrusions emerged only after a delay, and only List 1 memories were updated (i.e., List 1 items were
not mistakenly attributed to List 2, but rather List 2 items were mistakenly attributed to List 1) [43].
Memory updating only occurred when there was an incomplete reminder that also reinstated the
spatial context of encoding (i.e., the blue basket without the corresponding objects), comparable
with the incomplete reminders used in other studies [9,17,33,38]. Providing a complete re-
minder, such as presenting the List 1 objects again, produced fewer intrusions [44].

Other paradigms have also demonstrated updating of naturalistic episodic memories. Although
the studies described below were not designed to directly compare the effect of complete and
incomplete reminders, they provide evidence consistent with the notion that incomplete re-
minders drive memory updating. For instance, memory reactivation followed by electroconvulsive
shock [22] or propofol-induced deep sedation [28] disrupted memory for slide shows
with negative emotional narratives. These studies used incomplete reminders to reactivate
ions as patterns of neural activation, and the
emory for the association, reinstating neural
ical intervention that impairs reconsolidation,
g to associate the arch with the drum, instead
is strengthened (depicted by a thicker line).
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Figure 3. Violating Expectation about Narrative Videos Destabilizes Episodic Memories. (A) Example frames from
shows a baseball batter hitting a home run. The ‘Interrupted’ version of this video endedwhile the batter wasmid-swing, thus
and eliciting a feeling of surprise. (B) Overview of the 3-day reconsolidation paradigm. On Day 1, participants encoded 1
memories by replaying the target videos, half ‘full-length’ and half ‘interrupted’. During the Interference Phase, partici
assessed memory for the target videos with a structured interview test. (C) In the Experimental group, mismatch reacti
from the interference videos. (D) Videos that were rated more surprising when interrupted (by an independent sample) prod
a target video. Error bars/bands depict 95% confidence intervals. * P b0.05, ** P b0.01, and *** P b0.001. Adapted from [9

Box 1. Do Intrusions Result from Reconsolidation or Contextual Interference?

Reconsolidation theory posits that reactivation allows an existing memory trace to be destabilized and updated. However,
alternative theories explain memory change through contextual reinstatement and Hebbian association [41,60]. According
to the Temporal Context Model (TCM), reactivating an old memory reinstates the mental context from the original
encoding at the same time that the new memory trace is being formed. The old and new information is thus bridged by
the common context, producing intrusions. Computational models of the TCM replicate the asymmetric pattern of intru-
sions from the items-in-a-basket paradigm [60].

In an fMRI version of the items-in-a-basket paradigm, participants learned two lists of object images [61]. When participants
learned the new, interfering list of objects, neural reactivation of the encoding context (background scene images) was asso-
ciated with intrusions. However, although this finding highlights the importance of contextual factors, it does not rule out
reconsolidation; contextual reinstatement may be part of the reconsolidation process. Conversely, a recent study systemat-
ically varied contextual factors in the items-in-a-basket paradigm and found that retrieval context at test did not influence in-
trusions [62]. Although these findings show that intrusions cannot be explained by contextual interference at ‘final retrieval’
(Day 3 session), this paradigm does not rule out contextual reinstatement during memory ‘reactivation’ (Day 2 session).

One way to test competing predictions of these two accounts is to manipulate the timing of encoding, reactivation, and
test. Reconsolidation theory predicts that intrusions should be delay-dependent, because protein synthesis required to
re-stabilize a memory takes several hours [63,64]. Several studies have indeed found that intrusions do not emerge until
after a delay between reactivation and test [43]. However, when there is no delay between reactivation and test, it is pos-
sible that participants can use a recall-to-reject strategy to avoid reporting intrusions. We tested competing hypotheses of
reconsolidation theory and the TCM by manipulating the delay between reactivation and interference [9]. Because the pro-
tein degradation that destabilizes a memory trace requires a 3–10 minute delay [65–67], we interleaved memory reactiva-
tion and interference, leaving insufficient time for the memory destabilization that is necessary for reconsolidation. Under
these conditions, TCM predicts increased intrusions, because experiencing reactivation and interference closer together
in time should maximize contextual associations. In accordance with reconsolidation, we found that interleaving reactiva-
tion and interference reduced intrusions and eliminated the effect of incomplete reminders. In general, however,
reconsolidation is not the only process that can produce intrusions in human memory; contextual reinstatement can also
produce memory updating. Reconsolidation and contextual associations are not mutually exclusive.

Trends in Neurosciences
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memories: participants were reminded of the slide show stories with one partially obscured image
from the narrative.

Furthermore, episodic memories for disturbing videos with negative emotional content (e.g., a
graphic car accident) can be influenced by a visuospatial interference task (the computer
game Tetris) [45]. Playing Tetris after memory reactivation dramatically reduced the occurrence
of flashback-like intrusive memories in the following week. Critically, memories were reactivated
by a single frame from each video taken the moment immediately before the climactic traumatic
event. These incomplete reminders were not designed to be surprising, but they may have
reactivated memories for the narrative outcome, similar to the interrupted action–outcome events
in our paradigm [9]. Similarly, another recent study found that visuospatial interference disrupted
episodic memories for videos with positive emotional content [46], but only after a reminder that
elicited prediction error by adding new information.

In the real world, a retrospective investigation found that memories for a natural disaster were
weakened following the experience of a second, milder disaster [47]. Youth who experienced
both Hurricane Katrina and Hurricane Gustav (a similar, but less severe storm) forgot more details
of Hurricane Katrina over time than their peers who experienced only Hurricane Katrina. The
a video in the stimulus set. The narrative video
disrupting a salient action-outcome sequence
8 narrative videos. On Day 2, we reactivated
pants viewed 18 new videos. On Day 3, we
vation increased ‘intrusions’, false memories
uced more intrusions. Each point represents
].
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authors argue that the second hurricane may have functioned as amilder, incomplete reminder of
the previous experience, attenuating the memory of the first hurricane.

However, other evidence suggests that incomplete reminders may not universally drive memory
modification. In a real-world memory paradigm, participants wore cameras while taking a mu-
seum tour [48]. Later, participants reviewed photos taken on the tour and viewed new interfer-
ence images. When photos were presented in the same order as previously experienced on
the tour, memory reactivation enhanced both accuracy and false recognition of museum loca-
tions. However, when the temporal order of the photographs was scrambled, accuracy and
false recognition was reduced. Notably, both of these conditions involved photos as incomplete
reminders of the tour, but disrupting the temporal structure of the event reduced memory
updating. This finding may relate to contextual associations between encoding and retrieval
(Box 1).

Taken together, the evidence reviewed above illustrates how incomplete reminders influence ep-
isodic memory change, both in the laboratory and in the real world. Reconsolidation theory has
inspired many human memory paradigms; numerous studies, including ones beyond the
scope of this review, have shown that reactivation can impair, distort, and update human
memories [21,49]. These findings expand and cohere with concepts from animal reconsolidation
research, demonstrating the diverse effects of incomplete reminders. However, the mechanisms
of incomplete reminders remain unclear; are incomplete reminders effective because they
produce surprise? Is there a signal encoding the strength of these prediction errors? Below,
we discuss limitations of research on prediction error and reconsolidation, and highlight
both complementary evidence and competing predictions from research on nonmonotonic
plasticity.

Refining Reconsolidation Research by Characterizing Prediction Error
A key limitation of existing reconsolidation research is that incomplete reminders purportedly gen-
erate prediction errors, but the resulting surprise is not well defined. Is any surprising reminder
sufficient to trigger reconsolidation, or is there something unique about incomplete reminders? In-
complete reminders may lead a subject to actively retrieve missing information, reactivating and
destabilizing a memory trace. Memory disruption could also be explained by interference, rather
than destabilization. An incomplete reminder may disrupt memory if the subject fails to accurately
retrieve the missing information, instead adding erroneous information to the memory.
Conversely, correctly retrieving the missing information could strengthen a memory trace.

Some evidence suggests that using incomplete reminders to elicit prediction error may be more
effective than other methods of violating expectations. In a study seeking to modify alcohol-
related associations in addicts, prediction errors of omission (alcohol is unexpectedly removed),
but not value (alcohol is unexpectedly bitter) facilitated memory updating [50]. However, to
some extent, any attempt at memory reactivation is an incomplete reminder, because it is impos-
sible to perfectly replicate the encoding experience. Past studies have used incomplete reminders
to violate expectations, but have yet to quantify the strength of the prediction error and relate it to
memory change. Importantly, neither human nor animal studies of incomplete reminders have
demonstrated any quantifiable neural prediction error that is parametrically related to memory
change.

Predictive coding can explain why surprising and incomplete reminders facilitate memory change:
prediction error weakens existing memory associations, allowing new information that follows the
surprise to modify a memory trace. However, what if there is no interfering information after a
8 Trends in Neurosciences, Month 2019, Vol. xx, No. xx
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surprise? Large prediction errors should weaken memory, pruning the inaccurate association.
Yet, reconsolidation research in both humans and rodents [40,51–53] has shown that
reactivating a memory with an incomplete reminder can paradoxically strengthen the original
memory trace, as long as the memory is reconsolidated without disruption. This phenomenon
parallels evidence from classic cognitive psychology. The testing effect describes how provid-
ing an incomplete reminder cue, such as a word without its associate, boosts long-term memory
retention far more than simply restudying the complete material [54,55]. These effects contradict
some predictions of reinforcement learning, because prediction error leads to memory strength-
ening instead of weakening. However, other models like the nonmonotonic plasticity hypoth-
esis (NMPH) can augment the predictive coding framework and explain why incomplete
reminders can both distort and enhance memories.

Nonmonotonic Plasticity
The NMPH is a model of memory change that draws on evidence from computational models
and mechanisms of synaptic plasticity. According to the NMPH, there is a U-shaped, nonlinear
relationship between the strength of memory reactivation and the degree of memory change
(Figure 4B) [56,57]. Weak reactivation fails to influence memory, moderate reactivation weakens
synaptic associations, and strong reactivation strengthens synaptic associations. This process
can reduce competition among interfering items by pruning connections.

In some cases, the NMPH accords with the predictive coding framework. Recent fMRI studies
have linked prediction error to the NMPH by measuring changes to item-specific neural represen-
tations [4,5]. Following repeated exposure to a pair of associated images, neural representations of
those two images became more alike. However, violating the association with a novel pairing elic-
ited a prediction error and led neural representations of the originally paired images to differentiate
[5]. Stronger prediction errors were parametrically related to more neural differentiation, driving
memory distortion and reducing future competition among items. Similarly, another paradigm
demonstrated that following a contextual prediction error (images from an unexpected semantic
category in a sequence), associative memories were weakened or ‘pruned’ and neural represen-
tations were distorted [4].
Strength of memory reactivation
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Figure 4. Conceptual Overview of How Incomplete Reminders Reactivate Memory Representations. (A) An
incomplete reminder (Image 1 presented without the associate, Image 2) reactivates a memory trace, reinstating neura
patterns that represent the stimuli. (B) The nonmonotonic plasticity hypothesis predicts that the strength of memory
reactivation (depicted as the opacity of the neural pattern) determines the fate of a memory. At weak levels of memory
reactivation, the memory trace is not affected. Moderate levels of memory reactivation weaken memories, and strong
levels of memory reactivation strengthen memories.
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However, in other cases the NMPH diverges from reinforcement learning, the basis for the predic-
tive coding framework [58]. According to the NMPH, the strength of memory reactivation can
modulate plasticity regardless of whether or not there is explicit feedback about a learned asso-
ciation (e.g., reward or punishment). Through this process, the NMPH can explain why incom-
plete reminders can sometimes strengthen memory: if an association is well learned, then a
retrieval cue strongly reactivates memory for the missing associate. Even when the missing asso-
ciate is not presented again, the subject recalls it, which ultimately strengthens the memory. At
the same time that the subject recalls the missing associate, spreading neural activity also mod-
erately reactivates related items that compete during retrieval [58]. The moderate reactivation
weakens connections to the related items, thus decreasing their competition during future re-
trieval. Together, these processes strengthen the target association and bolster memory over
time. This account is still compatible with evidence that incomplete reminders can distort memo-
ries; when interference follows an incomplete reminder, these new associations can disrupt the
memory trace, explaining how memories can be weakened or distorted. Overall, the NMPH
can potentially explain why incomplete reminders can strengthen and weaken memories. With
traditional measures of prediction error, it is difficult to quantify the degree of surprise elicited by
an incomplete reminder, because the subject does not receive a reward or other feedback. Im-
portantly, the NMPH model focuses on the strength of memory reactivation without explicitly
computing a prediction error term; this approach could be extended to studying the effects of in-
complete reminders in reconsolidation paradigms.

Future Perspectives: Modulating Expectation and Memory Reactivation
Accumulating evidence from many domains of memory research illustrates that incomplete re-
minders allow memories to be altered. In recent years, predictive coding has strongly influenced
animal and human reconsolidation research. Numerous studies have used incomplete reminders
to elicit surprise, demonstrating that these prediction errors increase memory malleability. Human
memory studies have translated this approach to complex and naturalistic memories, and have
produced findings that echo those obtained from simpler memories and lower levels of analysis.
However, past research has not fully explored the mechanisms of these incomplete reminders
(see Outstanding Questions). We argue that both animal and human reconsolidation research
stands to benefit from critically examining the effects of prediction error and memory reactivation,
going beyond simply contrasting complete and incomplete reminders.

Moving forward, parametric modulations offer the greatest power to characterize the strength of
surprise and memory reactivation, casting light on the mechanisms of reconsolidation. Systemat-
ically manipulating the strength of the expectation, or the established memory, can produce vari-
ability in the strength of prediction error elicited by an incomplete reminder. Previously, we found
that memory updating was linearly related to the degree of surprise produced by an incomplete re-
minder [9]. However, because we designed our stimulus set to elicit surprise, there was a limited
range of prediction error strength. One recent study of prediction error and knowledge updating
quantified expectation and surprise through confidence ratings, a promising avenue for future re-
search [10]. Future reconsolidation studies (both in humans and animals) could modulate expecta-
tion strength by varying the number of encoding trials, salience, schema-consistency, or semantic
relatedness of stimuli.

Neural measures of memory reactivation are also essential. Although existing studies have shown
promising nonmonotonic behavioral findings [56] and patterns of neural reactivation consistent
with segments of the U-shaped curve predicted by nonmonotonic plasticity [4,5], the full spec-
trum of memory reactivation has yet to be demonstrated in one study. One promising method in-
volves real-time fMRI. A recent study used real-time fMRI neurofeedback to create a positive
10 Trends in Neurosciences, Month 2019, Vol. xx, No. xx



Outstanding Questions
Reconsolidation studies have shown that
prediction error drives memory change.
Do the same neural mechanisms
underlie cognitive phenomena like the
testing effect and misinformation effect?

What are the mechanisms of
incomplete reminders? Do incomplete
reminders render memories malleable
because they elicit surprise, reactivate
memories, or lead the subject to
complete the memory with information
missing from the reminder, which can
introduce erroneous information?

How do the neural responses to
incomplete reminders compare with
prediction errors in reward learning?
Is there an error signal that quantifies
the surprise elicited by an incomplete
reminder?

Is there a nonmonotonic relationship
between the strength of memory

Trends in Neurosciences
feedback loop that encouraged participants to amplify contextual reinstatement during memory
retrieval [59]. When multivariate neural activity better resembled the mental context from
encoding, recall was better. Real-time fMRI could be used to optimize parametric designs; with
an experimental task that dynamically adapts to a subject’s neural responses, one could sample
a broad range of prediction error or memory reactivation strength. In animal studies, targeted
stimulation could be used to enhance or suppress memory reactivation after an incomplete re-
minder. For future research, parametric modulations of expectation and memory reactivation
can cast light on the mechanisms of memory change.

Concluding Remarks
In this review, we argue that incomplete reminders drive memory malleability, allowing memories to
be distorted, strengthened, or adaptively updated with new information. Here, we bridge evidence
from multiple levels of analysis to highlight how incomplete reminders broadly influence memory,
ranging from classical conditioning to naturalistic episodes. We critically discuss past findings
from the reconsolidation literature by drawing on tenets of predictive coding and nonmonotonic
plasticity, theoretical perspectives that can be complementary despite key differences. In particular,
we recommend that reconsolidation research can benefit from parametric measures of prediction
error and memory reactivation. We argue that incomplete reminders elicit surprise and promote
memory reactivation, enabling memories to be distorted, updated, or strengthened. Moving for-
ward, research on memory change has far-reaching implications (Box 2) for clinical treatment
reactivation and reconsolidation effects?
Can the strength of reactivation be
dissociated from the strength of
surprise, such as by quantifying neural
pattern reinstatement and prediction
error signals?

How do incomplete or surprising
reminders and retrieval cues impact
the accuracy of eyewitness testimony?
Are incomplete reminders the most
effective way to modify pathological
fear and drug memories?

How do we learn from error when
we encounter misinformation and
retractions? In educational contexts,
can incomplete reminders enhance
knowledge updating and integration?

Box 2. Applications of Prediction Error and Memory Updating

Changing Pathological Fear Memories

Research on prediction error and memory updating has promising implications for treating pathological fear memories
[30,68]. Reconsolidation-inspired treatments have disrupted fear memories with beta-blockers [26,35,69], electroconvul-
sive shock [22], computer game play [45], or a new experience [47]. Extinction training is also more effective after an in-
complete reminder of image-shock pairs [36] or aversive sounds [37]. However, some reconsolidation studies have
produced inconsistent and contradictory results [41], and there is evidence that affect modulates memory strength and
resilience [70,71]. Moreover, some evidence from computational models [72] suggests that very strong prediction errors
may backfire, preventing extinction because the learner infers a new latent cause. Further investigation is necessary to un-
derstand how prediction error influences reconsolidation of fear memories.

Educational Contexts

Research on prediction error and memory updating can inspire ways to improve memory. Prediction error is a critical part of
learning from mistakes, and reconsolidation allows established memories to be modified. Furthermore, when memories are
destabilized and then reconsolidated without external interference, the memory trace is strengthened, comparable with the
well-established benefits of retrieval practice and the testing effect in cognitive psychology [40,49,51]. Repeated strengthen-
ing through reconsolidation can make amemory resistant to future pharmacological disruptions, although this effect appears
to be selective for more recent [52] and stronger memories [73]. Likewise, integrating and updating memories can improve
the way that we draw connections among related experiences and knowledge. In the classroom, exercises that feature in-
complete reminders may facilitate integration of old and new information. By drawing onmechanisms of prediction error and
memory updating, we may be able to reinforce memories in classrooms, aging populations, and everyday life.

Counteracting Misinformation

Memories can be updated to correct mistakes and improve accuracy. The ‘misinformation effect’ is the phenomenon
whereby misleading, incorrect information received long after encoding can distort memory [74]. Strikingly, misinformation
persists even after the source is discredited or the participant is re-exposed to the correct information. These false mem-
ories bear profound implications for eyewitness testimony; uncovering the memory-altering effects of surprising and in-
complete reminders can inform police and courtroom practices to better preserve the accuracy of eyewitness memories.

Moreover, the misinformation effect is broadly applicable to current events, including fake news [75] and vaccine skepti-
cism [76]. Understanding the mechanisms of memory change is crucial for preventing and undoing erroneous learning
[77]. Interventions that elicit prediction error may prove more effective at overcoming misinformation by driving memory
updating with accurate content.
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of pathological fear and drug memories, eyewitness testimony, misinformation, and
educational practices.
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