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ABSTRACT 

Memory updating has been established; however, the mechanism supporting 

this alteration process is subject to disagreement. Reconsolidation theorists argue that 

memory updating occurs via an old memory becoming reactivated and returned to a 

state of susceptibility. In this state, newly presented details can become incorporated 

into the existing memory. As such, memory updating is an effect of old memory 

reactivation and new information encoding. In contrast, temporal context theory 

argues that the temporal context in which the old memory was initially formed is 

reinstated. Newly presented information becomes tagged to the old context. Therefore, 

at retrieval, when the old context is reinstated again, the initially bound information 

and the newer information are simultaneously retrieved. Within this theoretical 

framework, memory modification is the result of retrieval effects. In contrast, this 

three-paper dissertation provides evidence that reconsolidation is, at least in part, a 

combined reactivation and encoding effect. In paper 1, I present neural evidence of 

both old memory reactivation and new encoding, which demonstrates 1) that strength 

at reactivation predicts the likelihood that a memory will be modified and 2) that 

greater brain activation during new encoding predicts the extent of accurate 

recognition. In paper 2, I show that encoding conditions affect the extent to which new 

information will be misattributed to the old memory. I demonstrate that learners 

update explicitly encoded memories but not implicitly coded ones. Lastly, in paper 3, I 

demonstrate that old memories can be reactivated and altered during sleep. When old-

memory reactivation is paired with a forget cue, a subsequent degeneration of the 

memory and its details ensues. In sum, all three papers provide evidence in support of 
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the reconsolidation theory that memory updating occurs during old-memory 

reactivation and new encoding. 

CHAPTER 1: 

INTRODUCTION 

Exploration of mechanisms underlying episodic memory formation, 

reactivation, and updating have only recently taken center stage in research.  My 

dissertation aims to expand this knowledge, investigating the factors that influence 

memory reactivation and updating.  Here I synthesize three papers (appended to this 

document) examining (1) the neural activation patterns seen during memory 

reactivation and updating, (2) factors determining the precise outcome of memory 

updating, namely, which information is likely to be attributed to a reactivated memory, 

and (3) whether reactivation and modification of a memory can occur during sleep. 

Multiple trace theory 

There is a current debate in the literature as to the nature of explicit memory 

formation and stabilization. According to the standard memory model (Squire & 

Wixted, 2011) memories are encoded and stored throughout the neocortex, with the 

initial assistance of the hippocampus. Connections among the cortically stored 

elements of the new memory strengthen over time, allowing the trace to become an 

independent entity. This gain in independence parallels a reduction in the role of the 

hippocampus, such that it is not needed to support later memory retrieval (Squire & 

Alvarez, 1995; Squire & Wixted, 2011).  According to a contrasting model, Multiple 

Trace Theory (MTT; Nadel & Moscovitch, 1997), the hippocampus plays a constant 

role in the encoding and retrieval of episodic memories. Only semantic memory, 

consisting of facts and knowledge, attains hippocampal independence. Episodic 
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memories, on the other hand, including information about the self as part of specific 

events, times, and places, remain hippocampally-dependent. According to this view, 

the long-term role of the hippocampus is to maintain a representation of a specific 

context that serves as an index to the cortical elements of a specific memory trace.  

When retrieving such a memory, the hippocampus plays the central role in re-engaging 

the elements and reactivating the memory, allowing for a cohesive restructuring of the 

trace.   

One line of research supporting MTT concerns memory reconsolidation. 

Reconsolidation refers to the return of a previously fixed memory trace to a plastic 

state, during which the opportunity for modification is present (Nader, Schafe, & 

LeDoux, 2000). Memory modification can include strengthening, weakening, erasing 

or updating. The idea that a consolidated memory could be returned to a transiently 

plastic state where modification is possible was established in the 1960s and 70s 

(Misanin, Miller, & Lewis, 1968; Lewis 1979). More recently, reconsolidation has 

been studied in mice (Nader et al., 2000; Sara, 2000) and also in humans (Walker, 

Brakefield, Hobson, & Stickgold, 2003; Hupbach, Gomez, Hardt, & Nadel, 2007). 

Research with animals has identified that (1) reconsolidation is a time dependent 

phenomenon—it does not occur immediately after initial reactivation of a memory 

(Nader, et al., 2000); (2) there is a critical window after reactivation in which 

interventions can modify the memory; and (3) success of reactivation is influenced by 

the strength of trace (Hupbach, 2015; Wang, Alvares, & Nader, 2009), age of memory 

(Milekic & Alberini, 2002; Suzuki et al., 2004), training intensity (Suzuki et al., 2004; 
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Wang et al., 2009), and reactivation methods (Debiec, Doyere, Nader, & LeDoux, 

2006; Lee, 2009; Morris et al., 2006).   

In humans, reconsolidation has been effectively demonstrated in episodic tasks. 

Our lab created an object-list learning task to investigate episodic memory 

consolidation. As this study is the foundation of my dissertation, I will describe the 

paradigm in detail. 

In Session 1, participants learn Set 1, a list of 20 ordinary objects. Objects are 

pulled from a basket one by one, named out loud by the participant, and placed in a 

bin. After each learning trial, participants are asked to recall as many objects as 

possible. This continues until a criterion of 17/20 correct objects is met, with a 

maximum of four learning trials.   Two-thirds of the participants returned for Session 

2, 48-hours later, and are randomly assigned to a Full Reminder or No Reminder 

condition. Full Reminder participants return to the same room, have the same 

experimenter, and are asked a procedural question “Do you remember this basket?”  

This is in contrast to the No Reminder participants who return to a different room, 

with a different experimenter, and are not given the procedural question. We assumed 

that returning to the same room with the same experimenter and procedural reminders 

would reactivate the memory of Set 1 and return it to a temporary state of 

susceptibility. This would create an opportunity to modify the original memory with 

new information. All participants then learn Set 2, a novel set of 20 ordinary objects. 

Set 2 learning consists of objects being placed simultaneously on a table. Participants 

are asked to name each object out loud and study them for a short period of time.  

After each learning trial, participants are asked to recall as many objects as possible. 
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Criterion is identical to Session 1. In Session 3, 48-hours later, participants return to 

the context of Set 1 learning, and are asked to recall either Set 1 or Set 2. The one third 

remaining participants in the Interference Control condition participated in Sessions 1 

and 3 but not Session 2 (see Figure 1).  

Session 1 Session 2 Session 3 

 

Figure 1. Representation of the Hupbach et al. (2007) memory reconsolidation 

paradigm across three sessions.  

If reactivation of Set 1 is successful in the Full Reminder condition, then 

participants’ memories should be open to modification. The presence of 

reconsolidation and memory updating will be identified by the number of intrusions, 

defined as Set 2 objects misattributed to Set 1. Results of the original study using this 

paradigm are shown in Figure 2. 
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Figure 2. Adaptation of Figure 1 from Hupbach et al. (2007). This graph shows the 

intrusion of items from Set 2 into Set 1 memory for the various conditions.  

As can be seen, only subjects in the Full Reminder Condition attributed objects 

from the second set to the first set. Intrusions were only present when the original 

memory was reactivated (Hupbach et al., 2007). Subsequent studies from our lab 

demonstrated several boundary conditions of human episodic reconsolidation memory: 

(1) similar to animals, the effect is time dependent — modification of the Set 1 

memory is not immediately observed (Hupbach et al., 2007), (2) the effect is 

unidirectional in that intrusions are only seen as Set 2 objects attributed to Set 1, and 

not Set 1 objects attributed to Set 2 (Hupbach, Gomez, & Nadel, 2009), which means 

the effect cannot be explained in terms of source confusion, and (3) the effect is most 

reliably observed when subjects are returned for Set 2 learning to the same location as 

Set 1 learning (Hupbach, Hardt, Gomez, & Nadel, 2008).  Other potential reactivating 

agents, such as the experimenter and the procedural reminder question, were relatively 

ineffective (Hupbach, et al., 2008; Hubach, Gomez, Nadel, 2011).  
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Remaining reconsolidation questions 

Our previous research suggests that actual memory updating occurs after 

reactivation in the context of new, relevant, information.  Others argue that the 

unidirectional updating pattern present in Hupbach et al. (2007) is a function of 

retrieval demands due to context reinstatement (Sederberg, Gershman, Polyn, & 

Norman 2011). In so-called temporal context models (TCM), context is a recency 

weighted average of external and internal information, that drifts slowly across time. 

Information is bound to this drifting temporal-context, supporting the formation of 

episodic memory.  Importantly, prior temporal contexts can be triggered and 

reinstated, allowing for current information to be tagged to older contexts. Thus at 

recall, if a temporal context is reinstated, bound information will be recalled, whether 

it was present during the initial memory formation, or subsequent reinstatement.  This 

temporal context reinstatement theory stands in opposition to reconsolidation theory, 

which posits actual memory modification (Nader et al., 2000; Hupbach et al., 2007). 

My dissertation, composed of three projects presents evidence that memory alteration 

occurs at the time of reactivation, rather than at the point of retrieval, as proposed by 

TCM. 

Chapter 2 of my dissertation addresses this question by identifying the neural 

patterns present during reactivation of Set 1 and new learning of Set 2. We used a 

modified version of the Hupbach et al. (2007) paradigm and scanned participants 

during the second session of the experiment. We were most interested in the period of 

Set 1 reactivation and the new learning of Set 2. We investigated whether there were 

neural patterns that distinguished between subjects who showed memory updating 
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compared to those who did not. We also analyzed the neural activity during the new 

encoding of Set 2 for regions that might predict whether an individual object would be 

incorrectly attributed to Set 1, or remain correctly identified as a Set 2 object. 

Predictive neural activity at reactivation and new encoding would provide evidence 

that reconsolidation occurs at the time of reactivation and new encoding, rather than 

merely at retrieval.  

To add more evidence that reconsolidation occurs during reactivation and 

encoding, we investigated the kinds of newly presented material most likely to be 

misattributed to the reactivated memory. While a number of studies have identified 

conditions that promote reactivation of Set 1 memory, none have investigated whether 

the encoding condition of new material influences misattribution. If memory 

reactivation occurs simply by returning to the same context (Hupbach et al., 2007), 

then we must ask ourselves if previously consolidated memories are in a constant state 

of susceptibility to modification. Understanding the conditions determining memory 

updating is critical to recognizing the veridical limitations of our own memories and 

identifying opportunities to intervene, often for treatment purposes.  

As discussed in Chapter 3, I used a modified version of the original Hupbach et 

al. paradigm, to embed a directed-training manipulation within the learning of Set 2. 

This allowed me to investigate whether altering the new Set 2 encoding conditions, 

through intentional or incidental learning, would influence misattribution rates. 

Although TCM makes predictions for stronger or weaker encoding conditions across 

sessions, it does not make them within a single session. As such, I first investigated 

whether the directed training-reconsolidation integrated paradigm was successful by 
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analyzing the Set 2 correct and forgotten recognition rates (Set 2 objects attributed as 

new objects) by encoding type.  I then asked whether misattribution to Set 1 rates 

differed as a result of encoding type. Together, these analyses allowed me to 

investigate factors at encoding that determined which new information had the 

potential to be misattributed to an older memory.  

Lastly, I investigated whether reconsolidation is possible during sleep.  To 

date, reconsolidation research has solely investigated reactivation and reconsolidation 

in humans during wakefulness.  It is unclear whether targeted reactivation during sleep 

can induce a transiently plastic state in which a memory can be altered with new 

information.  This investigation could also offer evidence that reconsolidation is not 

merely a retrieval effect as predicted by TCM.  It seems highly unlikely that triggering 

specific memory details during sleep could reinstate a temporal-context of the learned 

information. As such, any changes made to the memory would be due to memory-

specific reactivation and presentation of new information.  I investigate this question 

in Chapter 4 using an object-learning paradigm to be described after first discussing 

the current state of targeted sleep reactivation research.  

Exciting new avenues for studying memory stabilization and consolidation 

were opened by Rasch, Buchel, Gias, and Born (2007), whose research demonstrated 

that reactivating learned material using odors during sleep induced strengthening of 

the targeted memory. Learning during sleep is not a new concept. Previous studies 

investigated whether learning during sleep was a promising avenue for enhancing 

learning of Morse code (Thurston, 1916), poor-habit sentences (LeShan, 1942), or 

three letter nonsense words (Elliot, 1947). Early reviews of this research were critical 



 17

of the research methodology and results calling them into question (Simon & 

Emmons, 1956).  Since Rasch and colleagues (2007) published their successful 

paradigm, there has been an explosion of sleep reactivation studies mainly using two 

methods to induce reactivation: sound and odor. In all these studies participants are 

administered a learning paradigm during wakefulness, during which the to-be learned 

information is paired with an odor or sound. At night, during slow wave sleep, the 

sound or odor is presented. After sleep, participants are administered recall or 

recognition tests to assess retention of the learned information. This technique has 

demonstrated successful strengthening of object-location associations (Rasch et al., 

2007; Rudoy, Voss, Westerberg, & Paller, 2009; Diekelmann, Buchel, Born, & Rasch, 

2011), word-location associations (Cox, Hofman, de Boer, & Talamini, 2014), novel 

tone-odor associations (Arzi, Shedlesky, Ben-Shaul, Nasser, Oksenberg…2012), 

procedural sequence tapping (Antony, Gobel, O’Hare, Reber, & Paller, 2012; 

Schonauer, Geisler, & Gais, 2014), and value-associated object (Oudiette, Antony, 

Creery, & Paller, 2013).  In addition to strengthening, TMR has been shown to 

expedite consolidation such that benefits of a longer period of sleep can be obtained in 

less time with reactivation  (Diekelmann, Biggel, Rasch, & Born, 2012). Interestingly, 

two studies have demonstrated reductions in memories through 1) de-coupling of fear-

conditioning (Hauner, Howard, Zelano, & Gottfried, 2013; Rolls, Makam, Kroeger, 

Colas, de Lecea, & Heller, 2013) and 2) reduction in social biases (Hu et al., 2015).  

Importantly, it has yet to be determined whether TMR can induce forgetting of an 

episodic memory.  
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Chapter 4 examines whether sleep reactivation can induce forgetting of an 

episodic memory trace. Inducing forgetting using TMR has likely application in 

psychological interventions for disorders that include episodic memory components.   

For this study, we trained participants on an auditory cue associated with forgetting. 

We then trained participants on a series of object-location-sound associations. We 

investigated whether reactivating a subset of objects with the forget cue during slow-

wave sleep induced memory-specific forgetting.  We show that TMR-forget is 

successful, providing further proof that memories can be reactivated and modified, 

regardless of the physiological state.  

I now summarize the methods and results of my three studies in greater detail. 

CHAPTER 2: 

SIMON, NADEL, GOMEZ, & SCALF (PUBLISHED) 

 

Summary 

As discussed in the introduction, memory reconsolidation has been extensively 

studied in animals and humans (Hupbach et al., 2007; Nadel, Hupbach, Gomez, & 

Newman-Smith, 2012; Nader, Schafe, LeDoux, 2000; Walker, Brakefield, Hobson, & 

Stickgold, 2003). It remains to be determined which brain regions are involved in (1) 

reactivating a consolidated memory and (2) encoding new information that has the 

potential to be misattributed to a reactivated memory. To date, only one study has 

investigated the neural correlates of memory reconsolidation. Using a similar object-

learning memory reconsolidation paradigm, Gershman, Schapiro, Hupbach, and 

Norman (2013) demonstrated that the state of the brain, prior to the learning of a Set 2 

object, influenced its likelihood of subsequent identification. If the brain state 



 19

mimicked the context of Set 1 learning, then the newly presented object would become 

attributed to Set 1; if not, it would later be correctly recognized as part of Set 2. Our 

study seeks to extend these previous findings by investigating (1) the neural activation 

patterns during memory reactivation that predict whether a memory will be susceptible 

to updating and  (2) the neural activation encoding patterns that predict which Set 2 

objects will be misattributed to Set 1 or remain correctly identified as Set 2 objects.  

To investigate these questions, we used a computer-modified version of our 

reconsolidation paradigm described in the introduction. Here, participants learned two 

sets of objects, each paired with their associated sound (e.g. participants saw a referee 

whistle and heard it blowing). This paradigm modification created the opportunity to 

reactivate the Set 1 context using the object sounds (inter-item context), rather than the 

same physical context (as used in Hupbach et al., 2007; 2009). Similar to the original 

studies, the first and last sessions took place in the same context, whereas the second 

session was run in the scanner. We used a slow-event related design to capture the 

brain’s state during the reactivation of Set 1 and the encoding of the Set 2 objects. We 

expected differences in the neural activity of Set 2 objects that would subsequently be 

correctly recognized as Set 2 or misattributed as Set 1. 

To analyze the reactivation data, we split participants by their intrusion rate. 

We defined the cut-off using the mean intrusion rates identified in Hupbach et al. 

(2007) where in the No-Reminder condition intrusions were on average no greater 

than 15%. The two groups created were High Intruders who misidentified 20% or 

more Set 2 objects as Set 1 and Low Intruders who misidentified Set 2 objects at a rate 

of 15% or less (see Figure 3).  
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Figure 3. Individual subjects’ Set 2 data, separated into the High and Low Intrusion 

groups used for analysis of fMRI data during reactivation. 

For our first analysis, we compared the neural activity between these two 

groups during the reactivation phase. Low Intruders showed increased activation in the 

right hippocampus, left auditory cortex, and right insula. We suspect this brain activity 

reflects a more faithful, detailed retrieval of the Set 1 memory, leading to a reduced 

likelihood of updating. In the relative absence of this neural activity, we found greater 

rates of updating. Low Intruders also showed increased connectivity between the right 

hippocampus, left PPC, and left inferior temporal gyrus. These results are consistent 

with Hupbach (2015) who demonstrated that more detailed reactivation of Set 1 by 

way of recalling the objects led to diminished rates of updating as compared to more 

indirect reactivation methods.  
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For our second analysis we investigated the neural patterns during encoding of 

individual Set 2 objects. We found that increased activation in the right temporal-

parietal junction (TPJ) during the encoding of an individual Set 2 object was 

associated with subsequent correct recognition. We also found that for objects that 

were subsequently correctly recognized, there was increased connectivity between the 

TPJ, the lateral occipital cortex (LOC) and inferior temporal gyrus (IT).   

Our study identifies the underlying neural patterns that ultimately decide the 

fate of a memory—whether it is likely to be altered or not—and that of individual 

objects. In contrast to the TCM position that reconsolidation results emerge at the 

point of retrieval, our results show that the greater the detail retrieved during 

reactivation of a specific memory, the less likely it will be modified. Additionally, the 

more attention directed towards encoding new information, the more likely it is to be 

remembered correctly. In conjunction, these two analyses provide evidence that 

changes to the old memory are made at the time of reactivation and new encoding. In 

conclusion, this study shows the dynamic relationship between reactivation conditions, 

attention to detail, and memory updating. 

Contributions 

 As the first author of this paper, my contributions have been substantial. For 

this study, I initially developed and piloted the computerized version of the 

reconsolidation paradigm, tested all scanning participants, and analyzed the functional 

data with assistance from Dr. Paige Scalf. Lastly, I wrote the first draft of the 

manuscript. 
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CHAPTER 3: 

SIMON, GOMEZ & NADEL (IN PREPARATION) 

Summary As discussed in the introduction, the conditions of memory reactivation 

have been extensively studied. Little attention has been paid to the factors that 

influence the likelihood of new information being incorporated into the reactivated 

memory.  

My study seeks to extend previous reconsolidation findings by investigating 

whether the encoding conditions of new information determine the likelihood that an 

object will be misattributed to a reactivated memory. To address this question, I 

incorporated a directed-training manipulation into our typical memory reconsolidation 

paradigm. Directed-training during Set 2 allowed us to create within-subject encoding 

differences between the objects. Participants were instructed to intentionally learn 

some of the objects (Targeted objects), identified by a blue-border, while incidentally 

learning others (Non-targeted objects), creating two types of memories. This allowed 

me to determine whether the degree of encoding type which objects would be 

incorporated into the reactivated memory.  

Aside from the directed-training manipulation, the reconsolidation paradigm 

remained the same as that of Hupbach et al. (2007) except that we used a computer-

modified version. In Session 1, participants learned a set of 20 objects. These objects 

were paired with their associated sounds (e.g. participants saw a referee whistle and 

heard it blowing). In Session 2, participants were randomly assigned to either a Full, or 

No Reminder Condition. In the Full Reminder condition, participants were brought 

back to the same room, with the same experimenter, and heard 10 of the Set 1 sounds 
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to reactivate that memory to its fullest. In contrast, in the No Reminder condition, 

participants returned to a different room, had a new experimenter, and did not hear the 

Set 1 sounds. All participants then learned Set 2, composed of 28 objects. Half of these 

objects were surrounded by a blue-border (Targeted objects) with instructions to 

remember and the others were not (Non-targeted objects). This allowed for intentional 

encoding of the Targeted objects, but only incidental learning of the Non-targeted 

objects.  In Session 3, participants were administered a recognition test for all Set 1, 

Set 2, and 20 novel objects.  

We predicted that if the directed-training manipulation was successful, 

participants should correctly recognize more Targeted objects than Non-targeted 

objects and concurrently, identify more Non-targeted objects as novel. Second, if the 

encoding strength influences subsequent memory identification, then we should see 

different misattribution patterns between the object types. For intentionally encoded 

Targeted objects, we expected to see intrusions in the Full Reminder condition but not 

in the No Reminder condition, paralleling previous findings of typical intrusion 

patterns (Hupbach et al., 2007). For incidentally encoded Non-targeted objects, we 

expected low rates of misattribution to Set 1.  

Our Set 2 dependent measures can be broken into three categories, correct 

recognition, recognized as new, and misattributions. The first two analyses allow us to 

assess whether the directed forgetting manipulation was successful and whether there 

were recognition differences due to intentional or incidental learning.  A mixed 

ANOVA with a between subject factor of Condition (Full Reminder and No 

Reminder) and a within subject factor of Object Type (Targeted and Non-targeted 
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objects) for correct recognition resulted in a main effect of object type (F(1,72) = 

71.278, p < .001) and an interaction of object type by condition (F(1,72) = 6.006, p = 

.017). Participants correctly recognized more Targeted than Non-targeted objects (see 

Figure 4).  

 

Figure 4. Correct recognition of the Targeted and Non-targeted objects are displayed. 

In both conditions, participants remembered more Targeted than Non-targeted objects.  

Second, a mixed ANOVA with a between-subject factor of Condition (Full and 

No Reminder) and a within-subject factor of Object Type (Targeted and Non-targeted) 

on Set 2 objects recognized as being new (never seen before) resulted in a significant 

main effect of Object Type (F (1,72) = 106.557, p < .001). Participants were more 

likely to identify the Non-targeted than Targeted objects as new (see Figure 5). 

 

0

10

20

30

40

50

60

70

80

90

100

Full Reminder No Reminder

P
e

rc
e

n
t 

R
e

c
o

g
n

iz
e

d

Target Objects

Non-Target Objects



 25

 

 Figure 5. Identification of Set 2 objects (Targeted and Non-targeted) as new 

Taken together, these findings show that our directed training manipulation 

was successful. By administering different training instructions to promote intentional 

or incidental learning, we created two distinct groups of learning in Session 2.  As a 

result, we further analyzed the differences in intrusion rates between the two object 

types.  

A mixed ANOVA with a between subject factor of Condition (Full and No 

Reminder) and a within subject factor of Object Type (Targeted and Non-targeted) 

resulted in a significant interaction of condition by object type (F(1,72) = 6.267, p = 

.015) (see Figure 6). We conducted follow up t-tests on the rates of misattribution to 

Set 1. In the Full Reminder condition, there was no significant difference between 

Targeted and Non-targeted objects misattributed to Set 1 (t(38) = .819, p = .418). 

However, in the No Reminder condition, there were significantly more Non-targeted 

than Targeted objects recognized as Set 1 (t(34) = -2.992,  p = .005). There was a trend 

towards misattributing Targeted objects to Set 1 more in the Full Reminder than the 

No-Reminder condition (F(1, 72) = 3.637, p = .061) but there were no significant 

differences in misattribution rates for the Non-targeted objects between conditions 

-20

0

20

40

60

80

100

Full Reminder No Reminder

P
e

rc
e

n
t 

R
e

c
o

g
n

iz
e

d

Target Objects

Non-Target Objects



 26

(F(1, 72) = .690, p = .409).  When we analyzed within encoding condition, we found 

that Targeted objects were identified as belonging to Set 1 significantly more often 

than were New objects (Full Reminder (t(38) = 6.209, p < .001; No Reminder (t(34) = 

3.668, p = .001), whereas there were no significant differences for Non-targeted 

objects (Full Reminder (t(38) = -1.702, p = .291; No Reminder (t(34) = -1.438, p = 

.16)). 

  

 

Figure 6. Misattribution rates for Targeted and Non-targeted objects recognized as Set 

1.  

Taken together, these results point to an additional boundary condition that 

influences memory updating: strength of encoding. First, the directed-training 

manipulation embedded into Session 2 was successful; in both conditions, participants 

correctly recognized significantly more Targeted than Non-targeted objects and forgot 

more Non-targeted than Targeted objects. Second, intrusion rates differed as a result of 

encoding type. Numerically, Targeted objects were misattributed to Set 1 in the Full 

Reminder but not the No-Reminder condition, converging with previous 
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reconsolidation findings (Hupbach et al., 007, 2009). This pattern was in contrast to 

Non-targeted objects that were ‘misattributed’ regardless the condition. Likely, this 

misjudgment was the result of weak item-context binding due to incidental encoding. 

As such, we refer to the Non-targeted objects misattributed to Set 1 as source errors 

instead of intrusions a pattern that differs from the specific updating effect we observe 

in our prior studies of reconsolidation. This finding adds to the existing literature by 

strengthening our understanding of the factors that contribute to memory alteration at 

the time of new encoding. Again, in contrast to the notion that reconsolidation occurs 

at the time of retrieval, we show that only in conditions where new learning is encoded 

strongly enough can that link new information to a reactivated memory.  

Contributions 

 As the first author of this project, my contributions have been substantial. For 

this study, I initially developed and piloted the computerized version of the memory 

reconsolidation-directed training paradigm. I supervised undergraduate research 

assistants testing or tested participants myself and analyzed all the data. Lastly, I wrote 

the first draft of the manuscript.  

CHAPTER 4: 

SIMON, GOMEZ, & NADEL (IN PREPARATION) 

Summary 

As discussed in the introduction, targeting memories during sleep using sounds 

or odors has been shown to strengthen the specific reactivated details. Two studies 

have also used this technique to reduce conditioned fear response (Hauner et al., 2013; 

Rolls et al., 2013) and implicit social biases (Hu et al., 2015). No one has investigated 
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whether targeted memory reactivation can induce forgetting of episodic memories a 

type of memory that plays a role in some clinical disorders such as PTSD. I investigate 

this question here. 

For this study, I administered two tasks: a modified directed paradigm 

forgetting to induce a forget cue and an object-location-sound association learning 

paradigm. The purpose of paradigm was to teach participants to associate forgetting 

with an auditory tone. In this task, we presented participants with 46 words, half of 

which were followed by the auditory cue with the instruction to forget (see Figure 7 

for learning schematic). We then taught participants 28 novel object-location 

associations. Each object was paired with its typically associated sound, for example 

participants saw a phone and heard it ringing. All objects were presented in one of four 

quadrants. Each participant was administered four learning blocks with an immediate 

recall test in between. As such, participants had the opportunity to recall each object 

from 0 to 4 times giving us a measure of learning strength for each object. We chose 5 

of the learned objects to be reactivated and 5 others of comparable learning strength 

and location to serve as controls (see Figure 7 for learning schematic).   
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Figure 7. Schematic of the learning for (A) Directed-Forgetting and (B) Object-

Location learning. The directed-forgetting training was our method of teaching 

participants to associate forgetting with the auditory cue. 

That night, during the first period of slow-wave sleep, we reactivated the object 

sounds pairing them with the forget tone. We played each object-forget cue pairing 20 

times. Seven days later, participants returned for testing. Testing included an initial 

free recall of all the objects, a spatial-location assessment, and a directed-forgetting 

word recognition test.  

Please recall 
as many non-

tone words as 
you can 

loyalty 

mother 

abode 

square 

A. Directed Forgetting Learning    

Please recall 

as many 

objects and 
their locations 

as you can 

Ring Ring 

B. Object- Location Learning    

Click Click 

Whirr Whirr 

Chomp Chomp 

Forget Cue ♪ 

Forget Cue ♪ 

♪ 

♪ 

♪ 

♪ 
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See Figure 8 for graphs. At recall test, participants recalled significantly fewer 

reactivated (TMR) than control (C) objects [MC = .597, SD = .235, MTMR = .422, 

SD = .215, F(1,17) = -13.557, p = .002, Cohen’s d = 1.23)]. Of the objects recalled, we 

investigated whether initial learning strength influenced retention. Participants recalled 

significantly more control than reactivated objects at both 50 and 75% learning 

strengths (p’s ≤ .041). In the spatial location test, participants showed no significant 

differences between correct location assignment of the two object types. However, we 

analyzed objects within recall category based on the assumption that effective TMR 

must couple the reactivation cue with a specific point on the slow-wave oscillation to 

impact the memory (Batterink, Creery, & Paller, 2016). For reactivated objects, 

participants were less accurate at locating the not-recalled objects (MNR) than the 

recalled objects (MR) [MNR = .9, SD = .185, MR = 1.0, SD = 0; (t(15) = -2.132 p = 

.05, Cohen’s d = .764)]. Participants’ confidence in their location assessment were also 

lower for the not-recalled objects [MNR = 4.04, SD = .53, MR = 4.83, SD = .235; 

(t(15) = -5.558 p >.001, Cohen’s d = 1.983)].  In contrast, we did not find this 

difference in control objects. Although participants’ confidence in their answers was 

lower for not-recalled objects ([MNR = 4.11, SD = .828, MR = 4.72, SD = .378; (t(17) 

= 2.688 p = .016 , Cohen’s d = 1.088)], they were not less accurate in their location 

assignment [MNR = .93, SD = .176, MR = .986, SD = .05; (t(17) = 1.229 p = .236, 

Cohen’s d = .449).  
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Figure 8. A. Object Recall test. Participants recalled significantly fewer reactivated objects 

than control objects. B. Object Recall by learning strength. Participants recalled significantly 

more control than reactivated objects at both learning strengths. C. Spatial-Location Test. 

Participants were less accurate at identifying the correct location for reactivated objects not 

recalled, but not for control objects. D. Spatial-Location Test, Confidence Scores. Participants 

were less confident in their identification of spatial location for objects if not recalled 

regardless of overnight manipulation. 

 In summary, we found that TMR can successfully be administered to induce 

forgetting of object memories and their details. These exciting findings are proof of 

concept that TMR could provide the basis for potential novel therapeutic treatments 

for psychological disorders that involve memory components.  
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Contributions 

 As the first author of this project, my contributions are substantial. For this 

study, I created the directed forgetting and object computerized paradigms. I 

administered the memory paradigms (directed forgetting and object-locations) and 

polysomnography for every participant. For each participant, I monitored and scored 

their sleep stages ‘online’ until slow waves were present. At that point, I administered 

the sound reactivation. I also supervised every undergraduate research assistants who 

assisted me on this study, including training each to administer polysomnography and 

identify sleep waves. Lastly, I wrote the first draft of the manuscript.  

CHAPTER 5: 

LINKAGE OF INCLUDED PAPERS 

As previously discussed, reconsolidation theory argues that consolidated 

memories can be reactivated and returned to a transiently plastic state, at which time 

interventions can modify the memory (Nader et al., 2000; Hupbach et al., 2007, 2008, 

2009, 2011, 2015; Walker et al., 2003). Together, my three dissertation papers 

contribute to the effort of increasing our understanding of the underlying mechanisms 

that support reconsolidation.  

The findings discussed in this dissertation do not support the notion that 

memory reconsolidation is solely the result of retrieval demands. This notion argues 

that rather than directly modifying the original, reactivated, memory, the human 

reconsolidation effect can be explained as a function of binding current information to 

an evolving temporal context (Howard & Kahana, 2002; Hsieh, Gruber, Jenkins, & 

Ranganath, 2014). This binding of information to a temporal-context supports the 
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stabilization of distinct memories. After formation, a temporal context can be 

triggered, creating the opportunity to bind newly-presented information. Thus at times 

of test, items bound to the temporal context at the initial memory formation and those 

bound at a subsequent reactivation of the temporal context can be recalled.  

Prior research by Sederberg and colleagues  (2011) suggested that TCM could 

account for the Hupbach et al. (2007) reconsolidation findings of unidirectional 

updating. Their model represented learned information at two levels, item and context. 

The item level was composed of the specific objects, the learning environment, session 

procedure, experimenter, internal context (i.e. psychological state, hunger, thirst). The 

context level globally averaged each distinct piece of information at the item level, and 

involved a slow drift across time. Association matrices bound the information between 

the levels leading to item-temporal context connections.  

Per TCM, at Session 1 learning, information is encoded and bound between the 

Item Level A (Set 1) and the Context level (Context A). At Session 2, so called 

‘reactivation’ triggers the reinstatement of Context A. As such, when participants are 

presented with the new Set 2 information, it becomes bound to either Context A or 

Context B (the Session 2 context). This results in the Set 2 information having the 

potential to be bound to either the wrong, reinstated Context A, or current Context B. 

In neither case is the Set 1 memory modified. That is, there is no ‘updating’ of the Set 

1 memory, rather just objects inappropriately bound to the old temporal-context. Later, 

when subjects are asked to recall the Set 1 objects, Context A is reinstated which has 

bound Set 1 and Set 2 objects. This leads to the recall of both the Set 1 and Set 2 

objects. On the other hand, when attempting to retrieve Set 2 objects, only Context B 
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is reinstated leading to the recall of only Set 2 objects. As such, temporal-context 

models are an alternative explanation of the unidirectional updating effects, resulting 

in a reflection of retrieval not reactivation and encoding.   

Although temporal-context models have received support from 

electrophysiological and neuroimaging studies (Howard, Viskontas, Shkanar, & Fried, 

2012; Hsieh et al., 2014; Manning, Polyn, Baltuch, Litt & Kahana, 2011; Miller et al., 

2013), the model is limited in its application to reconsolidation. The body of work 

presented here emphasizes the critical time point of reactivation and new encoding in 

reconsolidation. Regarding the period of reactivation, in Chapter 2, I demonstrated the 

predictive nature of neural activation patterns during reactivation of old memories and 

encoding of new memories. Those with greater activation in temporal and parietal 

brain regions, previously identified as important for memory encoding and retrieval 

(Shimamura, 2014), had lower rates of memory alteration. In contrast, those with less 

activation showed higher rates of modification, suggesting that the degree to which 

memories are reactivated influences subsequent modification. That a stronger, more 

faithful reactivation of an old memory reduces the potential of misattributing new 

information converges with the finding reported by Hupbach (2015) who showed that 

explicitly recalling the Set 1 objects as the reactivation cue minimized rather than 

enhanced misattribution of Set 2 objects to Set 1 (Hupbach, 2015). This reactivation 

finding is in opposition to TCM’s prediction that the temporal context is reinstated by 

recalling the old memory at which point the new information can be linked to the old. 

More likely, when a memory is reactivated strongly, the present experience is seen as 
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more distinct from the past, leading to a higher likelihood to separate rather than 

integrate the episodes.  

 

Regarding the period of new encoding, in Chapter 3, I investigated how the 

conditions of new encoding influenced subsequent misattribution to an old memory. I 

manipulated the encoding of the new information, such that objects could be learned 

intentionally or incidentally. I showed that intentional learning had the opportunity to 

become incorporated into old memories but incidentally learned information did not. 

Likely, the incidental new encoding led to weaker object encoding that reduced 

context-item binding, likely minimizing the potential that a specific object could 

become attributed to the older memory. These findings that the strength of neural 

activation during reactivation and encoding predicts the likelihood of memory 

modification converges with previously identified findings at the cellular level and 

human level (Hupbach, 2015; Wang, Alvares, & Nader, 2009; Wichert, Wolfe, & 

Schwabe 2013). Together these papers provide support that reconsolidation occurs at 

the reactivation and encoding stage as opposed to the retrieval stage.  

In Chapter 4, I incorporated both reactivation and encoding manipulations that 

led to subsequent modification of a memory during sleep. Research has already 

demonstrated that TMR during sleep is not only possible but also leads to subsequent 

strengthening (e.g. Rasch et al., 2007; Rudoy, Voss, Westerberg, & Paller, 2009; 

Diekelmann, Buchel, Born, & Rasch, 2011). I showed that pairing TMR with a learned 

forget cue results in a poorer and less detailed memory. Our finding, in tandem with 

the existing TMR literature showing that reactivation of memories during sleep has 
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direct effects on subsequent memory strength, provides additional evidence that a 

memory can be modified at the time of reactivation and encoding.  

Together, these findings provide new information to previous reconsolidation 

findings. The three papers presented in this dissertation provide evidence that memory 

modification, in part, occurs at the time of reactivation, when the memory is returned 

to a state of susceptibility and new information is presented. The first paper 

demonstrated how neural activation patterns at the point of reactivation and new 

encoding affect reconsolidation, whereas the second showed that encoding conditions 

influence misattribution rates. Lastly, in the third paper, I show that reactivation and 

memory modification can occur during sleep, not solely during wakefulness providing 

further evidence that reconsolidation stems from experience at the time of memory 

reactivation. 
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Abstract 

The neural basis of memory reconsolidation remains unclear. Our previous 

behavioral work showed that reactivating the memory of a set of objects (SET 1) 

followed by learning a new set (SET 2) caused some SET 2 objects to be attributed to 

SET 1. Here, we used fMRI to investigate neural patterns associated with reactivating 

an existing memory while encoding novel information. We expected the degree of 

reactivation of SET 1 memory to influence its modifiability by new information, and 

to see neural activations during encoding of new information predictive of subsequent 

correct or incorrect performance on a recognition test . At Session 1, participants 

learned 20 Set 1 objects with associated sounds (e.g. an image of a train and a whistle 

sound). At Session 2, we reactivated this Set 1 memory by playing half the learned 

sounds. Participants then learned 20 Set 2 objects. At Session 3, we tested participants’ 

memories of the two Sets using a recognition test. Subjects showed high rates of Set 1 

correct recognition. Some (but not all) subjects showed substantial rates of incorrectly 

attributing Set 2 objects to Set 1 (intrusions). Comprising separate groups of High and 

Low Intruders, we found that neural activity in right hippocampus, left auditory cortex, 

and right insula was inversely related to memory modification rates. Greater activation 

in these areas was associated with lower rates of intrusion, suggesting that the more 

faithfully a memory is reactivated, the less likely it will be modified. We also found 

greater activation in the right temporo-parietal junction for Set 2 objects subsequently 

correctly recognized compared to those attributed to Set 1 memory, suggesting that an 

object’s fate is linked to the specificity of its encoding. Our findings highlight the 
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dynamic nature of memory consolidation and reconsolidation, identifying regions 

critical to memory reactivation and updating.  

Introduction 

That long-term memories can be altered by subsequent experience is now well 

established in work with both animal models and humans (Hupbach, Hardt, Gomez, & 

Nadel, 2007; Nadel, Hupbach, Gomez, & Newman-Smith, 2012; Nader, Schafe, 

LeDoux, 2000; Walker, Brakefield, Hobson, & Stickgold, 2003). The rules governing 

these alterations are not well understood.  For example, when current experience 

evokes a memory from a related circumstance in the past, what determines whether the 

current experience will be integrated into, and thereby change, the older, reactivated, 

memory or instead form the basis of an entirely separate one, leaving the older 

memory intact?  The experiment described below investigates the neural substrates of 

this choice. 

We recently developed a paradigm for studying the reconsolidation of human 

episodic memory (Hupbach et al., 2007).  Participants first learned a set of real, 

everyday objects. They returned to learn a second set of objects 48 hours later.  We 

varied the extent to which the memory of the first set of objects was reactivated prior 

to learning the second set of objects through manipulations of the environment in 

which participants encountered the second set. Some participants came back to the 

same room, with the same experimenter, and received a procedural reminder question, 

circumstances that were likely to “reactivate” the Set 1 memory.  Other participants 

went to a new room, with a new experimenter, and did not receive the procedural 

reminder question, conditions that should not favor reactivation of the Set 1 memory.  
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Two days later, we assessed participants’ Set 1 memory to determine whether or not it 

had been altered (strengthened, weakened or modified) by reactivation and/or contact 

with the Set 2 objects.  Reactivating the Set 1 memory prior to learning the Set 2 

objects resulted in the apparent “intrusion” of some objects from Set 2 into the 

memory of Set 1. Those participants who were not reminded of Set 1 showed no such 

alteration to their memory for this set. In this, and subsequent studies, (Hupbach et al., 

2008, 2009, 2011), we showed that physical context can play a critical role in 

reactivating memories, rendering them vulnerable to change (Hupbach et al., 2008, 

2011).   

Our prior work lays the basis for understanding some of the behavioral features 

of human episodic memory updating. What is its neural substrate? When the memory 

of a prior episode is reactivated in the context of a new, somewhat similar, set of 

events, the brain is faced with a fundamental decision: should these two—the old 

reactivated memory and the new “about to be” memory -- be integrated or segregated? 

The brain’s ability to detect environmental and contextual change – how similar or 

different are the old and the new events—seems to influence this choice (Exton-

McGuinness, Lee, & Reichelt, 2015; Hupbach et al., 2007; Hupbach et al., 2009). If 

there is a large difference between the reactivated memory and current events or 

spatial context, the representations of these two are kept distinct from one another 

through a process of “pattern separation”.  If the difference is small, the prior memory 

and the current events are assumed to be essentially the same, and their representations 

will “pattern complete”. Pattern separation and pattern completion are ubiquitous and 

complementary functions of most brain systems (cf., Nadel & Peterson, 2013). Across 
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these systems, “pattern separation” is linked to the formation of individuated 

representations, while “pattern completion” is linked instead to the activation of a 

single representation. Within our paradigm, pattern separation should lead to a distinct 

memory trace, separated from the reactivated memory, while pattern completion 

should cause present material (Set 2 objects) to be integrated into the reactivated 

memory of Set 1. 

In order to study brain dynamics underlying these memory phenomena we 

modified our standard reconsolidation paradigm to use computerized rather than real 

objects, each paired with their associated sound (e.g. participants saw an image of a 

train and heard a train whistle). This made it possible to run portions of the study in an 

MRI scanner.  In our previous work, reactivation depended on reinstating the actual 

physical context. Here we used object-sounds as contextual reminders within the 

learning episode. This allowed us to reactivate Set 1 memory in a new physical context 

(the scanner) by playing some of the learned sounds. 

Our paradigm also allowed us to observe brain activity specific to the apparent 

addition of Set 2 objects to Set 1 memory.  We used a slow-event related design to 

capture the brain’s state as it encoded individual Set 2 objects. We looked for 

differences in the neural activity observed during encoding of objects that were 

subsequently added to the first set as compared to those that were not.  A recent 

imaging study, using a similar methodology of object learning across sessions, 

demonstrated that the extent to which the Set 1 ‘context’ is "reactivated" immediately 

prior to encoding of an individual Set 2 object predicts the likelihood that that object 

would be added to the Set 1 memory (Gershman, Schapiro, Hupbach, & Norman, 
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2013).  Our paradigm seeks to complement these findings by investigating patterns of 

neural activity during Set 1 reactivation that promote pattern completion rather than 

separation between Set 1 and Set 2 memories. We expect the degree of Set 1 

reactivation to be a deciding factor in choosing pattern completion or separation We 

also will be able to explore patterns of activation during Set 2 object encoding that 

"predict" whether or not a particular object will be added to Set 1 memory. 

Materials and Methods 

Participants 

We recruited a total of 14 students (7 female) from the University of Arizona 

to participate in this study, as approved by the Institutional Review Board of Arizona. 

All but one of the participants were right-handed, had normal or corrected-to-normal 

visual acuity, and had no past or current psychological or medical disorders. Prior to 

participation, we administered oral and written consent. We paid participants for their 

time. We eliminated three participants due to movement artifact or falling asleep 

during the scanning session. The final analysis includes data from 11 participants.  

Stimuli 

 The experimental stimuli consisted of 60 common objects and the sounds 

typically associated with them (see Table 1).  

 

 

 

 

 



 48

 

 

 

 

 

   Set 1    Set 2   Novel Objects 

 Apple 

Airplane 

Alarm clock 

Arrow 

Car 

Coins 

Cymbals 

Door 

Drum 

Fan 

Frying Pan 

Hands 

Leaf Blower 

Matchstick 

Saw 

Smoke Detector  

Sprinkler 

Teakettle 

Toilet 

Zipper 

 

 

 

 

 

 

 

 

Ball 

Bell 

Blow Dryer 

Camera 

Cork 

Doorbell 

Drill 

Flute 

Golf club 

Hairspray 

Hammer 

Phone 

Shoe 

Soda 

Train 

Typewriter 

Vacuum 

Whip 

Whistle 

Window 

Ambulance 

Balloon 

Bicycle 

Calculator 

Cellphone 

Chimes 

Crayon 

Dice 

Eraser 

Gong 

Key 

Noisemaker 

Nutcracker 

Pot 

Scissors 

Spring 

Stapler 

Tissues 

Toothbrush 

Washing Machine 

Table 1. Sets of objects presented at Session1, Session 2, and Novel Objects in the 

recognition test. 

 

 Pictures of all objects were presented in 2-D, in the center of a computer screen 

on a white background. Participants also performed two ‘distractor tasks’, in which 
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they counted varying numbers of grey birds on a light blue background.or watched a 

short clip of a nature video of United States National Parks. 

Procedure 

Using an object-learning paradigm modified from Hupbach, Gomez, Hardt, 

and Nadel (2007), participants participated in 3 sessions each separated by 48 hours. 

Stimuli at each session were presented using EPrime 2.0 software on Windows XP 

(Psychological Tools, Pittsburgh, PA).  

At Session 1 (encoding), held in the psychology department, we taught 

participants Set 1, which consisted of 20 common objects paired with their typically 

associated sounds. For example, participants viewed a picture of a drum while 

simultaneously hearing the sound of drumming. Set 1 objects were each presented in 

“learning blocks”. During a given learning block, two randomly generated pairs of Set 

1 objects (e.g. drum and matchstick) appeared on the computer screen.  The participant 

chose which object s/he would like to see and hear first (e.g. the drum). The object 

then appeared in isolation with an associated sound for 5 seconds (e.g. participants saw 

the drum and heard drumming). The object pair would then return to the screen at 

which time the subject chose the alternate object to see and hear in isolation (e.g. the 

matchstick and the sound of a match lighting).  

Three blocks of learning occurred. Within each block, each Set 1 object was 

presented once and only once. New pairings of Set 1 objects were used (e.g. coins and 

sprinkler) across blocks.  Across each of the three learning blocks, the pairings were 

randomized without replacement (see Figure 1 for an example sequence).  
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Figure 1. Set 1 Learning Paradigm 

To minimize mental rehearsal between the learning blocks, participants 

engaged in the distractor task, consisting of a series of slides in which they were to 

count the birds on the screen. At the end of the learning session, we administered a 

one-time recall test to assess participants’ memory of Set 1, ‘please recall as many of 

the objects as you can’. At the end of each session, we instructed participants to speak, 

write, or ruminate about the study procedure or objects.  

Participants returned 48 hours later for Session 2, the scanning portion of the 

study, held at the University Medical Center.  We attempted to reactivate Set 1 

memory at the beginning of each scanning session.  We gave participants visual 

instructions to “Please listen to the following sounds”. Participants listened to 10 

sounds from the Set 1 object-sound associations. These sounds were presented once 

through headphones (Resonance Technologies) in a 28-second period with intervals of 
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1 second of silence occurring between each sound. Sound order was randomized 

across participants. 

The Set 2 learning phase began immediately after the sound reactivation phase. 

We taught participants 20 objects from Set 2 (see Table 1). Objects in Sets 1 and 2 

were distinct, with no physical or conceptual overlap. Set 2 objects occurred in each of 

3 blocks; each Set 2 object appeared once and only once, in a random order, during 

each series. Objects occurred in isolation for 5 seconds followed by a 10 second inter-

stimulus interval (see Figure 2 for an example learning sequence). In between learning 

trials, we presented participants a nature movie of United States National Parks to 

minimize mental rehearsal. After scanning, we administered a one-time recall test to 

assess participants’ memory of Set 2. As after Set 1 learning session, we again 

instructed participants to not to speak, write, or ruminate about the study procedure or 

objects.   

At Session 3, 48-hours later, participants returned to the location used during 

the learning of Set 1 (a particular room in the Psychology building). Participants took a 

recognition test, comprised of the Set 1 and Set 2 objects along with 20 objects not 

seen in the previous sessions. Objects were randomly presented on the computer 

screen without accompanying sounds, with directions to identify if the object was 

learned at Session 1, Session 2, or had never been seen before. After the recognition 

test, participants filled out a debriefing questionnaire to determine whether they 

followed instructions to refrain from speaking, writing, or ruminating about the 

procedure or objects. 
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Data acquisition and analysis 

We acquired the fMRI data using a 3.0T Sigma  whole-body scanner (Sigma 

Echo Speed; General Electric, Milwaukee, WI) with a  four-channel phased array head 

coil. We used a single-shot spiral in-out pulse sequence (TR = 2, TE = 25ms, flip angle 

= 90o, 64x64 matrix, thickness = 5mm, gap =1mm, FOV = 120 x 120) to obtain 

functional images consisting of 30 ascending coronal slices. We collected 160 

repetitions for reactivation and learning block 1 and 154 repetitions for learning blocks 

2 and 3. We administered two additional scans, a T2 weighted structural scan in plane 

with EPI images and an SPGR (1mm isotrophic) to assist in registering the EPI images 

to anatomical space.  

We analyzed the functional data using FMRIB (Oxford University Centre for 

Functional MRI of the Brain) Software Library (FSL). Images were reconstructed 

offline, underwent brain extraction, were registered to standard space, had spatial 

smoothing  (8mm), high pass filtering (sigma = 50 seconds), and low-pass filtering 

(sigma =2 seconds).  

Set 2 objects that were correctly identified during Session 3 testing were 

termed “correct recall” (CR). Set 2 objects incorrectly attributed to Set 1 were termed 

intrusions, and served as markers that indicated set 1 memory updating. 

Individual subject analysis procedures. All data were submitted to GLM 

analysis using FEAT (FMRI Expert Analysis Tool) v 5.98 [FSL 4.1.9; (Smith et al., 

2004; Woolrich et al., 2001)]. 

 Reactivation analysis. We analyzed the 28 seconds of scanning during set 1 

reactivation (performed at the beginning of the first functional scan) separately from 
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the other data, subjecting these scans to GLM using a single regressor -- “sound on”. 

We convolved this regressor with a double-gamma model of the HRF (Phase 0s). 

Encoding analysis. The remaining data from scan one, and the data from scans 

two and three were separately submitted to GLM, using the factors “CR” and 

“Intrusions” as regressors of interest. All regressors were convolved with a double-

gamma model of the HRF (Phase 0s).  We also calculated contrast parameter estimates 

for Intrusion trials relative to CR trials. 

The resulting statistical maps for each parameter estimate and contrast 

parameter estimate were registered into the participant’s individual anatomical space 

and into standard space using FMRIB's Linear Image Registration Tool (FLIRT; 

Jenkinson et al., 2002).  

Higher-level group analysis procedures. The statistical maps for each 

contrast parameter estimate of interest were fed into separate ordinary least-squares 

group analyses by FMRIB's Local Analysis of Mixed Effects (FLAME). 

Reactivation analysis. Based on the Session 3 recognition data we separated 

participants into two groups.  High Intruders were those with a high rate of attributing 

Set 2 objects to Set 1.  Each subject in this group had a rate of at least 20% (four or 

more of the twenty objects from Set 2) being improperly recognized as part of Set 1; N 

= 6). The remaining participants formed the Low Intruders group (N = 5). (See the 

behavioral data section below for more information about participant performance). 

We then identified above baseline-activation across groups  (Z> 2.7) and compared 

this activation between groups. 
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Encoding analysis. Functional data from the eight participants who showed 

any level of memory updating were used to look for differences in the neural 

signatures of objects that were subsequently correctly recognized compared to those 

that were subsequently misattributed to Set 1. Individual participants’ parameter 

estimates for “CR” trials, “Intrusion” trials and their contrast were subjected to mixed 

effects analysis.  

Functional connectivity. Given our focus on episodic memory, regions of 

interest (ROIs) were identified in the right and left hippocampus. For each ROI, we 

used fslview (part of FSL, http://www.fmrib.ox.ac.uk/fsl/) to identify the neural 

structures in Talairach space. The temporo-parietal junction was identified as a ROI 

for further investigation based on its activation during the encoding of Set 2 (see 

below). For each ROI, we used featquery (part of FSL, http://www.fmrib.ox.ac.uk/fsl/) 

to extract parameter estimates from each individual’s first level analysis for each run 

for each condition. 

Results 

Behavioral data 

Objects could be identified as belonging to Set 1, Set 2, or as newly presented. 

Thus, objects could be identified correctly or could be misidentified and misattributed 

to an incorrect list.  All participants showed high correct recognition of the Set 1 

objects (M = 92%, SD = 9.31%). We call Set 2 objects identified as belonging to Set 1 

“intrusions” and Set 1 objects identified as belonging to Set 2 “source errors” 

(Hupbach et al., 2007; Hupbach et al., 2008). Consistent with Hupbach et al. (2007, 

2008, 2009), participants showed unidirectional effects, often misattributing objects 
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from Set 2 to Set 1 (M = 22.27%, SD = 20.17%) while misattributing very few objects 

from Set 1 to Set 2 (M = 5.45%, SD = 8.79%), t(10) = 2.454, p = .03 (see Figure 1). 

Participants almost perfectly identified novel objects as newly presented (M = 99.09, 

SD = .61; see supplemental data Figure 1).  

 

 

Figure 2. Mean percentage of all eleven participants’ recognition data of Set 1 and Set 

2. The session objects learned could be correctly or incorrectly identified (intrusions or 

source errors). Error bars represent standard errors of means. 

Eight of the 11 participants showed intrusions whereas three did not. (see 

Figure 3). For these eight, the mean intrusion level was 6.125 objects (SEM 1.2 

objects).  
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Figure 3. Individual participant object recognition data for Set 2. Objects could be 

correctly recognized or attributed to Set 1 (intrusions). Participants were separate by 

intrusion rates into High and Low Intruder groups.  

 

Relying on the Hupbach et al. (2007; 2008; 2009) behavioral results, we divided our 

participants into two groups based on intrusion rates. The average intrusion rate for the 

six High Intruders was 7.33 objects (SEM 1.23), whereas in the Low Intruders it was 

1.0 object (SEM .63) with three of the five participants showing no intrusions at all.  

We analyzed the Set 2 functional imaging data for all eight participants showing any 

intrusions, allowing us to compare the neural signatures of the objects they 

subsequently correctly recognized with those they incorrectly attributed to Set 1.  

Functional Data 

Reactivation analysis. We first examined the neural consequences of 

reactivation of Set 1, for all eleven participants. At reactivation, all participants 
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demonstrated a pattern involving activation of bilateral auditory and occipital cortices 

and the left hippocampus. The Low Intruders, who demonstrated greater veridical 

memory at the Session 3 test, showed significantly greater activation of the right 

hippocampus (MLowIntruders=11.63, MHighIntruders=-5.89, F(1,10)=5.258, p<.05) and right 

auditory cortex (MLowIntruders=78.59, MHighIntruders=40.45, F(1,10)=5.85, p<.04) during 

the replay of sounds linked to Set 1 memory, compared to the High Intruders (see 

Figure 4). There was a trend for greater activation of the left auditory cortex 

(MLowIntruders=84.25, MHighIntruders=46.38, F(1,10)=4.792, p=.056). 

 

 

Figure 4. Activation patterns during the reactivation of Set 1. Low Intruders showed 

significantly greater activation in the Right Hippocampus (A) and R Auditory Cortex 

(B), and trending greater activation in the Left Auditory Cortex (C) when hearing the 

Set 1 sounds. 

C 

A B 
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x = -46 y = -24 z = -2 
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Set 2 encoding analysis. Significantly greater BOLD signal was present in the 

right temporo-parietal junction for objects that were ultimately Correctly Recognized 

compared to objects that became Intrusions (Z>3.1; p<.001, uncorrected) (see Figure 

5).  

 

Figure 5. Activation of the right temporo-parietal junction is greater at encoding of 

objects subsequently correctly recognized than attributed to Set 1.   

Functional connectivity analysis 

We conducted psychophysiological interaction (PPI) analyses (Friston et al., 

1993) to identify the functional coupling of interacting brain regions supporting 

memory accuracy or malleability. Based on the prior episodic memory literature, we 

identified the right and left hippocampus as regions of interest. Using the Talairach 

atlas implemented within FSL, we created a mask of each side of the hippocampus 

(Inclusion threshold = 65%). We also identified the right temporo-parietal junction as 

a region of interest given its activation during the encoding of Set 2 objects that were 

subsequently correctly identified. Using fslview, (part of FSL, 

http://www.fmrib.ox.ac.uk/fsl/), we made a mask of the voxels in standard space that 

the GLM analysis revealed to be more "active" during encoding of correctly recalled 

  x = 62 y = - 44   z = 18 
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objects than intruded objects.  Note that PPI analyses include condition-related BOLD 

activation in their regression models such that any “connectivity” reflects an 

explanation for activation variance over and above that explained by the inclusion of 

variables in the group GLM. 

 Reactivation analysis. For the right hippocampus, we found greater 

functional connectivity (p < .05) for the Low compared to the High Intrusion group 

with the left and right occipital fusiform gyrus (peak Z=4.23, x-40, y19, z26; peak 

Z=4.09, x38, y-68, z-22), left superior temporal gyrus (peak Z=3.81, x-64, y-56, z20), 

right putamen (peak Z=4.33, x16, y10, z0), left parahippocampal gyrus (peak Z=4.1 x-

18, y-18, z-20), left and right cerebellum (peak Z=3.67  x-16, y-42 z-24; peak Z=3.99, 

x30, y-78, z-28), right lateral precuneus (peak Z=4.94, x38, y-72, z42; peak Z=4.09, 

x38, y-58 z58), right middle frontal gyrus (peak Z=3.95, x34, y24, z46), medial 

precuneus (peak Z=4.41, x8, y-70, z54), left middle temporal gyrus (peak Z=3.53, x-

58, y-28, z-16; peak Z=3.58, x-58, y-56, z8), occipital pole (peak Z=3.62, x-2, y-94, z-

10), cingulate gyrus (peak Z=3.53, x2, y-16, z28), and the superior parietal lobule 

(peak Z=3.58, x-28, y-56, z64) (see Figure 5). There were no significant connectivity 

findings using the right TPJ or left hippocampus as seed regions. 

Set 2 encoding analysis. We contrasted activity during the encoding of Set 2 

objects that were subsequently Correctly Recognized or became Intrusions in the 

Session 3 test. The right temporo-parietal junction showed increased coupling with the 

inferior temporal gyrus (peak Z=3.88, x-50,y-64, z-20) for Correct Recognition 

compared to Intrusions (see Figure 6).   
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Figure 6. Activation in the inferior termporal gyrus was more functionally coupled 

with the right temporo-parietal junction for Set 2 objects subsequently correctly 

recognized than intrusions.  

Discussion 

The present study focused on two central questions: 1) what pattern of brain 

activation during the reactivation of a prior memory “predicts” whether that memory 

will be altered by current experience; and 2) subsequent to reactivation, when new 

inputs are being encoded, is there some pattern of brain activation that “predicts” the 

likelihood that an object being processed at that time will be integrated into the 

reactivated prior memory, rather than included in the memory being formed about the 

current episode?   

 

Reactivation of the old memory  

In the presence of a reactivated memory, the brain must ‘decide’ whether to 

integrate new and old information (pattern complete), or keep new and old information 

distinct (pattern separate). In our study, we created the conditions for pattern 

completion by presenting 10 of the Set 1 object sounds prior to the presentation of new 

x = - 50 y = - 64 z = - 20 
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to-be-learned Set 2 objects, aiming to reactivate the older memory and thereby open it 

up to integration with the newly presented objects in Set 2.  What we observed was 

that some, but not all, of our participants showed considerable integration of new 

information into the reactivated memory for Set 1.  This allowed us to create, post-hoc, 

two subgroups differing in the extent to which they integrated Set 2 information into 

Set 1 memory – one group (High Intruders) showing high rates of integration, the 

other (Low Intruders) low rates or none at all.   In comparing neural activity during the 

reactivation phase in these groups, increased activation in the right hippocampus, left 

auditory cortex and right insula was associated with a reduced likelihood that elements 

of the current episode, Set 2, would be integrated into the memory for Set 1. We 

suspect that this pattern of brain activity reflects the retrieval of a more detailed Set 1 

memory during reactivation, and this had the consequence of diminishing the 

likelihood of intrusions and memory alteration. This could happen in at least two 

ways: first, faithful retrieval of the original memory trace could strengthen and 

stabilize it, protecting it from modification by new experience.  Second, given the 

ever-changing context of experience, the more faithfully a long-term episodic memory 

trace is reactivated the less likely it is to match with current experience – hence 

faithful retrieval favors separating old and new.  The finding that greater neural 

activation at Set 1 memory reactivation resulted in fewer intrusions is in direct 

opposition to TCM’s claim that increased temporal-context reinstatement should result 

in greater numbers of Set 2 objects recognized to Set 1.  

Additionally, Low Intruders showed greater connectivity between the right 

hippocampus, the left PPC and the left inferior temporal gyrus. This pattern is 
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consistent with Hupbach’s (2015) behavioral finding that when reactivation is 

accomplished by accurate recall one observes fewer intrusions than with the more 

‘subtle’ reactivation methods used in our earlier work (i.e. returning to the same room, 

having the same experimenter, and receiving a procedural reminder question). Weak 

reactivation seems to provide the opportunity for modification in the presence of new 

information (Poppenk & Norman, 2014).  

The more veridical and detailed the reactivation of a prior memory, the more 

likely it is to differ from the current situation.  As this likelihood increases, the system 

is driven towards maintaining separate and distinct representations of the old and new 

– pattern separation. We think this is what we observed in our Low Intruders group. In 

contrast, in our High Intruders group, diminished activity in the right hippocampus, 

left auditory cortex and right insula, indicative of a less detailed and effective 

reactivation of Set 1 memory, drives the system towards integrating new and old 

memories -- pattern completion.   

 

Updating an old memory 

As already noted, some of our participants were prone to considerable memory 

updating, allowing us to examine brain activity during the encoding of specific Set 2 

objects that were subsequently recalled as part of Set 1.   Our main findings were as 

follows: 1) the right TPJ was more active during the encoding of Set 2 objects that 

would ultimately be correctly recalled than during encoding of those that were 

subsequently integrated into Set 1 and 2) the right TPJ was better connected 
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functionally to two prominent visual processing regions (LOC/IT) during encoding of 

Set 2 objects that were correctly recognized.  

Previous research indicates that TPJ activation occurs during the identification 

of “new” events (Kurby & Zacks, 2008) and promotes attention to current stimuli in 

the face of changing contexts. This is true both in the short term (e.g. attention; Scalf 

et al., 2014) and long-term  (e.g. episodic memory; Cabeza, Ciaramelli, Olson, & 

Moscovitch, 2008).  Applied to our data, these findings suggest that TPJ engagement 

promoted the identification of Set 2 objects as components of a new and distinct 

episode. As we argued above, this attention to detail should be accompanied by an 

increased detection of differences, highlighting the change between the current context 

and the one elicited by memory reactivation (Exton-McGuinness, Lee, & Reichelt, 

2015; Lee, 2009).  This in turn should favor the formation of an independent memory 

trace.  Connectivity between the TPJ and visual processing regions under these 

conditions likely mediated the binding of specific sensory details to the newly forming 

memory (Kirby & Zacks, 2008; Shimamura, 2014). 

We propose that these findings reflect the delicate interplay between the medial 

temporal lobe and posterior parietal lobe systems in the creation and re-creation of 

episodic memories.  The ventral posterior parietal lobe (vPPC) is identified as a region 

activated during the accurate retrieval of old memories (Shimamura, 2014) as well as 

the identification of new events (Kurby & Zacks, 2008). Thus hippocampal-vPPC 

connectivity could reflect effective retrieval of the Set 1 memory. Concurrent 

connectivity with the redirection of attention (TPJ) would increase the likelihood that 

the object being encoded would be bound correctly to the new Set 2 memory trace 
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(Leiker & Johnson, 2014; Villberg & Rugg  2009; Shimamura, 2014). In the absence 

of this activation pattern, the object may be incorporated into the less effectively 

reactivated Set 1 memory, which now competes, rather than contrasts, with the nascent 

memory for Set 2. 

 

Conclusion 

The present study examined the neural correlates of memory reactivation and 

updating. During reactivation, the levels of activity observed in three key regions, the 

right hippocampus, left auditory cortex, and right insula, were related to a given 

individual’s response to memory reactivation. Increased levels of activity in these 

structures during a reminder, which we believe signified more faithful retrieval, was 

associated with a reduction in memory updating. However, when this triad was less 

active, and reactivation less faithful, the probability that a reactivated memory will be 

modified and updated increases.  As for the fate of specific objects, we showed that 

activation levels of the TPJ, which we believe reflect the specificity with which 

contexts are reactivated, are associated with which memory a particular object is most 

likely to become a part of.  Our study highlights the dynamic nature of the brain during 

memory reconsolidation, reactivation and updating, demonstrating interplay between 

regions mediating attention to the details of past and current experience.    
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Supplemental Figures. 

 

 

Figure 1. Mean percentage of all eleven participants’ recognition data of novel objects 

at Session 3. The objects could be identified as never seen before, Session 1, or 

Session 2. Error bars represent standard errors of means. 
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Abstract 

 

Reactivating an older memory leads to opportunities for memory alteration with 

newly presented details. However, we have limited understanding of the types of 

information likely to alter an old memory. Here we investigated whether encoding new 

information intentionally or incidentally would influence the likelihood of a detail 

becoming misattributed to an older memory. At Session 1, participants learned a set of 

objects. They returned to the laboratory 48-hours later for Session 2. Half the subjects 

had their memory of Set 1 reactivated. All participants then learned a new set of objects, 

half encoded intentionally, the others viewed incidentally. An additional 48-hours later at 

Session 3, participants viewed Session 1, Session 2 and new objects and identified the 

session in which they learned them. Converging with our previous findings, if the old 

memory was reactivated, intentionally encoded objects from Session 2 were increasingly 

likely to be misattributed to the old memory. In contrast, incidentally encoded objects 

were often attributed to the wrong source, whether the original memory was reactivated 

or not. These objects were most likely weakly bound to the context, leading to frequent 

source errors. Intentionally encoded objects were more likely to be incorporated into an 

old memory, whereas incidental encoding led to a weaker memory whose context of 

occurrence was more likely to be misidentified. This pattern of findings suggests that 

learning conditions influence the likelihood of updating. 
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Introduction 

We have an extensive understanding of the parameters of creating and 

stabilizing new memories (McGaugh 2000); however, little is known about the factors 

controlling the incorporation and assimilation of new experiences into existing 

memories for similar events in the past that relate the current situation to a past event.  

Often referred to as “reconsolidation”, this process is initiated when previously formed 

memories are reactivated and returned to a labile state (Nader, Schafe, & LeDoux, 

2000; Sara, 2000). In this susceptible state, a reactivated memory can be altered either 

through incorporating new, deleting old, or weakening existing information (Hupbach, 

Hardt, Gomez, & Nadel, 2007; Walker, Brakefield, Hobson, & Stickgold, 2007). 

Factors affecting memory reactivation include timing, strength, predictability, and 

context (Hupbach et al., 2007; Hupbach, 2015; Wang, Alvares, & Nader, 2009; 

Milekic & Alberini, 2002; Suzuki et al., 2004; Debiec, Doyere, Nader, & LeDoux, 

2006; Lee, 2009; Morris et al., 2006; Nadel, Hupbach, Gomez, & Newman-Smith, 

2012).  However, little is known about what happens next, when a reactivated memory 

interacts dynamically with the neural activation caused by a new, related experience.   

Two recent fMRI studies investigated the neural activation patterns during the 

interaction of new information with a reactivated memory. In the first study, 

participants saw two sets of objects. The first set of objects was presented in the 

context of pictures of scenes.  Some time later the original object set was reactivated 

and a second set was learned. The degree to which the brain reactivated the neural 

pattern associated with the scene context just prior to encoding new details predicted 

whether or not those new details would be incorporated into the initial memory. In 
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contrast, without contextual scene reactivation, new details were more likely to be 

separated into a new, second memory (Gershman, Schapiro, Hupbach, & Norman, 

2013). Gershman et al.’s results suggest that the brain state during a new encoding 

period, specifically reactivation of context, plays a critical role in influencing the 

incorporation of details into a reactivated old memory.  

The second fMRI study (Simon, Nadel, Gomez, & Scalf, in preparation) used a 

similar paradigm to investigate brain events during the period directly after 

reactivation of an old memory combined with new learning. Participants also learned 

two sets of objects. The first set was paired with their associated sounds (e.g. 

participants saw a train and heard a train whistle), which were later used to reactivate 

the old memory prior to learning the second set of objects. Participants’ brain patterns 

were studied during new object learning.  The likelihood of incorporating new 

information into the original memory was predicted by a particular pattern of brain 

activity observed during memory reactivation and new learning.  This pattern, or 

network, including ensembles in the parietal and temporal lobes, is known to be 

associated with the retrieval of details in episodic memory (Shimamura, 2014).  Our 

results suggest two things. First, the more faithful the reactivation, the less likely that 

new information will modify the original memory. Second, during new learning, the 

presence of this same neural pattern predicted the likelihood that a specific object 

would be attributed to the first memory. Together, these recent fMRI studies highlight 

what is likely occurring when the concurrent brain-state processes reflecting 

reactivation of an old memory and evaluation of new experience work dynamically 
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together – resulting either in the integration of the new into the old or the segregation 

of the new from the old.  

Given these assumptions about strength of reactivation and how it may affect 

the encoding processes that lead to reconsolidation, the aim of the present study is to 

investigate whether certain parameters of new encoding influence what becomes 

incorporated into a reactivated memory. We investigated what factors influence the 

likelihood that learners will update an older memory with a new detail or show a 

pattern of misattribution consistent with source error. Source error reflects a general 

pattern of bidirectional intrusions, where objects from both lists can be misidentified 

as being linked to the other (e.g. Set 1 objects are recognized as Set 2 and Set 2 objects 

are recognized as Set 1). Notably, this is a fundamentally different pattern than we 

observe in our studies of reconsolidation where only unidirectional intrusions are 

detected (e.g. we only observe Set 2 objects identified as Set 1). To address this 

question, we manipulated whether participants formed memories intentionally or 

incidentally. If intentionally forming a memory trace is a factor in altering a prior 

memory, participants should be more likely to update a previously consolidated 

memory with new information they learn intentionally than with new information they 

learned incidentally. Participants should also forget incidentally learned objects at a 

higher rate and they might be more likely to show source confusion for these objects. 

By identifying the factors controlling the likelihood of a given detail being 

incorporated into an existing memory, we can begin to gain a more complete 

understanding of the underlying reconsolidation process. 
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Materials and Methods 

Participants 

A total of 85 students were recruited from the University of Arizona to 

participate in this study, as approved by the Institutional Review Board of Arizona. 

Prior to participation, we administered oral and written consent. Participants received 

course credits for their time. We eliminated 11 participants who reported failure to 

follow instructions by mentally rehearsing object sets in between learning sessions.  

We included data from 74 participants in the final analyses.  

Stimuli 

 The experimental stimuli consisted of 68 common objects, 20 of which (the Set 

1 objects) were paired with associated sounds (see Table 1).  
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Table 1. Sets of objects presented at Session 1, Session 2, and Novel Objects in the 

recognition test. 

   Set 1 
 

  Set 2   Novel Objects 

 Airplane 

Alarm clock 

Apple 

Arrow 

Car 

Coins 

Cymbals 

Door 

Drum 

Fan 

Frying Pan 

Hands 

Leaf Blower 

Matchstick 

Saw 

Smoke Detector  

Sprinkler 

Teakettle 

Toilet 

Zipper 

 

 

 

 

 

 

 

 

 

Balloon 

Blowdryer 

Calculator 

Cup 

Drill 

Eraser 

Feather 

Flashlight 

Flower 

Glue 

Soda 

Spoon  

Toothbrush 

Whistle 

Band-aid 

Chime 

Crayon 

Dice 

Feather 

Hammer 

Key 

Sock 

Sponge 

Stapler 

Sunglasses 

Teabag 

Tennisball 

Watch 

Ambulance 

Ball 

Bell 

Camera 

Cork 

GolfClub 

Gong 

Hairspray 

Noisemaker 

Nutcracker 

Phone 

Pot 

Spring 

Tissues 

Train 

Typewriter 

Vacuum 

Washing machine 

Whip 

We presented two-dimensional pictures of the objects in the center of a Windows XP 

computer screen on a white background. At Session 2, we presented 14 of 28 Set 2 

objects with a surrounding blue border. Participants performed one of two distractor 

tasks between Session 1 and Session 2 learning trials, either counting diamonds on a 

blue background or grey birds on a white background.  

Procedure 
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We used a computerized version of the object-learning paradigm in Hupbach, 

et al., (2007), administered three sessions, each separated by 48 hours, and presented 

stimuli using EPrime 2.0 software on Windows XP (Psychological Tools, Pittsburgh, 

PA).  

At Session 1 (encoding), we taught participants Set 1, 20 common objects 

paired with their typically associated sounds. For example, participants saw an image 

of an apple and heard the sound of a person chewing. We presented the Set 1 objects 

in randomly generated pairs (e.g. apple and whistle) within a learning block.  We 

instructed participants to choose the object they would like to see and hear first (e.g. 

the apple). That object would then appear in isolation with its accompanying sound for 

5 seconds. Afterwards, the pair of objects would return to the screen and the subject 

would choose the alternative object to experience in isolation. A new pair of objects 

would appear on the screen, continuing in this order until all objects were viewed (see 

Fig. 1 for learning schematic). We presented the objects in three learning blocks. 

Pairings of Set 1 objects were randomized across blocks, such that no pairing was 

repeated. In between learning blocks, we administered the distractor tasks to minimize 

mental rehearsal. After learning, we administered a one-time recall test, instructing the 

participants to ‘please recall as many of the objects as you can’ to assess their Set 1 

memory. At the end of Session 1, we instructed participants to not speak of, write 

down, or mentally rehearse the objects or procedure to ensure participation remained 

the same for everyone.   

At Session 2, 48-hours later, participants returned and were assigned to one of 

two conditions, Full or No Reminder.  In the Full Reminder condition, we brought 
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participants back to the same room, with the same experimenter, and presented 10 of 

the Set 1 object sounds. In the No Reminder condition, we brought participants to a 

different room, with a new experimenter, and did not present the Set 1 object sounds 

(see Fig. 1 learning schematic). We then administered Set 2 learning for all 

participants. Set 2 was comprised of 28 objects, half of which were randomly assigned 

to be intentionally learned (Targeted) while the other were to be learned incidentally 

(Non-Targeted). A surrounding blue border identified the 14 Targeted objects. The 

other 14 objects did not have a border. Targeted and Non-Targeted objects were 

counterbalanced across participants. We presented each object in isolation for 5 

seconds. To manipulate directed learning, we instructed participants to remember the 

blue-bordered objects. We administered three learning blocks to participants. In 

between, we administered a distractor task to minimize mental rehearsal. At the end of 

learning, we administered a one-time recall test, ‘please recall as many of the blue-

bordered objects as you can’. At the end of Session 2, we again instructed participants 

to not speak of, write down, or mentally rehearse the objects or procedure to ensure 

participation remained the same for everyone. 

At Session 3, an additional 48-hours later, we administered a recognition test. 

We showed participants the objects from Set 1, Set 2, and 20 new objects. Each object 

appeared in isolation on the screen. We instructed participants to identify which 

session they learned the object, the first, the second, or whether it was a new object. 

After participation, we administered an exit interview where we asked participants 

whether they followed the instructions to not speak of, write down, or mentally 
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rehearse the objects from Set 1 and 2. If they did not follow these instruction we had 

them write down what memory strategies they used to remember the information. 

  

Fig 1. Learning schematic of Set 1 and 2. A. At Session 1, objects are presented in 

pairs, then reviewed in isolation with their associated sound (e.g. participants see the 

flute and hear a melody). B. At Session 2, participants are presented with Set 2, half of 

which they are instructed to learn, noted by the surrounding blue border.  

 

Results 

Set 1 Recognition: We conducted a univariate ANOVA on correct Set 1 recognition, 

with Full reminder versus No Reminder as a between subject factor. Set 1 recognition 

rates were the same across conditions (MFullReminder  = 16.94, SD = 1.97; MNoRem = 

16.571, SD = 2.73; F(1, 72) = .470, p = .495). 
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Set 2 Recognition. We conducted three separate analyses on Set 2 recognition data: (1) 

Correct Recognition, (2) New Object Recognition, and (3) Misattribution Recognition. 

New Object Recognition refers to Set 2 objects falsely recognized as having never 

been studied before. Misattributed objects are Set 2 objects that are misidentified as 

being learned in Set 1. We used the first two analyses to assess the success of the 

directed-forgetting manipulation (See Figures 2 and 3 respectively). From there, we 

analyzed the misattribution rates and subsequent memory identification of the 

Targeted and Non-Targeted objects as a function of the reactivation condition (Figure 

4). Different patterns of misattributions and new object recognition allowed us to 

identify updating versus source error.  

Correct Recognition. A mixed ANOVA with the between-subject factor of 

Condition (Full Reminder vs. No Reminder) and the within-subject factor of Object 

Type (Targeted vs. Non-Targeted objects) resulted in a main effect of Object type 

(F(1,72) = 71.278, p < .001) and an interaction of Object type by Condition (F(1,72) = 

6.006, p = .017) (see Figure 2). Participants correctly recognized more Targeted than 

Non-Targeted objects in both reminder conditions demonstrating the effectiveness of 

the directed-forgetting manipulation. The interaction suggests a stronger effect in the 

No Reminder condition. 
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Fig. 2. Correct recognition of the Targeted and Non-Targeted objects.  

New Object Recognition. A mixed ANOVA with the between-subject factor of 

Condition (Full Reminder vs. No Reminder) and within-subject factor of Object Type 

(Targeted vs. Non-Targeted objects) resulted in a significant main effect of Object 

Type (F (1,72) = 106.557 p < .001) but no interaction (see Figure 3). Participants were 

more likely to identify Non-Targeted than Targeted Set 2 objects as never studied 

before (New). This analysis, in conjunction with the Correct Recognition analysis, 

provide converging support that the Set 2 directed learning manipulation was 

successful. By training objects intentionally (Targeted) and incidentally (Non-

Targeted), we successfully created two distinct groups of learned Set 2 objects at 

Session 2. 
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Fig. 3. Misattribution of Set 2 objects (Targeted and Non-Targeted) as new, or never 

seen before.  

Misattribution Recognition. A mixed ANOVA with the between-subject factor 

of Condition (Full Reminder vs. No Reminder) and within-subject factor of Object 

Type (Targeted vs. Non-Targeted objects) on the misattribution rates of Targeted and 

Non-targeted objects to Set 1 resulted in an interaction of Condition by Object type 

(F(1,72) = 6.267, p = .015) (see Figure 4). There was no difference between Targeted 

and Non-Targeted objects misattributed to Set 1 (t(38) = .819, p = .418) for the Full 

Reminder condition, but participants in the No Reminder condition misattributed 

significantly fewer Targeted than Non-targeted objects to Set 1 (t(34) = -2.992,  p = 

.005). Targeted objects trended towards being misattributed to Set 1 more in the Full 

Reminder than the No-Reminder condition (F(1, 72) = 3.637, p = .061). There were no 

significant differences in misattribution to Set 1 for the Non-target objects between 

conditions (F(1, 72) = .690, p = .409).   
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Figure 4. Misattribution rates by condition.  

To better understand how encoding conditions influenced subsequent memory, 

we conducted separate t-tests for Targeted and Non-Targeted objects misattributed and 

identified as new for the Full and No Reminder conditions. For both conditions, 

Targeted objects were identified as belonging to Set 1 significantly more often than 

were New objects (Full Reminder (t(38) = 6.209, p < .001; No Reminder (t(34) = 

3.668, p = .001), whereas there were no significant differences for Non-targeted 

objects (Full Reminder (t(38) = -1.702, p = .291; No Reminder (t(34) = -1.438, p = 

.16)). As can be seen in Figure 5, Targeted objects were rarely recognized as New, 

driving the significance in both conditions. Participants identified Non-targeted objects 

as Set 1 or New objects at equally high rates. Our significant effects survived 

Bonferroni corrections.  
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Figure 5. Comparison of Targeted and Non-targeted objects recognized as Set 1 

(misattributed) or new. 

In sum, we compared the object-types directly by condition to understand 

whether the Set 2 encoding manipulation influenced recognition rates. We predicted 

differing patterns of recognition in intentional and incidental encoding conditions, 

finding that participants were more likely to correctly recognize intentionally than 

incidentally learned objects while simultaneously forgetting more incidentally learned 

objects. We also predicted greater rates of intentionally encoded objects misattributed 

to Set 1 in the Full Reminder than in the No Reminder condition.  Finally, we 

identified different patterns of Set 2 recognition rates due to intentional versus 

incidental encoding. Targeted objects were more often correctly recognized, were only 

misattributed to Set 1 in the Full Reminder condition, and were rarely identified as 

new. In contrast, Non-targeted objects had low rates of correct recognition, were 

equally misattributed to Set 1 in both Reminder conditions, and were frequently 

identified as new. 
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Discussion 

The present study investigated factors that affect the likelihood of a newly 

presented detail being incorrectly attributed to a reactivated memory trace. We 

investigated the misattribution of objects by incorporating directed learning into our 

standard memory reconsolidation paradigm. We hypothesized that the encoding 

condition would influence the likelihood of a detail being incorporated into a 

reactivated memory; given the presence of both intentional and incidental information 

during learning for a given individual, it is unclear what might be misattributed to an 

older, reactivated memory.  Similar to our previous studies (Hupbach et al., 2007, 

Hupbach, Gomez, & Nadel, 2009), we taught participants a set of objects at Session 1. 

At the second session, after reactivation of half the participants’ Set 1 memory, we 

manipulated the new object learning (Set 2). We instructed participants to intentionally 

learn half the objects (Targeted), identified by a surrounding blue border, whereas no 

instruction was given for the other half (Non-Targeted) such that the objects were 

learned incidentally. At the third session, we tested subjects’ memories using a 

recognition test.  This allowed us to investigate the different rates of misattribution due 

to encoding condition.  

First, we successfully modified the Hupbach et al. (2007) reconsolidation 

paradigm to incorporate a directed learning manipulation of Set 2. All participants 

correctly recognized significantly more Targeted than Non-targeted objects. Not 

surprisingly, participants in both conditions also misidentified significantly more Non-
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Targeted than Targeted objects as New. These findings show that directing 

participants to intentionally learn half the objects while incidentally learning the others 

resulted in a more robust and successful long-term memory of Targeted compared to 

Non-Targeted objects.  

 In the Full Reminder condition, we found high misattribution rates for both Set 

2 Targeted and Non-Targeted objects.  In contrast to our predictions, the rates of Set 2 

objects misattributed to Set 1 did not differ after intentional or incidental learning. 

Misattributing Set 2 objects as belonging to Set 1 did, however, follow the pattern of 

our previous reconsolidation findings which varied with the reminder manipulation. In 

Hupbach et al. (2007), participants in the Full Reminder condition misattributed 

significantly more Set 2 objects to the reactivated Set 1 memory than those in the No 

Reminder condition. Given that we found a similar pattern for Targeted objects, the 

finding that Non-targeted objects were misattributed to Set 1 in the No Reminder 

condition seems puzzling. Note, however, that Targeted objects did not show 

numerically equal misattribution rates as a function of the Reminder manipulation. As 

seen in Hupbach et al. (2007), returning to the same learning context reactivated the 

old memory. When participants did not return, the memory was not triggered and 

could not be modified. This finding is replicated in several studies; without memory 

reactivation, reconsolidation cannot occur, and newly presented information should 

not be attributable to an older memory (Hupbach et al., 2007, Hupbach et al., 2009; 

Walker et al., 2003; Nader et al., 2000).   Thus we would not expect to see memory 

modification of either type of encoding in the No-Reminder condition. 
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 We further analyzed the overall recognition patterns of Targeted and Non-

targeted objects. In both reminder conditions, Targeted objects were more likely to be 

correctly recognized as Set 2 and rarely judged as New compared to the Non-Targeted 

objects. Consistent with reconsolidation, Targeted objects were misattributed to Set 1 

in the Full Reminder Condition at a greater rate than in the No Reminder condition. In 

contrast, Non-Targeted objects showed lower correct recognition rates, were 

frequently judged as New, and in both conditions were sometimes misattributed to Set 

1. In fact, Non-Targeted objects were incorrectly judged as new as often as they were 

misattributed to Set 1. The lack of difference between reminder conditions for Non-

Targeted objects is crucial, as it suggests that the misattribution of Set 2 objects to Set 

1 does not reflect memory reconsolidation, but instead is more likely to result from 

source error.  

 Memory source, similar to context, refers to the conditions present at encoding 

(Johnson, Hashtroudi, & Lindsay, 1993). In our paradigm, the memory source is the 

context that includes the different learning sessions, object set lists, and research 

assistant(s). After the initial demonstration of episodic memory reconsolidation 

(Hupbach et al., 2007), further investigation was needed to determine whether the 

reconsolidation effect was attributable to modification of the Set 1 memory or source 

error.  As Hupbach et al. (2007) tested each set of objects separately, it was possible 

that the testing conditions influenced participant’s recall. As such, Hupbach, Gomez, 

and Nadel (2009) repeated the same paradigm, but tested both object sets using a 

recognition test. This allowed them to query participants’ source evaluation of each 

individual object in Set 1 and 2.  They replicated the earlier results, showing that 
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subjects in the Full Reminder condition misattributed Set 2 objects to Set 1, but not in 

the No Reminder condition. Furthermore, they found few source errors, defined as Set 

1 objects misattributed to Set 2 in either condition. As Johnson et al. (1993) identify, 

less than optimal encoding conditions concomitantly reduce source encoding. In 

directing the subjects to intentionally and incidentally learn the different objects, we 

are likely placing learning demands that influence the subsequent stabilization and 

retention of the individual Set 2 objects. Previous research investigating learning 

demands has identified that formal instructions (intentional learning) alters learning 

behavior, increasing effort, motivation and rehearsal (Naveh-Benjamin, Guez, Hara, 

Brubaker, & Lowenschuss-Erlich, 2014), leading to superior performance (Postman & 

Philips 1954). In contrast, incidental learning results in weaker encoding of the 

material.  As such, it is likely that the Set 2 Non-Targeted Object encoding condition 

leads to reduced binding of the object with the context, resulting in higher rates of 

source errors.  

We believe that the intentionally learned Targeted objects form stronger links 

to the present context, which in the Reminder condition can lead some of them to be 

incorporated into the older Set 1 memory that was reactivated by the common context.   

Incidentally learned objects, on the other hand, are not likely to form contextual links 

under either reminder condition. During the recognition test some of these Non-

targeted objects will be identified as old, but their context of learning – which Set they 

were in  – may not be known. Wichert, Wolfe, and Schwabe (2013) investigated 

whether strength at encoding influenced misattribution rates. They initially exposed 

subjects to negative and neutral International Affective Picture System (IAPS) 
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pictures. After reactivation of the initial pictures, participants had minimal or extensive 

exposure to new information (i.e., exposure to new pictures either one or three times). 

At test, participants with more extensive exposure incorrectly identified more new 

pictures as belonging to the original learning set, than those for which they had 

minimal exposure. Our results converge with their findings, as we show that encoding 

intentionally or incidentally influences the strength of the new learning, which 

influences the likelihood of incorporating the new details into a reactivated memory 

trace.  In sum, we take our results to show that post-reactivation factors such as 

encoding conditions impact the extent to which new information is incorrectly merged 

with an older reactivated memory.  

 In our recent fMRI study, we showed that the likelihood of new and old 

memories being merged, or kept separate, is related to the extent of activation in a 

brain network indicative of the retrieval of episodic detail. We would predict that less 

activation is associated with Set 2 objects being misattributed to Set 1 and greater 

activation would result in segregation of Set 1 and Set 2 objects. Using functional 

imaging during Set 2 learning might help us link the different neural patterns observed 

during intentional and incidental learning to the behavioral patterns we report here. 

Conclusions 

The present results show that the strength of new learning is an essential factor 

affecting the reconsolidation process.  Information that was not well encoded became 

context-less, leading to source errors that were independent of the reactivation status 

of older memories. However, while memory is dynamic and modifiable, modifications 

can only occur when new learning occurs to a strong enough degree. Although it is 
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likely that we frequently reactivate old memories, we are unlikely to modify them 

unless we encounter conditions where we intentionally encode new memories.  
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Abstract: 

Targeted memory reactivation (TMR) opens exciting avenues to altering episodic 

memories during sleep. We use TMR to induce forgetting of episodic memories. 

Participants learned to associate forgetting with an auditory cue before they 

learned object-sound-location pairings in a separate task. We then reactivated 

some of the object sounds during slow wave sleep and paired them with the 

forget cue.  One week later, participants demonstrated lower recall of reactivated 

versus non-reactivated objects and impaired recognition memory and confidence 

for the spatial location of reactivated objects they failed to recall. Participants 

demonstrated no differences in recognition memory for correct spatial location 

for control objects as a function of recall, but reported lower confidence for 

objects they did not recall. The ability to target specific episodic memories for 

forgetting during sleep has implications for developing novel therapeutic 

techniques for psychological disorders such as PTSD and phobias given their links 

to episodic memories.   

 

 

One Sentence Summary:  

Targeted memory reactivation during sleep can be used to induce forgetting of 

episodic memories. 
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Targeted memory reactivation (TMR) using sounds or odors during sleep can alter 

memories, strengthening episodic ones (1-13), weakening conditioned fear responses 

(14,15), and modifying implicit social biases (16). We asked whether we could reduce 

the strength and detail of a recently formed episodic memory using a special form of 

TMR designed to induce forgetting. Targeted forgetting of episodic memory details, if 

successful, would offer a new path for interventions aimed at psychological disorders 

involving memory.  

 

Episodic memory formation and consolidation depend upon the hippocampus. These 

hippocampally-dependent memories are stabilized within the brain during non-rapid 

eye movement (NREM) sleep through a coordinated dialogue of slow wave 

oscillations, sleep spindles, and sharp-wave ripples (17-19).  During SWS sleep, a 

window of opportunity exists to target these memories, by reactivating their specific 

elements. To date, TMR has been used to enhance consolidation of episodic material 

(1-13). We asked whether it is possible to weaken, rather than strengthen, a memory 

by applying a ‘forget’ signal during targeted reactivation. Prior to episodic encoding 

we taught participants to associate an auditory tone with an explicit ‘forget’ 

instruction. Previous so-called directed forgetting studies show that this method 

reduces the processing of preceding information (20 - 21), leading to diminished 

recall. Similarly, in the directed-forgetting literature, forget cues cause a reduction in 

hippocampal activity along with reduced memory performance (22). We investigated 

whether presenting a learned forget tone during the targeted reactivation of a specific 
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memory during sleep (TMR-forget) could alter sleep-dependent consolidation, 

reducing rather than strengthening long-term memory.  

 

Participants performed two tasks in the evening prior to sleeping. In the first task, a 

modified directed-forgetting paradigm, participants saw 46 neutral words, half 

followed by a synthesized tone with instructions to forget. Participants viewed each 

word three times, allowing for strong learning of the forget cue. We further modified 

the directed-forgetting test by asking participants to recall only the non-tone words, 

further reinforcing an inhibitory effect associated with the “forget” cue. In a separate 

task participants learned 28 novel objects. Each object, paired with its associated 

sound, appeared in one of four quadrants on a screen (e.g. participants saw a 

typewriter in quadrant 1 and heard typing) (see Figure 1 for the learning schematic).  

All objects were randomly presented across four training blocks. In between each 

training block, we asked participants to recall the objects and their locations. Once 

training was complete, we identified each object’s learning strength along a recall 

spectrum ranging from 0% (recalled on none of the  trials) to 100% (recalled on all of 

the trials) (see Figure 1 and Supplemental Materials for more details). We computed 

each participant’s median learning strength, identifying objects near the median in 

order to choose five for reactivation and five corresponding control objects. All objects 

were selected to match learning strength and quadrant (see Figure 1 and Supplemental 

Materials for more details).  
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Participants prepared for polysomnographic recording before sleep. Through the night, 

white noise played at ~60dB. During the first period of slow wave sleep, we 

reactivated the sound associated with each of the five chosen objects at a level just 

audible above the constant white noise. Timing intervals between sleep reactivation 

cues at least 1500ms allow for successful reactivation and strengthening of memory 

details, whereas shorter intervals eliminate these benefits (23). Therefore, we played 

each object sound followed 3 seconds later by the previously-established forget tone. 

Each object-sound/forget-tone pairing repeated 10 times, separated by 5-second 

intervals. The entire object-sound forget-tone sequence repeated twice, amounting to 

20 pairings per object. Participants returned one week later for testing. 

 

We initially tested participants on their recall of the objects (see Figure 2). Participants 

recalled significantly fewer reactivated (TMR) objects than control (C) objects [MC = 

.597, SD = .235, MTMR = .422, SD = .215, F(1,17) = -13.557, p = .002, Cohen’s d = 

1.23)]. We then computed retention for individual objects with 50% and 75% learning 

strengths. Participants recalled significantly more control objects encoded at both the 

50% (MC = .52, SD = .44, MTMR = .24, SD = .32, t(1,9) = 2.378, p= .041, Cohen’s d = 

1.98) and 75% (MC = .64, SD = .28, MTMR = .44, SD = .25, t(16) = 2.545, p= .022, 

Cohen’s d = 2.92) learning strengths. 

 

We then tested participants’ memory of the object-quadrant associations (see Figure 

2). Participants identified the quadrant in which they initially learned each object. 

There was no significant difference between in correct quadrant assignment between 
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reactivated and control objects [MC = .93, SD = .12, MTMR = .9, SD = .17 (t(17) = 1.0  

p = .33)] but a difference emerged as a function of recall.  Batterink, Creery & Paller 

(2016) noted that TMR only successfully strengthened the memory for objects if they 

were cued during an optimal window of the slow wave oscillation (24). We assume 

that some objects were successfully reactivated (those that were forgotten) while 

others were not (those that were cued but not forgotten), which could account for 

differences in retention. We looked at the differences in specific memory detail for the 

successful and unsuccessfully cued objects. Participants were less accurate at locating 

reactivated objects they did not recall (NR) than reactivated objects they did recall (R) 

[MNR = .9, SD = .185, MR = 1.0, SD = 0; (t(15) = -2.132 p = .05, Cohen’s d = .764)]. 

Participants were also less confident in their quadrant memory for the NR than for R 

objects [MNR = 4.04, SD = .53, MR = 4.83, SD = .235; (t(15) = -5.558 p >.001, 

Cohen’s d = 1.983)].  In contrast to the case for reactivated objects, there was no 

difference in the correct quadrant placement between NR and R control objects [MNR 

= .93, SD = .176, MR = .986, SD = .05; (t(17) = 1.229 p = .236, Cohen’s d = .449). 

Although participants were less confident in their memory of NR than R control object 

spatial locations  ([MNR = 4.11, SD = .828, MR = 4.72, SD = .378; (t(17) = 2.688 p = 

.016 , Cohen’s d = 1.088)], this lack of confidence did not appear to influence correct 

quadrant recall.  

 

As a check on the effects of the forget-cue itself, we tested recognition of the words 

learned at the very outset of the study in the directed-forgetting task that introduced 

this cue.  Participants recognized fewer of the words paired with the forget tone during 
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learning than those not paired with the tone (t(17) = 3.995, p > .001, Cohen’s d = 

1.423) (See Supplemental Figure 1).  

 

Here we show the use of TMR-forget to modify a recently consolidated episodic 

memory, resulting in the loss of some of its content. One week later, participants 

recalled fewer reactivated objects paired with a forget signal during sleep. Episodic 

detail, in the form of recognition memory for quadrant location, was also significantly 

reduced for non-recalled reactivated objects relative to those that were recalled. This 

loss of spatial detail was not a function of typical forgetting processes since control 

objects not recalled at test were not subject to the same loss of detail. We suppose that 

this reduction in recall and recognition of reactivated objects is the result of 

interference with memory transforming processes that occur when experiences are 

replayed during sleep. By pairing the trained forget cue with the object sound, TMR 

can influence these ongoing memory processes. One possibility is that the forget tone 

activated inhibitory or memory suppression mechanisms similar to those seen in 

directed-forgetting and think/no-think studies carried out during wakefulness, 

interfering with the processing typically associated with the stabilization of a memory 

(20, 21, 23, 25).  

  

Our use of TMR-forget to reduce the strength and detail of an episodic memory may 

suggest novel treatment approaches for disorders such as PTSD and phobias, where 

aberrant memories can be a critical part of the problem (26). A first step will be to 

assess whether TMR-forget can successfully alter older and more emotional memories. 
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Should that prove possible, the search will be on for efficient means of reactivating 

specific memories of particular events during sleep, with real memory change with 

significant therapeutic implications a viable possibility. 
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Fig 1. Learning Schematic. A. Directed forgetting learning. Subjects saw 46 words, 

half followed by a forget tone. Each word was presented three times. After the entire 

learning presentation, participants were asked to recall the words not followed by a 

tone. B. Object-learning. Participants saw 28 objects evenly split between the four 

quadrants. When an object appeared in the quadrant, participants heard the sound 

typically associated with that object (e.g. participants saw a clock in quadrant 1 and 

heard an alarm clock ringing). All objects were randomly presented four times, with a 

recall test in between each block.  
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Fig. 2. A. In the Object Recall test, participants recalled significantly fewer reactivated 

objects (TMR-forget) than control objects. B. In the recall of objects by learning 

strength, there is significantly greater retention of objects at both the 50% and 75% 

learning strengths for the control objects than reactivated objects. C. In the Spatial-

Location Recognition Test, of the Reactivated objects, participants were less accurate 

in assigning those TMR objects they did not recall to their correct spatial location than 

the TMR objects they did recall. This differed from control objects, where no 

significant difference in assigning the correct spatial location was found for recalled 

compared to non-recalled objects. D. Participants were also less confident in their 

assignment of spatial location for the TMR objects they did not recall than for the 

objects they did recall.  
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Supplemental Materials 

Materials and Methods 

Participants: A total of 24 students (18 female; Age M= 20.17 years, SD = 1.82 years, 

range 18-26 years old) were recruited from the University of Arizona to participate in 

this study, as approved by the Institutional Review Board of Arizona. Prior to 

participation, we administered oral and written consent. Participants were monetarily 

compensated. The inclusion criteria for data are as follows: 1) the median strength of 

learning must be 75% or lower, 2) participants must not awaken and consciously hear 

the sound files, and 3) participant must not know the methodology prior to 

participation.  We eliminated 5 participants because of incomplete TMR (2 subjects), 

conscious arousal and explicit knowledge of TMR (2), and equipment failure (1). As 

previously discussed, one boundary condition of memory reactivation is strength of 

training. Memories that are encoded to a high degree are harder to reactivate (27). 

Second, if participants hear the reactivated sounds at night or explicitly know the 

methodology, their data are likely tainted. One participant was removed post-hoc as 

their difference score (Control objects-Reactivated objects) was 3 standard deviations 

above the mean. 18 subjects data were included in the final analyses.  

 

Stimuli: All learning and testing was presented using EPrime 2.0 software on a 

Latitude E6500 (28). 

 

Directed-forgetting stimuli. The experimental stimuli consisted of 92 words 

and one forget tone. The words were chosen from the Pavio Word Generator 
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(http://www.math.yorku.ca/SCS/Online/paivio/).  We created the word learning sets 

and test lures out of 100 that had the following characteristics: Kucera-Frances word 

frequency M =  28.55 SD = 32.194, concreteness rating M =  5.960 SD= 1.84, 

meaningfulness M =  5.960 SD= 1.059, number of syllables M =  2.260 SD= 1.021, 

and number of letters M =  6.730 SD= 2.088 (29,30).  The Forget tone was a 

synthesized note.  

 

Object Learning Stimuli. The experimental stimuli consisted of 28 common 

objects, each of which was paired with its associated sound (see Table 1).  The objects 

were also presented using EPRIME 2.0 (28). 

 

 Targeted Memory Reactivation Sound Files: Each TMR sound file consisted of 

one object sound and the synthesized forget tone. We chose a delay period of 3 

seconds for the interval between the object sound and forget cue based on work by 

Schreiner, Lehmann, and Rasch (2015) who recently demonstrated that reactivation 

intervals between TMR cues is important; cues played with a 1500 millisecond delay 

allowed for typical strengthening processes to occur, lesser intervals abolished typical 

TMR-strengthening (23). As such, within each file, an object sound was played and 

followed by the forget cue 3 seconds later. This object-forget sound combination was 

repeated 10 times, with 5 seconds between each pairing. Each object-forget tone 

sequence was repeated twice, such that participants heard 20 pairings per object. Each 

sound file was played just above the ~60dB white noise that played continuously 
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throughout the night such that the object and forget tone could be heard, but not loudly 

enough to wake the subject. 

 

 

Procedure:  

 Modified directed-forgetting learning task: On night 1, participants were first 

administered the modified directed-forgetting task then the object-learning task. In the 

modified directed forgetting paradigm, we presented participants with 46 words, 26 of 

which were followed by a synthesized tone.  Participants were instructed at the onset 

of the task to forget any word that was followed by a tone. We presented the block of 

46 words in a randomized order three times. Between each training block, participants 

were administered a distractor task which consisted of counting diamonds or squares. 

At the end of all training blocks, participants were asked to recall only the words not 

accompanied by the tone. This created continued opportunity for participants to inhibit 

the words associated with the forget tone.  

 

Object-learning task: We then administered the object-learning task. 

Participants were presented with 28 objects, 7 per quadrant. When an object appeared 

in a designated location on the screen, it was accompanied by its typically associated 

sound (e.g. a participant saw a train in quadrant 1 and hear a train whistle). Each object 

was presented in a randomized order across four training blocks. Between each 

training block, participants were asked to recall the objects and locations. At the end of 

training, each object had a relative learning strength such that it was recalled 0/4, 1/4, 
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2/4, 3/4, or 4/4 times. Each individual’s median learning strength was computed. Ten 

objects surrounding the median were identified. Five objects were randomly assigned 

to be the reactivated objects, with the restriction that each quadrant was represented 

once. The other five objects were yoked control objects, such that they were from the 

same quadrant and learning strength as the reactivated object. Individual average 

learning is identified in supplemental Figure 1.  

 

EEG. We used the Comet-PLUS portable polysomnography (PSG) system to 

record all participants during the night (Natus, Inc). The PSG montage followed the 

10-20 electrode-placement system (Homan, Herman, & Purdy, 1987) and included 

EOG (right and left ocular canthus), two chin EMG electrodes, and six cortical EEG 

electrodes (F3, F4, C3, C4, O1, and O2). All electrodes were referenced to the 

contralateral mastoid (M1 and M2) and sampled at 200Hz. During the first part of the 

night, the record was scored online to identify the onset of the first period of slow 

wave sleep to begin TMR.  

Through the night, we played white noise at approximately ~60dB. During the 

first period of slow wave sleep, we reactivated the five chosen objects use the TMR 

files as outlined above. Each TMR file could be heard just above the white noise 

machine, such that it would not arouse the subject. Sound files were paused if 

participants aroused and begun once there was slow wave activity detection. 

 

Test. Seven days later, participants returned for the testing portion of the study. 

Initially participants were asked to recall as many objects as they could remember. 
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Second, they were administered a spatial location recognition task. In this, participants 

were presented with one of the 28 objects in the center of the screen and asked to 

identify which quadrant the object was located (see supplemental Figure 2). After each 

object’s location was identified, participants’ were asked to rate their confidence on a 

1 to 5 likert scale, with 5 being most confident. Participants were then administered a 

word recognition test to assess retention of the directed-forgetting words. Each word 

was presented on the center of the screen and participants were asked to identify 

whether it was old or new, and rate their level of confidence in their answer on a 1 to 5 

likert scale. Lastly, participants were asked if they heard any sounds. A list of 61 

sounds were read to the participant. Participants were asked if they heard the sound 

being played in the middle of the night and how confident in their answer they were.  

 

Supplemental Results: 

 

Performance at Learning.  

Directed Forgetting Forget-Cue learning. Participants recalled significantly 

more Remember words than Forget words (MRemember = 13.33 words, SD = 3.18; 

MForget = .3889, SD = .849 (t(1,17) = 15.974, p < .001).  

Object learning. Participants recalled 67.36% of the objects after four learning 

trials (SD = 10.05%).  The median level of learning was 68.05% (SD = 12.29%). For 

the most part, the chosen reactivated and control objects ranged in learning strength 

from 50-75%.  
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Supplementary Figures 

 

 

Fig1. Individual subjects’ average object learning 
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Fig 2. Spatial Location Test. Participants were asked to click on the box corresponding 

to the originally learned object location. 

 

 

 

 

 

 

 

 


