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ABSTRACT

Threatening events influence memory systems in complex ways. While it was
once believed that emotion enhanced all aspects of memory, recent evidence suggests
that it improves recall of emotional central features, but not neutral peripheral details
(Payne & Kensinger, 2011). Other studies show that emotion can enhance context,
retroactively benefiting related neutral events over time (Dunsmoor et al., 2015).
Notably, both effects emerge after sleep, indicating a role for memory consolidation.
Recently, Cowan et al. (2021) proposed that consolidation not only strengthens salient
information but also adaptively transforms memories via semanticization and integration.
In this dissertation, we adopt this adaptive memory framework to investigate behavioral
and neural markers of threat memory transformation. First, using free recall changes over
a week as a behavioral measure of memory transformation, we show that higher
subjective arousal predicts greater semanticization, with fewer episodic details retained
over time. Next, functional connectivity analyses reveal a division between anterior and
posterior hippocampus: the posterior hippocampus, in conjunction with the basolateral
amygdala and sensory cortex during encoding, is linked to less memory semanticization,
while the anterior hippocampus, coupled with the lateral occipital cortex and precuneus
during post-encoding, predicts greater semanticization. Moreover, representational
similarity analyses reveal that long-term memory reinstatement is strongest in the
precuneus, resembling early encoding patterns, with both hippocampal regions shifting
over time towards gist representations, albeit with varying granularity. Finally, we report
a negative relationship between neural reinstatement in the lateral occipital cortex and

memory semanticization, suggesting that detailed cortical representations help preserve
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event details over time. These findings support the adaptive memory model (Cowan et
al., 2021), emphasizing the dynamic roles of the hippocampus, amygdala and cortex in

threat memory transformation.
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CHAPTER 1

INTRODUCTION

“In this world, nothing is as it seems nor as it is lived.
Everything is as it is remembered!” (Baris Bigak¢t, 2003)

Our lives are filled with various emotional experiences. Not all emotional
experiences are made equal, however. Some enrich our behavior, well-being and
relationships positively, while others have detrimental effects on many aspects of our
lives. It is those in the latter category that sometimes have the biggest impact on us,
particularly in how we perceive their effect on our current and future behavior, and thus,
how we remember those experiences carry much weight. Consider the example of a car
accident where a person riding their motorcycle gets struck and injured by a red car.
Remembering the details of the accident, such as the time and place, the accident’s
impact on their physical and mental wellbeing, as well as any additional contextual
details will all prove helpful to prevent getting in future accidents. For example, the
person specifically remembering that they were sleep-deprived, and that it was a rainy
day, both important contextual details that probably contributed to the accident, may help
them decide not to ride their motorcycle under similar circumstances again. Alternatively,
the person may recall that it was a red car that caused their injuries and consequently
make the generalization that all red cars are generally more dangerous, and that they
should therefore avoid cars of this color the next time they are on the road. Notably, in
such life-threatening experiences, we humans keep an account of both specific details
that we believe are important and unique to the experience, and also the commonalities
that hold across similar events we experience (or learn about through others’ experience).

In the cases where individuals feel a heightened sense of threat associated with such



experiences, these different recollections may lead to component symptoms of
psychiatric conditions, such as the fear over-generalization and intrusions that are
characteristic of PTSD. The question that therefore arises is how seemingly disparate
recollections of the same experience, one with highly specific details and another with
only a general sense of what happened, are formed and kept in memory.

While people have extensively speculated on this question in the clinical literature
(Holmes & Bourne, 2008; Brewin, 2014; Rigoli et al., 2016), it has become increasingly
clear that discrepant claims within this literature regarding fear generalization versus
vivid intrusions are hard to resolve without a clear understanding of the neural circuitry
supporting threat memories (Parsons & Ressler, 2013; Lopresto, Schipper, & Homberg,
2016; Iyadurai et al., 2019). Thus, it is no surprise this question has also been at the
center of brain research spanning multiple stages of memory from encoding to
consolidation to retrieval (McGaugh, 2000; Guskjolen & Cembrowski, 2023; Sridhar,
Kharmaj, & Asthana, 2023), as well as in work exploring emotion’s modulatory role on
these processes (LaLumiere et al., 2017; Crowley, Bendor, & Javadi, 2018).

To tackle this conundrum in the lab, we first need to consider how emotional
experiences, particularly those with high subjective and physiological arousal, are
encoded into long-term memory representations (LaBar & Cabeza, 2006; Murty et al.,
2010; Yonelinas & Ritchey, 2015; Clewett & Murty, 2019). Second, as Bigake¢1’s quote
above brilliantly captures, our memories are not recalled as they are experienced and
initially encoded. They are rather dynamic representations that live in different parts of
our brain, and that are susceptible to changes, updates and forgetting. Thus, we need to

understand how memories are consolidated and transformed over time, and relatedly,



how psychophysiological arousal as one experiences memory forming events modulate
these consolidation process (Kumaran et al., 2016; Robin & Moscovitch, 2017; Favila,
Lee, & Kuhl, 2020; Cowan et al., 2021; Moscovitch & Gilboa, 2021). Research in these
domains has implicated particular neural regions and in broader memory processes (e.g.,
hippocampus and neocortex) and in emotional memories (e.g., amygdala). Crucially,
however, these neural systems do not act in isolation, but rather, are intertwined in
supporting the various stages of memories for highly arousing, emotional experiences.
Thus, it is essential that we consider their interaction at different stages of memory
transformation.
Roadmap to this Dissertation

The overarching goal of this dissertation is to understand the neural underpinnings
of threat’s downstream effects in long-term memory reorganization. To that end, our first
goal is to identify behavioral indices of long-term memory transformation that are
affected by arousal. Second, we aim at characterizing threat-induced alterations and
biases that arise during both memory encoding and consolidation. Third, we aim at
characterizing the neural indices of long-term memory transformation in the
hippocampus and cortex. Our final goal is to explore how threat-related post-encoding
consolidation processes relate to behavioral and neural indices of threat memory
transformation.

In this opening chapter (Chapter 1), we first provide a theoretical background that
is necessary for understanding the concepts we hope to integrate in this work. This
includes an overview of the memory consolidation and transformation processes, threat’s

influence on memory, particularly through arousal, and the interaction of these processes



in supporting long-term memories of emotional experiences, as well as a discussion of
open questions. In Chapter 2, we present the methods utilized in the current study to
address some of the open questions introduced in Chapter 1. In Chapter 3, we provide
evidence revealing how threat-related arousal influences the encoding and post-encoding
processes, including indices of both the behavioral and neural transformation of
memories. Finally, in Chapter 4, we end with a discussion of these results as interpreted
into the context of the broader theoretical framework introduced in Chapter 1, along with
a consideration of limitations of our study, and future directions, including implications
of our results for psychiatric conditions.

Theoretical Background

Memory Consolidation

It is crucial to understand the fundamentals of systems consolidation in order to
understand threat’s downstream influence on these processes, and how threat thereby
shapes the nature of memories. Memories do not stay unchanged after their initial
encoding. Rather, a stabilization process, called consolidation, follows encoding, that this
process determines which experiences are ultimately retained in long-term memory.
During consolidation memories are selectively prioritized, strengthened and transformed
over time, at both the cellular and systems levels. Below, we first briefly explain memory
consolidation mechanisms, and then discuss how threat-related information might be
selectively prioritized during consolidation.

Cellular memory consolidation refers to the process by which transient, short-
term memories are transformed into long-term, stable, memories at the cellular level.

This process involves structural and functional changes in neurons, primarily within the



hippocampus (Cahill & McGaugh, 1998; Dudai, Karni, & Born, 2015), taking place via
various forms of synaptic plasticity, including long-term potentiation (LTP) and long-
term depression (LTD). LTP and LTD balance each other in strengthening and
weakening of synapses formed between neurons that were active during an experience,
allowing the prioritization and reorganization of synaptic networks for efficient storage of
relevant information while filtering out unnecessary details. Further protein synthesis
plays a crucial role in stabilizing these synaptic changes, allowing the memory trace to
persist in the long-term (Abraham & Williams, 2003; Dudai et al., 2015). While these
cellular changes help explain the selective stabilization of memories, it is not obvious
how they may translate into memory transformation at the scale we are interested in, for
several reasons: One, there is consensus that cellular consolidation takes place within the
hours after learning while the memory transformation in question requires days, if not
weeks, months or years (Genzel & Wixted, 2017). Further, and relatedly, the cellular
consolidation framework does not account for processes like gist-extraction that
contribute to memory transformation, and are at the center of this dissertation, which
emerge in later stages of memory organization through interactions across a broad
network of regions (Wang & Morris, 2010).

An alternative framework to cellular consolidation provides more direct insights
regarding long-term memory organization: systems consolidation. According to the
standard model of systems consolidation, memories that are initially dependent on the
hippocampus are reorganized and distributed across cortex over a period of time that
spans from days to years (Squire & Alvarez 1995; McClelland, McNaughton, &

O’Reilly, 1995), which might explain the retrograde amnesia wherein remote memories



remain intact while recent memories prior to hippocampal and broader medial temporal
lobe lesions are forgotten (Scoville & Milner, 1957; Squire et al., 1984). Critically, these
early models posit that the hippocampus rapidly forms neural patterns representing
episodic events, and then trains the neocortex to slowly form a stable representation, that
is aggregated over many repeated reactivations of these patterns, such that remote
memory recall no longer depends on hippocampus (McClelland et al., 1995; O’Reilly et
al., 2014).

Other systems consolidation models, such as multiple trace and trace
transformation theories, propose an alternative explanation to the amnesic reports:
multiple neural traces of the same memory might coexist in the hippocampus and cortex,
instead of a gradual shift from hippocampal to cortical representations (Nadel &
Moscovitch, 1997; Winocur & Moscovitch, 2011). Under these alternative models, the
hippocampus forms a new neural trace each time a memory is reactivated. Accordingly,
as each trace is communicated to the cortex, a hippocampal — cortical ensemble is
created, which gradually extracts the overlapping information contained across traces and
consequently forms a gist-level, semantic representation. Both theories suggest that there
is a connection between neural and psychological representations, asserting that the
hippocampus is essential for any memory requiring detailed representation, regardless of
its age or type (episodic, spatial, or semantic) (Tompary & Murty, 2024). Trace
transformation theory, in particular, highlights a dynamic interaction between
hippocampus-based episodic memories and cortex-based gist memories, suggesting that

their relative strength or the demands of the task will determine which will be retrieved.



Methodological Approaches to Systems Consolidation. Now that we have
presented the fundamental principles of systems consolidation, particularly emphasizing
the dynamic interaction between episodic versus gist-level representations, we next
discuss the neural mechanisms contributing to this representational granularity.
Considerable evidence from both animal and human studies suggests that replay is an
important mechanism for systems consolidation. Replay refers to a neural process
wherein hippocampal cells re-activate neuronal firing patterns that are initially formed at
encoding, later in sleep (Buzsaki, 1989; Wilson & McNaughton, 1993; Skaggs &
McNaughton, 1996; Girardeau & Zugaro, 2011) or awake rest (Foster & Wilson, 2006;
Diba & Buzsaki, 2007; Karlsson & Frank, 2009; Jadhav et al., 2012). Accordingly, neural
replay selectively strengthens encoding patterns represented in the hippocampus (Rasch
& Born, 2007; Carr, Karlsson, & Frank, 2012), and cortex (Ji & Wilson, 2007; Lansink et
al., 2009; Tambini & Davachi, 2019; Tanriverdi et al., 2023).

In the last few decades, human brain imaging studies have utilized various
approaches to characterize the neural processes that take place during post-encoding
phases as part of memory consolidation. Many studies have adopted multivariate
approaches, such as multi-voxel pattern analysis (MVPA) and representational similarity
analysis (RSA), to identify the similarity between encoding and post-encoding neural
patterns occurring in the hippocampus and cortex, and treat this as a proxy for the neural
replay observed in single- and multi-cell recording studies conducted in rodents (e.g.,
Buzséki, 1989; Wilson & McNaughton, 1993; Foster & Wilson, 2006; Diba & Buzsaki,
2007; Jadhav et al., 2012). With such multivariate approaches, a higher correlation

between neural patterns observed at encoding with those observed at post-encoding



phases is considered as evidence for neural reactivation. Generally, studies have found
that greater pattern re-activation during post-encoding periods is associated with better
subsequent memory (Deuker et al., 2013; Schlichting & Preston, 2014; Schapiro et al.,
2018; Alm, Ngo & Olson, 2019; also see Tambini & Davachi, 2019 for a review).

As briefly discussed earlier, systems consolidation requires a coordinated
communication between the hippocampus and neocortex in order for the cortex to extract
the gist-level information across episodes. This hippocampal — cortical communication is
also characterized during post-encoding consolidation phases and linked with subsequent
memory using functional connectivity (Tambini, Ketz, & Davachi, 2010; Tompary,
Duncan & Davachi, 2015; Tompary & Davachi, 2017; Murty et al., 2017; Liu, Grady &
Moscovitch, 2018). While functional connectivity analysis provides insight into the
concurrent neural dynamics between regions over an entire learning or rest period, it
provides only a “state” level (i.e., global) signal regarding the cross-regional
communication, limiting our understanding of communication across regions at the
event-level. Recently, we have characterized the concurrent-reactivations (co-
reactivations) occurring across the hippocampus and cortex, similar to the co-replay
studies in rodents, to further investigate the hippocampus — cortex coordinated
communication at particular timeframes within the consolidation window (Tanriverdi et
al., 2023). This RSA-based approach allowed us to model neural similarity across two
regions at specific time points, providing insight into event-specific communication
across the hippocampus and cortex.

Both functional connectivity and representational similarity analyses provide

unique windows into the dynamic nature of memory transformation, and these



approaches are utilized separately in this dissertation to 1) uncover the encoding and
post-encoding processes (functional connectivity) supporting memory transformation,
and 2) expose the neural transformation that memories undergo over the course of a week
(representational similarity).

Open Questions in Systems Consolidation Research. While this dissertation
builds on previous systems consolidation models in evaluating memory transformation,
there are several open questions in the systems consolidation literature that we would like
to highlight here. Systems consolidation models we have discussed so far have consider
the hippocampus and cortex with little specification of the potentially separate functional
roles of specific subregions, which is important to acknowledge for several reasons.

First, the hippocampus is not a functionally unified region, with recent work
highlighting a functional differentiation along its long axis. Specifically, the anterior third
of the hippocampus supports more gist-level representations through pattern completion,
while the posterior third supports more detailed representations through pattern
separation (Yassa & Stark, 2011; Poppenk et al., 2013; Brunec et al., 2020). This
functional division is also evident in how these two subregions communicate across a
network of other memory regions: while the anterior hippocampus shows more functional
connectivity with the anterior temporal lobe and other regions on the anterior gradient of
the brain, the posterior hippocampus shows more functional coupling with a network of
more posterior brain areas (Ranganath & Ritchey, 2012; Ritchey et al., 2015). Therefore,
we might expect to see differences in how the anterior versus posterior hippocampus
engage as memories undergo consolidation and subsequent transformation.

Second, while previous theories highlighted neocortical areas, particularly the



medial prefrontal cortex (mPFC), for keeping more gist-level representations, they are
rather implicated in forming generalizations through integration over related experiences,
with overlapping information (Cowan et al., 2021). Thus, other cortical areas, rather,
might play a more critical role in the transformation that unique episodic memories
undergo —as investigated in this dissertation. To that end, more recent work in both
rodents and humans has offered evidence of memory reactivation in sensory and parietal
cortices (e.g., Bang et al., 2018; Wittkuhn & Shuck, 2021; Skalaban, 2022), as well as a
coordinated reactivation between the hippocampus and visual cortices (e.g., J1 & Wilson,
2007; Tanriverdi et al., 2023; Yu et al., 2024). For instance, the precuneus has been
consistently highlighted for its role in long-term neural reinstatement, particularly during
autobiographical recall (e.g., Favila et al., 2018; Gilmore et al., 2021). Additional studies
report that greater post-encoding functional coupling between the hippocampus and
visual cortex in association with better subsequent memory retrieval (e.g., Tambini, Ketz,
& Davachi, 2010; Murty et al., 2017). However, we have previously found that co-
reactivations of hippocampus — category-selective cortex during post-encoding rest were
higher for items that are either incorrectly recognized or forgotten over a week-long delay
(Tanriverdi et al., 2023), raising questions about the granularity of representations that
co-exist in the hippocampus and cortex. Together, these findings warrant a broader search
for consolidation markers in parietal and sensory cortices, as well as in their interaction
with the hippocampus.
Threat’s Influence on Memory

Having reviewed the memory consolidation framework, we can now turn to

threat’s influence on memory encoding, consolidation and retrieval processes.
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Behaviorally, threat’s influence on memory has been investigated using a variety of fear-
conditioning and episodic memory paradigms, with an emphasis on the
psychophysiological responses associated with threatening experiences, such as arousal
and negative emotional reactions (Murty et al., 2010; Murty & Adcock, 2017; Clewett &
Murty, 2019). Memories for events that elicited emotional responses were initially
thought to be distinctive, characterized by vividness, accuracy, and high levels of
confidence in recall. In an array of early behavioral studies, participants reported highly
vivid episodic recollections regarding their experiences of learning about natural disasters
(e.g., Bahrick et al., 1998), assassinations (e.g., Brown & Kulik, 1977; Christianson,
1989) and terrorist attacks (e.g., Pezdek, 2003; Smith et al., 2003; Paradis et al., 2004;
Budson et al., 2004; Budson et al., 2007).

However, additional work has shown that while participants may report greater
confidence for emotional than neutral experiences, their recollections of episodic details
may not necessarily reflect higher accuracy for emotional events (e.g., Neisser & Harsch,
1992; Talarico & Rubin, 2003; Sharot et al., 2007). To complicate things further, even
when studies find emotion-related memory enhancement, this effect appears to be
selective and does not uniformly improve the accuracy of all event details. Indeed, two
separate lines of behavioral evidence highlight that threat-induced arousal biases memory
retrieval towards remembering the emotional gist of an experience, at times at the
expense of event details. Crucially, both of these effects are unique to emotional stimuli
and not shown for neutral information, and both appear to depend on memory
consolidation. First, as evident across many item—background trade-off studies,

emotionally salient central details are remembered better compared to neutral
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peripheral/contextual details following a sleep-filled delay (e.g., Christianson, 1984;
Burke, Heuer & Reisberg, 1992, Kensinger et al., 2007a, 2007b; Payne et al., 2008;
Payne & Kensinger, 2011). Second, category-level emotional saliency retroactively
boosts memory for items that are initially encoded under neutral conditions, but only after
a 24-h delay (e.g., Dunsmoor et al., 2015; Patil et al., 2017), suggesting that the
emotional salience associated with the overall category is generalized to items within that
category, even when those items were not initially paired with aversive outcomes.
Arguably, the findings from item—background trade-off studies hint at selective
prioritization and stabilization through consolidation, while the retroactive memory
effects highlight memory reorganization and transformation.

With regard to neural circuitry supporting threat memories, both the amygdala
and hippocampus are shown to play important, but separable roles (e.g., Bechara et al.,
1995; LaBar & Cabeza, 2006; Mather, 2007; Yonelinas & Ritchey, 2015). Early models
have primarily focused on the amygdala’s role in fear conditioning, particularly
basolateral amygdala (BLA), supporting acquisition of fear associations (Campeau &
Davis, 1995; Rabinak & Maren, 2008; Roesler et al., 2021). Studies of patients with
amygdala damage showed that amygdala damage prevents the memory advantage for
central details in emotional stimuli, which further emphasized amygdala’s functional role
in emotional learning, particularly of central details, or gist (Adolphs, Denburg, & Tranel,
2001; Adolphs, Tranel, & Buchanan, 2005). The hippocampus’s role in threat encoding,
however, is more complicated. While it is generally presumed that hippocampal
engagement during emotional memory encoding will enhance memory details (Bechara

et al., 1995), there is also considerable evidence (and theoretical consideration) that
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excessive threat impairs hippocampal function (e.g., Kim & Diamond, 2002; McEwen,
2007, Schwabe & Wolf, 2012; Clewett & Murty, 2019). Given the hippocampus’s role in
item — context association learning, such impairment in hippocampal function would be
disruptive for emotional binding, potentially giving rise to generalized representations for
emotional experiences (Maren et al., 2013).

It is crucial to emphasize that encoding processes, whether in the amygdala or
hippocampus, are not the sole determinants of how arousing events are remembered.
Equally, if not more, important are consolidation processes, which play a key role in
shaping how emotional experiences are stored in long-term memory. The previously
discussed behavioral findings showing that highly arousing stimuli are better remembered
compared to their neutral counterparts, particularly after a delay filled with sleep,
strongly suggest an adaptive consolidation effect (Cowan et al., 2021), wherein
emotionally salient information is selectively prioritized (item—background trade-off
effects) and adaptively integrated (retroactive memory effects). Functional MRI studies
have started to uncover how these consolidation effects might unfold during post-
encoding rest. For instance, de Voogd and colleagues reported higher post-encoding
reactivation for stimuli associated with aversive but not neutral outcomes in cortical areas
(de Voogd et al., 2016). Critically, cortical reactivations for these stimuli were driven by
higher hippocampal — cortical functional connectivity, and were associated with
subsequent memory benefits.

More recently, Clewett and colleagues (2022) have highlighted neural
mechanisms supporting the previously reported retroactive memory effects in aversive

conditioning tasks (e.g., Dunsmoor et al., 2015). They have shown that category-selective
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cortical reinstatement during fear conditioning was associated with retroactive memory
effects for aversive stimuli. Further, increased post-encoding hippocampal—category
selective cortex connectivity was associated with greater retroactive memory effects for
the aversive category. Crucially, emotion related memory enhancement for neutral
information could happen prospectively, as Tambini and colleagues have recently
demonstrated (Tambini et al., 2017). These authors found that when emotional learning is
followed by neutral learning, amygdala—anterior hippocampus connectivity patterns
observed during initial emotion learning persisted over time, well into the period of
neutral learning (“‘emotional carry over”), suggesting a proactive encoding benefit for
unrelated neutral items that are learned after emotional stimuli (Tambini et al., 2017).
Further, hippocampal multivoxel patterns that characterized recollection-based emotional
memory formation were reinstated and similarly supported the later recollection of
neutral stimuli that followed emotional stimuli. Collectively, these studies underscore the
adaptive influence of arousal on encoding (Tambini et al., 2017) and post-encoding (de
Voogd et al., 2016; Clewett et al., 2022) processes. Accordingly, during complex
naturalistic experiences, such as watching threatening events unfold in a short video clip
(as we implement in this dissertation), information will be adaptively processed
throughout both encoding and consolidation and retained in memory with varying
degrees of granularity.

The final piece of the puzzle that has been missing in our discussion thus far is the
influence of threat-induced arousal on memory transformation and reorganization post-
consolidation. To address that, we must consider alterations in emotional memories after

they are stabilized through consolidation. In a pioneering study, Misanin and colleagues
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have shown that administering electroconvulsive shocks after retrieval leads to retrograde
amnesia for previously consolidated fear memories (Misanin et al., 1968). Nader and
colleagues later showed similar effects with infusion of a protein-synthesis inhibitor (i.e.,
anisomycin) in basolateral amygdala post-retrieval (Nader et al., 2000). Crucially, the
same treatment did not alter memories in the absence of reactivation, suggesting that
memories become labile again upon reactivation, and interventions targeting protein
synthesis post-reactivation may disrupt the retrieval advantage for emotional material
(Nader et al., 2000; Kindt et al., 2009). More recent evidence suggest that similar
disruptions may be achieved by behavioral interventions immediately after reactivation
(e.g., Agren et al., 2014). These studies further highlight the adaptive nature of memory
reorganization and open the field for new questions about the downstream effects of

emotional memory reactivation in long-term memory representations.

Open Questions in Threat Memory Research. While we have highlighted
recent evidence for threat’s adaptive influence on memory processes, we are far from a
complete picture considering the inconsistent findings discussed above. We argue that
there is more to uncover, particularly regarding the dynamic representational changes
across the different stages of memory reorganization.

First, we would like to revisit the functional division between anterior and
posterior hippocampus in the context of threat memory consolidation (Bannerman et al.,
2004; Strange et al., 2014; Pronier, Morici & Girerdeau, 2023). Given their division in
pattern separation and completion, it has been recently hypothesized that anterior
hippocampus engagement would contribute to gist via increased representational

similarity for fear-related information (e.g., Leal et al., 2014). On the other hand, the
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posterior hippocampus contributes to memory differentiation for the emotional materials
through pattern separation and the retrieval of contextual details (e.g., Lissek et al.,
2014). Crucially, basolateral amygdala projections to anterior versus posterior
hippocampus might further and separately modulate this functional division in threat
memory consolidation (Huff et al., 2016; Yang & Wang, 2017). Therefore, probing the
amygdala — hippocampus connectivity at the level of subnuclei (e.g., testing basolateral —
anterior hippocampus coupling separately), might yield additional insights regarding their
role in various stages of memory processing and transformation.

Additionally, the threat-related memory effects we have discussed throughout the
encoding, post-encoding consolidation, and retrieval (or post-consolidation) phases have
mostly been studied in isolation, which hinders our understanding of the dynamic nature
of threat memories. Thus, we suggest that a comprehensive study design wherein markers
of both behavioral and neural transformation are probed across all stages of memory has
the potential to substantially improve our understanding of threat memory.

Theoretical Overview and the Current Study

Clearly, there are several areas of disagreement that remain in the literature. First,
it is still not understood how threat-related information would be retained over time: with
specific details or as gist. Relatedly, the hippocampus’s role, particularly along the long
axis, in dynamic reorganization of threat memory remains unresolved: do these processes
rely more or less on anterior versus posterior hippocampus? Similarly, does the cortex
support detailed or gist-level representations? Finally, does systems consolidation
introduce selective bias for arousal-inducing stimuli through replay, at the expense of

contextual details, thereby hindering episodic recollections?
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This dissertation addresses key open questions by testing the following
hypotheses: 1) Memory recall will undergo a transformation over time, with specific
event details gradually fading while a more generalized, emotionally focused
representation is retained in the long term. This transformation is expected to be
influenced by subjective arousal. 2) Although the hippocampus will be crucial for
encoding, consolidating, and retrieving threat-related memories, we anticipate functional
differences along its long axis. Specifically, the posterior hippocampus will be more
active during early stages to ensure accurate encoding of episodic details, while the
anterior hippocampus will play a larger role in post-encoding consolidation and long-
term retrieval, supporting the shift toward a gist-like memory representation. 3) We
predict distinct functional connectivity patterns for the anterior versus posterior
hippocampus with the amygdala and various cortical regions, including the precuneus
and visual cortices, aiding in memory reorganization. 4) Lastly, the anterior, but not
posterior, hippocampus and associated cortical regions will show long-term memory

reinstatement, which will correlate with behavioral memory transformation.
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CHAPTER 2
METHODS

Our goal for the described methodology in Chapter 2 is to understand how threat-
related arousal influences memory transformation, both behaviorally and neurally.
Previous research highlights that threat and non-threat memories might be remembered
with different levels of granularity, i.e., on a spectrum from highly detailed episodic to
highly general emotional gist. In following the evidence provided by the extant literature,
we hypothesize that the number of details remembered from threatening events will
change over time, as memories go through consolidation. Thus, we aim to uncover the
neural underpinnings of such transformation. In order to test our assumptions, we have
conducted a three-session experiment which took place over the course of a week (Figure
1). Here, we describe our study design and analytic approach in detail.
Participants
Forty-eight young adults from the Temple University community were recruited and
compensated for their time ($60 for Day-1 and Day-2, $50 for Day-8, and an additional
$50 for study completion). Participants were native English speakers, had normal or
corrected-to-normal vision, and reported no psychiatric conditions. One participant did
not complete the study, and therefore is removed from all analysis, leaving us with an N
=47 (28F, Mage=20.24, SDage = 2.02). One additional participant was removed from all
the analyses because of behavioral data loss due to computer issues during the Day-2
memory test. Two additional participants were excluded from fMRI data analyses, and
from the tests of brain behavioral correlates, because their Day-1 fMRI data could not be

preprocessed due to technical problems at the scanner, which left only 44 participants for
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the Day-1 neural analysis. Finally, an additional five participants were removed from all
of the Day1-Day8 neural similarity analyses, and related brain-behavior correlates,
because their Day-8 fMRI data could not be preprocessed due to technical problems with
the data obtained from the scanner (four) or because of excessive noise during the

functional runs (one), leaving a sample of 39 participants for these analyses.

Study Design

Day-8 Memory Recall @

Day-1 Encoding '@ Day-2 Memory Recall :] & Reinstatement

Intact Movie Watching

‘ Memory Recall

) 5 & ’ Clip-5 Free Recall
Interleaved with Rest ; ’ Clip-4 Free Recall
) i | 2 min ‘ \
L, Pre-Encoding Rest L ‘ Clip-2 Free Recall ‘ i )
Clip-1 + Arousal Ratings | ! Clip-3 Free Recall ]
Post-Encoding Rest-1
' Clip-2 + Arousal Ratings ’ Please recall the movie clip Disrupted Movie Watching
\ associated with the images below
\.\ in as much detail as you can. Clip-1 + Arousal Ratings ‘ 2 min
| Ty - - :
j Post-Encoding Rest-6 ‘ - Clip-6 + Arousal Ratings |
Day-1 Intact Movie Watching Day-8 Disrupted Movie Watching

On Period I
(10 second)

Figure 1. Experimental procedure. Encoding (Day-1) consisted of a baseline rest scan, 6
encoding scans wherein participants watched a short clip (3 aversive, 3 neutral, all intact
versions), and 6 post-encoding rest scans. The first cued-recall task was completed
behaviorally, 24-h after encoding (Day-2). The second cued-recall task was completed in
the scanner, 1-week after encoding (Day-8). On Day-8, participants also rewatched all 6
clips (disrupted versions) in the scanner.
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Study Materials

For encoding, we selected six horror movies from a pool of over 100 available
films reviewed on Shudder VOD. These movies were selected to evoke varying levels of
negative emotion and arousal in viewers. One particular goal in selecting these movies
was to ensure that we would capture individual differences in self-reported ratings of
arousal (which we probed after each clip (see Experimental Procedure)) as we did not
want to rely on an assumed valence dimension (negative versus neutral) when probing
threat memory transformation. To that end, movies were carefully selected to highlight
suspenseful and psychological horror over more overt, bloody/body horror as we wanted
to capture arousal-related to threat anticipation instead of disgust, which might be evoked
through overt horror imagery. Further, by showing participants a variety of clips in which
threat is depicted in different ways (e.g., domestic violence versus acts of self-harm), we
reasoned, would capture idiosyncratic differences in self-reported ratings of arousal
across participants.

All movies selected were small budget or independent to ensure low familiarity of
the movie to participants. For each movie, we selected two 2-minute clips depicting an
aversive scene and a neutral scene, which were validated to yield individual differences
in subjective feelings of arousal and valence through an online behavioral study
(Gregory, 2024). When extracting these short clips, we prioritized finding clips that
contained a full scene including a beginning, middle and end, while also balancing basic
features described: The aversive and neutral clips taken from the same movie were

matched on simple aesthetics such as setting, filming, characters, and dialogue/music to
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control for these potential confounds. Notably, each participant only viewed the aversive
or neutral clip from each movie during the study.

For intermittent reactivation (see Experimental Procedure and Figure 2C),
borrowing from Skalaban (2022), we created disrupted versions of each clip.
Accordingly, each disrupted clip had a 10- second video-on and 20- second video-off
sequence, resulting in a total of 4 on and 4 off segments. During the off periods, a dark
blank screen was presented while the audio continued (i.e., the audio persisted,
undisturbed, across the is on and off periods). Due to experimenter error, the disrupted
version of one of the clips was improperly prepared to have a 10 second on and 10
second off periods and was thereby excluded from all analyses.

Finally, for each clip, the still images of the first and the last frame were extracted
to be used as cues for free recall on Day-2 and Day-8.

Experimental Procedure

In order to test the neural underpinnings of threat memory transformation, we
have conducted a three-session experiment, with in-person lab visits spanning over the
course of one week. The experimental sequence was as follows: 1) Day-1 (in the MRI
scanner) consisted of instruction and encoding phases, where participants first watched
clips as they underwent functional imaging, and then rated each clip for their emotional
reactions. Critically, each clip encoding was interleaved with a functional rest scan to
probe post-encoding memory consolidation, 2) Day-2 consisted of a temporal memory
test, cued-free recall, and a questionnaire phase (24-hours after Day-1), and 3) Day-8
consisted of cued-free recall and intermittent reactivation tasks in the scanner as well as a

brief questionnaire after the scan, and took place one week after encoding (Figure 1).
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Figure 2. Data analytical approach and brain regions of interest (ROIs). A. Behavioral
memory transformation score is calculated as the difference between internal details (%)
recalled on Day-2 and Day-8. B. Functional connectivity analyses were conducted for all
of the encoding and rest scans on Day-1. Anterior and posterior hippocampus were
considered the seed regions, whereas all amygdala and cortical regions were target
regions. In order to capture clip-specific post-encoding patterns, for any given ROI pair,
we have subtracted the pre-encoding (i.e., baseline) connectivity from post-encoding
connectivity. C. Regions of Interest. aHipp: anterior hippocampus, pHipp: posterior
hippocampus, BLA: basolateral amygdala, CEM: centromedial amygdala. FFA: fusiform
face area, PPA: parahippocampal place area, LOC: lateral occipital cortex. D. For the
long-term memory reinstatement analysis, a within-clip and an average across-clips
similarity score is calculated. For within-clip similarity, we calculated the correlations
(Pearson’s r) between neural patterns observed during the day-8 disrupted version of a
clip (e.g., clipl-day8-disrupted) and its day-1 intact version (e.g., clipl-dayl-intact). The
pattern similarity was separately calculated for each on- and off-period and was then
averaged for the on- and off-periods. For the across-clips similarity, using the same
approach, we calculated the correlations between neural patterns observed during the
day-8 disrupted version of a clip (e.g., clipl-day8-disrupted) and the day-1 intact version
of another clip (e.g., clip2-dayl-intact). We then took the average of all the across-clips
similarities to get a mean “across-clips similarity score” per clip. Thus, a greater within-
clip similarity score corresponds to content-specific reinstatement of events for a given
clip, whereas greater across-clips similarity score would correspond to greater schematic
reinstatement (e.g., a general schema of events one would expect from the horror-clips
genre).
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On Day-1, participants first practiced watching a movie clip and performing
ratings prior to entering the fMRI. This allowed participants to understand the ratings that
needed to be performed after each clip for arousal, valence, coherence, and familiarity. A
soundcheck was also administered to familiarize participants with varying levels of audio
across clips, and to ensure that an average and comfortable hearing quality was achieved
across participants. The encoding phase in the scanner started with T1-weighted anatomic
imaging, followed by a baseline rest scan for 120 seconds. Then, participants viewed
each movie clip in a pseudorandomized and counterbalanced order, interleaved with rest
scans. For any given clip, they were first presented with a cue for 5 seconds indicating
whether the upcoming clip was expected to be aversive or neutral, with the goal of
priming the condition for the clip to prevent any anticipation-related arousal for the
neutral clips, and to lessen the emotional carry-over effects from the previous clip.
Participants then viewed a movie clip for 120 seconds, which they then rated at the end
for evoked levels of arousal, valence, coherence, and familiarity, using a continuous
visual analog scale ranging with labeled endpoints. A resting scan (post-clip/encoding)
followed each movie clip. During each rest scan, participants were instructed to keep
their eyes open, stay still, and look at the fixation cross on the screen. These rest scans
were also 120 seconds in length to match the movie clips. In total, participants completed
7 separate runs of rest scans and 6 separate runs of single movie clip presentation trials
with 3 neutral and 3 aversive clips presented in a pseudo-randomized order. Pseudo-
randomization was achieved by generating individual stimulus orders in which no two

clips were drawn from the same movie. No more than two movie clips drawn from the
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same condition appeared in a row, and the encoding phase did not start or end with two
movie clips drawn from the same condition.

Following the movie-clip encoding completed on Day-1, participants returned to
the lab after 24-hours (Day-2) to complete a temporal memory task, a cued-free recall
task and individual difference questionnaires. The temporal memory task was designed to
probe both recency discriminations and temporal duration estimations, which are out of
the scope of the current study and are discussed elsewhere (Gregory, 2024). The cued-
free recall task completed on Day-2 was administered behaviorally in the lab, using a
randomized order for clips to prevent primacy- or recency-induced biases. Participants
were shown two images corresponding to the first and the last frames in each movie clip
they watched the day before, and were given the instructions “Please try to remember the
events that took place in the clip associated with these images”. They were then
instructed to type their recollections for as long as they took, without worrying about the
typological errors.

Following the memory phase, participants completed two questionnaires. They
first completed a genre questionnaire, where they indicated their enjoyment on a scale
from 1 (“do not enjoy at all”) to 5 (“enjoy very much”) of three genres of films: Horror,
Action, and Thriller. This questionnaire was intended as a control to capture individual
preferences for different types of emotional clips, and is not discussed any further.
Participants then completed the self-report, PTSD Checklist for DSM-5 (PCL-5). The
PCL-5 gauges the presence and severity of PTSD-related symptoms and provides
subscale scores which are matched to DSM-5 categories. This questionnaire was included

to capture individual differences related to possible PTSD symptoms, and the PCL-5 is
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often used as a screening and provisional measure in similar research. This questionnaire
is not used for the main analyses of this project, but was obtained to be utilized as a
potential covariate in future exploratory analyses.

One-week after encoding (Day-8), participants came back to the imaging center
and completed a cued-recall task as well as an intermittent reactivation task in the
scanner. The Day-8 cued-recall task and instructions were identical to that of Day-2, with
the exception that participants completed the recall task in the scanner, wherein each clip
recall was completed in a separate functional run. To accommodate individual differences
in recall time and detail, participants were given up to five minutes per clip in the
scanner, and the scans were stopped as soon as the participants indicated that they were
done recalling a given clip. Day-8 recall data is collected by having participants speak
into an MRI-compatible microphone while being audio-recorded. While the behavioral
cued-free recall data is included in the current manuscript, the neural data associated with
the recall on Day-8 will be analyzed in future studies, and is therefore left out from the
current manuscript.

After the cued-recall period, participants proceeded to complete the intermittent
reactivation task, where they watched the disrupted (with the blank screen) versions of
each of the six movie clips, which were followed by the same arousal, valence, coherence
and familiarity ratings. The disrupted versions were watched in separate functional runs,
in the same order that they were watched during encoding (Figure 1).

Brain Imaging Data Acquisition and Preprocessing
MRI data was collected at the Temple University Brain Research & Imaging

Center using a 3T Siemens Prisma scanner with a 20-channel parallel array transmit-
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receive head coil. On both Day-1 and Day-8, participants first completed the T1-weighted
anatomic imaging, and then the fMRI study task. T1-weighted images were used for
coregistration. During encoding (Day-1) and intermittent reactivation (Day-8), 77 brain
volumes were collected in separate runs of each of the 19 blocks (6 movie clips and 7
rests on Day-1, and 6 movie clips on Day-8), each lasting for 120 seconds. We did not
collect functional data during the arousal, valence, coherence and familiarity ratings that
followed each movie clip. During the cued-free recall on Day-8, participants were given
up to 5 minutes to complete their recall. Individual differences in recall stopping time
resulted in a variable number of brain volumes collected from each participant.

Before preprocessing, DICOM images were converted to NIFTI format with
Brain Imaging Data Structure (BIDS) nomenclature using dem2niix (Li et al., 2016) and
were visually inspected for conversion errors. BIDS-formatted imaging data was then
preprocessed using the standard fMRIPrep pipeline (Esteban et al., 2019), which included
skull stripping, segmentation of gray matter, white matter, and CSF. Additional steps
included spatial normalization with nonlinear registration to MNI152NLin6Asym space,
head motion estimation, slice time correction, susceptibility distortion correction,
registration from EPI to T1w, resampling to standard space, and confound estimation.
Data Analysis

All statistical analyses reported below were performed using R Statistical
Software (version 2023.0.3.386, Posit Team 2023). The pairwise Pearson’s correlations
were calculated using the cor function from the corrr package (https://cran.r-
project.org/package=corrr). The linear mixed modeling analyses were conducted using

the /mer function from the /me4 (https://cran.r-project.org/package=lme4) and Imertest
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function from the ImerTest packages (https://cran.r-project.org/web/packages/ImerTest)
in R.
Behavioral Data Analysis

The behavioral data analyzed in the current study consist of the subjective arousal
ratings from the Day-1 encoding session as well as the cued-free recall data from both
Day-2 and Day-8. Day-1 Arousal ratings were normalized within participant by
calculating the z-score of all arousal ratings provided for each clip by the participant. The
z-scored Day-1 arousal ratings were then used as an independent variable to predict Day-
2 and Day-8 cued-recall as well as the free recall transformation over the course of the
week (see below). Arousal ratings were additionally entered as a covariate in reported
Imer models testing the relationship between different neural variables and the free recall
transformation. Importantly, we collapsed the arousal variable across conditions (aversive
and neutral) for all behavioral and neural data analyses to better investigate the
downstream effects of subjective arousal beyond a primed, behavioral context effect.

For the cued-free recall analyses, the automated autobiographical interview
scoring pipeline from van Genugten and Schacter (2024) was utilized. As explained
before (see Experimental Procedure), participants typed their answers to the recall
prompts on Day-2. The textual data recorded from this computerized task was manually
inspected by a research assistant and the current author to correct any typographical
errors, and then preprocessed as required by the automated scoring pipeline (van
Genugten and Schachter, 2024). Day-8 cued-free recall task was first transcribed from
audio using a natural language processing tool, Whisper Al (Radford et al., 2022). The

transcriptions for each recall session, obtained from Whisper Al, were then manually
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checked by two research assistants and the current author for any mistakes or
typographical errors. A total of 10 participant’s audio recordings proved difficult to
concisely transcribe through Whisper Al because of low signal-to-noise in the audio
recording. For those cases, the two research assistants independently transcribed the
audio recordings from scratch. We then calculated the cosine similarity for a subset of
transcripts (from 29 participants, including the 10 participants with problematic audio),
using the textstat simil function from the quenteda.textstats package in R, which revealed
a mean similarity of .89 (Sd = 0.16), suggesting high inter-RA agreement. All Day-8
recall transcriptions were further preprocessed according to the guidelines for the
automated autobiographical interview scoring pipeline (van Genugten and Schachter,
2024). The automated autobiographical interview scoring analysis was then run,
providing us with predicted proportion of internal details, of external details, and the total
word counts per clip per participant, per day. For each day, we then calculated the
percentage of internal details by dividing the predicted proportion of internal details by
the total word count.

Finally, for the analysis of recall changes over the course of the week, we
subtracted the Day-8 percent internal details from Day-2 percent internal details to obtain
a recall transformation score, wherein positive scores reflect larger transformation
towards a semanticized, gist-like, memory representation whereas negative scores reflect

a preservation or increase of remembered details at the end of the week (Figure 2A).

Brain Imaging Data Analysis
Regions of Interest. The following regions were used based on a priori

hypotheses regarding threat-related activity, as well as memory reactivation, and
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consolidation: basolateral (BLA) and centromedial (CEM) amygdala, hippocampus
(Hipp), fusiform face area (FFA) and parahippocampal place area (PPA), lateral occipital
cortex (LOC), and precuneus (Figure 2C). Hippocampus masks, obtained separately for
left and right hemispheres, were taken from the Harvard-Oxford subcortical atlas and
thresholded at 50%. The hippocampus mask was further segmented into thirds along the
long-axis, and the anterior (aHipp) and posterior (pHipp) thirds were separately used for
all reported analyses. LOC and precuneus masks were obtained from the Harvard-Oxford
cortical atlas, separately masked for left and right hemispheres, and thresholded at 50%.
FFA and PPA masks were similarly obtained from the Harvard-Oxford cortical atlas,
masked separately for left and right hemispheres, and thresholded at 50%. Finally,
amygdala masks as well as two control regions (Heschl’s gyrus, Al, from the primary
auditory cortex and V1 from the visual cortex) were extracted from the Juelich
Histological Atlas, and separately masked for left and right hemispheres, and then
thresholded at 50%.

fMRI Univariate Analysis. Following preprocessing, a general linear model
(GLM) was run where each movie clip condition (neutral, aversive) was modeled with a
separate regressor and convolved with a double-gamma hemodynamic response function
(HRF) as an event-related response, capturing a single extended trial for each run. Six
head-motion parameters and their first derivatives, as well as the time series extracted
from both cerebrospinal fluid (CSF) and white matter (WM), were added as covariates to
the model to reduce noise.

The GLMs were run using fMRI Expert Analysis Tool (FEAT) as implemented in

FMRIB Software Library (FSL). Correction for multiple comparisons was carried out
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within a priori ROIs at a cluster significance level of p <.05. The subsequent z-statistical
images were warped from native space to the MNI152 2mm template brain using flirt.
Beta-parameters for the first level contrast of clip versus baseline were then extracted for
basolateral and centromedial amygdala (BLA and CEM, respectively) as well as anterior
and posterior hippocampus (aHipp and pHipp, respectively) separately for each
hemisphere, from each clip at the subject-level.

fMRI Functional Connectivity Analyses. For the functional connectivity
analyses, we took a background connectivity approach (Murty et al., 2017). First, using
FSL-FEAT, a separate general linear model (GLM) was run for each movie clip wherein
the noise parameters obtained from fMRIPrep (i.e., the six head-motion parameters, and
their first derivatives, time series extracted from cerebrospinal fluid (CSF) and white
matter (WM), and framewise displacement (FD) rates) were regressed out of the neural
signal. Low frequency trends from the residual masks were then removed using a high-
pass filter with a cut-off of 0.009 Hz, similar to previous studies utilizing similar
approaches to functional coupling (e.g., Tambini et al., 2010, 2013; Murty et al., 2017).

Next, the nodal time series were extracted from the bandpass filtered residual
masks as the mean aggregate time course across voxels in each region of interest.
Functional connectivity was then defined as the Pearson’s correlation between the time
series of a seed and a target region, generating r values to test our hypotheses for
functional coupling between ROI seeds and ROI targets (“ROI pairs” henceforth).

For post-encoding rest connectivity analyses, each rest scan was modeled in an
identical way to the encoding models described above for encoding connectivity. All

post-encoding rest functional connectivity analyses were performed at the clip level (i.e.,
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a unique correlation was computed per clip). We then subtracted the pre-encoding rest
correlations from the post-encoding rest correlations for each ROI pair. This approach
was chosen as a means to highlight the functional coupling across consolidation periods,
similar to previous studies (e.g., Murty et al., 2017; Gruber et al., 2016). This post—pre-
encoding rest difference score was then used for all reported post-encoding rest
connectivity analyses (Figure 2B).

For the purposes of the current study, aHipp and pHipp were considered seed
ROIs, while the two amygdala subnuclei (BLA and CEM) and the cortical ROIs (LOC,
Precuneus, FFA and PPA) were considered target ROIs for all functional connectivity
analyses. The two control regions, Al and V1, were not targeted in these analyses as we
rather expected greater hippocampal engagement with the higher-order cortical areas
given the complex nature of our stimuli.

fMRI Multivariate Analysis: Intermittent Reactivations. The first level GLMs
for the intermittent reactivation analysis were also performed in FSL (Jenkinson et al.,
2012), modeling each movie clip’s functional run with eight main regressors for the on-
and off- periods (“epochs” hereafter), convolved with a double-gamma HRF. An
additional regressor was included to model the initial 5-second-long condition cue period
(aversive or neutral). Six head-motion parameters and their first derivatives, along with
the time series extracted from both CSF and WM, were also added to the model to reduce
noise. No temporal or spatial filter was applied. The same model was used for each intact
and disrupted movie clip run from Day-1 and Day-8. The GLMs were run using FEAT as
implemented in FSL, with on > baseline and off > baseline contrasts. Correction for

multiple comparisons was carried out within a priori ROIs at a cluster significance level
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of p <.05. The subsequent t-statistical images were warped from native space to the
MNI152 2mm template brain using flirt. Voxel-wise activity was then extracted from the
t-stat maps for each contrast for each ROI (see below), to address the noise from highly
variable voxels (Dimsdale-Zucker & Ranganath, 2018).

A representational similarity analysis was conducted to address whether the visual
disruption manipulation meaningfully interfered with the brain activity, as would be
expected. To that end, a Pearson’s correlation score was calculated and Fisher z-
transformed as the neural similarity between the corresponding epochs across the two
watching experiences (Day-1, Day-8) of each clip (see Figure 2D). To compare the
averaged neural similarity during the on- and off-periods in the visual and auditory
control regions (V1 and Al, respectively), we ran a multilevel regression model for each
region, where the neural similarity score was predicted by the contrast (on vs off) with
laterality as a control variable, while participant ID and the unique movie identifier name
were included as random slopes. This analysis provided evidence that the disruption
manipulation successfully altered the neural representations in an expected manner (see
Chapter 3), thereby justifying the planned intermittent reactivation analysis, which aimed
at investigating content-specific reinstatement in memory regions (aHipp, pHipp,
Precuneus, LOC, FFA and PPA), based on prior work (e.g., Tambini et al., 2010;
Skalaban, 2022; Tanriverdi et al., 2023).

For clip-specific content reinstatement, we hypothesized that the Day-8 neural
activity associated with a given clip would resemble the Day-1 neural activity for that
same clip (within-clip similarity) more than the Day-1 neural activity of another clip

(across-clip similarity) (Figure 2D). Accordingly, the within clip similarity was
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calculated as the similarity of the Day-1 (e.g., clipl-Dayl-onl) and Day-8 movie-
watching experience (e.g., clipl-Day8-onl) for the same clip during the same epoch. The
across clip similarity was calculated as the similarity of a given clip’s Day-8 watching
experience (e.g., clipl-Day8-onl) to each other clip’s Day-1 watching experience during
the corresponding epoch (e.g., clip2-Dayl-onl). All within clip similarity scores were
calculated as a Pearson’s correlation, Fisher z-transformed, and then averaged across the
specific epoch (e.g., across all on- periods) (Figure 2D). From this, an average score was
calculated based on each clip’s similarity to other clips, producing an “across clip
similarity” score for each clip in an identical way. Finally, we completed two types of
test: first comparing within versus across clip similarity (on average for on- and off-
periods) per ROI to investigate which regions showed significant content-specific
reinstatement; and second testing how within minus across similarity difference score

was related to cued free-recall transformation over the course of the week.
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CHAPTER 3

RESULTS

Behavioral Findings
More Internal than External Details are Recalled on Day-2 and Day-8

Prior research has defined internal details as the specific “what, when, and where”
information related to the main event within an experience (Levine et al., 2002; van
Genugten & Schacter, 2024). On the other hand, external details are recollections that are
not directly related to, or informative of, the event itself, such as factual or repetitive
information (Levine et al., 2002; van Genugten & Schacter, 2024). Here, we
hypothesized that successful memory recall would include higher rates of internal than
external details. Therefore, we first tested whether participants recalled more internal
than external details for clips. Given that participants recalled a total of six video clips,
we have conducted multilevel regression model where percentage of details recalled was
entered as the dependent variable and detail type was entered as a categorical predictor
(internal versus external), with movie name and participant ID as random slopes to
control for within participant and within movie effects: (Percent Details ~ Detail Type +
(1jmovieName) + (1|PID)). This analysis was conducted separately for Day-2 and Day-8
recall. The results revealed that participants recalled more internal than external details
on both Day-2 (f = .843, SE = .015, p <.001) and Day-8 (f =.796, SE = .012, p <.001).
Cued-Free Recall Transformation as a Function of Subjective Arousal

Having established that participants recalled internal details at both delays, we

next asked whether the subjective arousal at the time of encoding significantly predicted

memory transformation, which was calculated as a difference score between Day-2 and
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Day-8 percentage internal details (see Methods). To that end, we tested another multilevel
regression model where memory transformation score was predicted by Day-1 arousal:
(Internal Details Difference Across Days ~ DaylArousal + (1jmovieName) + (1|PID)).
This analysis showed that higher subjective arousal during encoding was associated with
greater memory transformation towards a semanticized, gist-like, representation (i.e., the
loss of internal detail; = .026, SE =.011, p =.020) (Figure 3A).

To ensure that this finding was evidential of memory transformation due to
arousal, rather than a failure to retrieve episodic details for highly arousing experiences,
we next tested whether subjective arousal at the time of encoding predicted the
percentage of internal details recalled on both Day-2 and Day-8. To that end, we
conducted two multilevel regression models based on Day-2 and Day-8 recall, wherein
percentage of internal details was entered as a dependent variable, with Arousal as a
predictor and movie name and participant ID as random slopes: (Percent Internal ~
DaylArousal + (1jmovieName) + (1|PID)). We found that higher subjective arousal at
encoding was significantly associated with a higher percentage of internal details recalled
on Day-2 (f=.031, SE=.011, p = .005) but not on Day-8 (f = .006, SE =.008, p = .52)
(Figure 3B), suggesting that episodic details for emotional memories are initially retained
in memory, but are then forgotten in longer retention periods as memories undergo
further transformation.

Having found behavioral evidence for threat’s (negative arousal) influence on
memory transformation, we next investigate the neural predictors of this memory
transformation. Accordingly, all following analyses focus on the memory transformation

score between Day-2 and Day-8.
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A. Memory Transformation B. Internal Details Recalled on Day-2 and Day-8
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Figure 3. Cued recall as a function of subjective arousal at encoding. A. Memory
transformation over the course of the week as a function of arousal. B. Percentage of
internal details recalled as a function of arousal on Day-2 (left) and on Day-8 (right).

Encoding Findings
Memory Transformation is not Predicted by Univariate Encoding Activity

Given our observation that there is considerable memory transformation over the
course of a week, we considered whether this transformation could be explained by
activity in key memory nodes (amgygdala and hippocampus) at the time of encoding. We
conducted separate multilevel models for each ROI, wherein the univariate activity of a
given ROI was the independent predictor, with memory transformation (i.e., the change
in percentage of internal details) being the dependent variable. Additionally, we added
laterality as a categorical predictor, instead of running separate models for left and right-
hemisphere, to reveal any hemispheric differences that might be present in the data, while
minimizing the multiple comparisons problem. Finally, similar to the previous multilevel
regression models discussed above, movie name and participant ID were included as
random slopes, and Day-1 Arousal was added in all models as a covariate due to its
significant association with memory transformation. The results of these statistical
models revealed that none of the ROIs showed significant relationship between their

encoding activity level and the magnitude of memory transformation (see Table 1).
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Although both the amygdala and hippocampus were previously implicated in threat
encoding, these nonsignificant results suggest that their univariate encoding activity does
not impact subsequent memory transformation.

Table 1. Multilevel linear regression models with univariate activity and control
variables predicting memory transformation

ROI Predictors Yij SE p-value
Basolateral Amygdala BOLD activity 0.001 0.013 0.911
(BLA) Hemisphere: Right > 0.000 0.014 0.999

Left

Dayl1 Arousal (z) 0.024 0.008 0.001
Centromedial BOLD activity -0.014 0.009 0.118
Amygdala (CEM) Hemisphere: Right > 0.001 0.014 0.953

Left

Dayl1 Arousal (z) 0.026 0.001 0.001
Anterior Hippocampus BOLD activity 0.004 0.011 0.698
(aHipp) Hemisphere: Right > -0.001 0.014 0.971

Left

Dayl1 Arousal (z) 0.025 0.008 0.001
Posterior BOLD activity 0.015 0.011 0.167
Hippocampus (pHipp)  Hemisphere: Right > -0.0002  0.014 0.986

Left

Dayl Arousal (z) 0.025 0.008 0.001

Note. All continuous variables are standardized. Significant effects were highlighted with
bold.

Encoding-related Posterior Hippocampus Functional Connectivity with Basolateral
Amygdala and Sensory Cortex Preserves Episodic Details

Considering that univariate encoding activity in the hippocampus and amygdala
did not account for the amount of long-term memory transformation observed
behaviorally, we next asked whether encoding period functional connectivity between the
hippocampus and amygdala, or the hippocampus and cortex, predicted long-term memory
transformation. To that end, we conducted separate multilevel models for each ROI pair,
wherein functional connectivity of a hippocampal seed region and an amygdalar or
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cortical target region was the independent predictor, with memory transformation being
the dependent variable. Similar to the univariate analyses, we added laterality and Day-1
arousal as covariates, and movie name and participant ID as random slopes. The
complete model results are reported in Table 2. Below, we highlight the significant
findings.

The findings from these analyses revealed that posterior, but not anterior,
hippocampus plays an important role, via its functional coupling with the amygdala and
cortical ROIs during encoding, in preserving episodic details as memories undergo
transformation. In particular, the posterior hippocampus’s encoding period functional
connectivity with the basolateral amygdala (BLA; f =-.089, SE = .045, p = .049) was
significantly associated with less memory transformation over the course of the week (see
Figure 4). These findings provide evidence supporting our initial hypothesis that the
posterior hippocampus would be important in preserving event details, and that the
basolateral amygdala would selectively enhance hippocampal encoding to support
preservation of episodic details. Critically, greater posterior hippocampus encoding
connectivity with both the lateral occipital cortex (LOC; f=-.11, SE=.045, p =.014)
and parahippocampal place area (PPA; f =-.096, SE = .046, p = .037) was also
significantly associated with lower memory transformation scores, highlighting that
hippocampal—cortical communication in support of detailed episodic recollections is
evident as early as initial encoding. Notably, memory transformation was not
significantly predicted by anterior hippocampus encoding connectivity with either the
amygdala or with cortical regions, emphasizing the functional division along

hippocampal long axis.
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Table 2. Multilevel linear regression models with encoding functional connectivity and
control variables predicting memory transformation

Seed ROI  Target ROI Predictors )] SE  p-value

aHipp BLA Functional Connectivity -0.046 0.050 0.354
Hemisphere: Right > Left -0.003 0.014 0.860

Day1 Arousal (z) 0.023  0.008 0.003

CEM Functional Connectivity 0.084 0.046 0.067
Hemisphere: Right > Left -0.003 0.014 0.844

Dayl Arousal (z) 0.024 0.008 0.003

Precuneus Functional Connectivity 0.032 0.043 0452
Hemisphere: Right > Left -0.001 0.014  0.957

Day1 Arousal (z) 0.023  0.008 0.003

LOC Functional Connectivity -0.037 0.046 0.424
Hemisphere: Right > Left 0.001 0.014 0957

Day1 Arousal (z) 0.023  0.008 0.004

FFA Functional Connectivity 0.053 0.046 0.246
Hemisphere: Right > Left -0.002 0.014  0.888

Dayl Arousal (z) 0.024 0.008 0.002

PPA Functional Connectivity 0.025 0.045 0.580
Hemisphere: Right > Left -0.001 0.014  0.929

Day1 Arousal (z) 0.024  0.008 0.003

pHipp BLA Functional Connectivity -0.089 0.045  0.049
Hemisphere: Right > Left -0.001 0.014  0.948

Dayl Arousal (z) 0.024 0.008 0.002

CEM Functional Connectivity -0.023  0.048  0.636
Hemisphere: Right > Left 0.001 0.014 0972

Day1 Arousal (z) 0.023  0.008 0.003

Precuneus Functional Connectivity -0.018 0.042 0.673
Hemisphere: Right > Left -0.0004 0.014  0.980

Dayl Arousal (z) 0.023 0.008 0.003

LOC Functional Connectivity -0.110 0.045 0.014
Hemisphere: Right > Left 0.003 0.014 0.840

Day1 Arousal (z) 0.022  0.008 0.005

FFA Functional Connectivity -0.080 0.046  0.080
Hemisphere: Right > Left 0.003 0.014 0.818

Day1 Arousal (z) 0.023 0.008 0.005

PPA Functional Connectivity -0.096 0.046 0.038
Hemisphere: Right > Left 0.003 0.014 0.839

Dayl Arousal (z) 0.023 0.008 0.003

Note. All continuous variables are standardized. Significant effects are highlighted with

bold.
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Anterior Hippocampus Functional Connectivity Effects at Post-Encoding Consolidation
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Figure 4. Anterior and posterior hippocampus differentially engage with amygdala and
cortex at encoding and post-encoding consolidation phases to support memory
transformation. aHipp: anterior hippocampus, pHipp: posterior hippocampus, BLA:
basolateral amygdala, LOC: lateral occipital cortex, PPA: parahippocampal place area.

Post-Encoding Findings
Post-Encoding Anterior Hippocampus Functional Connectivity with Sensory and
Parietal Cortex Predicts Memory Transformation towards Gist

Having shown a functional division between anterior and posterior hippocampus
encoding functional connectivity profiles, we next explored how their connectivity at
post-encoding rest related to memory transformation.

Here, we found further evidence supporting the functional division along the long
axis such that anterior, but not posterior, hippocampus, via its post-encoding functional
connectivity with sensory and parietal cortices biased memory transformation towards
gist (Table 3). More specifically, we found that anterior hippocampus post-encoding
connectivity with the lateral occipital cortex (LOC; g =.076, SE = .038, p = .044) and the

precuneus (5 = .081, SE = .037, p = .029) significantly predicted greater memory

40



transformation over the course of the week. Anterior hippocampus—parahippocampal
cortex post-encoding connectivity showed a similar, albeit trending, relationship with
memory transformation (PPA; g =.079, SE =.039, p = .055). Intriguingly, anterior
hippocampus—amygdala post-encoding connectivity was not significantly associated with
memory transformation scores. Finally, post-encoding posterior hippocampus
connectivity with neither the amygdala nor cortical regions showed significant
associations with memory transformation. These findings are in line with our initial
hypothesis that the anterior hippocampus selectively plays an important role in memory
consolidation and transformation, biasing memories towards a more generalized gist-like

representation.
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Table 3. Multilevel linear regression models with post-encoding functional connectivity
and control variables predicting memory transformation

Seed ROIs  Target ROIs Predictors Jij SE  p-value

aHipp BLA Functional Connectivity -0.008 0.041  0.860
Hemisphere: Right > Left 0.0001 0.014  0.993

Dayl1 Arousal (z) 0.023 0.008 0.003

CEM Functional Connectivity -0.011 0.037  0.768
Hemisphere: Right > Left 0.00003 0.014  0.998

Dayl Arousal (z) 0.023 0.008 0.003

Precuneus Functional Connectivity 0.081 0.037 0.029
Hemisphere: Right > Left 0.0004 0.014 0976

Dayl Arousal (z) 0.022 0.008 0.005

LOC Functional Connectivity 0.076 0.038 0.044
Hemisphere: Right > Left 0.002 0.014 0.874

Day1 Arousal (z) 0.022 0.008 0.006

FFA Functional Connectivity 0.057 0.036  0.109
Hemisphere: Right > Left 0.001 0.014  0.962

Dayl1 Arousal (z) 0.021 0.008 0.007

PPA Functional Connectivity 0.075 0.039  0.055
Hemisphere: Right > Left 0.002 0.014 0.870

Dayl Arousal (z) 0.021 0.008 0.006

pHipp BLA Functional Connectivity 0.018 0.042  0.668
Hemisphere: Right > Left -0.001 0.014 0971

Day1 Arousal (z) 0.023 0.008 0.004

CEM Functional Connectivity -0.004 0.039 00915
Hemisphere: Right > Left 0.000 0.014  1.000

Day1 Arousal (z) 0.023 0.008 0.003

Precuneus Functional Connectivity -0.011 0.039 0.782
Hemisphere: Right > Left 0.0001 0.014  0.995

Dayl Arousal (z) 0.023 0.008 0.003

LOC Functional Connectivity 0.008 0.038 0.834
Hemisphere: Right > Left 0.0003 0.014 0.983

Day1 Arousal (z) 0.023 0.008 0.004

FFA Functional Connectivity 0.026 0.036  0.483
Hemisphere: Right > Left -0.00003 0.014  0.998

Dayl1 Arousal (z) 0.023 0.008 0.004

PPA Functional Connectivity 0.027 0.040 0.499
Hemisphere: Right > Left 0.00023 0.014  0.983

Day1 Arousal (z) 0.0235  0.008 0.004

Note. All continuous variables are standardized. Significant effects were highlighted with

bold.
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Post-Consolidation Findings
Intermittent Reactivation Task Alters Neural Similarity in Visual but not Auditory
Cortex

The disrupted movie watching experience was administered on Day-8 to probe
neural reinstatement from memory, particularly during the video-off periods of the clips.
Here, we hypothesized that neural similarity in the primary visual cortex (V1) between
the two movie watching experiences (intact on Day-1 and disrupted on Day-8) should be
high during the video-on periods compared to video-off periods. Importantly, given that
the audio was kept intact across all on and off epochs during the disrupted versions, we
expected that neural similarity in the primary auditory cortex (A1) would not differ
across the on- and off-periods. To test these hypotheses, we conducted separate
multilevel regression models for each control region, wherein average neural similarity
was predicted by video period (On versus Off), with laterality as a co-variate, while
movie name and participant ID were added as random slopes: (Average Neural Similarity
~ Period (On/Off) + Laterality (Left/Right) + (1|movieName) + (1|PID)). These models
revealed that our intermittent reactivation task, as predicted, altered neural similarity in
V1 but not Al during video-off periods: V1 showed lower neural similarity during the
off- than on-periods (f = .064, SE = .006, p <.001), A1l did not show any such difference
(B=-.019, SE=.012, p=.105) (Figure 5). Having confirmed that the task manipulation
worked as expected, we next proceeded with the neural similarity analyses for

intermittent reactivation during on- vs off- periods.
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Figure 5. Intermittent reactivation task alters neural similarity in primary visual cortex
(V1) but not primary auditory cortex (Al). *** p <.001; ns: none-significant, p > .05.

Precuneus Shows Higher Within versus Across Clip Neural Similarity.

From a theoretical standpoint, the neural similarity between the first watching
experience (intact, on Day-1) and the second watching experience (disrupted, on Day-8)
observed in canonical memory regions, particularly during the off-periods, should reflect
memory reinstatement. An additional point could be made that memory reinstatement
should be specific to the content of each clip (“within clip similarity”) rather than a
similarity shared across clips, which would instead be reflective of general schematic
representations associated with watching a movie clip (“across clips similarity”). The
multilevel regression models, conducted separately for the on- and off-periods in each of
the memory regions of interest revealed that only the precuneus showed higher within >
across clip similarity, and this was true for both on- and off-periods (On: = .020, SE =
.007, p =.004; Off: p=.016, SE =.007, p = .034) (Figure 6). While the anterior

hippocampus did not show any difference between within and across clips similarity, for
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either of the on- or off-periods (Table 4), the right posterior hippocampus showed
significantly lower within versus across clips neural similarity during movie-on periods
(=-.011, SE=.006, p=.041). Like V1, higher-level visual cortices, FFA, PPA, LOC,
all showed significantly higher within versus across clips similarity during on- but not
off- periods (Table 4). Additionally, there were not any laterality main effects in any of
the models, and accordingly, we collapsed the neural similarity data across hemispheres
for subsequent analyses pertaining to the within > across clips similarity.

Table 4. Multilevel linear regression models of within versus across clips neural
similarity

ROI Period Predictors Jij SE  p-value
Anterior On Within > Across 0.004  0.005 0.461
Hippocampus Hemisphere: Right > Left  0.002  0.005  0.637
(aHipp) Off Within > Across 0.003  0.005 0.616

Hemisphere: Right > Left -0.002 0.005  0.776

Posterior On Within > Across -0.011  0.006 0.041
Hippocampus Hemisphere: Right > Left  0.005  0.006 0.396
(pHipp) Off Within > Across -0.009 0.006  0.139
Hemisphere: Right > Left  0.003  0.006 0.628
Precuneus On Within > Across 0.020 0.005 0.0001
Hemisphere: Right > Left  0.002  0.005 0.684

Off Within > Across 0.016 0.005 0.004

Hemisphere: Right > Left -0.005  0.005 0.352

Lateral Occipital On Within > Across 0.021  0.007 0.001
Cortex (LOC) Hemisphere: Right > Left  0.002  0.007  0.728
Off Within > Across 0.002  0.006 0.760

Hemisphere: Right > Left -0.002 0.006  0.757

Fusiform Face On Within > Across 0.016 0.007 0.020
Area (FFA) Hemisphere: Right > Left 0.010  0.007 0.154
Off Within > Across 0.011  0.006 0.088

Hemisphere: Right > Left  0.008  0.006 0.238

Parahippocampal On Within > Across 0.016 0.007 0.018
Place Area (PPA) Hemisphere: Right > Left  0.009  0.007  0.201
Off Within > Across 0.004  0.007 0.562

Hemisphere: Right > Left -0.005 0.007  0.434

Note. All continuous variables are standardized. Significant effects were highlighted with
bold.
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Figure 6. Within versus across clips neural similarity in precuneus and posterior
hippocampus.

Post-Encoding Anterior Hippocampus — Precuneus Connectivity Predicts Long-Term
Reinstatement in Anterior Hippocampus.

We next tested whether the long-term memory reinstatement on Day-8 is
predicted by post-encoding connectivity between hippocampal subregions and each of the
target ROIs. Here we operationalized long-term memory reinstatement as the difference
between the within-clip and across-clips neural similarity scores (obtained separately for
on- and off-periods from the above-reported analyses). Using the within-minus-across
(“within>across” henceforth) similarity difference as our dependent variable in multilevel
regression models, we tested whether post-encoding functional connectivity between the
hippocampus and cortical ROIs predicted higher within>across clip similarity in either
the hippocampus or cortex. Importantly for this analysis, we collapsed both the
within>across clip similarity (DVs) and functional connectivity (IVs) variables across the
two hemispheres given we had not found any laterality effects in our previous analyses.
Additionally, we included the reinstatement period (On or Off) as an interaction term, and
participant ID as random slope in all models. The following model, therefore, was run for
all ROIs with all functional connectivity ROI pairs: (Within > Across Clip Similarity ~

Post-Encoding Connectivity * Period (On/Off) + (1|PID)). Importantly, when predicting
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long-term reinstatement in hippocampal ROIs, we tested the influence of post-encoding
connectivity between both hippocampal and all cortical ROIs. However, when predicting
long-term reinstatement in cortical ROIs, we only tested the influence of post-encoding
connectivity between either of the hippocampal and with the given cortical ROI of the
interest. The results of all the models are reported in Table 5, while the significant effects
obtained in the anterior hippocampus are highlighted below.

The results of these models revealed that stronger post-encoding connectivity
between the anterior hippocampus and precuneus significantly predicted higher
within>across clip similarity in the anterior hippocampus between Day-1 and Day-8 (f =
.048, SE = .023, p = .034). Notably, there was no main effect of period, and no
connectivity by period interaction (Table 5). Moreover, we did not find a comparable
effect of post-encoding connectivity between the posterior hippocampus and precuneus

for within>across clip similarity (§ =.048, SE =.023, p = .034) (Figure 7).
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Figure 7. Post-encoding anterior hippocampus — precuneus connectivity predicts long-
term reinstatement in anterior hippocampus (aHipp).
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Table 5. Multilevel linear regression models with post-encoding (PE) functional

connectivity and control variables predicting within > across clips neural similarity
within hippocampal and cortical ROIs

ROI Predictors yij SE  p-value

aHipp aHipp - Precuneus PE Connectivity 0.048 0.023  0.034
Period: On > Off 0.0003 0.007  0.958
aHipp - Precuneus PE Connectivity: On 0.002 0.030 0.952
(interaction)
aHipp - LOC PE Connectivity 0.007 0.024  0.757
Period: On > Off 0.001  0.007  0.903
aHipp - LOC PE Connectivity: On -0.008 0.031  0.798
(interaction)
aHipp - FFA PE Connectivity 0.012 0.022  0.601
Period: On > Off 0.001  0.007  0.907
aHipp - FFA PE Connectivity: On -0.009 0.029  0.767
(interaction)
aHipp - PPA PE Connectivity 0.006 0.026 0.814
Period: On > Off 0.001  0.007  0.935
aHipp - PPA PE Connectivity: On -0.003  0.034  0.929
(interaction)

pHipp pHipp - Precuneus PE Connectivity -0.019 0.035  0.582
Period: On > Off -0.002 0.008  0.773
pHipp - Precuneus PE Connectivity: On 0.009 0.045  0.835
(interaction)
pHipp - LOC PE Connectivity -0.010 0.032  0.752
Period: On > Off -0.002 0.008  0.816
pHipp - LOC PE Connectivity: On -0.018 0.040  0.647
(interaction)
pHipp - FFA PE Connectivity -0.027 0.032  0.395
Period: On > Off -0.001 0.0083  0.893
pHipp - FFA PE Connectivity: On -0.019 0.040 0.633
(interaction)
pHipp - PPA PE Connectivity 0.004 0.034 0.909
Period: On > Off -0.001  0.008  0.894
pHipp - PPA PE Connectivity: On -0.021 0.043  0.621
(interaction)

Precuneus aHipp - Precuneus PE Connectivity 0.041 0.034 0.225
Period: On > Off 0.005 0.011  0.676
aHipp - Precuneus PE Connectivity: On -0.011  0.044  0.812
(interaction)
pHipp - Precuneus PEConnectivity 0.007 0.040  0.868
Period: On > Off 0.004 0.010 0.692
pHipp - Precuneus PE Connectivity: On -0.021  0.053  0.692

(interaction)
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Table 5. continued

ROI Predictors Jéj SE  p-value

LOC aHipp - LOC PE Connectivity 0.030 0.035 0.401
Period: On > Off 0.022 0.011  0.044
aHipp - LOC PE Connectivity: On -0.032  0.050 0.524
(interaction)
pHipp - LOC PE Connectivity -0.003  0.037 0.933
Period: On > Off 0.021  0.010 0.047
pHipp - LOC PE Connectivity: On -0.046 0.052  0.376
(interaction)

FFA aHipp - FFA PE Connectivity 0.015 0.037 0.689
Period: On > Off 0.004  0.01 0.715
aHipp - FFA PE Connectivity: On 0.017 0.050 0.730
(interaction)
pHipp - FFA PE Connectivity 0.016 0.041 0.689
Period: On > Off 0.004 0.011 0.719
pHipp - FFA PE Connectivity: On 0.015 0.055 0.781
(interaction)

PPA aHipp - PPA PE Connectivity 0.043 0.043 0.321
Period: On > Off 0.015 0.011  0.165
aHipp - PPA PE Connectivity: On -0.030 0.054 0.584
(interaction)
pHipp - PPA PE Connectivity 0.029 0.045 0.518
Period: On > Off 0.014 0.011  0.182
pHipp - PPA PE Connectivity: On -0.022  0.054 0.690
(interaction)

Note. All continuous variables are standardized. Significant effects were highlighted with
bold.
Long-Term Cortical Reinstatement is Associated with the Preservation of Internal
Details

Our final analyses tested whether long-term neural reinstatement was associated
with memory transformation over the course of the week. To test this relationship, the
following model was separately run for all ROIs: (Memory Transformation ~ Neural
Similarity (Within > Across Clips) * Period (on/off) + Dayl Arousal + (1|PID)).
Analyses revealed that higher within > across clips neural similarity in LOC (f = -.252,

SE = .075, p <.001) was negatively associated with the memory transformation score
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(Figure 8), suggesting that long-term neural reinstatement in this cortical region is linked
with more detailed recollections of the movie clips over the long-term (see Table 6 for

full model results).
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Figure 8. Long-term reinstatement in lateral occipital cortex (LOC) is associated with
preservation of internal details.
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Table 6. Multilevel linear regression models with within > across clips neural similarity
and control variables predicting memory transformation

ROI Predictors Yij SE p-value

aHipp Within > Across Clips Neural 0.175 0.167 0.295
Similarity
Period: On > Off 0.000 0.016 0.993
Day-1 Arousal (z) 0.024 0.009 0.008
Within>Across Similarity: On -0.051 0.231 0.826
(interaction)

pHipp Within > Across Clips Neural -0.027 0.129 0.832
Similarity
Period: On > Off 0.000 0.016 0.985
Day-1 Arousal (z) 0.023 0.009 0.009
Within>Across Similarity: On -0.021 0.180 0.908
(interaction)

Precuneus  Within > Across Clips Neural -0.115 0.113 0.310
Similarity
Period: On > Off 0.000 0.016 0.998
Day-1 Arousal (z) 0.025 0.009 0.006
Within>Across Similarity: On 0.022 0.157 0.891
(interaction)

LOC Within > Across Clips Neural -0.361 0.128 0.005
Similarity
Period: On > Off 0.003 0.015 0.830
Day-1 Arousal (z) 0.026 0.009 0.003
Within>Across Similarity: On 0.179 0.155 0.249
(interaction)

FFA Within > Across Clips Neural -0.181 0.107 0.091
Similarity
Period: On > Off -0.001 0.016 0.944
Day-1 Arousal (z) 0.025 0.009 0.005
Within>Across Similarity: On 0.131 0.139 0.344
(interaction)

PPA Within > Across Clips Neural -0.204 0.105 0.052
Similarity
Period: On > Off 0.003 0.015 0.860
Day-1 Arousal (z) 0.024 0.009 0.006
Within>Across Similarity: On -0.009 0.138 0.947
(interaction)

Note. All continuous variables are standardized. Significant effects were highlighted with
bold.
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CHAPTER 4

DISCUSSION

Our ability to remember threatening experiences, such as a car accident, is
essential in guiding our future behavior. Our memories, however, are not written in stone
as we experience them, but rather, are continuously and adaptively transformed over
time, allowing us to flexibly alternate between recalling episodic details versus an
emotional gist memory. Several systems consolidation theories, such as Multiple Trace
Theory (Nadel & Moscovitch, 1997) and Trace Transformation Theory (Winocur &
Moscovitch, 2011) have described how the hippocampus and cortex are likely to support
this transformation. Accordingly, in contrast to earlier systems consolidation models
(e.g., Squire & Alvarez, 1995), these alternative theories suggest that episodic memory
recall might continue to recruit the hippocampus long after representations are stabilized
into long-term memory. On the other hand, the representational cortex, particularly the
mPFC, is thought to represent a generalized, gist-level memory derived from abstraction
and integration across multiple related episodes (e.g., Tompary & Davachi, 2017; Schultz
et al., 2022). Crucially, both theories posit that both hippocampal (detailed, episodic) and
cortical (gist-level, generalized) representations co-exist, and might dynamically be
retrieved based on task demands. Given the considerable evidence on functional division
along the hippocampal long axis (Poppenk et al., 2013), a recently updated Trace
Transformation Theory (Sekeres et al., 2018) proposed further specification for these
dynamic representations: the posterior hippocampus, along with its interactions with
posterior cortical regions, represents detailed episodic event memories, while the anterior

hippocampus, together with mPFC, represents a generalized, gist memory. Notably, there
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is considerable agreement across these models that hippocampal—cortical interactions,
particularly during the post-encoding consolidation window, is essential for enabling the
cortex to extract gist-level representations.

While this model accounts for memory transformation for neutral experiences,
there are several open questions regarding how psychophysiological arousal modulates
these processes in the hippocampus or cortex. From an adaptive memory transformation
perspective (Cowan et al., 2021), we would expect the hippocampus to prioritize and
stabilize episodic representations under heightened arousal. This expectation would be in
line with behavioral evidence that arousal enhances emotional gist memories, at the
expense of contextual details (e.g., Payne & Kensinger, 2011). However, heightened
arousal may also impair hippocampal function (Kim & Diamond, 2002; McEwen, 2007)
or shift resources away from the hippocampus during threat-encoding, thereby resulting
in impaired episodic memory (Murty & Adcock, 2017; Clewett & Murty, 2019), perhaps
because arousal leads to a bias in emotional gist memory supported by other regions like
amygdala. Finally, while the medial prefrontal cortex has been implicated in generalized
fear memories (Spalding, 2018), evidence is lacking regarding how arousal might
modulate memory reorganization in the posterior cortical regions, which are otherwise
implicated in long-term episodic recollection.

Having identified these open questions, this project set out to test the hypotheses
that: 1) Memory recall goes through a transformation such that over time event details
will slowly be forgotten, and a more generalized representation, with particular emphasis
around emotional aspects of an event, will be retained in the long term. Thus, we

hypothesized that this representational transformation is driven by subjective experiences
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of arousal. 2) While the hippocampus plays an important role in threat-encoding,
consolidation and long-term retrieval, given the functional division between anterior and
posterior hippocampus, we expected to see the differences along the hippocampal long-
axis. Specifically, while (a) the posterior hippocampus was predicted to be more engaged
at early stages to ensure successful encoding of episodic details, (b) the anterior
hippocampus was predicted to be more important during post-encoding consolidation and
long-term retrieval in support of memory transformation towards a gist-like
representation. 3) We predicted that both the anterior and posterior hippocampus would
show differential functional connectivity with various cortical regions, from precuneus to
visual cortices, in support of memory reorganization. 4) Finally, we predicted that the
anterior and posterior hippocampus, along with cortical regions, would show long-term
memory reinstatement, which in return would be related to behavioral memory
transformation.

To test these hypotheses, we conducted a multi-session functional neuroimaging
study that spanned the course of a week (Figure 1): Participants completed three in-
person visits, wherein they watched short aversive and neutral clips in the scanner
(encoding), interleaved with rest scans (post-encoding consolidation) on Day-1.
Additionally, they rated their subjective arousal at the end of each clip, allowing us to
probe the influence of arousal in memory processes. Twenty-four hours after the first
session, they returned to the lab and completed a behavioral, computerized cued-free
recall task (Day-2 recall). Finally, one week after the initial encoding, they returned to the
scanner, completed a cued free recall task in the scanner (Day-8 recall), and then

proceeded to rewatch the clips (Day-8 neural reinstatement). Crucially, on Day-8, they
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watched only the visually disrupted versions of each clip, allowing us to probe neural

reinstatement from memory (Figure 2).

Subjective Arousal Drives Memory Transformation towards Gist (Hypothesis 1)

Behaviorally, our analyses focused on subjective arousal ratings from the initial
encoding session and how they relate to memory transformation over time, as
operationalized as the change in percentage of internal details recalled on Day-2 versus
Day-8. We found that higher subjective arousal at encoding was significantly associated
with greater memory transformation over the course of the week, such that participants
retained less internal details in their recollections. To ensure that this change in internal
details could be considered evidential of memory transformation over time, instead of a
failure to encode episodic details for highly arousing experiences, we also tested how
many internal versus external details participants recalled, and explored how subjective
arousal related with overall internal details recalled on Day-2 and Day-8, separately. We
found that participants recalled more internal than external details on both Day-2 and
Day-8, suggesting that they successfully encoded event details. Moreover, higher
subjective arousal was positively correlated with higher percentage of internal details
recalled on Day-2, but not on Day-8 (Figure 3). Therefore, we argue that while initial
consolidation might strengthen detailed representations, our findings indicate a loss or
forgetting of said details in the long-term, as memories continue to undergo
reorganization.

Previous behavioral studies have argued that there is a retrieval bias for emotional
versus neutral stimuli, wherein emotional items are remembered better particularly after

periods of consolidation (e.g., Payne et al., 2008; Payne & Kensinger, 2011; Dunsmoor et
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al., 2015; Patil et al., 2017). Here, we show evidence that partially supports this claim:
our finding that higher subjective arousal is significantly associated with more internal
details recalled on Day-2 is in line with these previous behavioral reports on the
subsequent memory benefits of emotional stimuli. Importantly, similar to those studies,
our arousal-enhanced subsequent memory effects are observed after a 24-h delay.
However, this enhancement did not persist over the course of the week. Instead, we
observed that memories underwent a transformation throughout the week towards a more
gist-level representation, increasingly losing internal (perceptual and episodic) details,
and this loss of internal details was significantly associated with greater subjective
arousal at the time of encoding. Therefore, we highlight that while arousal may initially
bias memory stabilization through consolidation, this biasing does not necessarily
engender emotional memories that preserve their initially enhanced episodic components
in the long-term.

Hippocampal Subregions Differentially Relate to the Preservation of Memory
Details through Functional Coupling with the Amygdala and Visual Cortex at
Encoding (Hypotheses 2a and 3)

Having found support for our first hypothesis that memory transformation is
evident in behavioral free recall, particularly for experiences associated with higher
subjective arousal, we proceeded to test our hypotheses about the neural mechanisms
supporting this memory transformation for highly emotional experiences. Here, we turn
to both our analyses of hippocampal and amygdala univariate activity as well as their
functional connectivity at encoding. Additionally, we report the role that encoding

hippocampal—cortical functional coupling plays in memory transformation.
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First, we found no evidence that would suggest that univariate encoding activity
in either the amygdala or hippocampus supports memory transformation. The lack of an
amygdala activity effect is interesting given that at least one study has previously linked
univariate encoding activity in the amygdala to persistence of emotional but not neutral
recollections (Ritchey, Dolcos, & Cabeza, 2008). We speculate that the apparent
discrepancy between the findings of our study and that of Ritchey et al might stem from
1) the different operationalization of memory persistence, and 2) the role that subjective
arousal plays in our models. Ritchey et al operationalized memory persistence at the gist
level, wherein a ratio of memory success on Day-1 versus on Day-8 was calculated and
contrasted across emotional and neutral information. Crucially, memory on Day-1 and
Day-8 were tested for separate items within emotional and neutral categories, further
emphasizing that the reported memory persistence effects are at the emotional gist-level.
In contrast, our memory transformation score reflects changes (or lack thereof) in details
recalled from the same events across the two sessions. Therefore, while univariate
activity may support gist-level emotional persistence effects (Ritchey et al., 2008), it may
not support the unique transformations that each event’s representation undergoes over
time (our findings).

An additional difference is that we attempted to predict the memory
transformation score (collapsed across aversive and neutral clips) from univariate activity
while controlling for subjective arousal, based on our initial finding that arousal is
significantly associated with the memory transformation score. In all of the models from
this univariate analysis (Table 1), we found that subjective arousal remained a significant

predictor of memory transformation score, while univariate activity in the basolateral and
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centromedial amygdala did not predict memory transformation. Therefore, we argue that
subjective arousal, but not univariate amygdala activity, might better explain memory
transformation over time.

From an adaptive memory transformation perspective, we hypothesized that
amygdalar involvement might bias the hippocampus towards more gist-level
representational transformation for aversive experiences. Similarly, our model posits that
memory transformation would rely on hippocampal—cortical interactions, rather than
univariate hippocampal activity on its own. Therefore, we proceeded to test our
hypotheses that hippocampus — cortex and hippocampus — amygdala functional
connectivity would support memory transformation. Here, we found that posterior, but
not anterior, hippocampus encoding period functional connectivity with both the
amygdala and cortex was associated negatively with memory transformation, preserving
episodic details over time (Figure 4). Namely, we first showed that stronger encoding
period functional connectivity between the posterior hippocampus and basolateral
amygdala was significantly associated with lower memory transformation score. This
finding suggests that the basolateral amygdala positively biases the posterior
hippocampus towards preserving previously encoded episodic details for aversive
experiences. Notably, however, encoding period functional connectivity between the
anterior hippocampus and the basolateral amygdala did not significantly relate to memory
transformation score. This pattern of findings is interesting given our initial hypothesis
that the basolateral amygdala would bias the anterior hippocampus towards an emotional
gist memory. That said, our hypothesis was based on previous studies highlighting the

involvement of the anterior hippocampus and basolateral amygdala in emotional memory
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at other stages of memory, including retrieval (Adolphs, Tranel, & Buchanan, 2005;
McGaugh, 2004; Richardson, Strange, & Dolan, 2004), their intrinsic connectivity during
rest (Gregory et al., 2020) and their post-acquisition co-reactivation for fear memory
(Girardeau, Inema & Buzséki, 2017). However, the current study specifically tests their
interaction in predicting memory transformation in complex naturalistic experiences
during encoding, which might explain why we did not find supporting evidence for this
hypothesis. Nonetheless, the unique effect observed for posterior hippocampus—
basolateral amygdala connectivity is in line with the broader threat learning literature,
which has asserted that the basolateral amygdala uniquely interacts with hippocampal
subregions in support of episodic memories for emotional experiences (Huff et al., 2016;
Yang & Wang, 2017). Additionally, this finding dovetails well with the emotional
binding model (Yonelinas & Ritchey, 2015), which suggests that amygdala-mediated
item-emotion bindings are forgotten more slowly.

Crucially, we found similar effects when we tested hippocampal—cortical
functional connectivity in association with memory transformation. As expected, we
found that heightened encoding period functional coupling between the posterior
hippocampus and visual cortices, particularly with the lateral occipital cortex and
parahippocampal place area, was associated negatively with memory transformation.
Similar effects, albeit only at the trend level, were observed for encoding period posterior
hippocampus with fusiform face area connectivity. These findings suggest that posterior
hippocampus—visual cortex functional coupling during encoding plays an important role
in learning and preserving episodic and perceptual details for emotionally salient

experiences. Notably, we did not find any significant associations between posterior
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hippocampus—precuneus encoding period functional connectivity and memory
transformation. Given the precuneus’s well-defined role in long term memory (e.g., Bird
et al., 2015; Oedekoven et al., 2017), this finding is interesting as it hints at the likelithood
that the precuneus’s role in memory emerges later as memories undergo a transformation
through consolidation (discussed in more detail later).

Finally, we did not find any significant relationship between anterior
hippocampus—cortex encoding period functional connectivity and memory
transformation, further highlighting the functional division between the anterior and
posterior hippocampus in their time-dependent role in supporting memory reorganization.

Overall, we found strong evidence supporting our initial hypothesis that posterior
hippocampus plays an important role in successful encoding of episodic details, which
subsequently helps protect perceptual and episodic details against forgetting during
memory transformation.

Anterior Hippocampus Supports Emotional Gist Memory through Functional
Coupling with Cortex at Consolidation (Hypotheses 2b and 3)

Having found that encoding functional connectivity between the posterior
hippocampus and basolateral amygdala, as well as several visual cortical regions, are
implicated in the preservation of episodic details, we next turn to post-encoding
connectivity between these hippocampal seed regions and the amygdala and cortical
target regions. Here, we reasoned that post-encoding communication between the anterior
hippocampus and cortex would be related to memory transformation, given the
previously discussed role of the anterior hippocampus in gist extraction and the

representation of generalized memories (Sekeres et al., 2018). In accord with this
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expectation, we found that greater post-encoding functional connectivity between the
anterior hippocampus and lateral occipital cortex was significantly associated with higher
memory transformation scores. Post-encoding functional connectivity between the
anterior hippocampus and parahippocampal cortex also exhibited a similar trend towards
predicting more memory transformation over the course of the week, though this
association did not reach significance (Figure 4).

The fact that the anterior hippocampus’s functional coupling with visual cortices
at post-encoding is associated with the loss of internal details further supports the idea
that the anterior hippocampus drives gist-extraction during consolidation, especially in
light of the observation that these same cortical regions showed connectivity with the
posterior hippocampus during encoding to support preservation of episodic details.
Notably, post-encoding connectivity between the posterior hippocampus and cortical
regions was not significantly related with memory transformation, which further
strengthens our argument regarding the functional division along the long axis in
supporting memory transformation.

Crucially, we also found that post-encoding functional connectivity between
precuneus and anterior hippocampus, but not posterior hippocampus, was significantly
associated with higher memory transformation scores. Taken together with the prior
observation that posterior hippocampus—precuneus connectivity at encoding was not
significantly linked with memory transformation score, the pattern of evidence suggests
that the precuneus starts to represent a more generalized event memory, which it appears
to acquire slowly through interactions with the anterior hippocampus some time after the

initial encoding. Interestingly, however, this process does not seem to lead to an overall
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fear generalization in the precuneus, as the precuneus still preserves differentiable
memory representations for distinct experiences, as we evaluate next.

Together, these findings add to previously reported consolidation effects on
hippocampus—cortex functional coupling, and the impact of these effects in stabilizing
emotionally salient information (e.g., de Voogd et al., 2016; Murty et al., 2017). First, we
expand on these early findings that post-encoding hippocampus—cortex communication
plays a role that extends beyond just memory stabilization, and that it actually drives
memory transformation, particularly for threat memories. Moreover, we show evidence
that this transformation is selectively supported by the anterior hippocampus, in line with
theoretical predictions (Sekeres et al., 2018).

Long-Term Reinstatement in Hippocampus and Cortex (Hypothesis 4)

Following our finding that post-encoding coupling between anterior hippocampus
and precuneus was associated with more memory transformation towards a gist-level
representation, we assessed how the precuneus might be representing event memories in
the long-term. Importantly, the precuneus has previously been associated with long-term
memory reinstatement (e.g., Kuhl & Chun, 2014; Oedekoven et al., 2017), and we thus
hypothesized that it would show greater neural reinstatement at the one-week follow-up
session. Borrowing from Skalaban (2022), we designed an intermittent reactivation task,
wherein participants rewatched a disrupted version of each previously encoded clip
during the one-week follow-up session in the scanner (Day-8), allowing us to test long-
term reinstatement from memory. Here, the disruption was implemented visually such
that the video was turned off periodically, while the video-on periods and undisrupted

audio acted as cues for scene reconstruction from memory during the video-off periods.
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We operationalized memory reinstatement as higher within-minus-across (within >
across) clips neural similarity between Day-1 intact and Day-8 disrupted movie watching
experiences (Figure 2). This particular analytical approach allowed us to characterize
content-specific memory reinstatement, wherein higher within > across neural similarity
meant higher clip-specific reinstatement from memory, while controlling for a clip’s
similarity to other clips’ events. In this way, greater within > across similarity would
signal greater episodic memory reinstatement. In contrast, a lower within > across neural
similarity would signal lower differentiation across clips, suggesting that a more general
neural reinstatement that is representative of common event structures across many clips.
We found that while all visual cortical regions showed higher within > across
clips neural similarity during video-on periods, only the precuneus produced higher
within > across clips neural similarity during video-off periods (Figure 6). For all visual
cortical regions, one should expect to see higher within > across clips neural similarity
during video-on periods, since these periods are filled with identical ongoing visual
information processing. On the other hand, a greater within > across clips neural
similarity during video-off periods in the precuneus, we argue, is strong evidence that the
precuneus is an essential cortical site for representing highly specific episodic memories,
instead of broad schematizations of similar event structures that may be extracted across
multiple movie clips. Importantly, this finding replicates the findings from the original
design from Skalaban (2022), as it also dovetails well with previous reports of content
reinstatement in precuneus and broader posterior medial network (e.g., Ranganath &
Ritchey, 2012; Kuhl & Chun, 2014; Bird et al., 2015; Ritchey et al., 2015; Wing,

Ritchey, & Cabeza, 2015; Oedekoven et al., 2017; Jonker et al., 2018).
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While we found evidence for content-specific long-term reinstatement in the
precuneus, it is not yet clear what drives these effects, as we did not find any significant
relationship for this region’s functional coupling with the anterior hippocampus during
post-encoding rest phases. Crucially, long-term memory reinstatement in the precuneus
was also not significantly associated with our behavioral measure of memory
transformation. Therefore, while precuneus—anterior hippocampus functional coupling at
post-encoding rest might emphasize memory transformation towards gist, it appears that
the precuneus itself is more involved in keeping a detailed neural representation over the
long-term than it is in keeping a gist-level memory for these experiences.

Having found evidence for long-term memory reinstatement in cortex, we next
asked whether long-term neural reinstatement is evident in the hippocampus as well. One
of the open questions we raised in our introduction regarded how involved the
hippocampus would be after memories are stabilized through post-encoding
consolidation. As we highlighted previously, while early models of systems consolidation
argued that memories become independent of the hippocampus for long-term retrieval
and reactivation, several accounts such as the multiple traces and trace transformation
models have suggested that the hippocampus continues to keep a detailed episodic
representation even long after consolidation, which could be flexibly recalled depending
on task demands (Winocur & Moscovitch, 2011; Sekeres et al., 2018). Given our
emphasis on the functional division along the hippocampal long axis, we first tested
whether either of the anterior or posterior hippocampus showed neural reinstatement for
specific movie clips. We found an interesting dynamic with the posterior hippocampus,

which showed negative within versus across clip neural similarity during video-on
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periods on Day-8. This was unexpected given that the posterior hippocampus was
hypothesized to continue to represent episodic detail (Sekeres et al., 2018) and given our
initial finding that its connectivity with the basolateral amygdala and sensory cortex
during encoding retained episodic details. This group of findings may suggest that in the
long-term, representations in the posterior hippocampus may undergo further neural
transformation towards gist memory. In line with this interpretation, others have
previously reported greater similarity for items with shared context, suggesting
generalization (Tompary & Davachi, 2017), particularly at longer delays (Dandolo &
Schwabe, 2018).

While we see partial evidence for gist extraction in the posterior hippocampus
over the course of the week, the within versus across clips neural similarity was not
significant in the anterior hippocampus, which suggests that there may be moderate levels
of gist-representation in the anterior hippocampus in the long-term, wherein within clip
events are not too distinct, yet differentiated enough from the events of other clips.
Importantly, however, greater post-encoding functional connectivity between the anterior
hippocampus and precuneus significantly predicted greater within > across clips neural
similarity difference in anterior hippocampus (Figure 7). Together, these two findings
suggest that anterior hippocampus—precuneus coupling during consolidation supports a
moderately generalized representation of each unique experience in the long term. Given
this phenomenon occurs through the connectivity with precuneus, we argue, this
constitutes a novel finding suggesting that although the post-encoding interaction
between these two regions predicts a gist-level representation in the anterior

hippocampus, the precuneus itself continues to retain highly specific episodic details.
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Our long-term reinstatement findings in both hippocampal regions and the
precuneus thus far present a challenge to our field’s previous assumptions that the
hippocampus holds the episodic details while the cortex reflects gist-level representation.
It seems that the picture is more complex when we consider the functional divisions
within hippocampus together with how various cortical regions engage with different
aspects of episodic memory across different timepoints (encoding, consolidation,
retrieval). Our finding that stronger clip-specific neural reinstatement in the lateral
occipital cortex is negatively associated with the behavioral indices of memory
transformation further adds to this complexity (Figure 8). This later finding strongly
suggests that the visual cortex continues to represent a detailed episodic memory, which
in turn prevents loss of details over the long-term. As we discuss next, these findings
have important implications for long-term threat memory transformation and psychiatric

symptoms alike.

Implications for Systems Consolidation in the Context of Threat Memory and PTSD

So far, we have briefly discussed our findings from the assumptions of systems
consolidation models, particularly multi-trace models like the trace transformation
framework. Several of our findings however are in direct contrast with the assumptions of
such models, and warrant further discussion regarding how they might inform theoretical
considerations for threat memory transformations.

First, while the anterior hippocampus drives gist extraction through its post-
encoding connectivity with cortex, as evident in its associations with greater memory
transformation scores (i.e., less internal details retained over time), it also continues to

represent content-specific episodic memory in the long-term, as evidenced by its post-
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encoding connectivity with cortex. Second, the posterior hippocampus drives
preservation of episodic details through its encoding connectivity with both the amygdala
and cortex, while over time it comes to represent a gist-level memory in threatening
contexts. Third, several cortical areas (not just the hippocampus) represent highly
detailed episodic recollections in the long-term. Notably, at least one of these cortical
regions, the lateral occipital cortex, showed evidence that long-term content-specific
neural reinstatement was related with smaller behavioral changes in free recall, thus
marking the importance of these representations in sustaining the preservation of internal
details over the course of a week.

Given that these findings regarding both hippocampal and cortical processes are
in stark contrast with the assumptions of previous consolidation models, we argue that
threat memory consolidation may be more dynamic than previously thought. Recently,
Cowan et al (2021) proposed an adaptive memory system that necessitates not only
selective stabilization of emotionally salient, or goal-relevant, information, but also
memory transformation that dynamically supports both episodic recollections and
schematic representations that are extracted and integrated across episodes. We suggest
that our findings further emphasize the need for an adaptive memory system whose
characteristics go well beyond those characterized in traditional consolidation
frameworks, particularly for a dynamic representation of threat-related experiences.

If we revisit our example of getting into a car accident, it is not only adaptive to
recall the specific details of where, when and how the accident happened, but also the
emotional experience surrounding the accident more broadly (i.e., emotional gist

memory). Consider talking to your therapist in the aftermath of the car accident, chances
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are, in doing so, you will try to recall as many episodic and perceptual details as possible
while also keeping your focus on the emotional gist, for several reasons: For instance,
one of the goals in the therapy room is to identify the factors that led to the accident so
you can prevent it from happening again, which requires recall of unique contextual
details. Moreover, your therapist might ask you to specifically recall some details upon
learning that you have been experiencing intrusions like nightmares with flashbacks of
the accident, and wants to understand the extent to which these details live in vivid
imagery in your memory. Evidently, several studies have highlighted that vivid
perceptual recollections in visual cortex might drive intrusive symptomology in PTSD
(e.g., Meyer et al., 2016; Clancy et al., 2024). Here, we argue that our findings that
posterior cortical regions showed greater clip-specific reinstatement for aversive
experiences, and that these detailed reinstatement in visual cortex was associated with
behavioral indices of reduced memory transformation and the preservation of more
internal details offer further insights for visual imagery driven intrusions.

On the other hand, your therapist might be probing your overall emotional
reactivity to the experience, at the gist level, to figure out how likely you are to draw
fearful generalizations that could become a maladaptive symptom on its own. Both the
hippocampus and medial prefrontal cortex are previously implicated in
overgeneralization of fear responses in PTSD (Morey et al., 2015; Kaczkurkin et al.,
2017; Spalding, 2018; Lecei & Winkel, 2020). While we have not tested whether
memory transformation is linked with representations in medial prefrontal cortex (see
Limitations for more discussion), our findings regarding the anterior and posterior

hippocampus representing gist level information over the long-term fits well with this
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broader idea. Crucially, our findings, particularly from the posterior hippocampus, point
to the dynamic hippocampal engagement in threat memory transformation that might be
linked with PTSD symptoms. Notably, our previous work in trauma-exposed participants
also showed similar dynamic changes within posterior hippocampus during fear
encoding: while greater transient fear-related posterior hippocampal activity was linked
with reduced PTSD symptomology, greater sustained fear-related posterior hippocampal
activity was linked with greater PTSD symptomology (Tanriverdi et al., 2022). Together,
the results from both studies further support the dynamic nature of hippocampal
engagement throughout threat memory transformation, with clear implications for
psychiatric symptoms.
Limitations and Future Directions

This endeavor has laid the groundwork for understanding the neural basis of
memory transformation for aversive, arousal-inducing experiences, while integrating
across models of memory consolidation and transformation. However, there are a few
limitations that we would like to highlight for future directions. First, while we discuss
threat memory transformation over consolidation and long-term reinstatement, we have
not fully uncovered all of the rich information that can be mined from our free recall data,
textually as well as neurally. For one, we evaluated threat memory transformation in
terms of the overall percentage of internal details lost over the course of the week, using
automated autobiographical interview scoring (van Genugten & Schachter, 2024). While
helpful for the purposes of our study, one limitation of this automated scoring toolbox is
that it does not differentiate between the different sub-classifications of internal (such as

perceptual, emotional, or contextual) details (Levine et al., 2002). Given the rich textual
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data that is available, a closer look at the internal details that are actually forgotten or
retained with language models might further inform our understanding of long-term
memory transformation. Thus, while we speculate on memory transformation based on
the overall internal details retained, further work is needed to further parse out the types
of internal details affected, in order to test how much of the perceptual versus emotional
(or contextual) details are retained versus lost, as well as the neural underpinnings of
those specific changes in memory. A similar consideration for external details might also
provide additional insights, for instance, do people recall more external details over time
as they lose internal details, and could that be part of the memory transformation?
Additionally, we have functional MRI data available for the Day-8 recall sessions, which
when analyzed will most likely provide further insights about the neural processes
engaged during long-term recall on Day-8. Moreover, a neural reinstatement analysis
similar to our intermittent reactivation approach could be applied to assess the neural
similarity between encoding and cued-free recall, which might provide further insights
regarding neural transformation for threat memories.

Importantly, our analyses have mainly focused on the hippocampus and posterior
cortical regions. Yet, as we have discussed, memory systems are extremely dynamic, and
regions other than those investigated might further improve our understanding of threat
memory transformation. For instance, consolidation and adaptive memory systems
models consider the medial prefrontal cortex (mPFC) as a hub for memory integration
across related episodes, thereby supporting schemas and gist memory (Robin &
Moscovitch, 2017; Sekeres et al., 2018; Cowan et al., 2021). However, within the context

of fear learning and PTSD, this same region is implicated in inhibiting fear responses,

70



which arguably prevents fear overgeneralization and supports discrimination between
danger and safety cues (Spalding, 2018; Lecei & Winkel, 2020). One limitation of our
study is that it was particularly designed to investigate the neural and behavioral
transformation threat memories undergo on their own, which precluded analysis of either
assumption regarding the role the mPFC might play in threat memory reorganization.
One interesting way to update the current study design, in order to test the consolidation
assumption that the mPFC supports gist through integration across related event
representations, would be to have participants watch both the aversive and neutral clips
from the same movies, which would allow an analysis of memory integration over related
but distinct episodes. Critically, such changes in the implementation of the study design
would also allow testing the mPFC’s role in supporting the differentiation of the aversive
and neutral events in memory.

Further, regions in medial temporal lobe cortex, such as the perirhinal cortex, may
show a bias towards gist-level threat memories, particularly through interactions with
subjective arousal (Clewett & Murty, 2019). Future analysis of these regions’
engagement with threat memory may therefore meaningfully advance our understanding
of memory consolidation and transformation for aversive experiences.

Finally, while we have briefly touched upon our study’s implications for PTSD
research, we have yet to analyze data we collected from participants using the PTSD
Checklist for DSM-5 (PCL-5), particularly in relation to the neural signatures of gist
versus detail representations for aversive memories. Importantly, our sample excluded
participants who reported psychiatric conditions, and thus, their self-reports may not be

as informative or reflect as much individual variability as they might in an unrestricted
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sample. Regardless, it could be interesting to leverage this data to explore how scores
from different subscales of the PCL-5 (e.g., intrusive subscale) correlate with the neural

markers of memory transformation we obtained in this study.

Concluding Remarks

Overall, our findings provide compelling evidence that arousal-inducing aversive
experiences are selectively encoded and adaptively consolidated and represented in
memory. We have demonstrated that subjective arousal at the time of encoding predicts
not only the level of episodic details recalled after a 24-h delay, but also how memories
are reorganized into emotional gist, with the loss of some details over the course of a
week. Further, we have demonstrated that brain regions previously implicated in episodic
and fear memories differentially support memory representation with different
granularity. Specifically, our results highlight the role of the posterior hippocampus and
its connectivity with the amygdala and visual cortices in sustaining episodic details over
the long-term, while the anterior hippocampus through its post-encoding connectivity
with posterior parietal and visual cortices supports gist-extraction. Moreover, we have
shown that both the anterior and posterior hippocampus represent gist-level emotional
memories at different early timepoints in memory transformation, while the visual cortex
and precuneus represent episodic events after a period of consolidation. Together, this
work underscores the role threat, specifically through subjective experiences of arousal,
plays in modulating memory consolidation dynamics and long-term memory

transformation.
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