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Summary

Memories are essential to everything in our lives and we constantly rely on them in all our

actions and decisions. How memories are represented in our brain is therefore decisive to

an overall better understanding of our brain functions, behaviour and cognition. However,

a fundamental aspect of memory, i.e. the process of systems consolidation is still under

vigorous debate. Di�erent opinions exist on how memory representations change over time

and how these changes are related to the transformation of memory quality. Especially

the role of the hippocampus in representing detailed remote memories is still controver-

sially discussed. This thesis contributes to this ongoing debate by examining di�erent

aspects of systems consolidation and relating them to the concept of memory dynamics.

A review of di�erent systems consolidation studies revealed, that varying time intervals

have been used to test this process. For a more precise comparison of systems consoli-

dation studies, I therefore propose a division into an early systems consolidation phase,

comprising changes at brain systems level during the decisive �rst night of sleep, and a

prolonged phase, examining consolidation during the following weeks. While investigating

prolonged systems consolidation of declarative memories, we additionally illustrated the

importance of dividing the hippocampus along its long axis. The transformation from de-

tailed to gist-like memories across time was accompanied by changes along this axis, with

anterior hippocampus involved in retrieving detailed memories and posterior hippocampus

representing gist-like memories. We also investigated the prolonged systems consolidation

process of nondeclarative motor memories, highlighting the involvement of the lateral pre-

frontal cortex in representing remote motor sequence memories. Finally, we demonstrated

that memories which have already undergone an early systems consolidation phase can

be dynamically updated by new information through a neural process orchestrated by

the dorsolateral prefrontal cortex. Conclusively, this thesis adds valuable information to

the present systems consolidation theories by focussing on more precise research questions

regarding both brain structures and time intervals.
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1 General introduction

Memories are crucially important in our daily lives. They in�uence our personalities, be-

haviours, decision making and future planning (Wimmer & Shohamy, 2012; Fellows, 2016

Schacter, Addis, & Buckner, 2007). All our knowledge about the world is based on mem-

ories of past experiences. When we lose our memories, we not only lose this knowledge

about the world and information about our own past, but also part of what de�nes us as

individuals and makes us function and survive in a complex society.

Therefore, understanding how we acquire, store, retrieve and use our memories has been

an important area of research for many decades within di�erent disciplines, including both

cognitive psychological and neuroscience. Di�erent lines of research have focussed on var-

ious aspects of memory and tried to describe di�erent memory processes and memory

systems. Throughout the years di�erent memory theories and ideas have been developed

and at times new �ndings and discoveries led to major revisions of original textbook views

of memory. For example, over a long period of time the general view was that after an

initial process of memory consolidation is complete, memories are stable and �xed, only

to be disrupted by major brain injuries or degenerative diseases. However, this traditional

textbook view had to make way for the more recent idea of memories being highly dynamic

traces, that can be changed, transformed, updated or distorted each time a memory is re-

trieved or replayed (Nadel, Hupbach, Gomez, & Newman-Smith, 2012; Kroes & Fernandez,

2012; Dudai, Karni, & Born, 2015).

Thus, just as dynamic as memories are now thought to be, just as dynamically have theo-

ries about the process of memory consolidation changed and transformed throughout the

years and are still updated whenever new information becomes available. However, this

dynamic process has also led to the emergence of di�erent, competing theories and, to date,

there is no consensus amongst memory researchers on how exactly memory consolidation

is performed within our brains (Squire & Bayley, 2007; Squire, Genzel, Wixted, & Morris,

2015; Nadel, Winocur, Ryan, & Moscovitch, 2007; Moscovitch, Cabeza, Winocur, & Nadel,

2016; Sekeres, Moscovitch, & Winocur, 2017).
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One of the primary goals of this thesis is to test current competing theories of memory con-

solidation. Yet, in order to understand the ongoing debate about memory consolidation,

it is important to track the formation of these di�erent theories throughout the history

of memory research, as each new theory is not only based on new results and experimen-

tal data but is also strongly in�uenced by former beliefs and biases towards the one or

other preceding theory. The �rst section of this general introduction therefore introduces

the process of memory consolidation from a historical point of view, in order to better

understand the emergence of the current memory consolidation theories.
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1.1 Memory consolidation

Overall, memory functions can be divided into di�erent processes, such as memory encod-

ing, memory consolidation, and memory retrieval. Memory encoding and memory retrieval

are quite easily de�ned: memory encoding is the process of initially perceiving and learning

events (McDermott & Roediger, 2019), while memory retrieval is the process of accessing

and reactivating internally stored information when needed (Dudai, 2002; McDermott &

Roediger, 2019). But what exactly is the process of memory consolidation?

1.1.1 Historical background

The term 'consolidation' was introduced to memory research over 100 years ago by Ger-

man scientists Müller and Pilzecker (1900) and stems from the Latin word consolidare

that translates to 'make �rm together' (Dudai, 2004; Dudai et al., 2015). Müller and

Pilzecker (1900) had conducted a retroactive interference experiment in healthy partici-

pants showing that the presentation of new material, shortly after learning, disrupted the

memory for the originally learned material. They suggested a perseveration-consolidation

hypothesis, stating that memories initially exist in a fragile, transient state and only after

some time consolidate into a stable version immune to disruption through new information

(McGaugh, 2000; Hardt & Nadel, 2018). Two decades before these experiments Ribot

(1882) had already described the phenomenon of a temporal gradient in retrograde am-

nesia in patients with traumatic head injury. This gradient, later named Ribot gradient

implies that memories encoded shortly before the traumatic incident are lost while more

remote memories are intact (Hardt & Nadel, 2018). This temporal gradient of retrograde

amnesia was subsequently portrayed in support of Müller and Pilzecker (1900)'s idea of

memory consolidation (Squire, 1992).

Thus, the idea of memory consolidation as a process of stabilizing initially fragile memories

was introduced at the turn of the 20th century, a time that was later named the "Golden

Age" of memory research (Rozin, 1976; Moscovitch et al., 2005). However, it was then

forgotten for nearly 50 years until research in military veterans showing a Ribot gradient

(Russell, 1946) and animal research by Hebb (1949) and others (Gerard, 1949; C. Duncan,

1949) initiated a renewed interest in the topic (McGaugh, 2000; Hardt & Nadel, 2018).

Hebb (1949) formulated a biological dual-trace model for memory consolidation: a short-

term memory trace exists of each experience in the form of reverberating neural activity

within an assembly of neurons. If this activity reverberates long enough it can lead to

3



long-term traces in the form of structural changes at the synapses of the set of neurons.

These newer studies therefore re-emphasized the time-dependency of memory consolida-

tion, with time assumed to allow the stabilization of memories. However, up to this point it

was completely unknown which parts of the brain were involved in this assumed stabiliza-

tion process. In fact, it was commonly assumed that memory was distributed throughout

the cortex (Lashley, 1929) with some accounts suggesting that di�erent brain areas store

di�erent features of memory (Hebb, 1949), but no region was thought to be dispropor-

tionally involved in memory (Squire & Wixted, 2011). This drastically changed with the

highly in�uential paper of Scoville and Milner (1957), the �rst researchers to discover, by

coincidence, the importance of the medial temporal lobe (MTL) for memory. They de-

scribed the case of the now famous patient H.M., who su�ered from severe epilepsy leading

to the decision to surgically remove his MTLs in both hemispheres. After the surgery H.M.

showed severe anterograde and a temporally graded retrograde amnesia without any loss

in intelligence and no perceptual disorders. This paper triggered many follow-up studies,

leading to a special focus on the importance of one structure within the MTL, i.e. the

hippocampus and its adjacent cortices (entorhinal, perirhinal, and parahippocampal) for

memory (Squire & Zola-Morgan, 1991; Squire & Wixted, 2011).

When examining the time frame postulated for memory consolidation more precisely, it

becomes evident that in some cases the described time interval is seconds to a few hours

(e.g. Hebb, 1949; Müller & Pilzecker, 1900), while in others it is days, years and even

decades (e.g. Ribot, 1882; Russell, 1946; Scoville & Milner, 1957). Thus, later accounts of

memory consolidation divide these processes into two di�erent categories that also depend

on two di�erent levels of brain structures: synaptic consolidation and systems consolidation

(Dudai, 2004).

1.1.2 Synaptic consolidation and systems consolidation

Synaptic consolidation (or cellular or rapid consolidation) takes place within hours after

acquisition and manifests itself in modi�cations of synapses (leading to the term synap-

tic consolidation), and other molecular changes at cellular level (Dudai, 2004; McGaugh,

2000). This process has been extensively studied throughout the years (for reviews see

e.g. Kandel, 2001; Kandel, Dudai, & Mayford, 2014) and its existence is widely accepted

among memory researchers (Dudai et al., 2015; Sekeres et al., 2017). Systems consolida-

tion, on the other hand, refers to the reorganization of memory traces across large neuronal

networks or brain circuits, thus changes at the brain systems level. This reorganization
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can take days, months or even decades (Dudai, 2004).

The focus of this thesis is on systems consolidation and the ongoing debate about this

process. Nevertheless, it is important to keep in mind, that synaptic and systems consoli-

dation do belong to the same higher-level process and therefore naturally interact (Sekeres

et al., 2017). In fact, Dudai and colleagues have recently argued that recurrent waves of

synaptic consolidation are necessary for systems consolidation, thereby regarding synaptic

consolidation processes as subroutines in systems consolidation (Dudai, 2012; Dudai et al.,

2015).

1.1.3 Ongoing debate about systems consolidation

The classic, standard idea about systems consolidation is based on the above described

reports of temporally graded retrograde amnesia in patients such as H.M. and describes a

time-dependent reorganization of initially hippocampus-dependent memories. This Stan-

dard Consolidation Theory (SCT) thereby postulates that the components of memories are

stored in di�erent neocortical areas but initially the hippocampus is needed to bind those

components together. During the systems consolidation process neocortical connections

are strengthened until memories can be retrieved from the neocortex without involving

the hippocampus (Squire, 1992; Alvarez & Squire, 1994; Squire & Alvarez, 1995). Lately,

this standard view has been challenged by several new ideas and theories. Most prominent

among them is the Multiple Trace Theory (MTT) introduced over 20 years ago (Nadel

& Moscovitch, 1997; Nadel, Samsonovich, Ryan, & Moscovitch, 2000; Moscovitch et al.,

2005) and a more recent extension of this theory, the Trace Transformation Theory (TTT;

Winocur, Moscovitch, & Bontempi, 2010; Winocur & Moscovitch, 2011). At the centre

of the debate are the questions whether remote detailed memories continue to rely on the

hippocampus (MTT/TTT) or not (SCT) and whether memories that can be retrieved

from the neocortex alone have the same qualities as hippocampus-dependent memories

(SCT) or whether they have been qualitatively transformed (TTT)? Even after 20 years

of research examining these questions, the debate about systems consolidation1 is ongoing

with proponents of both theories presenting studies favouring their ideas. I will introduce

each of the systems consolidation theories in more detail in section 1.3 and will present a

1 In this thesis the term systems consolidation is used as a general term to refer to time-dependent

reorganization of memory traces across brain systems, in direct comparison to synaptic consolidation

at cellular level, and not in the narrower sense described by the classic view of this process. To refer

to this classic view I will use the term Standard Consolidation Theory (SCT).
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selection of animal studies, patient studies as well as neuroimaging studies in support of

the respective theories.

At this point, it is essential to mention that sleep plays a decisive role in memory consolida-

tion. I will describe the consolidation processes during sleep in more detail in section 1.5.1.

For now, it is important to note that the �rst night of sleep after encoding is important

for the fate of the memory traces and already leads to changes in the representation of

these traces at brain systems level (Gais et al., 2007). I will use the term early systems

consolidation to refer to these early changes at brain systems level after the �rst night

of sleep. In contrast, I will refer to changes at brain systems level in the time frame of

several days to weeks and months with the term prolonged systems consolidation. I will

discuss this proposed di�erentiation between early and prolonged systems consolidation

more thoroughly in the general discussion of this thesis in section 3.2.

Before continuing with a more detailed description of the opposing systems consolidation

theories in section 1.3, I will introduce the concept of multiple memory systems in the fol-

lowing section 1.2, as it is important to understand to what type of memories the systems

consolidation theories apply. Indeed, the ongoing debate between SCT and MTT/TTT

focusses exclusively on systems consolidation of one type of memory, namely declarative

memories. However, recently, researchers have also started to show interest in systems

consolidation of so called nondeclarative memories (Dudai et al., 2015; see section 1.4).

In line with this recent interest in this topic, one of the research questions of this thesis

is whether systems consolidation of nondeclarative memories shows parallels to systems

consolidation of declarative memories. In the following section I will therefore describe the

di�erences between the declarative and nondeclarative memory systems, starting with an

historical view of this division from the beginnings of memory research.
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1.2 Multiple memory systems

1.2.1 Declarative and nondeclarative memory systems

The idea that more than one type of memory exists, was already expressed more than

100 years ago by William James (1890). In his book he wrote one chapter about memory

and another about habits, thus expressing two essentially di�erent ways of learning. Since

then researchers have repeatedly suggested a division into two di�erent forms of memory,

thereby using di�erent terminology, e.g. McDougall (1923) distinguished between explicit

and implicit forms of recognition memory, and Ryle (1949) made a di�erence between

knowing that and knowing how (Squire & Dede, 2015).

The start of experimental and biological research on multiple memory systems was again

motivated by the famous patient H.M. (Scoville & Milner, 1957). After bi-hemispheric

MTL resection H.M. showed severe memory impairments e.g. for events, facts and words

but was, surprisingly, capable of learning a mirror drawing task, requiring hand-eye coor-

dination, over multiple training sessions across days. Strikingly, he improved in the task,

without having any memory of performing it the previous days (Milner, 1962). This en-

couraged researchers to distinguish between a cognitive MTL-dependent memory system

and another system, responsible for learning motor skills, depending on extra-hippocampal

structures.

With time, it was discovered that motor skills were not the only skills intact in patients with

MTL damage, e.g. patients could also learn perceptual skills, like reading mirror-reversed

words (Cohen & Squire, 1980). As a consequence, all preserved skills were classi�ed as

procedural knowledge, de�ned as knowledge in form of an acquired procedure, expressed

only through performance. This procedural knowledge was contrasted to declarative knowl-

edge, de�ned as knowledge characterized by conscious recollection and expressed in form

of remembered materials including e.g. images, words, ideas, sensations, sounds (Cohen

& Squire, 1980; see also Squire & Dede, 2015). Later, it was established that procedural

knowledge is only one form of nondeclarative memory (Squire & Zola-Morgan, 1988; Squire

& Knowlton, 1995), with other forms being identi�ed such as priming (Tulving & Schac-

ter, 1990), habit learning (Knowlton, Mangels, & Squire, 1996) and classical conditioning

(Clark & Squire, 1998). Thus, the term nondeclarative should be seen as an umbrella term

referring to multiple memory subsystems (Squire, 2004; Squire & Wixted, 2011).

Although this division of nondeclarative memories in many subsystems shows that there

are more than two memory systems, much recent research has, nevertheless, focussed on
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the distinction between a cognitive hippocampus-based memory system and a habit dorsal

striatum-based system (White & McDonald, 2002; Schwabe, 2013). Questions arise on

whether these systems work independently and in parallel (McDonald & White, 1994) or

whether they interact cooperatively (McIntyre, Gold, & Marriott, 2003) or competitively

(Poldrack et al., 2001). It has been suggested that the use of these di�erent memory sys-

tems can depend on various factors, e.g. a shift from the cognitive to the habit system can

be introduced by practice (Packard & McGaugh, 1996), distraction (Foerde, Knowlton, &

Poldrack, 2006), or stress (Schwabe, 2013).

Declarative and nondeclarative memories are sometimes also termed explicit and implicit

memories, respectively (Graf & Schacter, 1985). Explicit, declarative memories are de�ned

as conscious memories, while implicit, nondeclarative memories are seen as unconscious

memories, e.g. learning a motor skill without realizing that one has learned a procedure

and without any recollection of actively learning it (Squire & Zola, 1996; Squire & Dede,

2015)2.

Importantly, both declarative and nondeclarative memories are classi�ed as long-term

memories, thus memories that are stored for later retrieval. Note that another entirely

di�erent memory system exists, known as working memory (formerly also called short-

term memory or immediate memory). This memory system has only a limited capacity, in

other words, it can only maintain a limited amount of information at every point in time.

On the other hand, this information can be actively "worked" with, thus it is used for

ongoing cognitive functions such as reasoning (Baddeley, 2003; Shrager, Levy, Hopkins, &

Squire, 2008).

As described above nondeclarative memory is an umbrella term for many subsystems (e.g.

procedural memories, priming, habit learning), yet it is beyond the scope of this thesis to

portray each of these systems in more detail. Importantly, however, declarative memories

can also be divided into subsystems, and as this division is decisive for the debate between

SCT and MTT/TTT, the next section will describe these declarative subsystems in more

detail.

2 There are some memory researchers that would recommend the usage of the terms explicit and implicit

instead of declarative and nondeclarative, as they claim that the term declarative is hard to de�ne in

a noncircular way (Nadel et al., 2007). On the other hand, other memory researchers have used the

distinction declarative vs. nondeclarative in fairly recent reviews (e.g. Dudai et al., 2015; Squire &

Dede, 2015), leading to the choice of these latter terms in this thesis.
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1.2.2 Declarative memory subsystems

Episodic and semantic memory systems

Tulving (1972) subdivided declarative memories into two categories: episodic and semantic

memories. Semantic memories incorporate facts and knowledge about the world, while

episodic memories were de�ned by Tulving (1983) as re-experiencing speci�c events with

respect to both space and time. Episodic memories rely on autonoetic consciousness, a

sense of being aware of one's own existence in subjective time, also de�ned as self-knowing

(Tulving, 1985), a requirement for recollecting experiences and mental time travel (Tulving,

2002). Semantic memories, on the other hand, require noetic consciousness, a sense of

knowing about objects and events, thus having knowledge about the world (Tulving, 1985).

Much of the original debate between SCT and MTT focussed on the question whether

both semantic and episodic memories can be retrieved without the involvement of the

hippocampus after systems consolidation (SCT; Alvarez & Squire, 1994), or whether the

memories that can be retrieved from the neocortex are semantic in quality, and the retrieval

of truly episodic memories requires an intact hippocampus (MTT; Nadel & Moscovitch,

1997).

Context-dependent and context-free memories

As much of the research on systems consolidation is conducted on animals, it is impor-

tant to consider that, according to Tulving, episodic memories accompanied by autonoetic

awareness and self-knowledge are unique to humans and cannot be found in other animals

(Tulving, 2002). Nevertheless, researchers have tried to �nd homologues for episodic and

semantic memories in animals. This is best accomplished by a distinction between context-

dependent (episodic-like) and context-free (semantic-like) memories. Context-dependent

memories are observed when animals express the acquired behaviour only in those re-

trieval situations that are set in the same context as the training situation was, but not in

other contexts. Context-free memories are observed when animals also show the learned

behaviour in other contexts, thus when they cannot distinguish between two similar con-

texts (Rosenbaum, Winocur, & Moscovitch, 2001; Sekeres et al., 2017).

Recollection and familiarity processes

An important concept closely related to the notion of remembering episodes and knowing

about semantic facts, is the commonly used division of recognition processes into recol-
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lection and familiarity. In recognition tasks, participants are presented with previously

learned stimuli intermixed with new stimuli and are asked to indicate with 'yes' or 'no'

whether they have seen the stimuli before. According to a dual-process model (Yonelinas,

1994; Yonelinas, 1999) this task can be solved using recollection, a process of actually

remembering the learning of the respective stimuli during the encoding session, or alter-

natively using familiarity, a sense of knowing the stimuli without actually recollecting any

details about where and when it was learned. A whole line of research (Yonelinas, 2002;

Eichenbaum, Yonelinas, & Ranganath, 2007; Diana, Yonelinas, & Ranganath, 2007; Squire,

Wixted, & Clark, 2007; Ranganath, 2010; Norman, 2010 Yonelinas, Aly, Wang, & Koen,

2010) has focussed on discriminating these two processes and identifying the brain systems

involved in each process. Although this research line does not focus on remote memories

per se, one can still relate it to the central questions in the systems consolidation debate,

as I will outline in section 1.3.4.

Spatial memories

When considering subsystems of declarative memories, it is important to acknowledge that

historically one subgroup of declarative memories, namely spatial memory, has been given

a special status in memory research (O'Keefe & Nadel, 1978; O'Keefe, 1991; Nadel, 1991).

Spatial memories are memories for places, environments, spatial layouts or the spatial con-

texts within an episode. Building on in�uential rodent studies, such as the discovery of

hippocampal place cells (O'Keefe & Dostrovsky, 1971), O'Keefe and Nadel (1978) intro-

duced the cognitive map theory suggesting that the main role of the hippocampus is to

create and maintain allocentric (viewpoint-independent) spatial representations of the en-

vironment for as long as they exist. This sparked a debate about whether the hippocampus

really does represent spatial memories in a unique way (O'Keefe, 1991; Nadel, 1995) or

whether these spatial memories are just one good example of the more general category of

declarative memories, which are all initially represented in the hippocampus (Squire, 1992;

Zola-Morgan, Squire, & Ramus, 1994). Subsequently, researchers initially supporting the

cognitive map theory proposed the newer MTT (Moscovitch, Nadel, Winocur, Gilboa, &

Rosenbaum, 2006), and thereby acknowledged that spatial memories, as all other declara-

tive memories, can be divided into two categories: detailed spatial memories (perceptually

detailed representations of landmarks, houses, �elds, etc.) and semantic spatial memories

(schematic representation of topography, location of only the major landmarks, enough to

navigate, but without detailed re-experiencing); with only the former depending on the
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hippocampus at remote time points (Moscovitch et al., 2005; Rosenbaum et al., 2001).

Autobiographical memories

Another form of declarative memory that justi�es closer consideration is autobiographical

memory. This term is explicitly used for memories of events in everyday life in comparison

to remembering stimuli in experimental memory tasks in the laboratory. Thus, autobio-

graphical memories are events from one's own personal past. These are normally classi�ed

as episodic memories, as they involve detailed recollections of events and experiences of

the past. Importantly, however, not all memories of one's personal past have episodic and

recollective qualities. We also know facts about ourselves that �t better into the class of

semantic memories (e.g. where we lived as a child, which school we attended). These

memories have been termed personal semantics (Cermak & O'Connor, 1983; Nadel &

Moscovitch, 1997; Moscovitch et al., 2005). When using autobiographical memory tasks

to examine whether detailed episodic memories are dependent on the hippocampus or not,

it is therefore important to make a distinction between truly episodic autobiographical

memories and personal semantics.

Di�erences between semantic, schematic and gist-like memories

Finally, another important distinction within declarative memories to discuss is the di�er-

ence between semantic, schematic and gist-like memories. In light of the TTT, the terms

gist-like memory or schematic memory have at times been utilized as a synonym for the

term semantic memory. However, most recently Sekeres, Winocur, and Moscovitch (2018)

have suggested that these three terms should be de�ned more clearly and used for distinct

concepts. Let us use Christmas Eve celebrations as an example: semantic memories are

very general concepts, facts and world knowledge (e.g. what does Christmas Eve mean in

general?, when is it celebrated?); schematic memories, or schemas are knowledge about

certain types of events extracted from several similar occurrences of such events (e.g. what

normally happens at Christmas Eve in my family, like eating a special type of meal, un-

wrapping presents); gist-like memories, however, are memories of single events (e.g. last

year's Christmas Eve). In this sense, gist-like memories might be de�ned as a form of

episodic memory, as they refer to only one single episode. Still, gist-like memories contain

only the coarse-grained, global or central features of the event (e.g. last year on Christmas

Eve our dog was very sick) and are therefore substantially di�erent from the truly detailed

episodic memories that include �ne-grained spatial and temporal elements of the event
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(e.g. I was sitting to the left of my sister at the table; Sekeres, Winocur, & Moscovitch,

2018). The di�erences between these three concepts have often been neglected in the past,

but may be important to the systems consolidation debate. I will return to this issue in

the general discussion of this thesis in section 3.1.
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1.3 Systems consolidation of declarative memories

As outlined above there is a continuing debate about systems consolidation of declarative

memories and one of the main aims of this thesis is to compare and test the competing

systems consolidation theories. These theories will therefore be introduced in more detail

below (section 1.3.1). Subsequently, I will discuss the key issue of the debate, i.e. the role

of the hippocampus in representing remote episodic memories by introducing some of the

experimental studies supporting the ideas of each theory (section 1.3.2).

1.3.1 Systems consolidation theories

Standard Consolidation Theory (SCT)

The ideas behind the SCT were derived from the early accounts of memory consolidation

as portrayed in section 1.1.1 and were articulated in speci�c theories in the 1980s and

1990s (Squire, Cohen, & Nadel, 1984; Teyler & DiScenna, 1985; Teyler & DiScenna, 1986;

Alvarez & Squire, 1994; McClelland, McNaughton, & O'Reilly, 1995). Previously, Marr

(1971) had already acknowledged the special role of the hippocampus as a region that

forms simple memory representations, but added that the hippocampal pyramid cells later

transfer the information to the neocortex. This latter point subsequently changed to the

idea, that single memory components are already represented in the neocortex from the

point of memory acquisition with the hippocampus initially required as a pointer (Squire

et al., 1984) or index (Teyler & DiScenna, 1986) to bind the di�erent representations

together. Thus, importantly, memories are not thought to be literally transferred from

the hippocampus to the neocortex. Instead hippocampal activations during consolidation

repeatedly coactivate the respective neocortical areas, thereby strengthening the neocorti-

cal connections till they can be coactivated without the involvement of the hippocampus.

Alvarez and Squire (1994) added a simple computational model to these ideas and stressed

that the MTL learns quickly but only has a limited capacity, whereas the neocortex learns

slowly but has a larger capacity. Subsequently, McClelland et al. (1995) proposed the in-

�uential complementary learning system computational model. This SCT model proposes

that the hippocampus and neocortex are the sites of two complementary learning systems:

the hippocampus uses sparse coding and non-overlapping representations to store episodes

or facts quickly without allowing interference from similar experiences (pattern separation,

see in more detail in section 1.3.5). The hippocampus then initiates the slow learning in

the cortical system, which allows overlapping representations for similar stimuli, storing
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shared structures of events.

Importantly, within these models of SCT, it was stated that the memory consolidation

process is identical for both episodic and semantic declarative memories (Squire, 1992;

McClelland et al., 1995).

Multiple Trace Theory (MTT)

After reviewing all the available data about systems consolidation, Nadel and Moscovitch

(1997) concluded that the SCT could not incorporate all the experimental results, neces-

sitating a new theoretical approach. Nevertheless, Nadel and Moscovitch (1997) do agree

with the SCT on the idea that the hippocampal complex rapidly encodes all information

and acts as a pointer or index binding together neocortical areas that represent di�er-

ent components of the memory. They elaborate that the whole hippocampal-neocortical

ensemble can be de�ned as the memory trace for the episode. They propose that each

retrieval of the memory leads to a new memory trace that again has an index in the

hippocampus which points to similar (partly the same) representations in the neocortex.

Therefore, with time, multiple memory traces exist for each memory. These multiple traces

facilitate the extraction of semantic information from the episode and can lead to an in-

tegration of this information with pre-existing semantic representations in the neocortex.

Thus, MTT agrees with SCT that semantic memories can be retrieved independently from

the hippocampal complex after systems consolidation. However, in clear distinction to the

SCT, Nadel and Moscovitch (1997) suggest that the retrieval of detailed episodic memories

continues to rely on the involvement of the hippocampal complex. They later also added

a computational model to simulate the proposed mechanism of MTT (Nadel et al., 2000).

Trace Transformation Theory (TTT)

After a decade of research and thorough debate about the ideas of MTT, Moscovitch

and colleagues slightly revised their initial ideas and introduced the TTT (Winocur et al.,

2010). This theory explicitly states that, across time, the detailed hippocampus-dependent

memory supports the evolving of a second version of the same memory in the neocortex.

This neocortical memory trace, however, is a more gist-like, generic memory of the event,

lacking the contextual details of the hippocampal memory. In other words, according to

the TTT, the progression of memories from a hippocampus dependent representation to

an exclusively neocortical representation involves a memory transformation from detailed

to gist-like versions of the memory. Importantly this does not necessarily imply that the
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detailed hippocampus-dependent version of the memory is automatically lost. On the

contrary, both memories can co-exist and there can be a dynamic interplay between them.

The task or circumstances of retrieval may then lead to the dominance of one version over

the other (Winocur et al., 2010; Winocur & Moscovitch, 2011). Thus, TTT takes the

dynamic aspect of memory into account and addresses the issue of qualitative changes of

a particular, single episode, an aspect that was not yet addressed in the MTT (Sekeres,

Winocur, & Moscovitch, 2018).

Alternative theories

Although the ongoing debate between the two main systems consolidation theories, i.e.

SCT and MTT/TTT, is the main focus of this thesis, it should nevertheless be mentioned

that some alternative theories have additionally emerged over the years.

For example, Sutherland, Lehmann and colleagues have introduced an overshadowing the-

ory (Lehmann et al., 2009; Sutherland, Sparks, & Lehmann, 2010) and a multiple storage

site hypothesis (Sutherland & Lehmann, 2011). In brief, they claim that memories can

be acquired by di�erent memory systems in parallel. But, under normal circumstances,

the hippocampal system overshadows and dominates other systems. If multiple distributed

learning episodes are performed the overshadowing is overcome by the slow parallel learning

in other systems. Thus, memories acquired through multiple reiterations of the experiences

can survive hippocampal damage (but see Winocur, Moscovitch, and Sekeres (2013) for

arguments against this theory).

Another line of work has compared the retrieval of episodic memories to the imagination

of future events (Addis, Wong, & Schacter, 2007) or �ctional experiences (Hassabis, Ku-

maran, & Maguire, 2007; Hassabis, Kumaran, Vann, & Maguire, 2007), proposing that

similar brain areas are involved in all these tasks. This work led to the introduction of a

scene construction theory (Hassabis & Maguire, 2007; Hassabis & Maguire, 2009; Maguire

& Mullally, 2013), proposing that the hippocampus is central to the retrieval of vivid

memories, imagination of experiences and spatial navigation tasks, as it is responsible for

the construction of the scenes that allow the detailed events to be bound into a coherent

spatial context. Importantly, scene construction theory agrees with MTT/TTT that the

hippocampus is involved in the recall of vivid memories in perpetuity (Zeidman & Maguire,

2016).
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1.3.2 The role of the hippocampus in remote episodic memory

representation

While all the above described systems consolidation theories of declarative memories agree

on both the importance of the hippocampus during encoding and retrieval of recent mem-

ories and the possibility of retrieving semantic remote memories without the involvement

of the hippocampus, the key discussion point is the role of the hippocampus in retrieving

remote detailed episodic memories. Di�erent experimental approaches have been used to

try to �nd answers to this key question and the following sections will describe some of

the conducted experiments and their results, thereby also addressing the methodological

advantages and problems each experimental approach entails.

Temporal gradients in human amnesic patients

The ideas of SCT are partly based on the observation of temporal gradients in retrograde

amnesia in patients with MTL damage (Scoville & Milner, 1957; Russell, 1946). These gra-

dients imply the loss of recent retrograde memories while remote memories are preserved,

suggesting an independence of these remote memories from the hippocampus.

However, when introducing the MTT, Nadel and Moscovitch (1997) argued that a closer

inspection of some of the patient studies showed that only semantic memories displayed

such temporal gradients, while episodic memories were completely lost after MTL dam-

age (Damasio, Eslinger, Damasio, & Van Hoesen, 1985; Tulving, Schacter, McLachland,

& Moscovitch, 1988). To further test this hypothesis, Moscovitch, Yaschyshyn, Ziegler,

and Nadel (1999) introduced a new scoring technique for autobiographical memories that

allows the testing of detailed memories. Using this technique, they could show that am-

nesic patients had problems recalling truly detailed memories, even from early childhood

(Moscovitch et al., 1999). The famous patient H.M. was also retested with a similar new

scoring technique (Steinvorth, Levine, & Corkin, 2005), showing no detailed recollection

of remote time periods. This study, however, was subsequently criticized by Squire and

Wixted (2011), suggesting that these new de�cits in H.M. could be related to new brain

de�cits that developed in other brain areas years after the surgery.

Proponents of the MTT found further support for their idea in meticulously described

single case studies of patients. For example, patient V.C. showed a temporal gradient for

semantic information, but episodic memory was lost across the whole life time (Cipolotti et

al., 2001; Nadel & Moscovitch, 2001); patient K.C. showed intact semantic spatial memo-
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ries, enough to navigate in his home town, but had lost all truly detailed spatial memories

(Rosenbaum et al., 2000; Rosenbaum, McKinnon, Levine, & Moscovitch, 2004); and a for-

mer London taxi driver could still navigate along main roads after hippocampal damage

but could not travel on less central roads (Maguire, Nannery, & Spiers, 2006). Yet, these

studies were criticized by SCT supporters for being single case studies and for a lack of

precision in the description of the respective brain damage (Squire & Bayley, 2007; Squire

& Wixted, 2011). Bayley and colleagues had, on the other hand, tested patients with pre-

cisely described damage limited to the MTL in a series of group studies. They used either a

detailed analysis of narrative content (Bayley, Hopkins, & Squire, 2003), a remember-know

procedure and vividness ratings (Bayley, Gold, Hopkins, & Squire, 2005) or the Autobi-

ographical Memory Interview (AMI, Bayley, Hopkins, & Squire, 2006; Kirwan, Bayley,

Galvan, & Squire, 2008) and, in line with the SCT, reported no di�erences between the

patients and control groups in the respective measures testing for the integrity of detailed

remote memories (Squire & Bayley, 2007). However, MTT proponents countered that these

studies by Bayley and colleagues had methodological problems of their own, as apparently

the control groups in some of these studies seemed to perform much worse than control

groups in other studies (Nadel et al., 2007).

In summary, both proponents of the SCT and proponents of the MTT/TTT reported pa-

tient studies supporting their theory and, at the same time, found ways to criticize the

studies that did not align with their ideas.

Temporal gradients in animal lesion studies

In general, human patient studies will always face the problem of a lack of control over

lesion site, lesion size and the timing between encoding of information and lesions. These

problems can be, to a certain extent, overcome in animal studies. Here researchers can con-

trol both lesion site, size and lesion time in respect to the encoding session. Animal studies

using e.g. contextual fear conditioning tasks (Kim & Fanselow, 1992; Anagnostaras, Maren,

& Fanselow, 1999), socially acquired food preference tasks (Winocur, 1990), or trace eye-

blink conditioning tasks (Kim, Clark, & Thompson, 1995; Takehara, Kawahara, & Kirino,

2003) showed temporal gradients after hippocampus damage with remote memories pre-

served while recent memories were lost, thus supporting the SCT. However, spatial tasks

such as the water maze (e.g. Bolhuis, Stewart, & Forrest, 1994; Martin, de Hoz, & Morris,

2005; Clark, Broadbent, & Squire, 2005a) or cross maze (Winocur, Moscovitch, Caru-

ana, & Binns, 2005) consistently showed no preserved memories after hippocampal lesion,
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even for several months-old memories (Clark, Broadbent, & Squire, 2005b). While MTT

proponents saw this as evidence that the hippocampus is permanently needed to retrieve

complex spatial memories resembling episodic memories (Nadel et al., 2007), proponents

of the SCT argued that these kinds of tasks may require the hippocampus because of their

reliance on new performance-related learning and not because of the need to retrieve old

memories (Squire & Bayley, 2007).

As TTT emerged, Winocur, Moscovitch, and Sekeres (2007) explicitly tested whether the

memories that survived hippocampal damage at remote time points in the contextual fear

conditioning task and the socially acquired food preference task were still context-speci�c

(episodic-like) memories or whether the freezing response or food preference had general-

ized to other contexts, thus were context-free (semantic-like) memories. They found the

later was true for remote memories and interpreted this as evidence of a memory trans-

formation process from episodic-like to semantic-like memories (see Wiltgen & Silva, 2007

for same results using more than two time points and Richards et al., 2014 for a demon-

stration of memory generalization using a water maze task). Building on this, Winocur,

Frankland, Sekeres, Fogel, and Moscovitch (2009) and later Einarsson, Pors, and Nader

(2014) showed, that, as predicted by the TTT, both memories can coexist depending on

the task demands and that reminding rats of the original conditioning environment before

testing could reactivate the context-speci�c memory. Seemingly con�icting �ndings were

reported by Wang, Teixeira, Wheeler, and Frankland (2009) using a context fear discrimi-

nation protocol that was shown to produce precise remote memories, thus memories that

were not transformed. Interestingly, these precise, context-speci�c remote memories could

be retrieved even after hippocampal lesions. However, Wang et al. (2009) also showed that

these extra-hippocampal dependent precise remote memories were more fragile at later

re-testing time points, thus some kind of di�erence between hippocampus-dependent and

neocortex-dependent memories representations may still exist.

Hippocampus activity in healthy animal brains

Both the human patient studies and the animal lesion studies focussed on the question

whether detailed remote memories can be retrieved without a functioning hippocampus.

Yet, a slightly di�erent but equally important question is whether the hippocampus is

utilized to retrieve remote episodic memories in healthy functioning brains, or whether

neocortical regions take over, even if the hippocampus is available.

In a series of studies by Bontempi and colleagues (for reviews see Frankland & Bontempi,
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2005; Akers & Frankland, 2009), researchers tracked brain metabolic activity or the ex-

pression of activity-related genes (e.g. c-Fos or Zif268) in response to the retrieval of either

recent or remote memories in healthy animal brains. Using either a spatial discrimination

task (Bontempi, Laurent-Demir, Destrade, & Ja�ard, 1999; Maviel, Durkin, Menzaghi, &

Bontempi, 2004), a contextual fear conditioning task (Frankland, Bontempi, Talton, Kacz-

marek, & Silva, 2004), or a socially transmitted food preference task (Ross & Eichenbaum,

2006), these studies showed that while the hippocampus was active during retrieval of re-

cent memories, it was not active during retrieval of remote memories. The opposite pattern

was observed in some neocortical areas and damage to the respective areas blocked the

expression of remote but not recent memories (Akers & Frankland, 2009). Similar studies

followed using other techniques, such as measuring dendritic spine growth (Restivo, Vet-

ere, Bontempi, & Ammassari-Teule, 2009), or recording neural �ring (Takehara-Nishiuchi

& McNaughton, 2008), all suggesting a decrease in hippocampal involvement and paral-

leled increase in neocortical involvement in memory retrieval across time. These studies

have therefore been reported in support of the SCT (Squire & Bayley, 2007, Squire et al.,

2015). However, as noted in a review by Winocur et al. (2010), TTT agrees that cortical

plasticity and increased involvement of neocortical areas is important for representations of

remote memories. Yet, none of the above studies directly speci�ed the nature and quality

of the tested remote memories. Therefore, these studies cannot distinguish between SCT

and TTT, as one cannot conclude from them that truly detailed memories depend less on

the hippocampus at remote time points.

Lately, optogenetic methods and transgenic models, have given animal studies another new

dimension. These techniques allow researchers to inhibit certain brain areas for short time

intervals and even to tag and reactivate selectively those neurons activated during encod-

ing. Thus, one can now try to tag and visualize the memory traces. Using optogenetic

methods Goshen et al. (2011) showed that if the hippocampus is inactivated for a very

short time remote memories cannot be retrieved, only if the hippocampus is deactivated

for longer time periods (as is the case in lesion studies) the cortical version of the memory

can be expressed, suggesting that the hippocampus is the default option in retrieving mem-

ories and it takes some time for the network to restructure to allow other brain areas to

take over. Similar results were found by Denny et al. (2014) and they additionally showed

that while memory traces in the hippocampus were initially more accurately reactivated

in the conditioning context compared to a novel context, these di�erences disappeared

at remote time points, suggesting a generalization of the memories. While these studies
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favour the TTT, others have presented results in support of the SCT. Kitamura et al.

(2017) demonstrated that with time prefrontal engram cells became capable of evoking a

freezing response independently, while hippocampal engram cells gradually became silent.

However, this study was promptly criticized by Hardt and Nadel (2018), as according to

them the behavioural protocol of Kitamura et al. (2017) did not allow to establish a qual-

itative equivalence of the hippocampal and neocortical memory representations.

Thus, even animal studies with the newest techniques have not yet allowed researchers

to draw a clear distinction between SCT and MTT/TTT. And, although animal studies

allow the usage of modern techniques that cannot be applied in humans, it is important

to remember that it is not possible to test truly episodic memories as de�ned by Tulving

(2002) in animals.

Neuroimaging studies of autobiographical memories

In humans one can test hippocampal activity in normal functioning brains using neu-

roimaging techniques. Early neuroimaging studies in healthy humans comparing recent to

remote autobiographical memories showed mixed results. Some studies reported a tempo-

ral gradient with less hippocampal activity for remote memories, in support of the SCT

(Niki & Luo, 2002; Piefke, Weiss, Zilles, Markowitsch, & Fink, 2003), while others found

no such gradient, in line with MTT/TTT (Ryan et al., 2001; Piolino et al., 2004; Maguire,

Henson, Nummerg, & Frith, 2001).

Yet, the early studies showing temporal gradients were criticized for not adequately con-

trolling for the vividness of the memories. Addis, Moscovitch, Crawley, and McAndrews

(2004) showed that controlling for detail, emotionality, and personal signi�cance of the

memories actually eliminated or reduced the e�ect of time on hippocampal activity during

autobiographical memory retrieval. On the other hand, studies in line with the MTT/TTT

showing no di�erence in hippocampal activity for recent and remote memories were criti-

cized for using pre-scan interviews to �nd detailed memories of each category, thus activity

could re�ect memories of the pre-scan interview instead of the remote time points. There-

fore, other researchers explicitly avoided pre-scan interviews in their studies, using either

personal photos chosen by family members (Gilboa, Winocur, Grady, Hevenor, & Moscov-

itch, 2004), commonplace questions not requiring pre-scan interviews (Rekkas & Constable,

2005) or information from interviews with close family members (Viard et al., 2007; Viard

et al., 2010) to probe memory recall directly in the scanner. After controlling for vividness,

all these studies still showed equivalent hippocampal activity for both recent and remote
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memories, thus overcoming the prescan-interview argument. Another common argument

against studies showing no di�erence between recent and remote memories is that one can-

not exclude that hippocampal activity is due to new memory encoding and not memory

retrieval. However, Gilboa et al. (2004) also controlled for this aspect, by using baseline

trials that also prompt encoding as a control condition and they still found no di�erence

between vivid remote and recent memories.

Prospective neuroimaging studies

Although autobiographical memories have the advantage of being truly episodic and rich

in details and spatio-temporal experiencing, they do tend to be hard to fully control and

match in attributes such as details, emotionality, times of subsequent retrieval and factual

correctness (see false memory literature; Schacter, 1999). Therefore, conducting prospec-

tive studies in humans under controlled conditions can bring additional insights. In such

studies participants encode information in the laboratory such as pictures (Takashima

et al., 2006; Harand et al., 2012), stimuli-pair associations (Bosshardt, Degonda, et al.,

2005; Takashima et al., 2009; Viskontas, Carr, Engel, & Knowlton, 2009; Yamashita et al.,

2009) or �lm clips (Furman, Mendelsohn, & Dudai, 2012; Sekeres, Winocur, Moscovitch,

Anderson, et al., 2018) before returning to the lab for memory retrieval after a certain

time interval has passed. In a functional magnetic resonance imaging (fMRI) study of

Takashima et al. (2006) participants came to four recognition tests in the scanner on day

1, day 2, day 30 and day 90, and were presented with a quarter of the picture stimuli

learned at encoding in each session. In line with the SCT, they found a decrease in hip-

pocampus activity for con�dent hits across time and a parallel increase in activity in the

ventromedial prefrontal cortex (vmPFC). The same group of researchers later reported a

decrease in hippocampal-neocortical connectivity and a parallel increase in cortico-cortical

connectivity when comparing 1 day old retrieval to immediate (15 min) retrieval, again

supporting the SCT (Takashima et al., 2009). Similarly, Yamashita et al. (2009) reported

a decrease in (right) hippocampal activity and an increase in temporal neocortex activity

when comparing 8 week old pair association memory to immediate retrieval. Completely

contrary to these �ndings, hippocampal activity actually increased over time in other early

prospective studies (Bosshardt, Degonda, et al., 2005; Bosshardt, Schmidt, et al., 2005).

Other researchers, concentrating on di�erentiating between recognition memory based on

recollection and memory based on familiarity, used prospective studies and the 'remem-

ber/know' procedure to track the evolution of memories (Viskontas et al., 2009; Harand
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et al., 2012). By presenting the same stimuli at two time points (10 min and 1 week in

Viskontas et al. (2009); 3 days and 3 months in Harand et al. (2012)), they could classify

memories as being consistently episodic ('remember' answers at both time points) or being

initially episodic ('remember' answer) and later transformed to familiar ('know' answer).

In line with MTT/TTT, both studies showed that for those memories that were based

on recollection at both time points hippocampal activity stayed stable, while activity in

the hippocampus decreased for those memories that were based on familiarity at the later

delay.

Furman et al. (2012) used a documentary movie as memoranda, as this is closer to episodic

memories outside the laboratory. In a between subject design they compared 3 hours old

memories to 3 week old and 3 month old memories in both recall and recognition tasks.

They showed that during the recall task hippocampal engagement was similar at all time

points, while hippocampal activity was lower in the recognition task at the 3 month inter-

val compared to the two other time points. The authors suggested that these results are in

line with the TTT view and note that hippocampal engagement seems to critically depend

on the retrieval demands of the task. Thus, hippocampus-dependent episodic memories

are necessary for recall tasks, but transformed, gist-like versions of the memories can be

used to perform a recognition task at longer time intervals.

In summary, reviewing prospective neuroimaging studies again revealed studies in sup-

port of either the SCT (Takashima et al., 2006; Takashima et al., 2009; Yamashita et al.,

2009) or the MTT/TTT (Viskontas et al., 2009; Harand et al., 2012; Furman et al., 2012),

emphasizing the need for further research in this area.

1.3.3 Memory representation in neocortex

The last section has concentrated on the key question, whether the hippocampus is involved

in retrieving remote detailed declarative memories, or whether these memories can be

retrieved from the neocortex alone. The systems consolidation theories thereby mostly refer

to the neocortex in general. However, there are other lines of research that investigate which

neocortical areas and networks are involved in storing and retrieving declarative memories.

In the next sections, di�erent memory networks will be introduced brie�y to provide a short

but concise overview about neocortical areas important in representing di�erent types of

declarative memories.
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Autobiographical memory network

Using a meta-analysis, Svoboda, McKinnon, and Levine (2006) have identi�ed a network

of brain areas involved in representing autobiographical memories including medial and

ventrolateral prefrontal cortices, retrosplenial/posterior cingulate cortices, medial and lat-

eral temporal cortices, the temporoparietal junction and the cerebellum. Cabeza and

St Jacques (2007) report similar regions within their idea of an autobiographical memory

retrieval network and suggest that, within this network, the lateral prefrontal cortex is re-

sponsible for search and control processes, the medial prefrontal cortex (mPFC) is involved

in self-referential processes, the hippocampus and retrosplenial cortex control recollection

processes, while the amygdala is responsible for emotional processing and the occipital and

cuneus/precuneus regions are responsible for visual imagery and, �nally, the vmPFC is

involved in a feeling-of-rightness monitoring. However, McDermott, Szpunar, and Christ

(2009) showed that the autobiographical memory network and the network for laboratory-

based memories do not necessarily overlap, thus this autobiographical memory network

cannot be generalized to all forms of declarative memory.

Semantic memory network

All the systems consolidation theories agree that remote semantic memories can be re-

trieved from neocortical areas. In a meta-analysis of 120 fMRI studies on semantic pro-

cessing, activity was reliably found in middle temporal gyrus, posterior inferior parietal

lobe, fusiform and parahippocampal gyri, inferior frontal gyrus, dorsomedial prefrontal

cortex, posterior cingulate gyrus and vmPFC (Binder, Desai, Graves, & Conant, 2009).

A theory based on clinical studies of semantic dementia, has suggested that the ante-

rior temporal lobe plays a critical role in representing semantic concepts and memories

(Lambon Ralph & Patterson, 2008; Patterson, Nestor, & Rogers, 2007; Lambon Ralph,

Je�eries, Patterson, & Rogers, 2017, see also Nieuwenhuis et al., 2012), while others have

suggested that the angular gyrus plays a key role in combining semantic memories (Price,

Bonner, Peelle, & Grossman, 2015).

Schema memory network

Another line of research has focussed on the emergence of schemas from commonalities

across multiple experiences over time and the neocortical representation of these schemas

(Tse et al., 2007; Tse et al., 2011; van Kesteren, Fernandez, Norris, & Hermans, 2010;
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van Kesteren, Ruiter, Fernandez, & Henson, 2012; Ghosh & Gilboa, 2014; Sommer, 2017;

Gilboa & Marlatte, 2017). Original rodent studies had shown that memories that can

be integrated within an existing schema are more rapidly represented in neocortical areas

and rely less on the hippocampus than completely new information (Tse et al., 2007; Tse

et al., 2011). This �nding has recently also been shown in humans (Sommer, 2017). The

neocortical network identi�ed for schema memories includes the vmPFC, the angular gyrus,

and posterior cortical regions, e.g. retrosplenial cortex (Gilboa & Marlatte, 2017).

Special role of the mPFC in remote memories

Within the neocortex the mPFC (including the anterior cingulate cortex) has frequently

been identi�ed in rodent studies as the candidate structure in representing remote memories

(e.g. Frankland et al., 2004; Frankland & Bontempi, 2005; Takehara-Nishiuchi, Nakao,

Kawahara, Matsuki, & Kirino, 2006; Takehara-Nishiuchi & McNaughton, 2008; Restivo et

al., 2009; Richards et al., 2014; Einarsson et al., 2014; Cullen, Gilman, Winiecki, Riccio, &

Jasnow, 2015)3. While hippocampal activity during retrieval of memories decreases over

time, mPFC activity increases (Bontempi et al., 1999) and lesions to the mPFC result in

a de�cit of retrieving remote memories while leaving recent memories intact (Frankland

et al., 2004; Maviel et al., 2004; Takehara et al., 2003). Following these results, it was

suggested that for remote memories the mPFC might replace the hippocampus in its

linking role (Frankland & Bontempi, 2005; Frankland & Bontempi, 2006). In human

studies, the vmPFC has also been repeatedly suggested as a key region in representing

and retrieving remote memories (Takashima et al., 2006; Nieuwenhuis & Takashima, 2011;

Bonnici, Chadwick, Lutti, et al., 2012; Bonnici & Maguire, 2018). In the context of the

TTT, combining both an animal and a human experiment, Sekeres, Winocur, Moscovitch,

Anderson, et al. (2018) also identi�ed the mPFC as the key region for the retrieval of

remote memories. Importantly, they thereby suggest that the memory represented in the

mPFC is not identical to the originally detailed hippocampus-dependent memory but is a

transformed, less detailed version.

3 This dominance of the mPFC in rodent studies may also be attributed to the fact that animal studies

often do not cover the whole brain in their investigations. Wheeler et al. (2013) identi�ed a whole

network of areas involved in long-term memory recall in rodents, nevertheless still suggesting that the

prefrontal cortex and thalamus are hub-like regions that most probably have special roles within this

larger network.
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1.3.4 MTL memory system

As outlined in section 1.3.2 the debate about systems consolidation is centered on the

role of the hippocampus in remote detailed memories. However, the hippocampus is just

one structure within the MTL memory system. Other than the hippocampus, the human

MTL also includes the entorhinal cortex, anteriorly the perirhinal cortex, posteriorly the

parahippocampal cortex (called postrhinal cortex in rodents) and the amygdala. Although

the hippocampus plays a central and important role within the MTL memory system,

it has nevertheless been shown that damage restricted to the entorhinal, perirhinal, and

parahippocampal cortices still leads to severe memory impairments (Squire & Zola-Morgan,

1991). Thus, these cortices also play decisive roles in memory.

Early accounts investigating functional di�erences between the MTL regions, suggested

that the involvement of the di�erent regions may be related to the distinction of recognition

memory processes into recollection and familiarity. It was proposed that recollection is

dependent on the hippocampus while the anterior perirhinal cortex mediates familiarity

processes (Aggleton & Brown, 1999; Brown & Aggleton, 2001; Eichenbaum, Otto, & Cohen,

1994). Extensions of this model (Eichenbaum et al., 2007; Diana et al., 2007; Diana,

Yonelinas, & Ranganath, 2010) added that the posterior parahippocampal cortex is also

related to recollection in the sense that it contains representations of context information,

while the perirhinal cortex contains representations of items. These item representations

are su�cient to support familiarity processes but not recollection. According to this model,

the hippocampus then binds together the context information from the parahippocampal

cortex and the items from the perirhinal cortex, thereby supporting recollection processes

(Eichenbaum et al., 2007; Diana et al., 2007; but see Squire et al., 2007 for a di�erent

view). These models focussed on recent memories but can also be related to the debate

about systems consolidation. Winocur et al. (2010) sees support for the TTT in these

accounts, as hippocampus-dependent recollection processes are necessary for the retrieval

of remote truly episodic memories, while the retrieval of remote semantic memories may

rely on the familiarity processes of the perirhinal cortex (Winocur et al., 2010).

However, related ideas suggest that the perirhinal cortex represents visual objects in general

and can therefore even support recollection of object features, while the parahippocampal

cortex represents scenes or spatial layouts and the hippocampus is responsible for the

relational encoding of objects and scenes (Alvarado & Bachevalier, 2005; Davachi, 2006;

Staresina & Davachi, 2006; Bird & Burgess, 2008; Staresina, Duncan, & Davachi, 2011).
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Thus, in these latter accounts the main di�erence between anterior perirhinal and posterior

parahippocampal cortex is the representation of objects versus scenes, but not familiarity

versus recollection processes.

These descriptions of the proposed functions of di�erent MTL regions are not exhaustive,

yet it is beyond the scope of this thesis to review all available research. The important

conclusion to keep in mind from these notions is that the hippocampus does not function

in isolation but is strongly connected to surrounding MTL areas, and that these areas in

themselves serve important memory functions.

1.3.5 Hippocampal sub�elds

Another important consideration is that the hippocampus itself can be subdivided into

di�erent sub�elds. In fact, when using the term hippocampus, one should always de�ne

which sub�elds one includes under this name, as this has not always been coherent in

the literature4. In this thesis the term hippocampus is used for the combination of the

following sub�elds: the cornu ammonis (CA; that again is divided into three layers: CA1,

CA2 and CA3), the dentate gyrus (DG) and the subiculum.

Functions of the hippocampal sub�elds

While the involvement of the hippocampus in retrieval of remote detailed memories is

debated, all researchers agree on the decisive role of the hippocampus during memory

encoding and retrieval of recent memories. The anatomy of the hippocampus with the

CA, DG, subiculum and their interconnections is quite unique and has been identi�ed

as the reason why the hippocampus is especially equipped to rapidly encode memories.

Theoretical accounts (Marr, 1971; McNaughton & Morris, 1987; Treves & Rolls, 1994;

O'Reilly & McClelland, 1994) and the complementary learning systems computational

model (McClelland et al., 1995; O'Reilly & Norman, 2002) proposed that this unique

anatomy of the hippocampus allows for two special mechanisms to occur during encoding

and early retrieval: pattern separation and pattern completion.

4 Some researchers use the term hippocampal formation to refer to the CA �elds, DG and subiculum

(Moscovitch et al., 2005), while others use the term hippocampal region for this combination of sub�elds

and in turn include the entorhinal cortex as part of the term hippocampal formation (Squire & Zola,

1996). To make it even more confusing, the term hippocampal complex is, at times, used to refer to the

hippocampus plus the adjacent entorhinal, perirhinal and parahippocampal cortices (Moscovitch et al.,

2005).
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Pattern separation is the orthogonalization of similar memories, i.e. similar neuronal pat-

terns are assigned distinct representations to avoid interference and overwriting of previ-

ously learned similar material (McClelland et al., 1995). The models proposed that the

DG granule cells and CA3 play a decisive role in this pattern separation process. Thus,

while the information that arrives in the DG from the entorhinal cortex has overlapping

similar representations, the signal that the DG then projects further onto the CA3 sub�eld

through special mossy �bres is sparser and orthogonalized and CA3 additionally supports

this distinct storage of similar memory representations (Marr, 1971; O'Reilly & McClel-

land, 1994; Yassa & Stark, 2011).

On the other hand, CA3 also receives direct input from the entorhinal cortex and has many

recurrent connections (axons that circle back to the cells in the same sub�eld) that allow

for the completion of previously stored patterns even with only partial or degraded input

cues from those patterns during retrieval, thus enabling pattern completion (Marr, 1971;

McNaughton & Morris, 1987; O'Reilly & McClelland, 1994).

Initially, the ideas of pattern completion and pattern separation in DG and CA3 were only

based on these theoretical and computational models, but later electrophysiological studies

in rodents (S. Leutgeb, Leutgeb, Treves, Moser, & Moser, 2004; Vazdarjanova & Guzowski,

2004; J. K. Leutgeb, Leutgeb, Moser, & Moser, 2007) and high-resolution neuroimaging

studies in humans (Bakker, Kirwan, Miller, & Stark, 2008; Lacy, Yassa, Stark, Muftuler, &

Stark, 2011; Bonnici, Chadwick, Kumaran, et al., 2012; Deuker, Doeller, Fell, & Axmacher,

2014) underlined the proposed mechanisms (Yassa & Stark, 2011).

While DG and CA3 have prominent roles in pattern separation and pattern completion,

it has been suggested that CA1, on the other hand, acts as a match/mismatch detec-

tor. Thus, it receives perceptual input from the entorhinal cortex and "decides" if this

matches the information that was retrieved in CA3 through pattern completion (Chen,

Olsen, Preston, Glover, & Wagner, 2011; K. Duncan, Ketz, Inati, & Davachi, 2012).

1.3.6 Di�erentiation along the hippocampal long axis

It was proposed quite some time ago (Hughes, 1965; Nadel, 1968; Grant & Jarrard, 1968)

not only to di�erentiate between the above described hippocampal sub�elds of CA1, CA2,

CA3, DG and subiculum but to additionally examine structural, functional and connec-

tivity di�erences along the hippocampal long axis (for reviews see Poppenk, Evensmoen,

Moscovitch, & Nadel, 2013; Strange, Witter, Lein, & Moser, 2014). An important re-

search goal of this thesis is to relate the hippocampal long axis literature to the above
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described debate about systems consolidation theories. The following sections will there-

fore �rst brie�y review hippocampal long axis research in general before connecting it to

the systems consolidation debate in particular.

Dividing the hippocampal long axis

Anatomically the hippocampus has a long, curved form stretching from anterior MTL to

posterior MTL, with a head, body and tail. Most often functional distinctions are made be-

tween the anterior hippocampus (or ventral hippocampus in rodents), corresponding to the

head and the posterior hippocampus (or dorsal hippocampus in rodents), corresponding

to the tail and body (Poppenk et al., 2013; Zeidman & Maguire, 2016). Other researchers

have divided the hippocampus into three functional parts along the long axis, introducing

an intermediate, mid-portion area corresponding to the body (Fanselow & Dong, 2010;

Collin, Milivojevic, & Doeller, 2015). Additionally, it has been proposed that there are

continuous gradients of function along the long axis, superimposed on the distinctive func-

tional �elds of anterior, mid-portion and posterior hippocampus (Kjelstrup et al., 2008;

Strange et al., 2014).

Di�erences in connectivity along the hippocampal long axis

As the anatomy would suggest, the anterior hippocampus receives more input from the

perirhinal cortex, lying adjacent in the anterior part of the MTL, while the posterior hip-

pocampus receives more input from the more posterior parahippocampal cortex (Libby,

Ekstrom, Ragland, & Ranganath, 2012). The connectivity beyond the MTL also di�ers:

the anterior hippocampus shows stronger connectivity to regions in the lateral temporal

cortex extending into the temporal pole (Kahn, Andrews-Hanna, Vincent, Snyder, & Buck-

ner, 2008), the amygdala (Duvernoy, 2005), hypothalamus, insula and nucleus accumbens

(Poppenk et al., 2013). The posterior hippocampus, on the other hand, has stronger con-

nections to the lateral parietal cortex, posterior cingulate cortex, retrosplenial cortex (Kahn

et al., 2008), precuneus, anterior cingulate cortex and parts of the thalamus (Poppenk et

al., 2013).

Early proposals of functional distinctions

These di�erences in connectivity originally contributed to a prominent theory suggesting

that based on the preferential input from visual, somatosensory, and spatial regions the pos-

terior two-thirds of the hippocampus are involved in cognitive (spatial) memory processes
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(Moser & Moser, 1998, Greicius et al., 2003, Bannerman et al., 2004, Fanselow & Dong,

2010) while the anterior hippocampus, based on its prominent connectivity with the amyg-

dala, is involved in arousal, emotional responses, reward (Moser & Moser, 1998; Bannerman

et al., 2004, Fanselow & Dong, 2010) or decision-making (Viard, Doeller, Hartley, Bird,

& Burgess, 2011). However, there have been many reports of the anterior hippocampus

also contributing to memory, and over the years many alternative theories and suggestions

have emerged regarding the functional segregation along the axis (Poppenk et al., 2013;

Strange et al., 2014). For example, one model suggested that the anterior hippocampus is

responsible for memory encoding while the posterior hippocampus is activated by memory

retrieval (Lepage, Habib, & Tulving, 1998). Another line of research has suggested that the

anterior hippocampus responds to stimulus novelty (Strange, Fletcher, Henson, Friston, &

Dolan, 1999; Kohler, Crane, & Milner, 2002; Daselaar, Fleck, & Cabeza, 2006), with the

posterior hippocampus responding to previously encountered stimuli (Strange et al., 1999;

Daselaar et al., 2006).

Local to global spatial gradients

Another prominent distinction, concerning global to local spatial representations, has been

based on in�uential rodent studies on place cells: it was shown that place cells exist

throughout the hippocampus, but that the spatial radius of the place �elds of individual

neurons increases along the long axis (Jung, Wiener, & McNaughton, 1994; Maurer, Van-

rhoads, Sutherland, Lipa, & McNaughton, 2005), from less than one meter in the dorsal

(posterior) pole to more than 10 meters in the ventral (anterior) pole (Kjelstrup et al.,

2008). This gradient in place cell scaling along the long axis was also found by Keinath et

al. (2014), but they additionally looked at neuronal populations within each subregion and

found that, although single cells in the ventral hippocampus could not match the spatial

precision of cells in the dorsal hippocampus, precise locations could still be represented

in the anterior hippocampus through a population activity code. Furthermore, they used

neural network modelling to suggest that the di�erences in place �eld size along the longi-

tudinal axis may allow for memory details to be guarded against interference in the dorsal

(posterior) hippocampus while commonalities among memories can be successfully gener-

alized in the ventral (anterior) hippocampus (Keinath et al., 2014).

In humans a similar global-local gradient was shown in a virtual environment fMRI study

that suggested that anterior hippocampus activity was related to the usage of coarse global

environmental representations for navigation, while using �ne-grained, local environmental
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representations during the navigation task was related to posterior hippocampal activa-

tion (Evensmoen et al., 2013). The same gradient was found in an fMRI study using an

object room geometry association task, with results suggesting that the most �ne-grained

positional representations were represented in posterior hippocampus with more coarse-

grained representations in anterior hippocampus (Evensmoen et al., 2015). And Javadi et

al. (2017) used graph measures of real-world topology and a navigation task in the scanner

to show that anterior hippocampus activity is associated with global and posterior hip-

pocampus activity with local metrics of graph-theoretic centrality. Thus, when performing

spatial tasks there seems to be a local to global gradient in the activity along the hip-

pocampal long axis in humans equivalent to that found in animal place cells. Interestingly,

similar results were also seen for spatial aspects of autobiographical memories: the pos-

terior hippocampus was preferentially activated when retrieving detailed spatial relations

within personal event memories, while the anterior hippocampus was preferentially acti-

vated when retrieving general information about places (Nadel, Hoscheidt, & Ryan, 2013).

But does this global-local gradient only hold for spatial aspects of memories? Collin et al.

(2015) tested whether a similar gradient could be found for representations of multi-event

narratives and indeed found that memory representations vary in scale along the anterior-

posterior axis: individual event-pair associations (e.g. event A- event B) were represented

in the posterior hippocampus, multiple event-pair associations were represented in the

mid-portion hippocampus (both event pair A-B and event pair B-C) and �nally complete

narratives including indirectly related events (event A and event C, that were never learned

together but only bridged by event B) were represented in the anterior hippocampus.

Anatomical distinction and complementary learning systems

Moreover, it has been shown that the relative percentage of DG and CA1-CA3 di�ers

along the hippocampal axis. In the anterior hippocampus the CA1-CA3 sub�elds are over-

represented, while the DG, on the other hand, is relatively more present in the posterior

hippocampus (Malykhin, Lebel, Coupland, Wilman, & Carter, 2010). Schapiro, Turk-

Browne, Botvinick, and Norman (2017) have recently suggested that the complementary

learning system model can be applied to two di�erent learning systems within the hip-

pocampus (in comparison to the original complementary learning system model that was

based on one system in the hippocampus and the other in the neocortex; McClelland et al.,

1995): the system responsible for storing individual episodes through pattern separation

relies on the trisynaptic pathway (entorhinal cortex-DG-CA3-CA1), while a complimen-

30



tary system is based on a monosynaptic pathway (entorhinal-CA1) and enables the rapid

statistical learning that had previously been shown to take place within the hippocam-

pus (Schapiro, Kustner, & Turk-Browne, 2012; Schapiro, Gregory, Landau, McCloskey, &

Turk-Browne, 2014; Schapiro, Turk-Browne, Norman, & Botvinick, 2016). Consequently,

Schapiro et al. (2017) suggest that the anterior hippocampus, having a higher relative

percentage of CA1 (and lower proportion of DG) is better suited for the monosynaptic

pathway and therefore rapid statistical learning, instead of storing individual episodes

through pattern separation.

Integrating the long axis into the TTT

Thus, there has been a wealth of proposals of functional segregations along the long axis

and as suggested by Strange et al. (2014) it could well be that di�erent gradients exist

simultaneously and might also be superimposed on distinct functional �elds.

Most importantly for this thesis, the distinction along the hippocampal axis has also re-

cently been introduced to the systems consolidation debate by the proponents of the TTT

(Robin & Moscovitch, 2017; Sekeres, Winocur, & Moscovitch, 2018; Sekeres, Winocur,

Moscovitch, Anderson, et al., 2018). In this thesis, I will term this extension of the TTT

the long axis TTT proposal. In this proposal the authors suggest, that speci�c detailed

memories are represented in the posterior hippocampus while gist-like memories of events

are found in the anterior hippocampus, and only schematic and semantic memories can be

supported by exclusively neocortical structures (Sekeres, Winocur, & Moscovitch, 2018).

Importantly, initial formulations of the TTT (Winocur et al., 2010; Winocur & Moscovitch,

2011) did not di�erentiate between gist-like memories, semantic memories and schemas and

thus proposed that all these types of memories were represented in the neocortex. This,

therefore, changed in the long axis TTT proposal, as the authors now elaborate on the

di�erence between these three types of memory (see section 1.2.2). This distinction now

allowed them to suggest that gist-like memories are hippocampus-dependent, in compari-

son to semantic memories and schemas (Robin & Moscovitch, 2017; Sekeres, Winocur, &

Moscovitch, 2018).

Sekeres, Winocur, and Moscovitch (2018) argue that their proposal is supported by the

connectivity of the anterior hippocampus to the mPFC, representing schemas and the an-

terior temporal lobe, representing semantic memories and the connectivity of the posterior

hippocampus to posterior neocortical structures implicated in perception (e.g. precuneus,

retrosplenioal cortex, ventral temporal cortex). In other words, the gist area of the hip-
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pocampus is connected to schema and semantic areas, while the detail area of the hip-

pocampus is connected to the perceptual input. With time, there is normally a greater

reliance on gist-memory, which would translate into a reduction of activity in posterior

hippocampus and an increased reliance on the anterior hippocampus. However, the pat-

tern of activation at memory retrieval will also depend on the task demands.

In fact, the distinction into gist (anterior hippocampus) and details (posterior hippocam-

pus) had already previously been included in the review by Poppenk et al. (2013) as

one possible distinction. There they suggested that evidence for this distinction could be

found in a reduction of posterior hippocampal volume size in posttraumatic stress disor-

der patients compared to controls while anterior hippocampus volume was not a�ected

(Bonne et al., 2008), a fact that might be related to the over-reliance on gist memory in

posttraumatic stress disorder patients (Poppenk et al., 2013). Additionally, Poppenk and

Moscovitch (2011) showed that in healthy participants, better recollection memory was

positively correlated with the volume size of the posterior hippocampus and negatively

with the size of the anterior hippocampus.

Viard, Desgranges, Eustache, and Piolino (2012) also focussed on the hippocampal long

axis in a meta-analysis of 58 fMRI studies examining either the retrieval of autobiographical

memories or the imagination of future episodic events and reported, in line with the long

axis TTT proposal, that the posterior hippocampus was more active for "strictly episodic

events" (spatio-temporally unique personal episodes accompanied by contextual and phe-

nomenological details) compared to, what they term "episodic events" (spatio-temporally

unique personal episodes without details), thus gist-like memories in our de�nition (see

section 1.2.2).

One can also relate the long axis TTT proposal to results from a fMRI connectivity study

by McCormick, St-Laurent, Ty, Valiante, and McAndrews (2015): they showed, that dur-

ing an initial construction phase of memory retrieval the anterior hippocampus interacted

with prefrontal areas and during the following elaboration phase the posterior hippocam-

pus interacted with visual perceptual areas. Critically, they thereby suggested that the

construction phase includes retrieval of gist-like information, while the elaboration phase

includes retrieval of details of events.

Support for the long axis TTT proposal can additionally be found in a recent rodent

study, showing that retrieval of remote context-generalized fear memories (comparable to

gist-like memories in humans) require an intact ventral (anterior) hippocampus, while the

dorsal (posterior) hippocampus played a role in the representation of context-speci�c pre-
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cise memories (Cullen et al., 2015).

Of course, in a wider sense the long axis TTT proposal could also be related to the local

(posterior) to global (anterior) spatial gradient discussed above, in the sense that details

of events are more like the local features of spatial contexts and the gist-like memory of

events could be de�ned as the global features of an event.

I will return to a discussion about the hippocampal long axis and the long axis TTT pro-

posal in section 3.3 after introducing our own study about the time-dependent memory

transformation along the hippocampal axis in section 2.1.

1.3.7 Laterality of hippocampal and MTL activation

One last issue to brie�y consider about systems consolidation of initially hippocampus-

dependent declarative memories, is the laterality of hippocampal/ MTL activation. Often

memory studies report MTL or hippocampal activity lateralized to one of the hemispheres.

However, results are not coherent and quite often contradictory. Using autobiographical

memory studies as an example, there have been reports of a left-sided hippocampal dom-

inance (e.g. Maguire & Mummery, 1999; Piefke et al., 2003; Svoboda & Levine, 2009),

yet again other results showed predominantly right-sided hippocampus activations (e.g.

Fink et al., 1996; Steinvorth, Corkin, & Halgren, 2006), while still others have found bi-

lateral hippocampal activity (e.g. Ryan et al., 2001; Piolino et al., 2004; Gilboa et al.,

2004; Rekkas & Constable, 2005; Viard et al., 2010). Maguire and Frith (2003) reported

a temporal gradient of memories in the right hippocampus (more activity for recent than

remote memories), while the left hippocampus activity did not decrease across time. Re-

sults from a meta-analysis suggested that the di�erences in hippocampal laterality found

in autobiographical studies might depend on methodology issues and that truly episodic

events elicited more activity in the left hippocampus (Viard et al., 2012).

All in all, the issue of laterality seems not yet fully conclusive and de�nitely requires fur-

ther research. However, this topic will not be further addressed in this thesis, as it was

neither a research goal to examine laterality, nor could we derive new clear conclusions

about laterality from our own data.
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1.4 Systems consolidation of nondeclarative memories

As described in detail in the last sections, systems consolidation of initially hippocampus-

dependent declarative memories has been the topic of many research papers and has pro-

duced vigorous debates. But what happens to nondeclarative memories which are not

initially dependent on the hippocampus, such as perceptual and motor skills? Do they

also undergo a memory consolidation process over time? Synaptic consolidation, as in-

troduced in section 1.1.2, is considered universal, thus occurring in all types of memory

systems (Dudai et al., 2015). But can we also see changes at brain systems level in non-

declarative memory representation?

Indeed, since the 1990s researchers have investigated early systems consolidation processes

for nondeclarative perceptual skills (e.g. Karni & Sagi, 1993; Karni, Tanne, Rubenstein,

Askenasy, & Sagi, 1994) or motor skills (e.g. Karni et al., 1995; Karni et al., 1998; Brashers-

Krug, Shadmehr, & Bizzi, 1996; Shadmehr & Holcomb, 1997). Nevertheless, the amount

of research on systems consolidation of nondeclarative memories is far less than for declar-

ative memories, and, to my knowledge, prolonged systems consolidation of nondeclarative

memories has not been explicitly tested so far. One of the research goals of this thesis

was therefore to test prolonged systems consolidation of nondeclarative memories and to

compare it to systems consolidation of declarative memories.

As described in section 1.2, the term nondeclarative memory is an umbrella term for many

di�erent types of memory systems. The type of nondeclarative memory most frequently

tested in early systems consolidation studies is motor sequence memory. In our second

fMRI study (see section 2.2), we, therefore, also used a motor sequence learning task.

Thus, the next section will focus explicitly on systems consolidation of motor sequence

memories.

1.4.1 Systems consolidation of motor sequence memories

Motor sequence memories are memories of a speci�c sequence of movements, most often

tested by a serial reaction time task (SRTT; Nissen & Bullemer, 1987), prompting a tar-

get sequence of button presses with speci�c �ngers in response to respective visual cues.

Thereby memory is tested by an decrease in reaction times in response to the target se-

quence compared to other random sequences. Indications for a consolidation process of

motor sequence memories can be observed in behavioural data: (1) Performing a second

motor task within the �rst few hours after learning a �rst motor skill, disrupts memory for
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the newly established motor skill, equivalent to declarative memories and suggesting that

motor memories are also initially unstable and vulnerable to interference (Brashers-Krug

et al., 1996; Korman et al., 2007). (2) During a motor sequence training session one can ob-

serve immediate large performance gains (measured by reaction times and/or error rates)

after only a few practice trials (online gains). Interestingly, however, performance gains are

also observed between two practice sessions (o�ine gains), suggesting that consolidation

processes proceeding within the �rst hours after training not only stabilize memories but

even enhance performance o�ine (Karni et al., 1998; Korman, Raz, Flash, & Karni, 2003;

Krakauer & Shadmehr, 2006; Dayan & Cohen, 2011).

Are these observed behavioural indicators of consolidation accompanied by reorganizations

of memory representations at brain systems level? In order to test this, it �rst needs to

be established which brain networks are involved in representing motor sequence memo-

ries initially. The learning of motor sequences has been shown to recruit a cortico-striatal

system, including the motor and somatosensory neocortical areas and the putamen and

caudate nucleus (Doyon et al., 2009; Doyon, Penhune, & Ungerleider, 2003; Hardwick,

Rottschy, Miall, & Eickho�, 2013). However, it has additionally been reported that the

hippocampus is involved in performing motor sequence tasks (Albouy et al., 2008; Albouy,

King, Maquet, & Doyon, 2013; Albouy, Sterpenich, et al., 2013; Albouy et al., 2015). This

seems at odds with the fact that the whole notion of nondeclarative memories was based

on MTL-damaged patients performing normally in e.g. motor learning tasks, thus leading

to the notion that these memories are hippocampus-independent. Yet, just because these

tasks do not necessarily depend on the hippocampus, does not automatically mean they

are naturally performed without involvement of this important brain area in humans with

normally functioning MTLs (Dudai et al., 2015). Most probably, both the hippocampus-

dependent system and the cortico-striatal system interact (Coynel et al., 2010; Debas et

al., 2014), re�ected by the fact that healthy humans, in comparison to amnesic patients,

can at least remember performing a motor sequence task, even if they may not be explicitly

aware of the trained sequence (Dudai et al., 2015).

Despite this interaction, the question remains whether there are brain system changes and

reorganizations of memory representations within the cortico-striatal system over time,

parallel to the changes seen in the hippocampus-dependent system. Indeed, researchers fo-

cussing on early systems consolidation processes occurring within the �rst night after learn-

ing a motor sequence task, have shown sleep-dependent changes of activity in the striatum

(Debas et al., 2010), greater between-regions interactions within the cortico-striatal sys-
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tem (Debas et al., 2014), and an execution induced repetition enhancement in the primary

motor cortex (Gabitov, Manor, & Karni, 2014). Most recently researchers have employed

simultaneous electroencephalography (EEG) - fMRI recordings to capture reactivations of

memory traces while participants were sleeping, shortly after performing a motor sequence

learning session (Vahdat, Fogel, Benali, & Doyon, 2017; Fogel et al., 2017). Vahdat et

al. (2017) reported a downscaling of functional connectivity within a cortical memory rep-

resentation and a gradual reorganization of it into a more subcortically-dominant trace.

Interestingly, Fogel et al. (2017) added that particularly the striatum was reactivated dur-

ing post-learning sleep and reported a reorganization of the memory trace within subregions

of the striatum, from the rostrodorsal to the caudoventral subregion. Importantly, all of

the above studies reported correlations of the respective neuronal changes with the o�ine

performance gains found in the behavioural data (Debas et al., 2010; Debas et al., 2014;

Gabitov et al., 2014; Vahdat et al., 2017; Fogel et al., 2017).

Thus, it has been shown that early systems consolidation processes take place within the

cortico-striatal system. Several other studies have investigated the e�ects of extensive

training of a motor sequence task over several weeks and reported further changes within

the brain systems (for reviews see Krakauer & Shadmehr, 2006; Ungerleider, Doyon, &

Karni, 2002). In particular, a transfer of motor memories from an associative, premotor

circuit to a sensorimotor circuit after extensive motor sequence training has been suggested

(Coynel et al., 2010; Dayan & Cohen, 2011, Lehericy et al., 2005; but see Kupferschmidt,

Juczewski, Cui, Johnson, & Lovinger, 2017). However, it remains unclear whether and

how representations of motor memories learned within a single training session evolve over

weeks without further training. In other words, is there evidence for a prolonged systems

consolidation process of motor sequence memories unfolding within the weeks after the

above reported early systems consolidation processes even without further training? We

addressed this question in our second study (see section 2.2).
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1.5 Memory dynamics and the in�uence of external factors

on systems consolidation

In all the preceding discussions about declarative and nondeclarative systems consolidation,

consolidation was considered to be an uninterrupted continuous process that takes place

between memory encoding and the later memory retrieval without any external in�uences.

However, in everyday life many external factors, such as emotions and stress may con-

siderably in�uence all memory processes, including consolidation (Holland & Kensinger,

2010; Schwabe, Joels, Roozendaal, Wolf, & Oitzl, 2012). We therefore took this aspect

into consideration in our studies by examining the in�uence of emotional stimulus material

on memory consolidation in both study 1 (section 2.1) and study 4 (section 2.4) and by

additionally testing the in�uence of stress on memory consolidation and transformation in

study 4.

Furthermore, as described in the introduction to this thesis, memories are considered to

be highly dynamic entities that can be changed by each reactivation, e.g. through exter-

nal cues (Nadel et al., 2012; Kroes & Fernandez, 2012). Although this may, on the one

hand, lead to false memories (St Jacques, Olm, & Schacter, 2013), it is, on the other hand,

immensely important that we are able to dynamically update our memories when new

information becomes available to maintain memory relevance (Exton-McGuinness, Lee, &

Reichelt, 2015). In study 3 (section 2.3) we, therefore, tested which brain regions enable

us to perform memory updating in the light of new information.

The later sections of this chapter will contain brief and concise summaries of the theoretical

backgrounds of both memory updating (section 1.5.3) as well as the in�uence of emotions

(section 1.5.4) and stress (section 1.5.5). Yet beforehand, the general concepts of memory

replay and reactivation, both during sleep (section 1.5.1) and actively during wakefulness

(section 1.5.2) will be introduced, as these processes are essential for memory dynamics.

1.5.1 The role of sleep

Sleep plays a special role in memory consolidation (Diekelmann, Wilhelm, & Born, 2009;

Diekelmann & Born, 2010; Born & Wilhelm, 2012). First of all, sleep provides an optimal

opportunity of reprocessing memories without the interference of new incoming sensory

information (Born & Wilhelm, 2012; Kroes & Fernandez, 2012). Furthermore, sleep seems

to play an active role in systems consolidation (Diekelmann & Born, 2010). It has been

repeatedly shown that during sleep memories are replayed. This was �rst demonstrated
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in rodent studies: during sleep, place cells in the hippocampus reactivated in the same se-

quence as they had done in prior spatial learning tasks (Pavlides & Winson, 1989; Wilson

& McNaughton, 1994). Later, equivalent results were found in humans: Maquet et al.

(2000) showed that the brain areas activated during a SRTT were active again during

subsequent sleep and Peigneux et al. (2004) reported that the hippocampal areas active

during learning of routes in a virtual environment were also active during sleep. Sub-

sequently, Rasch, Buchel, Gais, and Born (2007) demonstrated that replay of odor-card

associations in the hippocampus can be enhanced by administering the respective odors

during post-learning sleep thereby increasing subsequent memories of the cards, a result

later replicated with auditory cues (Rudoy, Voss, Westerberg, & Paller, 2009). Thus, these

cueing studies demonstrated a causal contribution of reactivations during sleep to memory

consolidation. Consequently, it was proposed and demonstrated that the reorganization

of newly encoded memory representations across brain systems takes place mainly during

sleep, especially during the slow-wave sleep phase (Gais et al., 2007; Diekelmann & Born,

2010; Born & Wilhelm, 2012). Additionally, it was demonstrated that this active systems

consolidation during sleep is selective, i.e. not all memories are replayed and stored as

long-term memory representations, instead sleep-dependent memory consolidation is mo-

tivationally driven, speci�cally strengthening memories relevant for future goals (Fischer

& Born, 2009; Wilhelm et al., 2011; Born & Wilhelm, 2012). Furthermore, sleep can pro-

mote insight into hidden rules and structures within tasks (Wagner, Gais, Haider, Verleger,

& Born, 2004) and can help form explicit knowledge of implicitly learned rules (Fischer,

Drosopoulos, Tsen, & Born, 2006).

In summary, sleep selectively enhances speci�c memories and can dynamically change the

quality of memories (Born & Wilhelm, 2012). Nevertheless, reactivation and replay of

memories does not exclusively take place during sleep. Karlsson and Frank (2009) demon-

strated that memory replay can also occur during wake rest periods, even without exter-

nally cueing the memory, suggesting that sleep-like consolidation processes can advance

whenever the hippocampus is not occupied by new encoding processes (Karlsson & Frank,

2009; Squire et al., 2015). Reactivation of memories by external cues, on the other hand,

can lead to destabilization-reconsolidation processes and memory updating (Lee, Nader, &

Schiller, 2017), processes discussed in the following two sections 1.5.2 and 1.5.3.
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1.5.2 Memory reconsolidation

For a long time, the textbook view of memory consolidation was that after an initial mem-

ory consolidation process is complete, memories are �xed and stable and cannot be dis-

rupted by e.g. interference (Nadel et al., 2012; Nadel et al., 2000). Around the turn of the

millennium this view was seriously challenged by emerging animal studies (Przybyslawski

& Sara, 1997; Nader, Schafe, & Le Doux, 2000; Sara, 2000)5. These studies demonstrated

that reactivating a memory (e.g. through the presentation of a conditioned stimuli in a

conditioning paradigm) would transiently (for some hours) return the memory into a la-

bile state, corresponding to the vulnerable time after initial encoding. Injecting a protein

synthesis inhibitor during this crucial time disrupts the memory, while injecting such an

inhibitor did not disturb memories that had not been previously reactivated (Nader et

al., 2000). Thus, destabilising a memory through reactivation, changes an inactive, stable

memory into an active, unstable memory for a certain time window (Exton-McGuinness

et al., 2015). The existence of such a reconsolidation window has been repeatedly con-

�rmed, both by using di�erent tasks and in many di�erent species (including humans).

Furthermore, molecular and cellular correlates of reconsolidation have also been reported

(for reviews see e.g. Nader & Einarsson, 2010; Nader, 2015; Schwabe, Nader, & Pruessner,

2014; Agren, 2014; Haubrich & Nader, 2016 but see Hardwicke, Taqi, & Shanks, 2016 for

failed replications of the reconsolidation phenomenon). Importantly, researchers have also

identi�ed boundary conditions for reconsolidation, such as the strength or age of a memory

(Suzuki et al., 2004; Exton-McGuinness et al., 2015; Walker & Stickgold, 2016).

1.5.3 Memory updating through new information

From a practical and evolutionary perspective, it is sensible that long-term memories can

be updated. Environments are constantly changing and memories have to somehow be up-

dated to allow the integration of this new information and thereby maintain the relevance

of the memories in day-to-day life (Lee, 2009; Exton-McGuinness et al., 2015). Although

memory updating via memory reactivation can, at times, also introduce unwanted mem-

ory distortions leading to false memories of older events (St Jacques et al., 2013; Loftus &

Pickrell, 1995; Kroes & Fernandez, 2012), it is nevertheless important that we can update

5 In fact, similar results had already been demonstrated in rats about 30 years prior to the emergence

of the reconsolidation theories by Misanin, Miller, and Lewis (1968), Schneider and Sherman (1968),

Miller and Springer (1972), and Lewis (1979), however these early accounts were initially ignored by

most researchers (Nadel et al., 2000).
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memories and abstract knowledge from similar experiences in order to maintain and sup-

port the predictive function of memories for future behaviour (Kroes & Fernandez, 2012).

Memory updating is triggered through new competitive information. One question to be

considered is, in which cases new information actually leads to the updating of old mem-

ories and when it just simply leads to the encoding of a new parallel memory trace. First

and foremost, the original memory is only updated if the new learning material is similar

enough to the original memory. Thus, the degree of similarity may act as a switch between

memory updating and new learning (Besnard, 2012). In a related idea, it has been sug-

gested that gradual changes in environments lead to updating, while abrupt changes lead

to new learning (Gershman, Radulescu, Norman, & Niv, 2014).

Connection between memory updating and memory reconsolidation

As presented above, the reconsolidation-window was originally discovered by injecting am-

nesic agents after memory reactivation. It was therefore initially thought of as a window

of vulnerability. But, indeed, in real life amnesic agents are rarely encountered but mem-

ories are constantly reactivated and therefore destabilized. Thus, the question arises what

functional role this reconsolidation process serves (Lee et al., 2017). Recently, it has

been suggested that the whole existence of a reconsolidation process serves the function of

memory updating (Lee, 2009, Nader & Hardt, 2009, Lee et al., 2017, Rodriguez-Ortiz &

Bermudez-Rattoni, 2017). In fact, it has been suggested that reconsolidation only occurs

when memory has to be updated (Exton-McGuinness et al., 2015), thus only when infor-

mation is present during reactivation that leads to a prediction error signal (Lee, 2009;

Sevenster, Beckers, & Kindt, 2013; Exton-McGuinness et al., 2015). If performance is al-

ready asymptotic (no further gains possible) in memory tasks, then a further training trial

will not trigger a reconsolidation process as the behaviour is already at its optimum and

nothing needs to be updated. According to this theory, reconsolidation will only occur if a

memory is either not yet well-established, so that it still requires strengthening, or if new in-

formation is present that needs to be integrated. Thus, well-established memories will only

be destabilized if new information is available (Sevenster et al., 2013; Exton-McGuinness,

Patton, Sacco, & Lee, 2014; Exton-McGuinness et al., 2015).

Memory updating at brain systems level

Therefore, memory updating has been linked to memory reconsolidation processes and has

indeed been identi�ed as the functional reason for reconsolidation to occur in the �rst
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place (Lee, 2009; Exton-McGuinness et al., 2015; Lee et al., 2017). Thus, it seems as if

reconsolidation processes are involved and responsible for memory updating at the synap-

tic level. However, recent animal research has shown that updating processes are not only

traceable at molecular and cellular levels but that memory updating after exposure to new

information can indeed reorganize the neural circuit representing established memories on

a systems level (Kwapis, Jarome, Ferrara, & Helmstetter, 2017).

In humans, memory updating has been tested using associative pairing paradigms: an

originally thoroughly learned A-B pairing is later explicitly and consciously updated to

an A-C pairing (Nyberg et al., 2009; Kuhl, Bainbridge, & Chun, 2012). Using such a

paradigm, Nyberg et al. (2009) showed that the process of updating long-term memories

leads to an increase of left prefrontal cortex activity. Later, Kuhl et al. (2012) showed that

during retrieval of visual A-C pairings both old and new (B and C) visual memories were

reactivated in the ventral temporal cortex, but stronger inferior frontal gyrus activation

during the encoding of the A-C pairs predicted less competition in the ventral temporal

cortex during the following retrieval phase. On the other hand, increased activity in the

anterior cingulate cortex was associated with stronger reactivation of the older memories.

Importantly, however, in both these studies all phases of the respective paradigms were con-

ducted in one experimental session, without delays that would allow systems consolidation

processes to take place before memory updating. It therefore remains unclear which brain

areas are needed to update memories that have already undergone a systems consolidation

process. We investigated this question in our third study (see section 2.3).

1.5.4 In�uence of emotions

When thinking of one's own autobiographical memories of the past, it is easily noticeable

that emotional experiences are often remembered longer and more clearly than neutral

events (Holland & Kensinger, 2010). This bene�t of emotional arousal on memories has also

been demonstrated in experimental tasks using emotional stimuli (for reviews see Hamann,

2001; LaBar & Cabeza, 2006; Talmi, 2013; Yonelinas & Ritchey, 2015). Emotion can

thereby have a bene�cial e�ect on the initial process of memory encoding, but importantly

the e�ect additionally increases after a period of memory consolidation (Sharot & Phelps,

2004; Yonelinas & Ritchey, 2015).

The main brain area associated with emotions is the amygdala and it is therefore not

surprising that the bene�cial e�ect of emotional arousal on memory is orchestrated by

the amygdala (Cahill, Babinsky, Markowitsch, & McGaugh, 1995). The activity within
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the amygdala during encoding correlates with subsequent memory for emotional material

(Cahill et al., 1996; Dolcos, LaBar, & Cabeza, 2004; Murty, Ritchey, Adcock, & LaBar,

2010). Furthermore, the normal advantage of emotional material over neutral material is

reduced or even eliminated after amygdala damage (Adolphs, Cahill, Schul, & Babinsky,

1997; Markowitsch et al., 1994). The amygdala is also crucially involved in mediating the

e�ects of stress hormones on memory (McGaugh, 2000), which will be discussed in the

following section 1.5.5.

We included the factor emotion in our studies 1 and 4 by using negative emotional pictures

as stimuli and comparing them to neutral pictures. We could therefore analyse the in�uence

of emotion on systems consolidation and the transformation of memories from detailed to

gist-like versions.

1.5.5 In�uence of stress

One factor having a considerable e�ect on all learning and memory processes in our every-

day life is stress (Roozendaal, 2002; Wolf, 2009; Schwabe et al., 2012). Stressful experiences

lead to the release of stress hormones such as gluccocorticoids and noradrenalin (Joels &

Baram, 2009) and brain areas important for memory, such as the hippocampus or pre-

frontal cortex are especially susceptible to e�ects of these stress hormones (Oei et al.,

2007; Schwabe et al., 2012). The timing of the stressful experience in relation to the dif-

ferent memory phases in�uences whether stress enhances or impairs memory (Roozendaal,

2002; Schwabe, Wolf, & Oitzl, 2010; Schwabe et al., 2012; Cadle & Zoladz, 2015). Impair-

ing e�ects on memory performance are most often seen when stress occurs shortly before

memory retrieval (e.g. Kuhlmann, Piel, & Wolf, 2005; Buchanan, Tranel, & Adolphs, 2006;

Smeets, Otgaar, Candel, & Wolf, 2008). On the other hand, studies targeting memory en-

coding and/or memory consolidation by administering the psychosocial stressor shortly

before learning (a�ecting both encoding and consolidation) or shortly after memory en-

coding (a�ecting only memory consolidation) have mostly shown enhancing e�ects of stress

on subsequent memory performances (e.g. Buchanan & Lovallo, 2001; Cahill, Gorski, & Le,

2003; Andreano & Cahill, 2006; Beckner, Tucker, Delville, & Mohr, 2006; Preuss & Wolf,

2009; McCullough & Yonelinas, 2013; but see Trammell and Clore (2014) for an opposite

e�ect). Additionally, it was shown that pre-learning stress in�uences the learning system

used to perform memory tasks, promoting a shift from a cognitve hippocampus-dependent

system to a habit striatum-dependent system (Schwabe, Wolf, & Oitzl, 2010; Schwabe,

Schachinger, de Kloet, & Oitzl, 2010; Schwabe, 2013; Schwabe & Wolf, 2013).
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In our fourth study (see section 2.4), we tested whether the time course of memory trans-

formation from detailed to gist-like memories is in�uenced by the amount of stress present

during the very early consolidation process. This question was recently addressed in a

rodent study by Pedraza et al. (2016). There they demonstrated that stress, indeed, had

an in�uence on the memory transformation time course, yet in an inverted U-shaped fash-

ion: moderate stress led to long-lasting detailed representation of the memory, while high

levels of stress during learning, on the other hand, led to a transformation to generalized,

gist-like versions of the memories earlier than normally expected (Pedraza et al., 2016).

We tested, whether these results could also be found in humans.
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1.6 Research goals

The overall aim of this thesis is to contribute to the ongoing systems consolidation debate

between the SCT and the MTT/TTT and to connect these systems consolidation theories

to the notions of memory dynamics. The four studies presented in this thesis therefore

investigate the dynamics of the systems consolidation process by focussing on memory

transformation (studies 1 and 4), memory updating (study 3), as well as parallels and

di�erences between systems consolidation processes in distinct memory systems (study 2).

Out of the four studies, study 1 most directly targets the ongoing systems consolidation

debate by investigating the role of the hippocampus for detailed versus transformed re-

mote memories. By using a memory paradigm that compares the memory retrieval of 1

day old memories to 28 days old memories of picture stimuli, we examined the prolonged

systems consolidation process of declarative memories over several weeks. Furthermore, by

di�erentiating the hippocampus along its long axis in the data analysis, study 1 focussed

on including this important anatomical distinction into the systems consolidation debate.

In study 2, we investigated whether prolonged systems consolidation processes can also

be seen in nondeclarative memories that are not initially hippocampus-dependent. As the

systems consolidation debate so far focussed primarily on declarative memories, and at

the same time researchers examining the consolidation of nondeclarative memories only

focussed on early systems consolidation processes after one night of sleep, the process of

prolonged systems consolidation of nondeclarative memories over several weeks, has, to

my knowledge, not been investigated so far. Finding parallels and di�erences between pro-

longed systems consolidation of declarative and nondeclarative memories can contribute to

an overall better understanding of systems consolidation processes and may also indirectly

inform the ongoing debate about declarative systems consolidation.

Another important issue to consider when investigating systems consolidation processes

and theories is the fact that memories are highly dynamic and systems consolidation pro-

cesses are unlikely to unfold in a straightforward manner without any in�uences from

external factors or cues. In study 3, we therefore focussed on memory dynamics by in-

vestigating the neural correlates of actively updating memories through new information.

Researchers testing the process of memory updating so far, have used experimental set-ups

that did not test how memories which have already undergone a systems consolidation

process are updated. In our study we therefore allowed memories to undergo an early

systems consolidation process before updating them. Understanding how memories after
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systems consolidation are updated may also allow indirect conclusions about the systems

consolidation process itself.

Finally, in study 4, we tested the in�uence of post-encoding stress on memory consolidation

and transformation processes. Research on the in�uence of stress on memory consolida-

tion in general has shown bene�ciary e�ects of stress. However, how post-encoding stress

in�uences the process of memory transformation from detailed to gist-like memories has

not been investigated in humans so far. Understanding how stress a�ects systems consoli-

dation and memory transformation processes may additionally provide useful information

on systems consolidation in general and may also contribute to the ongoing systems con-

solidation debate.

In the following chapter, the four studies6 will be introduced in more detail.

6 Note that I use the term study here to refer to four di�erent memory tasks and questions investigated

and presented in four di�erent papers or manuscripts. Indeed, studies 1 and 2 were thereby conducted

within one combined experimental study utilizing the same sample, with participants performing both

tasks one after another. Nevertheless, I describe the two tasks here as two distinct studies, as each had

its own hypotheses, each data set was analysed separately and the results were presented in two di�erent

papers/manuscripts. Studies 3 and 4 were conducted in two other unique samples, respectively.
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2 Experimental studies

2.1 Study I: Time-dependent memory transformation along

the hippocampal anterior�posterior axis

Published in Nature Communications (Dandolo & Schwabe, 2018). The full publication

including a detailed methods and results section can be found in Appendix A.

2.1.1 Background

Systems consolidation of initially hippocampus dependent episodic memories has been

controversially discussed for decades (Nadel et al., 2007; Squire et al., 2015; Sekeres et

al., 2017). While the SCT expects all memories to become hippocampus independent

with time (Squire & Bayley, 2007), the TTT suggests that detailed episodic memories

remain hippocampus dependent and only the transformed gist-like versions of the memories

can be retrieved without the involvement of the hippocampus (Winocur & Moscovitch,

2011). However, within this debate the hippocampus has most often been regarded as one

unitary structure. Yet, a wealth of recent research has shown that the hippocampus can

be subdivided along its long axis into anterior and posterior parts and that these parts

di�er in function, structure and connectivity to other brain areas (Fanselow & Dong, 2010;

Poppenk et al., 2013; Strange et al., 2014). In this fMRI study we therefore examined

memory consolidation and transformation of episodic memories over time, focussing on

the role of anterior and posterior hippocampal areas.

2.1.2 Methods

Procedure

We tested 48 healthy young adults (24 men, 24 women) in two experimental sessions. Day

1 consisted of a memory picture encoding task performed outside the MRI scanner and

day 2 of a recognition memory task in the scanner. Critically, we varied the time between
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encoding and recognition testing in a between-subject design with half of the participants

returning to the laboratory for experimental day 2 after one night of systems consolidation

(1 day group), and the other half after four weeks (28 days group).

Memory task

During memory encoding participants memorized 60 pictures that were presented in three

encoding runs, each run followed by a free recall task. Half of the pictures contained

emotionally negative scenes or objects, while the other half contained neutral contents.

In the memory recognition task participants were presented with a total of 180 pictures: the

60 old encoded pictures, 60 completely novel pictures and, critically, 60 related pictures

that carried the same gist as one of the old pictures respectively but depicted di�erent

details.

2.1.3 Results

Behavioural results

We found a sharp increase in the false alarm (FA) rate for related pictures in the 28

days group that was four times higher than the FA rate for novel pictures, suggesting

a transformation towards more gist-like memories after four weeks, as participants had

particular problems in di�erentiating between the details of the two related pictures. Our

behavioural data further suggest that stimulus-related emotional arousal in�uenced the

transformation to gist-like memories: after 28 days negative pictures were more often

transformed to gist-like versions than neutral ones, while neutral pictures, on the other

hand, were more often completely forgotten.

Univariate fMRI results

Overall, task-related hippocampus activity was lower in the 28 days group than the 1

day group. Dividing the hippocampus along its long axis, however, revealed that the

time-dependent decrease in activity was restricted to the anterior and mid-portion hip-

pocampus, with activity in the posterior hippocampus not di�ering between the 1 day

group and 28 days group (see Figure 1A). To further examine whether the decrease in

anterior hippocampus activity could be directly linked to the change in the nature of re-

membering, we correlated the activity in the hippocampal subregions with a behavioural

index of memory speci�city, i.e. the FA rate for related lures. These analyses showed that
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speci�cally the anterior hippocampus activity was positively associated with the speci�city

of memory (see Figure 1B).

Multivariate fMRI results

Using representational similarity analysis (RSA) we constructed representational dissimi-

larity matrices (RDMs) in each hippocampal subregion. Visualizations of average RDMs

per group suggested that in the 1 day group multivariate activity patterns for old pic-

tures were more similar to each other than patterns of related and novel pictures in all

hippocampal subregions. However, in the 28 days group the multivariate activity patterns

seemed to be quite random in the anterior hippocampus, while the posterior hippocampus

showed similarities between the patterns of old and related pictures (see Figure 1C).

2.1.4 Conclusion

In this study, we could show that memories of pictures are transformed to more gist-like

versions after a month of systems consolidation. Importantly, we could link this memory

transformation to changes along the hippocampal anterior-posterior axis. Activity in the

anterior hippocampus decreased over time and was higher for participants with more de-

tailed memories. On the other hand, overall task activity in the posterior hippocampus

was stable across time with multivariate activity patterns for all old and related pictures

becoming more similar to each other in this area after 4 weeks.

Overall, we can conclude from this study that the debate about systems consolidation

has to go beyond considering the hippocampus as one unitary structure. In other words,

the functional di�erentiation along the hippocampal long axis has to be considered within

systems consolidation theories.
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Figure 1: Main results of study 1: (A) Finite impulse response time courses over the �rst 15 seconds for all picture

types combined. The activity in the 28 days group compared to the 1 day group decreased in the anterior

hippocampus and mid-portion hippocampus but not in the posterior hippocampus. (B) Correlations of

the percentage of FAs to related pictures with the contrast value for related pictures vs baseline: across

groups, there was a negative correlation in the anterior hippocampus and mid-portion hippocampus, but

not in the posterior hippocampus. (C) The group average RDMs of the long axis hippocampal regions

of interest (ROIs) in the two groups. Blue colors= most similar, bright colors= most dissimilar; HC =

hippocampus.
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2.2 Study II: Time-dependent motor memory representations

in prefrontal cortex

Published in NeuroImage (Dandolo & Schwabe, 2019). The full publication including a

detailed methods and results section can be found in Appendix B.

2.2.1 Background

The process of systems consolidation has most often been investigated for initially hip-

pocampus dependent declarative memories (Squire et al., 2015). However, there are multi-

ple memory systems (Squire & Dede, 2015) and the question whether memories which are

not initially hippocampus dependent undergo a prolonged systems consolidation process

has only received little attention so far (Dudai et al., 2015). In this study we investigated

motor sequence memory, a form of nondeclarative memory which initially relies on cortico-

striatal and cortico-cerebellar systems (Doyon et al., 2003). Studies testing consolidation

of these motor sequence memories have focussed either on early systems consolidation pro-

cesses after one night of sleep (Vahdat et al., 2017; Fogel et al., 2017) or on reorganization

processes associated with extensive training (Coynel et al., 2010; Wymbs & Grafton, 2015).

However, it remains unclear whether several weeks old remote motor sequence memories,

which were not extensively trained, rely on the same neural circuits as more recent (e.g. one

day old) motor memories. In other words, is there a prolonged systems consolidation-like

process in motor sequence memory?

2.2.2 Methods

Procedure

We tested 48 healthy, right-handed young adults on two experimental days. Due to various

reasons (see Appendix B), we had to exclude 9 participants, leaving a �nal sample of 39

participants for analysis. Day 1 consisted of the learning phase of a SRTT outside the

scanner and day 2 of the corresponding test phase in the fMRI scanner. Importantly, the

time interval between the learning phase and the test phase depended on the experimental

group: participants in the 1 day group performed the test phase one day after learning,

while participants assigned to the 28 days group performed the test phase four weeks after

learning.
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Figure 2: Memory task and behavioural results of study 2: (A) Schematic overview of one trial of the SRTT. The

bottom left picture shows the visual cue-button-�nger correspondence. (B) Reaction times in the learning

phase were faster for old target trials than for random trials and the reaction times for the target trials

decreased throughout the blocks in both groups. (C) Reaction times in the test phase for old target trials

were, both in the 1 day group and in the 28 days group, faster than reaction times for both random and

new target trials, in particular at the beginning of the test phase.

SRTT

In the SRTT participants saw changing visual cues and were instructed to respond to

each cue as quickly as possible with a speci�c corresponding button press (Figure 2A).

Unbeknownst to the participants, a speci�c target sequence of twelve cues was presented

40 times throughout a learning phase of the experiment, pseudo-randomly intermixed with

40 trials containing random sequences. In the test phase on experimental day 2 this �rst

target sequence was presented 24 times, pseudo-randomly intermixed with 24 trials of a

second new target sequence and 24 trials of random sequences.

2.2.3 Results

Behavioural results

Reaction time data from the learning phase showed that participants from both groups

learned the target sequence very well on day 1 (Figure 2B). At the beginning of the test

phase on day 2 the reaction times were faster for old target trials compared to both random

and new target trials in both groups (Figure 2C). This �nding clearly shows intact motor

sequence memory in the 1 day group and, importantly, also in the 28 days group.
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Univariate fMRI results

Using the classical general linear model estimation method, we did not �nd any signi�cant

group di�erences across the whole brain or prede�ned ROIs. Using Bayesian second level

analysis, we found that the probability that the 1 day group showed more activation than

the 28 days group across all trial types was higher in the left post central gyrus and,

conversely, the probability that the 28 days group showed more activation than the 1 day

group during the task was higher in the bilateral middle frontal gyrus, the frontal pole and

the occipital pole.

Multivariate fMRI results

We tested six models in a searchlight RSA approach and looked for areas where model �ts

were di�erent between the two groups. We thereby found two clusters, one in the right

superior frontal gyrus and one in the right frontal pole extending into the middle frontal

gyrus which showed better model �ts in the 28 days group in comparison to the 1 day group

for those 3 RDM models which predicted similar activity patterns for all regressors of the

old target sequence and similar patterns for all regressors of the new target sequence, but

dissimilar patterns between the two sequences (Figure 3). We suggest that these frontal

cortex areas are more involved in separating remote (4 week old) motor sequence memory

representations from newly learned sequence representations than separating recent (1 day

old) sequence memory representation from newly learned sequence representation. There

were no di�erences between the two groups in three control RDM models.

2.2.4 Conclusion

In this study we showed time-dependent changes in the neural system underlying motor

sequence memory. More speci�cally, our �ndings indicated an increased involvement of

lateral prefrontal cortex areas in the representation of remote compared to recent motor

sequence memories. However, in contrast to the proposed systems consolidation of episodic

memories (Dudai et al., 2015; Squire et al., 2015), this time-dependent increase in the in-

volvement of neocortical areas after four weeks was not paralleled by a decrease in those

cortico-striatal areas that supported initial motor learning. Instead, the additional recruit-

ment of lateral prefrontal areas might contribute to a more distributed representation of

remote motor memories. These �ndings provide �rst insights into how memories beyond

the hippocampus evolve over a longer period of time.
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Figure 3: Results from the RSA searchlight analysis in study 2: (A) Main e�ects of the model �ts (for all partic-

ipants) for each of the six models separately. (B) Group di�erences for each model. In right prefrontal

areas, we obtained better model �ts in the 28 days group compared to the 1 day group for those three

models that predicted similar activity patterns for all regressors of the old target sequence and similar

activity patterns for all regressors of the new target sequence respectively, but dissimilar patterns between

the two sequences. There were no group di�erences in the other three control models.
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2.3 Study III: Dorsolateral prefrontal cortex enables updating

of established memories

Published in Cerebral Cortex (Kluen, Dandolo, Jocham, & Schwabe, 2018). The full

publication including a detailed methods and results section can be found in Appendix C.

2.3.1 Background

Our environments are constantly changing, requiring our memory systems to be adaptive.

In light of new information, established memories need to be updated. Memory updating is

also fundamental to accomplish prospective functions of memories, such as imagining and

simulating upcoming events (Schacter et al., 2007; Addis et al., 2007), or decision-making

(Wimmer & Shohamy, 2012).

The neural correlates of memory updating processes have recently been investigated for

immediate episodic memories, thus for memories that have not yet undergone early systems

consolidation processes (Kuhl et al., 2012; Nyberg et al., 2009), indicating an important

role of prefrontal areas. There is also evidence for an important role of the dorsolateral

prefrontal cortex (dlPFC) in working memory updating (D'Ardenne et al., 2012). However,

it remains unclear to what extent updating processes for memories that have already un-

dergone an early phase of systems consolidation resemble those for immediate and working

memories.

2.3.2 Methods

Procedure

We tested 49 healthy adults in a 3-day study design, including an MRI scanning session

on the second day. One participant was excluded because of minimal performance in the

task, thus leaving 48 participants for analyses (25 women, 23 men).

Memory updating task

On day 1, participants learned 75 face�city name associations (a person and their last

holiday location) in an encoding session comprised of four runs. On day 2, an updating

phase was conducted during a fMRI measurement. Participants were again presented with

75 face-city pairs: 25 pairs were identical as on day 1 (old identical trials), 25 pairs involved

a face that had been presented on day 1 now paired with a new city (old updated trials),
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and 25 pairs were completely new (new trials). On day 3, memory updating success was

assessed in a recognition test: each face was presented with four cities and participants were

instructed to choose the correct city; in the case of updated trials, they were instructed to

choose the new updated city.

2.3.3 Results

Behavioural results

Results from the recognition test on day 3 showed that, for the face�city pairs that were

updated on day 2, the updated city name was correctly chosen in about 35% of trials, while

in about 57% of trials participants incorrectly persevered with the old wrong city name.

Still, city names that were not presented on either day 1 or day 2 were endorsed only in

about 4% of trials each. The �nding that participants correctly chose the updated city

name at average in more than a third of the trials demonstrates participants' capability

for updating some of the established memory traces.

Univariate fMRI results

The left dlPFC showed signi�cantly increased activity when old updated trials were shown

compared to both old identical trials (Figure 4A), and new trials. In contrast the vmPFC,

the angular gyrus, and the anterior cingulate cortex were signi�cantly less activated when

old updated trials were presented compared to old identical trials (Figure 4B). Moreover,

activity in the left dlPFC during old updated trials was positively correlated with subse-

quent updating performance (Figure 4C). We additionally found a signi�cant increase in

connectivity between the left dlPFC and the left hippocampus for updated trials vs. old

identical trials and this crosstalk was also positively correlated with subsequent updating

performance.

Multivariate fMRI results

We compared brain RDMs of the ROIs to di�erent model RDMs and then compared model

�ts between successful and poor updaters. The pattern of results suggests that successful

updaters may be characterized by showing an especially consistent activity pattern during

the updating process in the left dlPFC. While, in poor updaters, there was no evidence

for such a speci�cally consistent activity pattern during the updating process in the left

dlPFC (Figure 4D).
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Figure 4: Main results of study 3: (A) The comparison of old updated and old identical trials revealed signi�cant

activation in the left dlPFC. (B) Activity in the anterior cingulate gyrus, bilateral vmPFC, and right

angular gyrus was higher for old identical than old updated trials. (C) Activity in the left dlPFC was

positively correlated with updating success as assessed on day 3. (D) Model representation distinguished

between successful and poor updaters in the left dlPFC: for successful updaters, a model with high simi-

larity values for old updated trials had the highest model �t value; for poor updaters this model did not

have higher model �t values than other control models.

2.3.4 Conclusion

This study indicates a key role of the left dlPFC in the updating of memories after early

systems consolidation. The dlPFC has previously been assigned a critical role in working

memory updating (D'Ardenne et al., 2012). However, in working memory, there is no need

to interact with long-term storage sites. Critically, our results also showed task-related

connectivity between the dlPFC and hippocampus that was connected to the updating

process. Thus, we demonstrated that the dlPFC, most likely through its interaction with

the hippocampus, is essential for keeping memories up to date.
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2.4 Study IV: Moderate post-encoding stress shows no

in�uence on memory transformation rate after four weeks

of systems consolidation

Unpublished Manuscript. The full manuscript including a detailed methods and results

section can be found in Appendix D.

2.4.1 Background

Studies testing the in�uence of stress on memory consolidation in general have mostly

shown enhancing e�ects of post-encoding stress on subsequent memory performances (e.g.

Buchanan & Lovallo, 2001; Cahill et al., 2003; Andreano & Cahill, 2006; McCullough &

Yonelinas, 2013). However, these studies have not tested the in�uence of stress on memory

quality. Over time, episodic memories transform from detailed memories to more gist-

like versions (Winocur & Moscovitch, 2011). Is this memory transformation over time

in�uenced by the amount of stress present during initial encoding and early consolidation

processes? A recent rodent study suggests that the rate of memory transformation indeed

depends on the strength of the stress response during learning: moderate stress led to a

detailed representation of the memory which remained detailed for a long period of time;

a high level of stress, on the other hand, led to a faster rate of memory transformation,

resulting in generalized, gist-like versions of the memory after only 2 weeks (Pedraza et

al., 2016). We tested whether similar results can also be found in humans.

2.4.2 Methods

Procedure

In total, we tested 162 healthy young adults. After excluding 4 participants for various

reasons (see Appendix D) we analysed a �nal sample of 158 participants. All participants

encoded emotionally negative and neutral pictures on experimental day one, shortly be-

fore undergoing the standardized socially evaluated cold-pressor test (SECPT; Schwabe,

Haddad, & Schachinger, 2008; Schwabe & Schachinger, 2018; see also Appendix D) or

a warm water control condition. In a between-subject design, participants performed a

free recall task and a recognition task either 1 day or 28 days after encoding. Thus, par-

ticipants were pseudo-randomly assigned to four di�erent experimental groups: 1d-stress

group, 28d-stress group, 1d-control group, 28d-control group.
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Memory task

We used the same memory task as in study 1 (see section 2.1.2). However, we added some

new pictures, increasing the total number of pictures from 180 to 240.

2.4.3 Results

Overall e�ective stress manipulation with a moderate responder rate

Overall the stress manipulation was e�ective. However, when we classi�ed participants into

cortisol responders and non-responders only 49% of stressed participants were classi�ed as

responders. Therefore, we must acknowledge that we have a rather moderate responder

rate. Nevertheless, this moderate rate can bene�t correlational analyses of the cortisol

increase in the stress group with subsequent memory scores (Schwabe & Schachinger,

2018).

Stress bene�ts the free recall of negative pictures in females

For female participants stress after encoding when compared to a control task after en-

coding led to a better subsequent recall performance of negative picture stimuli. This,

importantly, was the case for both the 1d-group and the 28d-group.

We did not �nd e�ects of stress or cortisol increase on the overall percentage of hits in the

recognition task, nor did we �nd e�ects when dissociating the recognition memory into

recollection and familiarity components based on con�dence ratings.

No e�ect of post-encoding stress on the degree of memory transformation captured

after four weeks

We captured the transformation process in three di�erent ways. First, we asked partici-

pants to recall as many details as possible during the free recall task on experimental day

2. Secondly, we compared the FA rate of related pictures to the FA rate of novel pictures.

Third, we classi�ed picture pairs into detailed, transformed and forgotten pairs. All three

ways of capturing a possible transformation process, suggest that, across time, memories

are transformed from detailed versions to gist-like versions. Importantly, however, we did

not �nd an e�ect of the treatment group (stress vs. control) on this transformation process.
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2.4.4 Conclusion

We found an enhancing e�ect of post-encoding stress on the subsequent recall of negative

pictures in females. This result �ts to the common opinion that stress after encoding bene-

�ts subsequent memory retrieval (Roozendaal, 2002, Schwabe et al., 2012; Cadle & Zoladz,

2015). However, our results also showed that this stress e�ect is not robustly found in all

circumstances but depends on many factors (e.g. sex of participant).

Most importantly, we did not �nd any e�ects of post-encoding stress or cortisol increase

on the degree of memory transformation tested after four weeks of systems consolidation.

This is at odds with a recent rodent study (Pedraza et al., 2016) and does not align with

human studies that, although not explicitly testing the time course of memory transforma-

tion, nevertheless showed an over-reliance on gist-like memories after pre -or post-encoding

stress (Payne, Nadel, Allen, Thomas, & Jacobs, 2002; Pardilla-Delgado, Alger, Cunning-

ham, Kinealy, & Payne, 2016). It is important to note here, that the stress response to

the SECPT in the present study was in general rather moderate in comparison to other

stress studies. Therefore, future studies might pro�t from stressors eliciting higher stress

responses or from a pharmacological administration of cortisol.

59



3 General discussion

Understanding how memories consolidate and transform across time is one of the funda-

mental tasks of memory research. Deciphering the neuronal representations of memory

and bringing light into the reorganization of these memory representations across brain

systems and time are essential building blocks for clinical research e.g. on degenerative

memory diseases. Additionally, it is important to understand how external factors such as

stress or new con�icting information in�uence the dynamics of memory processes across

time. Knowledge about the neural correlates of these in�uencing factors may have impor-

tant implications in clinical research of conditions such as post-traumatic stress disorder,

dealing with memory intrusions and distortions.

In this dissertation, I have introduced four studies contributing to the understanding of sys-

tems consolidation processes and memory dynamics. In particular, in the �rst two studies

we tracked the neural correlates of systems consolidation processes across time of two kinds

of memories, namely declarative episodic memories in study 1 and nondeclarative motor

sequence memories in study 2. In study 1, we found that the transformation of episodic

memories from detailed to gist-like memories across time is accompanied by changes along

the hippocampal anterior-posterior axis. Study 2 is, to our knowledge, the �rst study to

investigate explicitly the prolonged systems consolidation processes of nondeclarative mo-

tor memories. We found that after four weeks of systems consolidation without further

training, areas in the lateral prefrontal cortex were more involved in performing the motor

task and representing the remote compared to recent motor sequence memories. In study

3 and 4, we focussed on memory dynamics by examining external factors which may in�u-

ence and change systems consolidation processes. In particular, in study 3 we investigated

the neural correlates of updating memories through new con�icting information after these

memories have already undergone early systems consolidation processes and found that

the dlPFC is decisively involved in the actual updating process. In study 4 we stressed

participants after memory encoding and tested whether this stressor would in�uence the

transformation of memories across time. However, we did not �nd any clear e�ects of
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moderate stress or cortisol increase on memory transformation after 4 weeks.

In the following sections, I will discuss the implications of these �ndings within the frame-

work of existing theories. I will thereby focus on the ongoing debate about systems con-

solidation of declarative memories between proponents of the two most important theories

to date, the SCT and MTT/TTT. After summarizing the problems researchers have so far

faced during the examination of these two theories, I will elaborate on how asking more

precise research questions may contribute to solving these problems in future research. I

will discuss the role of time in systems consolidation, proposing a di�erentiation of this pro-

cess into two sub-phases: early and prolonged systems consolidation. Furthermore, I will

compare our hippocampal long axis data from study 1 to the recent long axis TTT proposal

as introduced in section 1.3.6. As our conclusion and this proposal are contradictory, I will

present possible reasons for this contradiction. Additionally, I will integrate the distinction

into di�erent systems consolidation phases (early vs. prolonged) in this new hippocampal

long axis debate. In the last three sections, I will discuss our �ndings from study 2 (non-

declarative systems consolidation), study 3 (memory updating) and study 4 (in�uence of

post-encoding stress) within the new proposed framework of early and prolonged systems

consolidation, respectively.
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3.1 Contributions to the systems consolidation debate

The debate about systems consolidation has gone on for decades. Yet, there is still no

consensus between memory researchers. Proponents of both the SCT and the MTT/TTT

continue to �nd support for their theories (see e.g. Squire et al., 2015 for the SCT and

Sekeres et al., 2017 for the TTT). The main topic of the debate has been whether the

hippocampus is needed for the retrieval of remote detailed episodic memories or not. At

�rst glance, one would think this seems to be a rather simple question and amazing that

despite all the available methods in neuroscience, this issue is still unresolved, even after

20 years of research. Hence, the question arises: what factors may contribute to this

continuing debate?

Methodological limitations

Although the question at the heart of the debate seems rather simple, a review of the

research over the last 20 years shows that it is not easy to �nd an experimental approach

and memory paradigm which accounts for all the dimensions this question comprises.

Originally, the debate centred around studies of patients with hippocampal damage leading

to retrograde amnesia (e.g. Scoville & Milner, 1957; Moscovitch et al., 1999; Cipolotti et

al., 2001; Rosenbaum et al., 2004; Steinvorth et al., 2005; Bayley et al., 2005; Kirwan et

al., 2008). However, it is challenging to �nd patients with complete bilateral hippocampal

damage but otherwise intact brains, leading to a few single case studies that lack general-

izability (e.g. Rosenbaum et al., 2000; Maguire et al., 2006). In all other cases, if remote

memories do not survive hippocampal damage, proponents of the SCT point to damages

in other brain areas, that may alternatively be responsible for this memory loss (Squire

& Bayley, 2007). By contrast, when amnesia patients show remaining remote detailed

memories, proponents of the MTT/TTT point to remaining hippocampal tissue that may

support those memories (Nadel et al., 2007). Furthermore, to assess retrograde amnesia,

researchers often rely on autobiographical memories, and although new scoring techniques

were developed to try and assess explicitly the vividness of remote autobiographical mem-

ories (Moscovitch et al., 1999), the problem of verifying the correctness of these memories

remains. In addition, researchers cannot control the timing between encoding, lesion oc-

currence and retrieval in patient studies.

In animal studies, on the other hand, one can control lesion site, size and the timing be-

tween encoding and retrieval more easily (e.g. Winocur et al., 2007; Wiltgen & Silva, 2007;
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Wang et al., 2009). Yet, in animal studies the fundamental question, whether the tested

memories are truly episodic, remains. Can we really compare context-dependent episodic

like memories in animals to truly detailed episodic human memories? According to Tulving

(2002) animal memories can never be truly episodic. Moreover, we cannot always directly

relate �ndings from non-primate animals at brain systems level to the human brain, as

the anatomy is not equivalent, especially in prefrontal brain areas (Seamans, Lapish, &

Durstewitz, 2008; Laubach, Amarante, Swanson, & White, 2018).

The emergence of neuroimaging techniques enabled researchers to measure hippocampal

activity in healthy humans' brains (e.g. Gilboa et al., 2004; Viard et al., 2007; Bonnici,

Chadwick, Lutti, et al., 2012). This allowed for a variety of experimental set-ups, includ-

ing prospective studies in humans, in which researchers can control the timing between

encoding and retrieval (e.g. Takashima et al., 2009; Furman et al., 2012; Harand et al.,

2012). However, a common criticism of these studies is that hippocampal activity tested

during memory retrieval tasks can be explained by new learning and encoding during the

task, instead of actual memory retrieval (Squire et al., 2015), although researchers have

tried to account for this through adequate control conditions (e.g. Gilboa et al., 2004).

Moreover, the question of hippocampus dependency of memories is a challenge in all stud-

ies with healthy participants (both animals or humans). In healthy participants, the hip-

pocampus may be involved in the retrieval of certain memories, although the retrieval of

these memories is not necessarily dependent on an intact hippocampus. In other words, it

may well be that other brain areas could be utilized to retrieve the respective memories in

the case of hippocampus damage.

Overall, each of the experimental approaches has certain disadvantages and methodological

limitations. Thus, whatever results have been found in patient, animal or neuroimaging

studies, there always remains a reason for criticism, doubt and possible alternative expla-

nations.

In�uence of con�rmation bias on data interpretation

As a consequence of these possible alternative explanations, researchers have at times re-

viewed identical experimental research studies and have still come to opposite conclusions.

An illustrative example of this phenomenon are two systems consolidation reviews pub-

lished within days of each other, one by Squire and Bayley (2007), in favour of the SCT,

and the other by Nadel et al. (2007), in favour of the MTT. Both reviewed, more or less,

the same experimental research papers but nevertheless came to opposite conclusions. This

63



showcases the power of con�rmation bias, de�ned as the tendency to gather data, knowl-

edge and information that supports one's prior beliefs, assumptions, expectations and

hypotheses (Nickerson, 1998). This is a natural human behaviour that can be observed in

many actions of everyday life (Glick, 2017). When it comes to research, con�rmation bias

can, in general, in�uence all phases of the research process: e.g. the choice of experimental

design, the behaviour of experimenters during data collection, the choice of data analysis

techniques, and most importantly, in combination with the phenomenon of apophenia (a

human tendency of seeing patterns in random data) the interpretation of results (Glick,

2017; Munafò et al., 2017). This last point not only includes the interpretation of one's own

experimental data but also the way one perceives, interprets and critiques other people's

research. However, seen from a positive perspective, it can be quite bene�cial for memory

consolidation research that there are two (or more, see section 1.3.1) opposing theories, as

the proponents of the di�erent theories challenge each other, eventually leading to more

thoroughly designed experimental studies and more precisely explained analysis choices

and interpretations. In other research areas, where only one theory dominates, it may well

be that this theory is unjustly con�rmed due to con�rmation bias, without being challenged

by alternative ideas. Thus, two opposing theories can, in a way, protect against the pitfalls

of con�rmation bias. As suggested by Glick (2017) we should therefore seek and encourage

disagreement and embrace uncertainty, yet at the same time be humble enough to consider

whether some of one's own beliefs are actually true or whether one simply wants them to

be true.

Formulating more precise research questions

After reviewing the available research on systems consolidation and considering both sides

of the ongoing debate, another problem crystallized: the main research question - whether

the hippocampus is necessary for retrieving detailed remote memories - is formulated too

broadly and generally. In order to adequately explain the complex process of systems con-

solidation, it may well be necessary to formulate more precise research questions.

One issue with this broad, general question and the original descriptions of the di�erent

systems consolidation theories is that they consider the hippocampus to be one homo-

geneous brain structure. Only recently has it been suggested that one should consider

that the hippocampus varies in structure and function along the hippocampal long axis

(Poppenk et al., 2013; Fanselow & Dong, 2010; Sekeres, Winocur, & Moscovitch, 2018).

We therefore included the hippocampal long axis in the data analysis of our �rst study. I
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will discuss this issue in more detail in section 3.3.

Another source of confusion is that the terms gist-like, semantic and schema memories

have often been used as synonyms in the systems consolidation literature. In fact, in our

�rst study, we used both the terms gist-like and semantic memory interchangeably. Only

recently, Sekeres, Winocur, and Moscovitch (2018) have suggested the need to clearly dis-

tinguish between these three terms (see section 1.2.2). In particular, clari�cation that

gist-like memories, although being coarse-grained memories without details, are neverthe-

less memories of one single episode can be, in my opinion, very useful for more precise

data interpretations. Especially when it comes to reviewing and comparing results from

studies using di�erent memory paradigms, one should clarify in which cases gist-like mem-

ories, semantic or schema memories are being tested, as each kind of memory may rely

on di�erent brain areas (Sekeres, Winocur, & Moscovitch, 2018). Applying the proposed

de�nitions by Sekeres, Winocur, and Moscovitch (2018), it should be clari�ed here that

the memories we test with our picture stimuli paradigm are gist-like memories, and not

semantic memories. More precisely, when participants can remember that one of the pic-

tures they learned during the memory encoding session depicted e.g. a tractor, but cannot

remember the details of this tractor, they have a gist-like memory of the event of seeing a

tractor on one of the pictures during encoding. We can therefore not directly compare our

results to other recent studies, which tested either schema memories (e.g. Sommer, 2017)

or semantic memories (e.g. Chadwick et al., 2016).

Finally, another important issue, which emerged while writing this thesis, is that the gen-

eral question, whether remote detailed memories are dependent on an intact hippocampus

or not, is not precise in its de�nition of the term remote. As a consequence, researchers

have used a vast amount of di�erent time intervals in their experimental studies to test

remote memories and some di�erences in results may be related to this issue. I will discuss

this inconsistent usage of time intervals in more detail in the following section.
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3.2 Early versus prolonged systems consolidation

Researchers investigating systems consolidation are well aware of the problem, that the

time intervals used in di�erent experimental studies are inconsistent and that the time

course of memory consolidation is poorly de�ned (Takashima et al., 2006; Sekeres et al.,

2017). Especially the time frame of patient and autobiographical studies (several years or

decades) diverges substantially from the time frame of prospective experimental studies

(mostly weeks to months) and it has been suggested before that the term systems consoli-

dation may thereby be used for two separated kinds of operation (Takashima et al., 2006).

Additionally, Ritchey, Montchal, Yonelinas, and Ranganath (2015) suggested that future

research should focus on how very early stages of systems consolidation after only one night

of sleep may relate to longer-lasting changes after weeks and whether these di�erent time

scales re�ect di�erent kinds of changes in respect to memory quality.

Nevertheless, although these researchers mentioned the issue of time intervals in their

respective discussions, studies utilizing di�erent time intervals are still often directly com-

pared to each other in reviews and the choice of time intervals in memory designs is not

always su�ciently explained.

Importance of �rst night of sleep

As introduced in section 1.5.1, sleep plays an active role in consolidation of memories, as

memories are replayed and strengthened during sleep (Diekelmann & Born, 2010; Born

& Wilhelm, 2012). Moreover, sleep selectively enhances speci�c memories (Fischer &

Born, 2009) or changes the quality of memories (Fischer et al., 2006). Notably, there

have been several studies showing that not only changes at the cellular level occur in

these early stages of consolidation, but also changes at brain systems level are already

evident after only one night of sleep (e.g. Bosshardt, Schmidt, et al., 2005; Takashima et

al., 2006; Ritchey et al., 2015; Albouy et al., 2008; Debas et al., 2010). In other words,

not only the fast, synaptic consolidation takes place within the �rst night of sleep, but

also systems consolidation. Importantly, the �rst night of sleep after memory encoding

seems to be of special importance to the systems consolidation process (Orban et al.,

2006; Gais et al., 2007; Sterpenich et al., 2009; Alger, Chambers, Cunningham, & Payne,

2015). Studies using sleep deprivation showed that changes made to the memory trace

within the �rst night of sleep in�uences the brain networks used for later memory retrieval

(Orban et al., 2006), even 6 months after encoding (Gais et al., 2007; Sterpenich et al.,
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2009). Thus, cortical activation during retrieval 6 months after encoding still re�ected

whether the participants had slept during the �rst night after encoding or not (Gais et

al., 2007). Therefore, sleep in the second and following nights after encoding cannot

compensate for a deprivation of sleep in the �rst night after encoding. This insight from

sleep research suggests that the systems consolidation process within the �rst night of

sleep is of special importance and may therefore also be qualitatively di�erent from further

systems consolidation processes during the following weeks and months.

Introducing two distinct systems consolidation phases

In line with both these insights from sleep research and the above introduced suggestions

from Ritchey et al. (2015), I propose here to di�erentiate between two phases of systems

consolidation: early and prolonged systems consolidation.

Early systems consolidation comprises all changes at brain systems level occurring in the

�rst night of sleep, while prolonged systems consolidation describes the changes in memory

representations across brain systems seen over several weeks and months.

The debate about systems consolidation might bene�t substantially from testing, describ-

ing and discussing the e�ects of early and prolonged systems consolidation separately.

When reading and comparing experimental studies, one should be aware that in some

cases early systems consolidation processes are being tested while in other cases prolonged

systems consolidation processes are. Thus, di�erences in results may be due to the di�erent

phase tested.

Terminology: recent versus remote memories

One di�culty in comparing the systems consolidation phases tested in di�erent studies

is that the usage of the terms related to time is not consistent. In particular, the terms

recent and remote memories are used variably. In our studies 1, 2 and 4 we used a between

subject design with two groups: a 1 day group, in which participants returned for memory

testing one day after encoding and a 28 day group, in which participants returned for

memory testing four weeks after encoding. When comparing the memories of these two

groups we refer to the memories of the 1 day group as recent memories and to the memo-

ries of the 28 day group as remote memories. Although this usage of recent and remote is

comparable to a few studies (e.g. Harand et al., 2012), it quite often di�ers. For example,

the term recent is frequently used for memories tested immediately or within a few hours

after encoding (e.g. Takashima et al., 2006; Takashima et al., 2009; Yamashita et al., 2009;
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Tompary & Davachi, 2017) yet, in contrast, recent has also been used for several years'

old autobiographical memories (e.g. up to 5 years old in Gilboa et al., 2004). Similarly,

the term remote is sometimes used for memories only 24 hours old (e.g. Takashima et al.,

2006, Takashima et al., 2009), while in other cases for several decades' old autobiographical

memories (Gilboa et al., 2004; Bonnici & Maguire, 2018), and, indeed, for any time interval

lying in-between these two extremes. It is important to note how the terms overlap. For

instance, one day old memories have been referred to as either recent (e.g. in our studies)

or remote (e.g. Takashima et al., 2009). This may de�nitely lead to confusion, especially

if studies are directly compared to each other, without carefully describing the di�erent

time intervals utilized to test the so-called recent and remote memories in the respective

paradigms.

In order to avoid this confusion in terminology, I propose here to use the following three

terms for di�erent types of memories depending on which phase of systems consolida-

tion they have already undergone: (1) immediate memories are memories directly after

encoding up to a few hours after encoding, without including a night of sleep, thus mem-

ories that have not yet undergone either early or prolonged systems consolidation; (2)

recent memories are memories tested 1 day after encoding, including at least one night of

sleep, thus memories which have undergone an early systems consolidation phase but not

yet the prolonged phase; and (3) remote memories, tested after approximately a week of

consolidation or at later time intervals (several weeks, months or years), thus memories

that have undergone both early and prolonged systems consolidation. To be precise, the

transition from immediate to recent memories takes place within the early systems consol-

idation phase, while the transition from recent to remote memories takes place within the

prolonged systems consolidation phase.

Insights about early versus prolonged systems consolidation from prospective

declarative memory studies

In our studies testing declarative memories using the picture stimuli paradigm (study 1,

see section 2.1 and study 4, see section 2.4), we compare the retrieval of recent memories

to remote memories, yet we do not test the retrieval of immediate memories. Therefore,

we did not capture early systems consolidation processes and e�ects in our studies, but

focussed exclusively on prolonged systems consolidation. This is important to remem-

ber when interpreting our results and especially when comparing them to results of other

prospective memory studies.
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Unfortunately, in quite a number of the prospective studies testing declarative systems

consolidation one cannot distinguish between early and prolonged consolidation as only

immediate and remote, but no recent memories were tested (e.g. Yamashita et al., 2009;

Viskontas et al., 2009; Furman et al., 2012; Tompary & Davachi, 2017). Studies that tested

exclusively early systems consolidation processes showed varying results with either increas-

ing (Bosshardt, Schmidt, et al., 2005) or decreasing (Takashima et al., 2009) hippocampal

activity after one night of consolidation. I will return to this controversy when discussing

the importance of di�erentiating along the hippocampal long axis in this early systems

consolidation phase (see section 3.3). Prospective studies testing exclusively prolonged

systems consolidation processes are rare. In one such study, Harand et al. (2012) showed

that a hippocampal activity decrease was observed after prolonged systems consolidation

for memories that transformed to more gist-like versions, while the hippocampal activity

remained stable for episodic memories. This might suggest, that changes in hippocampal

activity in this prolonged phase may be related to changes in memory quality. Indeed, in

our �rst study we also showed that changes in the activity along the hippocampal long

axis during prolonged systems consolidation is related to changes in memory quality.

However, comparing the two phases indirectly in di�erent studies is not ideal, as many other

factors, such as the used paradigm, analysis technique and sample may have confounding

in�uences. To my knowledge, there has been only one study which assessed immediate, re-

cent and remote memories, enabling a direct comparison between the early and prolonged

phase. In this fMRI study by Takashima et al. (2006) participants performed four recog-

nition tests in the scanner on day 1, day 2, day 30 and day 90. They found a decrease in

hippocampus activity for con�dent hits across time and a parallel increase in activity in the

vmPFC, supporting the SCT. Interestingly, the largest hippocampal activity decrease was

found between day 1 and day 2, while recognition performance did not decrease between

these two time points. The authors of the study emphasize that this speaks against the

TTT as the decrease in hippocampal activity cannot be related to memory vividness, as

this vividness remains the same between the �rst two time points. This study suggests

that the brain systems changes seen after the early systems consolidation phase cannot be

directly related to changes in memory quality. Unfortunately, they did not explicitly test

whether the further hippocampal decrease seen between day 2 and the later delays was

related to memory vividness.

Considering these studies, and in line with the idea of Ritchey et al. (2015), it might well be

that there are two di�erent types of mechanisms underlying early and prolonged systems
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consolidation. While early brain systems changes may not have an in�uence on memory

vividness (Takashima et al., 2006), later changes in brain systems might be in correspon-

dence to the transformation of memories from episodic to gist-like memories (Dandolo &

Schwabe, 2018; Harand et al., 2012).

Timing within prolonged systems consolidation

As seen above my de�nition for the time interval of early systems consolidation is clearly

de�ned as the �rst night of sleep after encoding. However, less clear is how to de�ne

the prolonged systems consolidation phase, demonstrated by my failure to decide from

which point onwards one should use the word remote for memories (my suggestion above

is approximately one week, but that is a rather vague suggestion). In my proposed de�ni-

tion, I consider the starting point of the prolonged systems consolidation phase to be after

early systems consolidation is complete, thus after the �rst night of sleep after encoding.

However, the question is from which point onwards one should say that memories have un-

dergone a prolonged systems consolidation phase. Have two days old memories undergone

a meaningful part of this prolonged phase already or is this the case only after a week, or

maybe a month?

Related to the above proposal that changes in brain systems in the prolonged systems

consolidation phase might be in correspondence to the transformation of memories from

episodic to gist-like memories, one idea might be to de�ne prolonged systems consolidation

as the time interval it takes for memories to transform from a detailed to a gist-like version.

However, as TTT suggests, both a gist-like and an episodic version of the memory may ex-

ist in parallel and it may depend on the memory task which memory is retrieved (Furman

et al., 2012; Winocur et al., 2010). This makes it di�cult to base the time interval on the

change in memory quality. It will therefore require further studies and theoretical debates

to de�ne this memory phase more clearly and it may well be that this prolonged phase

has to be further separated into sub-phases. Nevertheless, subdividing systems consolida-

tion into an early and prolonged phase is a �rst step in trying to take time intervals into

account.
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3.3 The hippocampal long axis debate

Other than time, another important point is to acknowledge that the hippocampus is not

a homogeneous structure and that we have to consider a functional di�erentiation along its

long axis when discussing systems consolidation of declarative memories. In our �rst study

we examined the hippocampal long axis and concluded that there is a time-dependent

reorganization along the anterior�posterior axis, which is related to the transformation of

detailed memories into gist-like representations. In particular, we suggest that anterior

hippocampal activity is associated with detailed memory and decreases across time, while

posterior hippocampal representations are more gist-like at a later retention interval. Our

conclusion is therefore contrary to the idea of the long axis TTT proposal that I introduced

in section 1.3.6. In this proposal Robin and Moscovitch (2017) and Sekeres, Winocur, and

Moscovitch (2018) suggest that speci�c detailed memories are represented in the posterior

hippocampus while gist-like memories of events are found in the anterior hippocampus.

This discrepancy is intriguing and may well start a new debate. In the following sections,

I will compare our results to the data which led to the long axis TTT proposal and will

discuss how con�rmation bias, or a lack thereof, may have contributed to the discrepancy.

I will also relate the hippocampal long axis debate to the distinction between early and

prolonged systems consolidation as introduced above.

Con�rmation bias in the hippocampal long axis debate

At this point, it is important to acknowledge that we were not aware of the long axis TTT

proposal as stated in Robin and Moscovitch (2017) and Sekeres, Winocur, and Moscovitch

(2018) during the analysis of our data and the writing of our paper. We included the

hippocampal long axis into our analyses due to other reports of structural and functional

di�erentiation along this axis (e.g. Poppenk et al., 2013; Strange et al., 2014; Fanselow &

Dong, 2010), and although the idea of "gist memory = anterior hippocampus and detailed

memory = posterior hippocampus" is included in the review by Poppenk et al. (2013),

this is just one of many possible distinctions discussed in that review and it was not yet

clearly related to the systems consolidation debate and memory transformation idea. We

therefore performed exploratory analyses without clear hypotheses regarding the long axis

and memory transformation. Our conclusions were therefore purely based on the pattern

of data we found in our analysis, without being in�uenced by a con�rmation bias towards

the long axis TTT proposal. But what if we would have been aware of this proposal?
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Might we have been in�uenced in interpreting our data di�erently? In retrospect, this

seems unlikely as there are di�erent aspects in our data that cannot easily be aligned with

the long axis TTT proposal. Our univariate fMRI data clearly shows that the anterior

hippocampus is less active during the memory recognition task after 28 days than after 1

day. At the same time the behavioural data shows that participants rely more on their

gist memory to solve the recognition task after 28 days, re�ected in the especially high FA

rate for related pictures. If the anterior hippocampus is involved in representing the gist,

as proposed by the long axis TTT proposal, then why would this area be less involved in

performing the task after 28 days? Indeed, we �nd a negative correlation between the FA

rate for related pictures and the anterior hippocampal activity, showing that the more par-

ticipants rely on gist-like memories the less active the anterior hippocampus is. Moreover,

the univariate results additionally show that activity in the posterior hippocampus does

not change after 28 days compared to 1 day. If the posterior hippocampus represents the

detailed memories as suggested by the long axis TTT proposal, then one would expect a

decrease in activity after 28 days in this area, corresponding to the decrease of detailed

memories across time seen in the behavioural data. Thus, on the basis of our univariate

data, it is hard to imagine how we could have interpreted our �ndings in line with the long

axis TTT proposal.

Therefore, the question arises on which experimental studies the long axis TTT proposal

is based, and why our memory paradigm leads to a di�erent conclusion compared to the

respective paradigms used in those studies. The long axis TTT theory was introduced in

review articles by Robin and Moscovitch (2017) and Sekeres, Winocur, and Moscovitch

(2018) and is based on many di�erent experimental studies, as introduced in section 1.3.6.

At �rst sight it seems as if all the available research data is in line with the long axis TTT

proposal. However, during the comparison of our data to some other recent multivariate

fMRI studies cited in support of the long axis TTT proposal (e.g. Ritchey et al., 2015,

Tompary & Davachi, 2017, Bonnici & Maguire, 2018), a closer inspection of the original

research papers revealed that some of those multivariate studies were not interpreted in

line with the long axis TTT proposal by the original authors of the respective studies.

For example, in a group of studies Bonnici and colleagues (Bonnici, Chadwick, Lutti, et

al., 2012; Bonnici, Chadwick, & Maguire, 2013; Bonnici & Maguire, 2018) used multivari-

ate pattern analysis to distinguish between di�erent "recent" (2 week old) and di�erent

"remote" (10 year old) vivid autobiographical memories in the anterior and posterior hip-

pocampus. In Bonnici, Chadwick, Lutti, et al. (2012) they found that both recent and
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remote memories were represented in the anterior and posterior hippocampus. However,

in the posterior hippocampus the multivariate patterns of the di�erent remote memories

were more distinguishable from each other than the patterns of the di�erent recent mem-

ories. In Bonnici and Maguire (2018) they then retested the same participants two years

later with the same memories and showed that again the anterior hippocampus contained

equally decodable information about all memories, while the memories which were now

2 years old were more easily distinguished in the posterior hippocampus than they used

to be when they were 2 weeks old. The same laboratory had recently proposed that,

within the scope of the Scene Construction Theory (see section 1.3.1), the anterior hip-

pocampus (especially the medial part of it) is critically involved in the scene construction

process of retrieving consolidated memories or imagining future scenes, while the posterior

hippocampus is activated during the perception and recollection of externally presented

visual scenes but not internally constructed imagination (Zeidman, Mullally, & Maguire,

2015; Zeidman, Lutti, & Maguire, 2015; Zeidman & Maguire, 2016). In line with this

work, Bonnici and Maguire (2018) interpreted their multivariate data as follows: the fact

that the anterior hippocampus contained distinguishable representations of all the vivid

memories accords with the idea that the anterior hippocampus is particularly relevant for

scene-based cognition and therefore decisive for the reconstruction of detailed scenes in

perpetuity. They speculated that the results they found in the posterior hippocampus

might re�ect the processing of spatial contexts which could require more re-instantiation

for remote memories than recent ones. Thus, Bonnici and Maguire (2018) see the anterior

hippocampus as the area representing detailed memories and not gist-like memories, in line

with the results from our �rst study. Interestingly, their data was interpreted contrarily by

Robin and Moscovitch (2017) and Sekeres, Winocur, and Moscovitch (2018), underlining

the argument that con�rmation bias can change the interpretations of results.

In another recent multivariate fMRI analysis, Tompary and Davachi (2017) used a paradigm

which paired di�erent trial-unique objects to one of four repeating scenes. They then

tested half of the object-scene associations immediately after learning and the other half

a week later. They focussed their analysis on the neural similarity between objects which

were paired with the identical scene during learning (overlapping similarity) and compared

this to the neural similarity between objects which were paired with di�erent scenes dur-

ing learning (non-overlapping similarity). Their results concerning the hippocampal axis

showed that in the posterior hippocampus the neural patterns of overlapping remote mem-

ories had become more similar after one week of consolidation when comparing it to the
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overlapping similarity of recent memories. The neural similarity of non-overlapping mem-

ories stayed the same for recent and remote memories. In the anterior hippocampus, on

the other hand, the neural similarity for overlapping memories was comparable for recent

and remote memories, while the similarity for non-overlapping memories decreased across

time. The authors suggested that these results can be related to the concept portrayed in

Davachi (2006) about the perirhinal and parahippocampal cortex (see section 1.3.4), in the

sense that the anterior hippocampus, preferentially connected to the perirhinal cortex, is

sensitive to speci�c items and may be responsible for separating distinct memories, while

the posterior hippocampus and parahippocampal cortex are more sensitive to spatial con-

texts and may have a bias in representing overlapping scenes, leading to the integration of

related memories (Tompary & Davachi, 2017). Therefore, the authors of this experimental

study suggest an interpretation which can, to some extent, be compared to our proposal of

detailed memory representation in the anterior hippocampus and gist-like representations

in the posterior hippocampus. Nevertheless, once again their data was interpreted to be

in line with the contrary long axis TTT proposal by Sekeres, Winocur, and Moscovitch

(2018).

Hence, although there is much data in support of the long axis TTT proposal as intro-

duced in section 1.3.6, on closer inspection of the available research not all the data is as

clearly in line with the proposal as seems at �rst sight. On the contrary, some studies

can be interpreted in line with our suggestion concerning the hippocampal long axis (e.g.

Bonnici, Chadwick, Lutti, et al., 2012, Bonnici & Maguire, 2018, Tompary & Davachi,

2017). An additional observation drawn from the above considerations is that, while mul-

tivariate analysis techniques allow exciting new possibilities in data analysis, they may also

contribute to the �exibility in data interpretation discerned in the above examples.

Multivariate analysis techniques and the �exibility of interpretation

In general, multivariate analysis techniques bring a new, exciting and meaningful dimen-

sion to fMRI studies. Considering the complexity of our brains and our brain functions, it

seems reasonable and appropriate to assume that information in the brain is represented by

multivariate patterns. Yet, multivariate analysis techniques for fMRI data are still rather

new, complex and indeed still under development. Di�erent techniques and toolboxes ex-

ist, but currently there are no standardized recommendations on how best to employ these

techniques. In many cases the experimental paradigms used in fMRI studies are not yet

optimally designed for multivariate techniques leading, at times, to problems during the
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interpretation of the results. Another concern is that multivariate techniques are hard to

fully understand for readers who themselves may not yet have used these techniques. This

can lead to misconceptions and even wrong descriptions of other researchers' data1, which

then might be cited incorrectly in reviews and related studies. As a consequence, multi-

variate techniques, not only bring new possibilities, exciting innovations and new insights

into brain functions, but at this moment in time also lead to a higher �exibility in data

interpretation and thus more possibility for con�rmation bias2.

Our own multivariate RSA data in study 1 show highly distinct activity patterns in the

anterior hippocampus, compared to the mid-portion and posterior hippocampus for both

recent and remote memories. We interpreted this in the sense that the activity patterns of

di�erent pictures in the anterior hippocampus are highly distinct as they represent memory

details. One might �nd ways to interpret this data di�erently, e.g. one could suggest that

the distinct representational patterns represent the gist of the pictures, as the gist also dif-

fers between e.g. two di�erent old pictures, therefore making the activity patterns between

two old pictures dissimilar. In the posterior hippocampus we found higher similarities

between all old pictures for recent memories (compared to the anterior hippocampus), and

higher similarities between all old and related pictures after 28 days, leading us to suggest

that posterior hippocampal representations are more gist-like at a later retention interval,

1 In the reviews of Robin and Moscovitch (2017) and Sekeres, Winocur, and Moscovitch (2018) it was

claimed that the results by Bonnici, Chadwick, Lutti, et al. (2012) and Bonnici and Maguire (2018)

show that representations of detailed memories "increased" in the posterior hippocampus, apparently

underlining the importance of the posterior hippocampus for detailed memories in comparison to the

anterior hippocampus. Importantly, however, the multivariate data actually showed that the classi�er

accuracy was higher in the posterior hippocampus for di�erent "remote" memories than for di�erent

"recent" memories. This does not mean that the posterior hippocampus involvement "increased", but

that multivariate patterns for di�erent remote memories became more distinguishable. It is important

to be precise in the description of data, as a higher classi�er accuracy cannot be interpreted in the

same way as an activity increase in an area.
2 During the interpretation of the multivariate data of Tompary and Davachi (2017) in the review by

Sekeres, Winocur, and Moscovitch (2018), it was �rst admitted that the increases in representational

similarity among related events in the posterior hippocampus seem puzzling. Nevertheless, the authors

of the review �nd a way of changing the interpretation of those results to align them with their long

axis TTT proposal. They thereby claim that because the posterior hippocampus codes for details it

also codes for the relations among them, and as overlapping elements of stimuli will decay less with

time, those "details" will lead to greater similarity among related remote memories in the posterior

hippocampus. This again shows the powerful in�uence of con�rmation bias and it seems as though the

multivariate data here, once more, allows for an especially high �exibility in interpretation.
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as the similarity between old and related pictures increases. We thereby infer, that the ac-

tivity patterns between all old and all related pictures become more similar with time, and

not only the patterns between the actual matching old and related picture pairs. Thus, we

assume that the activity pattern does not directly code the actual gist information, but in-

stead the process of using the gist memory to solve the memory task. Again, there may be

alternative explanations for and interpretations of the representational patterns in the pos-

terior hippocampus. For example, it may be that the similar activity patterns for old and

related pictures in the posterior hippocampus after 28 days represent a pattern separation

process, which is more needed after 28 days than after 1 day. Indeed, it has been suggested

elsewhere that the posterior hippocampus is active whenever a �ne discrimination between

old stimuli and related lures is required (Moscovitch et al., 2016). Therefore, it could be

that our multivariate results may be interpreted di�erently by other researchers, especially

when trying to align them with other prior beliefs and theories. Having said that, when

interpreting our multivariate data in accordance with our univariate data, I still consider

our initial interpretation to be the most coherent and conclusive. Nevertheless, future re-

search on this topic using RSA should focus on developing a memory paradigm optimally

designed for RSA analysis thereby limiting these alternative explanations.

Overall, although multivariate techniques seem to allow a high �exibility in data interpre-

tation at this moment in time, the bene�ts of these techniques still prevail. Surely the

knowledge of researchers about the correct usage and interpretation of multivariate tech-

niques will grow in coming years and experimental designs will be optimized, leading to

clearer conclusions from multivariate data.

Early versus prolonged systems consolidation in the hippocampal long axis debate

Just as with the systems consolidation studies in general, experimental studies focussing

on di�erences along the hippocampal long axis in systems consolidation use a variety of

time intervals, from one night of sleep (Ritchey et al., 2015), to a week of consolidation

(Tompary & Davachi, 2017), up to di�erences between 2 weeks and 10 year old memories

(Bonnici, Chadwick, Lutti, et al., 2012).

Ritchey et al. (2015) focussed on di�erences between the anterior and posterior hippocam-

pus using a memory paradigm testing immediate and recent memories, thus capturing early

systems consolidation processes. Using a similar paradigm as in the above described study

by Tompary and Davachi (2017), Ritchey et al. (2015) also linked di�erent objects to one

of eight rooms, and then compared neural similarity patterns of objects linked to the same
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room to similarities of objects linked to di�erent rooms. After a delay of only one night,

they did not �nd an increase over time in same-room similarity, neither in the posterior nor

the anterior hippocampus3. They did report univariate di�erences in recollection-related

activity along the long axis: activity in the posterior hippocampus decreased after one

night of sleep, while activity stayed stable over 1 day in the anterior hippocampus. This

pattern of results indeed �ts with other early systems consolidation studies. Although

not focussing on the hippocampal long axis, a closer look at the results of Takashima et

al. (2009) shows that the reported decrease in hippocampal activity after one night of

sleep was indeed located in the posterior hippocampus. Furthermore, a closer look at the

Bosshardt, Schmidt, et al. (2005) study shows that, although they found an increase in

left hippocampal activity after 1 day, they also found reduced right posterior hippocampal

activity after one night of sleep. However, the right posterior hippocampal activity was

neither correlated with retrieval quantity nor retrieval quality, while they found that the

relation between left anterior hippocampal activity and retrieval success became closer af-

ter a night of sleep.

Harand et al. (2012), testing prolonged systems consolidation, also reported di�erences

between the anterior and posterior hippocampus, although this was not their main focus

of attention. They found that in the posterior hippocampus the activation remained stable

for memories which were rated as remembered memories at both 3 days and 3 months,

while the anterior hippocampus was more activated for recent than remote memories. This

corresponds well with our univariate data which shows the same pattern of results.

Taken together, the picture emerging is that activity in the posterior hippocampus de-

creases within the �rst night of sleep but then remains rather stable during prolonged

consolidation. On the other hand, no activity decrease has been reported in the anterior

hippocampus after early systems consolidation (in fact Bosshardt, Schmidt, et al. (2005)

reported an increase), but instead a following decrease during prolonged systems consoli-

dation can be observed. Combining this with the previous considerations, I suggest that

3 They did �nd a signi�cantly higher same-room than di�erent-room similarity exclusively in the anterior

hippocampus in the immediate condition and a correlation between this di�erence and a behavioural

parameter of context memory in the 1 day delayed condition. Overall, Ritchey et al. (2015) suggest that

their neural similarity e�ects in the anterior hippocampus might re�ect the representation of generalized

context information, while the posterior hippocampus might code for more speci�c representations of

context, thus this interpretation of the data is in line with the long axis TTT proposal. However, one

could also interpret the representation of the speci�c context in the anterior hippocampus as a re�ection

of a detailed context-speci�c memory.
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there might be two di�erent mechanisms active during early and prolonged systems consol-

idation respectively: (1) an early decrease in activity in the posterior hippocampus which

is not directly related to changes in observed memory quality and (2) a later decrease in

anterior hippocampus activity which is related to the transformation of memories from

detailed to gist-like versions over time.

To be precise, the activity decreases after one night of sleep do not seem to be related

to those changes in memory quality which can be observed using recognition or recall

memory tasks, or remember/know procedures. Thus, memories after one night of sleep

are still detailed enough to di�er between a learned picture and a related lure picture,

and subjectively participants feel as if their memories from the day before are still in the

"remember" category. However, it could be that there are changes in memory quality over

night that are subtler, not a�ecting memory task behaviour or remember/know responses.

These changes might include early forgetting processes of less important event details that

do not a�ect subjective feeling of memory vividness.

Of course, all the above suggestions remain to be tested in future hippocampal long axis

studies, designed to capture both early and prolonged systems consolidation, as well as

memory quality changes at di�erent levels.
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3.4 Interim summary

The main research goal of this thesis is to contribute to the ongoing systems consolidation

debate between SCT and MTT/TTT and relate systems consolidation to the concept of

memory dynamics. A thorough review of research papers regarding the systems consolida-

tion debate has underlined the importance of formulating more precise research questions.

As can be seen in our �rst study, dividing the hippocampus along its long axis provides

valuable new information, suggesting that the transformation of memories is related to a

change along its anterior-posterior axis. A recent extension of the TTT (Sekeres, Winocur,

& Moscovitch, 2018; Robin & Moscovitch, 2017) has also included the hippocampal long

axis, although the proposed di�erentiation along the long axis is contrary to our sugges-

tion. A comparison of the data leading to their proposal and our data has shown that

the interpretation of multivariate fMRI results is quite �exible. Future research should

therefore concentrate on �nding memory paradigms optimally designed for multivariate

analysis which allow a clearer interpretation of the data, eliminating alternative explana-

tions. While comparing our data to former research, it additionally crystallized that the

time interval used in systems consolidation studies is quite variable. Informed by insights

from sleep research, I propose a di�erentiation between an early (�rst night of sleep after

encoding) and a prolonged systems consolidation phase. As described in section 3.3, taking

both the hippocampal long-axis and the distinction between early and prolonged systems

consolidation into account simultaneously has led to new suggestions about the dynamics

of memory representations across both the hippocampal long axis and time in relation to

changes in memory quality, which should be tested in future studies.

While our �rst experimental study is directly related to the main research goal of this

thesis and has therefore been extensively considered in the above discussion, the other

experimental studies focus on important related aspects: systems consolidation of non-

declarative motor memories (study 2), the dynamic process of updating memories with

new information (study 3) and the in�uence of post-encoding stress on systems consolida-

tion and memory transformation (study 4). The remaining sections will discuss the results

of these three studies with a focus on how they may also contribute to the ongoing systems

consolidation debate by interpreting them with respect to the newly proposed distinction

of early versus prolonged systems consolidation.
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3.5 Early and prolonged systems consolidation of motor

sequence memories

Most of the systems consolidation debate has focussed on declarative memories. However,

as described in section 1.2, there are several other memory systems comprised under the

umbrella term nondeclarative memories. In our second fMRI study we investigated one

type of nondeclarative memory, i.e. motor sequence memories. Up to now, studies in-

vestigating consolidation of motor sequence memories have exclusively tested either early

systems consolidation processes after one night of sleep (Debas et al., 2010; Debas et al.,

2014; Gabitov et al., 2014; Vahdat et al., 2017; Fogel et al., 2017), or a type of learning

that is characterized by extensive repetitive motor sequence training over several weeks

(Krakauer & Shadmehr, 2006; Ungerleider et al., 2002). This type of repetitive training

can be related to everyday life situations such as the learning of a speci�c piece of music

on an instrument through many rehearsals. However, there are also several situations in

life, where one learns a speci�c movement one day and then does not repeat it for a long

time, similar to an episodic memory of an event which is not frequently retrieved. Indeed,

our behavioural results and other behavioural studies (Julius & Adi-Japha, 2015; Savion-

Lemieux & Penhune, 2005) have shown, that one is capable of expressing several weeks

old motor memories, even if these were not extensively trained. Thus, investigating the

neural correlates of a prolonged systems consolidation phase of motor sequence memories

which were not extensively trained is of general interest. Surprisingly, we are not aware

of a previous study that explicitly tested this prolonged systems consolidation process of

motor sequence memories.

Studies investigating the early systems consolidation phase of motor sequence memories

have shown that, after only one night of sleep, there are already changes at brain systems

level in the representation of motor memories. As described in more detail in section 1.4.1,

these include changes of activity in the striatum (Debas et al., 2010) and greater between-

regions interactions within the cortico-striatal system (Debas et al., 2014). Interestingly, a

recent study using simultaneous EEG-fMRI recordings to directly capture reactivations of

motor sequence memory traces during post-learning sleep reported a reorganization of the

memory trace within subregions of the striatum, from the rostrodorsal to the caudoven-

tral subregion (Fogel et al., 2017). This suggests that there may be di�erences within the

striatum along its axis, just as there are di�erences along the hippocampal long axis. An

interesting observation that should be addressed in future studies and again underlines the
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importance of investigating anatomical subregions more precisely, and not merely averag-

ing across regions.

Another interesting point taken from the early systems consolidation studies of motor se-

quence memories is, that all of the observed changes at brain systems level can be directly

related to o�ine gains observed in the behavioural data (Debas et al., 2010; Debas et

al., 2014; Gabitov et al., 2014; Vahdat et al., 2017; Fogel et al., 2017), suggesting that

early consolidation processes not only stabilize memories but even enhance performance

(Karni et al., 1998; Korman et al., 2003; Krakauer & Shadmehr, 2006; Dayan & Cohen,

2011). Therefore, these early brain systems changes are related to the quality of the motor

memories in a positive direction, thus increasing performance. As discussed earlier, studies

investigating early systems consolidation of declarative memories found changes at brain

systems level which were not directly related to memory quality (Takashima et al., 2006).

As I suggested above, it might nevertheless be that there are changes of memory quality

related to the brain systems changes, e.g. early forgetting processes, which are just not

captured by the respective memory tasks. In light of the o�ine gains seen in connection

with early systems consolidation of motor sequences, one could speculate that changes

at brain systems level of declarative memories may also be related to a strengthening or

even enhancement of memories after one night of sleep. One possibility might be that

there is a parallel decrease of less important event details and increase of the important

event details, strengthening the relevant memories. Motor sequence memories are tested

by comparing the reaction times of target and random sequences, thereby capturing even

small di�erences in performance, enabling us to detect o�ine gains. Thus, more precise

measures of memory quality in declarative memory paradigms may also reveal changes of

memory quality not captured by the simple yes/no answers in recognition tests. Thus,

these insights from early systems consolidation of motor memories underline the impor-

tance of establishing memory paradigms which can test memory quality at di�erent levels.

In our study of prolonged systems consolidation of motor sequence memories, we showed

time-dependent changes in the neural representation of these memories, in particular a

stronger involvement of (lateral) prefrontal areas, mainly the middle frontal gyrus and

the superior frontal gyrus, in di�erentiating remote motor sequence memories from new

learning, compared to di�erentiating recent motor sequence memories from new learning.

Interestingly, we did not �nd any areas in which the multivariate activity pattern of the

motor sequence memory was more distinctly represented in the 1 day group than the 28

days group. In other words, the cortical, striatal, and cerebellar regions relevant for motor
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memory (and active in our analyses of overall task-related activity) after 1 day appeared to

be equally relevant for motor memory after 28 days. Thus, we did not �nd any brain area

showing a decrease in activity for remote motor memories that could be compared to the

decrease in activity found in the hippocampus for declarative memories. One explanation

for this could be that the temporal pro�le of systems consolidation processes for motor

memories is di�erent than what we know from episodic memory. Therefore, it could be

that at a time interval longer than 4 weeks we would �nd a decrease in e.g. striatal involve-

ment (as we do in the hippocampus for declarative memories at the four weeks interval).

Consequently, testing parallels and di�erences between the reorganization of motor and

episodic memories at di�erent time intervals would be highly interesting.

Another interesting aspect for future studies would be to test whether motor sequence

memories also transform to less precise versions over time, parallel to the transforma-

tion of episodic memories to gist-like memories during prolonged systems consolidation of

declarative memories. In the discussion of our paper we therefore suggest that future stud-

ies could address this question by using new sequences in the test session which resemble

the initially learned target sequence to a certain extent.

Although our study only gives �rst insights into prolonged systems consolidation of motor

sequence memories, it identi�es one area, namely the (lateral) prefrontal cortex, which

seems to be important for the representation of remote motor memories. However, as

prolonged systems consolidation of motor sequence memories has been neglected so far by

memory researchers, it is hard to relate our �ndings to previous research. Moreover, as

we identi�ed this area in an exploratory searchlight analysis, the next step is to explicitly

test the importance of this prefrontal area for remote motor memories using con�rmatory

study designs. As outlined above, many other questions concerning prolonged systems

consolidation of motor memories remain to be investigated in future studies, e.g. testing

di�erent time intervals, as well as examining the quality of the remote motor memories.

Thus, prolonged systems consolidation of motor sequence memories should be given more

attention in future studies.
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3.6 Updating of memories after early systems consolidation

In our �rst two studies we focussed on prolonged systems consolidation processes under

normal circumstances. In other words, we did not systematically interfere with or actively

change the systems consolidation process. In our third study we focussed instead on the

process of actively updating information which had previously been learned. The ability

to update information is essential in everyday life as the environment, information and

facts about the world around us are constantly changing (Lee, 2009; Exton-McGuinness

et al., 2015). In order to act and make decisions, we need to be able to use the newest in-

formation available to us, without interference from old outdated information. Therefore,

the ability to successfully update memories without persevering on old information is an

important feature of our memory system. However, the actual process of actively updating

memories with new information has hardly been investigated so far. Nyberg et al. (2009)

and Kuhl et al. (2012) tested the updating of immediate memories, thus memories that

have not yet undergone any systems consolidation processes. In our study we focussed

instead on the important question, how updating of recent memories after early systems

consolidation is accomplished. We identi�ed the dlPFC as the main area in orchestrating

the memory updating process, most likely through its interaction with the hippocampus.

Interestingly, similar areas were identi�ed to be involved in the updating of immediate

memories: Nyberg et al. (2009) also identi�ed an area in left prefrontal cortex and Kuhl

et al. (2012) reported an area in the inferior frontal gyrus, not too far from the area we

found in the dlPFC. So, it seems that the control executed by the dlPFC during memory

updating is similar no matter whether the updated memories have undergone early systems

consolidation processes or not.

When considering everyday life scenarios, it often happens that one receives new informa-

tion about facts learned quite some time ago. An interesting idea for future studies would

therefore be to test the updating of remote memories after a prolonged systems consolida-

tion phase. Several questions could be of interest in this regard: Is the dlPFC still mainly

involved in the updating process, even for remote memories? Can gist-like memories also

be successfully updated? If yes, is the updating success higher or lower when updating

gist-like memories compared to detailed memories? Does the dlPFC interact more with

other neocortical structures when updating remote memories, than it does during the up-

dating of recent memories?

We also showed that the interaction of the dlPFC with the hippocampus is related to the
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memory updating success. Another interesting idea for future studies could be to inves-

tigate with which part of the hippocampal long axis the dlPFC interacts. Consequently,

it would be interesting to see if this changes over time. In other words, if the dlPFC in-

teracts with di�erent hippocampal long axis regions, depending on whether the memories

having to be updated are recent or remote, assuming that the dlPFC is still involved in

the updating of remote memories.

In summary, memory updating is an essential process within our memory system, but its

neural correlates have not yet been investigated su�ciently and adequately enough. Our

study gives �rst important insights into the updating process of consolidated memories

after early systems consolidation, but several other questions have been identi�ed and

outlined above, especially concerning the updating of remote memories after prolonged

systems consolidation. Thus, several aspects concerning memory updating remain to be

investigated in future studies, only then can conclusions be drawn which may also inform

the ongoing systems consolidation debate.
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3.7 In�uence of emotions and stress on memory

transformation during prolonged systems consolidation

Our personal experiences from everyday life suggest that not all memories are retained at

the same level of detail over time. When remembering our past experiences, one common

observation is that emotional and stressful situations seem to be remembered for a longer

period of time than neutral events. Memory quality can thereby be either in�uenced

by internal emotional features of the events themselves or by external factors such as

stress occurring in close proximity to otherwise neutral events. In this thesis we therefore

tested the in�uence of emotional arousing stimuli (study 1 and study 4) and external post-

encoding stress (study 4) on the time course of memory transformation. Former research

has shown an enhancing e�ect of both emotional arousing stimuli (Sharot & Phelps, 2004;

Yonelinas & Ritchey, 2015) and pre- and post-encoding stress (e.g. Buchanan & Lovallo,

2001; Cahill et al., 2003; Andreano & Cahill, 2006) on memory consolidation in general.

In both cases it has been suggested that the bene�cial e�ects on overall memory strength

are orchestrated by the amygdala (Cahill et al., 1995; Dolcos et al., 2004; Murty et al.,

2010; McGaugh, 2000). But do emotional arousing stimuli and/or post-encoding stress

also in�uence the transformation of memories from episodic to gist-like memories?

In�uence of emotional arousing stimuli on memory transformation

In our �rst study, we did �nd an in�uence of emotional arousing stimuli on memory trans-

formation: negative pictures were signi�cantly more often transformed to gist-like versions

than neutral pictures. On the other hand, neutral pictures were more often forgotten

than negative ones. This is in line with former accounts suggesting a trade-o� between

an overall superior memory for emotional material and reduced memory for contextual

details of these emotional memories (Kensinger, Garo�-Eaton, & Schacter, 2007; Waring

& Kensinger, 2011). Importantly, this emotion induced memory trade-o� can already be

observed before memory consolidation, directly after encoding (Kensinger, Piguet, Krendl,

& Corkin, 2005). Nevertheless, a same kind of trade-o� seemed to dictate memory transfor-

mation in our �rst study: on the one hand emotional stimuli are superior to neutral ones,

as they are less often completely forgotten, but on the other hand, the emotional memo-

ries are more often transformed to gist-like versions than neutral ones, reducing memory

details.

However, we could only replicate parts of this trade-o� in our fourth study using the same
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memory paradigm. What we could replicate is the e�ect, that neutral pictures were more

often forgotten than negative pictures after 28 days, thus the overall memory strength

was again higher for emotional material. However, in this study we did not �nd a higher

number of transformed memories for negative pictures than neutral pictures after 28 days.

Thus, the e�ect that negative pictures are more often transformed to gist-like versions could

not be replicated. It will therefore require further studies to draw clear conclusions about

the in�uence of emotional arousing stimuli on memory transformation during prolonged

systems consolidation.

In�uence of post-encoding stress on memory transformation

We did not �nd any clear e�ects of post-encoding stress or cortisol increase on the degree

of memory transformation tested after four weeks of systems consolidation in our fourth

study. Contrary to our �ndings, a recent rodent study had suggested an inverted-U-shape

relationship between stress and memory transformation with moderate stress during en-

coding leading to subsequent detailed memories for a long period of time, while high

amounts of stress during encoding, on the other hand, led to an earlier transformation

to gist-like memories (Pedraza et al., 2016). Additionally, human studies also showed an

over-reliance on gist-like memories after pre -or post-encoding stress (Payne et al., 2002;

Pardilla-Delgado et al., 2016), although these studies did not explicitly test the time course

of memory transformation.

It is important to note here, that the stress response to the stress test in the present

study was in general rather moderate in comparison to other stress studies. Thus, when

testing for quadratic relationships between the cortisol increase and the memory trans-

formation scores, the small number of participants with high stress responses might have

limited the power to �nd an inverted-U-shape relationship as suggested by Pedraza et al.

(2016). Therefore, future studies with stressors eliciting higher stress responses or with

pharmacological administration of cortisol, might �nd e�ects of stress or cortisol on mem-

ory transformation which could not be uncovered by our moderate stress response.

Additionally, future studies might also bene�t from testing the in�uence of post-encoding

stress on the time course of memory transformation at di�erent time points. It could be

that our interval of 28 days does not capture potential variations in the time course of

memory transformation induced by stress. It may be that stress e�ects are observable

at later time intervals when memories encoded under normal circumstances, i.e. without

stress, start fading more rapidly.
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It might also be that only stressors more directly related to the learned material have

an e�ect on memory transformation. In our experiment the participants learned picture

stimuli and were then stressed with a subsequent socially evaluated cold water stress test

performed in a di�erent room. Thus, the learned material and stressor were only connected

by a close proximity in time, but not in context. Testing the e�ects of a stressor more

closely related to the learned material might also lead to di�erent results in respect to

memory transformation.

Overall, although we did not �nd stress e�ects in our post-encoding stress study, it may

well be that there are circumstances under which stress could in�uence memory transfor-

mation, e.g. higher stress responses or testing the transformation at later time points. It

will therefore require further studies, e.g. using other stressors and time intervals, to draw

clear conclusions about the in�uence of post-encoding stress on memory transformation

during prolonged systems consolidation.

87



3.8 Conclusion

Although memory functions are essential in our everyday lives and memories form the base

of many other cognitive functions, such as decision making (Wimmer & Shohamy, 2012),

we do not yet know how exactly memories are consolidated and stored in our brains. Dif-

ferent theories exist about the concept of systems consolidation and as recent reviews show

(e.g. Sekeres, Winocur, & Moscovitch, 2018) available theories are still in the process of

being updated and modi�ed by new information. Thus, just as memories themselves evolve

over time, memory consolidation theories are also still evolving. The studies discussed in

this thesis contribute to this ongoing process. Comparing them to other available research

generated new ideas, e.g. the division of systems consolidation into an early and prolonged

phase. I suggest, that the early phase comprises all changes at systems level after one

night of sleep, while the prolonged phase tracks brain systems changes over the following

weeks. Furthermore, I propose that these di�erent phases are related to distinct kinds of

functional processes in relation to memory quality: while memories are transformed from

detailed to gist-like versions in the prolonged systems consolidation phase, early changes in

brain systems during the �rst night of sleep are not directly related to memory vividness,

at least not when tested using recognition or remember/know tasks.

Our second and third study both examined processes which have, to my knowledge, not

been investigated so far, i.e. prolonged systems consolidation of motor sequence memories

(study 2) or the updating of memories with new information after an early systems consol-

idation phase (study 3). They therefore present �rst interesting insights into the respective

processes and lay the foundations for future research.

However, the biggest proportion of this thesis concentrated on the discussion of our results

from our �rst fMRI study about the transformation of memories along the hippocampal

long axis, suggesting that the anterior hippocampus represents detailed memories while

the posterior hippocampus is involved in representing gist-like memories. By including the

di�erentiation along the hippocampal long axis in our analysis, we investigated a highly

important, exciting and up-to-date research question. Intriguingly, our results are in direct

contradiction to a recent long axis proposal by Robin and Moscovitch (2017) and Sekeres,

Winocur, and Moscovitch (2018). Instead of being discouraged by the fact that our data

does not support the current theory, it is important to remember that researchers should

in fact seek and embrace disagreement (Glick, 2017), as this encourages fruitful debates,

more thoroughly designed experimental studies and analysis techniques and can weaken the
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in�uence of con�rmation bias. Therefore, the main contribution of this thesis to systems

consolidation research is to challenge the current theory introduced by Sekeres, Winocur,

and Moscovitch (2018) about the role of the hippocampal long axis in memory represen-

tation over time. In fact, a closer inspection of the experimental studies cited in Sekeres,

Winocur, and Moscovitch (2018) demonstrated that some of those studies (e.g. Bonnici &

Maguire, 2018; Tompary & Davachi, 2017) present results and conclusions not necessarily

in line with the long axis theory proposed by Sekeres, Winocur, and Moscovitch (2018),

but instead can be interpreted in line with our results.

Moreover, our fMRI studies demonstrate the bene�ts of using multivariate analysis tech-

niques, in particular RSA, to analyse data. Multivariate activity patterns can represent

valuable information not captured by the mass univariate approach. Nevertheless, in this

thesis I also described an increased �exibility in interpreting multivariate data which can,

at times, lead to misinterpretations. It is therefore essential that the research commu-

nity increases the collective knowledge about these multivariate techniques and the correct

usage and interpretation of the data. Most importantly, experimental tasks should be

developed in ways optimally designed for the respective analysis technique. If this can be

achieved, future research will bene�t substantially from multivariate techniques.

In general, there are still many questions remaining about the process of systems con-

solidation. For example, the time line of systems consolation is still poorly understood.

I proposed here a di�erentiation in an early and prolonged systems consolidation phase.

However, the prolonged phase may well need to be subdivided into further sub-phases. In

addition to the integration of the hippocampal long axis into systems consolidation theo-

ries, it may also be important to clarify the roles of hippocampal sub�elds, such as CA,

DG and subiculum, as well as the surrounding MTL cortices, such as the perirhinal and

parahippocampal cortex, in systems consolidation. As outlined in sections 3.5 - 3.7, several

questions regarding the systems consolidation of nondeclarative memories, the updating

of memories after prolonged systems consolidation and the in�uence of emotional stimuli

and stress on memory transformation also remain to be answered. Thus, the coming years

and decades should bring interesting, challenging and exciting new insights and updates

of memory theories. Only the future will show how our results will have contributed to

the ever-evolving theories of systems consolidation, memory transformation and memory

updating.
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ARTICLE

Time-dependent memory transformation along the
hippocampal anterior–posterior axis
Lisa C. Dandolo1 & Lars Schwabe1

With time, memories undergo a neural reorganization that is linked to a transformation of

detailed, episodic into more semantic, gist-like memory. Traditionally, this reorganization is

thought to involve a redistribution of memory from the hippocampus to neocortical areas.

Here we report a time-dependent reorganization within the hippocampus, along its

anterior–posterior axis, that is related to the transformation of detailed memories into gist-

like representations. We show that mnemonic representations in the anterior hippocampus

are highly distinct and that anterior hippocampal activity is associated with detailed memory

but decreases over time. Posterior hippocampal representations, however, are more gist-like

at a later retention interval, and do not decline over time. These findings indicate that, in

addition to the well-known systems consolidation from hippocampus to neocortex, there are

changes within the hippocampus that are crucial for the temporal dynamics of memory.
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Memories evolve over time. After initial encoding, new
information becomes fixed at a cellular level and inte-
grated within networks of existing memories1,2. This

integration involves a reorganization of memory during which,
with time, detailed, episodic memories are transformed into more
semantic, gist-like representations1,3. Although, the neural
underpinnings of this time-dependent memory reorganization
are at the heart of the neuroscience of memory, the neural evo-
lution of memories over time remains a topic of much con-
troversy. In particular, whether the hippocampus, a critical hub
for initial memory formation4–8, is involved in remote memories
or not has been controversial for decades3,9–12.

The hippocampus can be subdivided into anterior and pos-
terior parts—corresponding to the ventral and dorsal hippo-
campus, respectively, in rodents—and these parts differ in
function, structure and their connections to cortical and sub-
cortical areas13–15. A prominent proposal that was largely based
on rodent data linked the ventral (anterior) hippocampus to
emotion, stress, and affect, whereas the dorsal (posterior)

hippocampus was implicated in cognitive functions such as
learning, memory, and spatial navigation16. Electrophysiological
and lesion studies in rodents, as well as human neuroimaging
studies, however, suggest that this view may need to be revised
and that both anterior and posterior hippocampal areas (aHC and
pHC, respectively) may contribute to learning and memory
processes, although the exact functional specialization is still
unclear14,15,17. Further studies suggest that the aHC and pHC
might be differentially involved in recent and remote mem-
ories18–20, yet whether the transformation of memory over time
may be linked to time-dependent changes in aHC and pHC
involvement in memory is completely unknown.

Here we determine whether there are time-dependent changes
in aHC and pHC contributions to memory and if so, whether
they are associated with the transformation from detailed to gist-
like memory. To do so, we combined functional magnetic reso-
nance imaging (fMRI) and multivariate representational simi-
larity analysis (RSA) with a task probing memory transformation.
Participants learned 60 pictures of scenes and objects (30 neutral,
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Fig. 1 Task and behavioral results. a Schematic overview of the picture encoding task (experimental day 1) and recognition task (experimental day 2).
Images courtesy of Andreas Praefcke (tractor), Morio (skyscrapers), USDA (wildfires), and Acabashi (footbridge). b Percentage of Hits: participants in the
28 d group showed significantly less hits (main effect Group: F(1,46)= 33.57, p= 5.89e−07, generalized η2= 0.377, n= 48). c Confidence Score:
participants in the 28 d group had a significantly lower Confidence Score (main effect Group: F(1,46)= 63.33, p= 3.41e−10, generalized η2= 0.550, n=
48). d Percentage of FA for related pictures and novel pictures: the increase in FA from the 1 d group to the 28 d group was more pronounced for related
pictures than novel pictures (Picture Type × Group interaction: F(1,46)= 36.31, p= 2.65e−07, generalized η2= 0.155, n= 48). e Percentage of picture pairs:
the 28 d group compared to the 1 d group showed fewer detailed pairs (main effect Group: F(1,46)= 102.96, p= 2.55e−13, generalized η2= 0.607, n= 48),
more forgotten pairs (main effect Group: F(1,46)= 26.88, p= 4.72e-06, generalized η2= 0.335, n= 48) and critically also more transformed pairs (main
effect Group: F(1,46)= 45.15, p= 2.41e−08, generalized η2= 0.425, n= 48). **p < 0.001
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30 negative) and performed a recognition test for these pictures in
the MRI scanner either one day after encoding (1 d group) or four
weeks later (28 d group). Critically, the recognition test included,
in addition to the old pictures learned during encoding and
completely novel pictures, related lure pictures that carried the
semantic gist of the old pictures but had different details (Fig. 1a).

The endorsement of related pictures as “old” provided a beha-
vioral index of the time-dependent transformation from detailed
to more gist-like memory representations.

As predicted, we found a strong increase in the endorsement of
related pictures as old in the 28 d group relative to the 1 d group.
This finding indicates a time-dependent memory transformation.
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At the neural level, this transformation was paralleled by a time-
dependent decrease in the aHC, the hippocampal subregion that
was directly linked to memory specificity. The pHC, in turn, was
not related to memory specificity and did not decline over time.
Further, RSA revealed that activity patterns in the aHC were
highly specific and differed between old and new memories in the
1 d group but not after 28 d. Representations in the pHC became
more gist-like after 28 days. Together, these findings show that
the aHC that supports memory specificity declines over time,
whereas pHC remains stable over time but carries more gist-like
representations. Our data suggest that the time-dependent
transformation from detailed to gist-like memory is linked to a
reorganization within the hippocampus.

Results
Time-dependent memory transformation. During encoding on
experimental day 1, participants of the 1 d- and 28 d groups
learned the pictures equally well (Supplementary Fig. 1). In the
recognition test, either 1 day or 28 days after encoding, the hit
rate was expectedly lower in the 28 d group than in the 1 d group
(main effect Group: F(1,46)= 33.57, p= 5.89e−07, generalized η2

= 0.377, n= 48; Fig. 1b), yet memory was still clearly intact after
28 d as reflected by a hit rate of ~75% and a false alarm (FA) rate
for novel lures of only 5%. Most importantly, however, partici-
pants in the 28 d group showed a sharp increase in the FA rate
specifically for related pictures and to a significantly lesser extent
for novel pictures (Picture Type × Group interaction: F(1,46)=
36.31, p= 2.65e−07, generalized η2= 0.155, n= 48; main effect
Group: F(1,46)= 45.63, p= 2.13e−08, generalized η2= 0.343, n=
48; main effect Picture Type: F(1,46)= 113.18, p= 5.48e−14,
generalized η2= 0.363, n= 48; Fig. 1d). For related pictures, the
FA rate rose to almost 25% after 28 days and was thus more than
four times higher than the FA rate for novel pictures. This
indicates that participants in the 28 d group particularly had
difficulties differentiating between old pictures and related pic-
tures carrying the gist of the old pictures, suggesting a transfor-
mation towards more gist-like memory. Additionally, participants
were asked to rate their confidence on a 4-point-scale, whenever
they indicated that they had seen the picture before (Fig. 1a),
allowing us to calculate a Confidence Score as another measure of
memory specificity. Participants in the 28 d group were, as
expected, significantly less confident in their memory than par-
ticipants in the 1 d group (main effect Group: F(1,46)= 63.33, p=
3.41e−10, generalized η2= 0.550, n= 48; Fig. 1c).

We further analyzed the 60 matching picture pairs (i.e., old
pictures learned during encoding and their respective related
lures) and categorized memories for them as being either detailed,
transformed or forgotten depending on whether participants
endorsed solely the old pictures, both the old and related pictures,

or none of them as “old”. Participants in the 28 d group showed,
compared to those of the 1 d group, significantly fewer detailed
(main effect Group: F(1,46)= 102.96, p= 2.55e−13, generalized
η2= 0.607, n= 48) and more forgotten memories (main effect
Group: F(1,46)= 26.88, p= 4.72e−06, generalized η2= 0.335, n=
48), but critically also more transformed memories (main effect
Group: F(1,46)= 45.15, p= 2.41e−08, generalized η2= 0.425, n=
48; Fig. 1e), again in line with the proposed time-dependent
memory transformation. Our behavioral data further suggest that
stimulus-related emotional arousal influenced the transformation
to gist-like memories: after 28 days significantly fewer negative
pictures were forgotten than neutral ones (paired t-test: t(23)=
−5.00, p= 4.64e−05, Cohen’s d=−1.02, n= 24) and, even more
interestingly, negative pictures were significantly more often
transformed than neutral ones (paired t-test: t(23)= 2.67, p=
0.0138, Cohen’s d= 0.54, n= 24; Supplementary Fig. 2), in line
with findings21,22 suggesting that superior memory for emotional
material, indicated here by the slower forgetting rate, comes at the
cost of reduced memory for contextual details, reflected here in
an increase in transformed memories.

aHC but not pHC activity decreases over time. To elucidate the
neural underpinnings of the memory dynamics over time, we first
analyzed time-dependent changes in the hippocampus as a whole
and other cortical and subcortical areas that have been implicated
in episodic memory before. We obtained overall reduced activity
in the hippocampus, parahippocampus, and the amygdala in the
28 d group compared to 1 d group (see Supplementary Fig. 3 and
Supplementary Tables 1 and 2). In addition, we performed a
psychophysiological interaction (PPI) analysis to test whether the
cross-talk of the hippocampus with other areas critical for
memory formation changed as a function of time. Our analysis
showed specifically reduced functional connectivity between the
right hippocampus and the right amygdala in the 28 d group
compared to the 1 d group (Supplementary Fig. 4). This decrease
in hippocampal-amygdala connectivity was of particular interest
as the interaction of these areas is commonly linked to vivid
memory23.

As hippocampal involvement in remote memories has been
argued to depend critically on memory vividness3,20, we further
explicitly looked at activity for old items that were recognized
with high confidence. Even for those High Confidence Hits,
overall hippocampal activity was lower in the 28 d group than in
the 1 d group (Supplementary Fig. 5a). For neocortical areas
involved in more semantic or schema-related memory processes,
there was, however, no reliable difference in activity in the 28 d
group vs. the 1 d group (when correcting for the number of ROIs;
Supplementary Table 2). As we tested memory with a recognition
test in which participants directly viewed all pictures, it may not

Fig. 2 Univariate analysis of the left HC long axis ROIs. a Depiction of the three hippocampal ROIs: aHC (Y=−4 to −18)= light green, mHC (Y=−19 to
−29)= green, pHC (Y=−30 to −40)= dark green. Visualizations of the anatomical masks are superimposed on a sagittal section of a template image. b
FIR time courses over the first 15 s (7TRs) for all picture types combined. Statistical comparisons were calculated for the peak response (average of the 5 s
and 7.5 s time points). The activity in the 28 d group compared to the 1 d group decreased in the aHC (main effect Group: F(1,46)= 15.46, p= 0.0003,
generalized η2= 0.1546, n= 48) and mHC (F(1,46)= 9.24, p= 0.0038, generalized η2= 0.0999, n= 48). There was no difference between the groups in
the pHC (F(1,46)= 1.70, p= 0.1986, generalized η2= 0.0230, n= 48). For effects of Picture Type and Emotion see Supplementary Fig. 6. c Correlations of
the percentage of FA to related items with the contrast value for related pictures vs baseline: across groups, there was a negative correlation in the aHC
and mHC, but not in the pHC. Calculating the correlations separately for each group showed a significant correlation in the aHC for the 1 d group (t(22)=
−2.37, p= 0.027, Pearson’s r=−0.45, n= 24) and a trend in the 28 d group (t(22)=−1.62, p= 0.121, Pearson’s r= -0.37, n= 24), while correlations for
each group separately were not significant in the mHC and pHC. d Correlations of the Confidence Score with the contrast value for old pictures vs baseline:
across groups, there was a positive correlation in the aHC and mHC, but not in the pHC. Note, however, that none of the correlations with the Confidence
Score were significant when calculating them separately for each group. For analysis of the right HC long axis ROIs see Supplementary Fig. 7. *p < 0.05, **p
< 0.001, all error bars are SEM
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be surprising that neocortical areas were similarly involved in the
1 d- and 28 d-group, as these areas might just reflect the
processing of the currently viewed pictures. The fMRI findings so
far are generally in line with the systems consolidation view,
which would predict a decrease of hippocampal involvement in
memory, irrespective of the specific picture type, over time9,12,24.

Looking at the hippocampal subregions along the long axis
(Fig. 2a), however, revealed that the time-dependent decrease in
activity was restricted to the aHC (left aHC main effect Group:
F(1,46)= 15.46, p= 0.0003, generalized η2= 0.1546, n= 48) and
mid-portion hippocampus (left mHC: F(1,46)= 9.24, p= 0.0038,
generalized η2= 0.0999, n= 48). Activity in the pHC, however,
did not significantly differ between the 1 d- and 28 d-group (left
pHC: F(1,46)= 1.70, p= 0.1986, generalized η2= 0.0230, n= 48;
Fig. 2b). These differences between the ROIs were underlined by a
significant Group × HC Long Axis interaction (F(2,92)= 6.07, p
= 0.0033, generalized η2= 0.036, n= 48). The decrease in activity
for high-confidence hits was also most pronounced in the aHC
(Supplementary Fig. 5b). Moreover, connectivity analysis using
the aHC and pHC as seed regions showed that the right aHC-
right amygdala connectivity for related pictures (but not old or
novel pictures) was significantly reduced in the 28 d- relative to
the 1 d-group (SVC peak level: x= 20, y=−4, z=−14, t= 3.59,
p(FWE)= 0.0156, k= 15; Fig. 3), while we found no significant
differences between the groups in the connectivity to the
amygdala when using the pHC as seed region, suggesting that it
might be the connectivity between the aHC and the amygdala
that is notably reduced in the 28 d group.

In order to further examine whether the decrease in aHC
activity could be directly linked to the change in the nature of
remembering, we correlated the activity in the hippocampal
subregions with behavioral indices of memory specificity, i.e., the
FA rate for related lures and the Confidence Score. These analyses
showed that specifically the aHC was associated with the
specificity of memory. In particular, aHC activity for related
pictures was correlated negatively with the FA rate to related
pictures (left aHC: t(46)=−5.15, p= 5.37e−06, Pearson’s r=
−0.60, n= 48; Fig. 2c) and aHC activity for old pictures
correlated positively with the Confidence Score (left aHC: t(46)
= 3.19, p= 0.0025, Pearson’s r= 0.43, n= 48; Fig. 2d). For the
pHC, however, there were no such associations with memory

specificity (left pHC, FA rate to related pictures: t(46)=−1.08, p
= 0.2879, Pearson’s r=−0.16, n= 48; Confidence Score: t(46)=
0.44, p= 0.6645, Pearson’s r= 0.06, n= 48) and the correlations
between activity and indicators of memory specificity were
significantly distinct in the left aHC and pHC (FA related:
Pearson and Filon’s z=−3.46, p= 0.0005, n= 48; Confidence
Score: Pearson and Filon’s z= 2.81, p= 0.0049, n= 48). These
correlations across the 1 d- and 28 d-groups indicate that the
aHC and pHC are differentially linked to memory specificity.
When we looked at the correlations separately in the 1 d- and 28
d-group, we obtained for the percentage of FA to related items,
the key parameter of memory specificity, a significant correlation
with aHC in the 1 d group only (t(22)=−2.37, p= 0.027,
Pearson’s r=−0.45, n= 24). For the 28 d group, this correlation
did not reach significance (t(22)=−1.62, p= 0.121, Pearson’s r
=−0.37, n= 24), which might be related to the proposed
reduced involvement of the aHC in memory in the 28 d group,
although a lack of statistical power might also account for the
non-significant correlation in the 28 d group. For the memory
Confidence Score, the correlations with aHC activity did not
reach significance in the separate groups (1 d group: t(22)= 1.17,
p= 0.255, Pearson’s r= 0.24, n= 24; 28 d group: t(22)= 1.01, p
= 0.326, Pearson’s r= 0.21, n= 24).

Although, we found a reduction of activity in the 28 d group in
comparison to the 1 d group in the aHC and the mHC, it is
important to note that there was no Group × Picture Type
interaction (Supplementary Fig. 6a) in these ROIs. Thus, our
univariate results show that the activity in the aHC, but not the
pHC, is reduced in the 28 d group compared to the 1 d group for
all picture types, suggesting that the contribution of the aHC in
the task in general is reduced. Our brain-behavior correlations
further show that the aHC, but not the pHC, is associated with
memory specificity. It is not surprising that aHC activity was
reduced irrespective of Picture Type after 28 d because a specific
memory representation is required to both correctly identify an
old item as old and to correctly reject novel or related items.

Specificity of mnemonic representations in aHC and pHC. The
above univariate analyses showed that it was specifically the aHC
that was associated with memory specificity and that specifically
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Fig. 3 Connectivity with amygdala. a Visualization of the connectivity between right aHC and right amygdala. Green represents the anatomical right aHC
mask; red represents activation in the right amygdala for the contrast 1 d > 28 d of PPI interactions for related pictures with the right aHC as seed.
Visualizations are superimposed on sagittal sections of a T1-weighted template image. b Parameter estimates in the peak voxel in the right amygdala. The
right aHC showed a reduced connectivity to the right amygdala in the 28 d group compared to the 1 d group for related pictures (SVC peak level: x= 20, y
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regions, nor looking at other ROIs resulted in significant group differences in connectivity. See also Supplementary Table 3. *p < 0.05
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activity in this area decreased at a longer retention interval of
28 days. While univariate analyses can show a general involve-
ment of an area in a task, multivariate analysis allows the
detection of specific patterns of activity across multiple voxels and
may be more sensitive to the changing representations of the
different picture types and more informative about the functional
organization of memory at different time intervals. Therefore, we

ran a RSA (Fig. 4a) to examine whether the mnemonic repre-
sentations differed in the aHC, mHC and pHC, whether they
changed depending on the retention interval, and to what extent
such different representational patterns can be linked to the
proposed memory transformation. We first created average
representational dissimilarity matrices (RDMs) in each hippo-
campal subregion, separately for each group (Fig. 4b):

0.4 Group

Left aHC

Old
distinct

Old and related
similar

1 d

28 d

1 d

28 d

O
ld

R
el

at
ed

N
ov

el

O
ld

R
el

at
ed

N
ov

el

O
ld

R
el

at
ed

N
ov

el

Old Related NovelOld Related

Left anterior HC Left mid-portion HC Left posterior HC

Novel

Old
a

b

c d e

Activity patterns =
all voxels in a ROI

Related

0

0

0

0.4 0.8

0.7

0.70.8

0.4

Representational
dissimilarity

matrix (RDM)

1-r (Pearson)

1-r (Pearson)

Novel

O
ld

R
el

at
ed

N
ov

el

Old Related Novel

O
ld

R
el

at
ed

N
ov

el

Old Related Novel

O
ld

R
el

at
ed

N
ov

el

Old Related Novel

Old Related Novel

0.037 ± 0.007

Mean Spearman's r ± SEM Mean Spearman's r ± SEM

0.030 ± 0.006

0.044 ± 0.008

0.065 ± 0.012

0.017 ± 0.006

0.040 ± 0.008

0.052 ± 0.012

0.053 ± 0.009

0.068 ± 0.014

0.017 ± 0.005

0.027 ± 0.006

0.039 ± 0.008

Left mHC

Left pHC

Left aHC

Left mHC

Left pHC

1 d
28 d

0.075

0.9

1

0.8

0.7

0.6

0.5

0.4

0.2

0.1

Each RDM
separately

rank-
transformed
and scaled
into [0,1]

0 Similar

Dissimilar

0.3

0.050

0.025

0.000

0.3
**

**
*

*

*
*

0.2

M
ea

n 
pa

tte
rn

 s
im

ila
rit

y 
(r

)

S
pe

ar
m

an
's

 r
 -

 2
8 

d 
R

D
M

s 
w

ith
 1

 d
 R

D
M

0.1

0.0

Anterior PosteriorMid-portion Anterior PosteriorMid-portion

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/s41467-018-03661-7

6 NATURE COMMUNICATIONS | (2018)9:1205 |DOI: 10.1038/s41467-018-03661-7 | www.nature.com/naturecommunications



visualizations of these RDMs suggest the most similar activity
patterns for combinations of old pictures in all hippocampal
subregions in the 1 d group; whereas, in the 28 d group the
representational pattern was less clear in the aHC and less-
specific in the pHC. Note, however, that for the visualizations
each RDM was separately rank transformed and scaled into [0, 1]
preventing a direct descriptive comparison across hippocampal
subregions. We therefore extracted the mean pattern similarity
for each RDM: this showed that the mean similarity was highest
in the pHC and lowest in the aHC (main effect HC Long Axis:
F(2,92)= 84.37, p= 1.54e−21, generalized η2= 0.350, n= 48;
Fig. 4c), suggesting particularly distinct activity patterns in the
aHC for different pictures which might allow for highly specific
memories, whereas in the pHC the higher neural similarity across
different pictures may reflect a larger degree of overlapping
representations. We then looked at the similarity of the RDMs
across groups and found that the overlap of the representational
patterns of the 1 d- and 28 d-groups was significantly higher in
the pHC than in the aHC (main effect HC Long Axis: F(2,36)=
12.72, p= 6.65e−05, generalized η2= 0.231, n= 19; Fig. 4d).
This suggests that pHC representational patterns changed less
over time than aHC representational patterns did.

In order to directly test whether the time-dependent changes of
the memory representations in anterior and posterior hippo-
campal areas were associated with the transformation from
detailed to more gist-like memory, we finally compared brain and
model-based RDMs. More specifically, we compared the brain
RDMs of the hippocampal subregions with two model RDMs: (1)
the model “Old Distinct” expects similar activity patterns for all
old pictures that are distinct from patterns for related or novel
pictures, a representation expected in areas that help detecting the
old pictures as old and separate them from related pictures; (2)
the model “Old and Related Similar” expects a more similar
pattern for the old and related pictures, that is distinct from
patterns for the novel pictures, a representation expected in areas
that detect the gist as having been encoded but cannot separate
between details (Fig. 4e). Based on the behavioral data, we
reasoned that the “Old Distinct” model should, in general, fit
better in the 1 d group as these participants still had detailed
memories, while the “Old and Related Similar” model might fit
better in the 28 d group, as for these participants part of the
memories had been transformed to gist-like versions. Our
analyses showed that, in the 1 d group, the “Old Distinct” model
had, compared to the “Old and Related Similar” model, indeed a
marginally better fit in the left aHC (one-tailed paired t-test: t(23)
= 1.58, p= 0.0635, n= 24) and a better fit in left mHC (one-
tailed paired t-test: t(23)= 1.91, p= 0.0345, n= 24), whereas in
the left pHC both models were indistinguishable (one-tailed
paired t-test: t(23)= 0.61, p= 0.2737, n= 24). In the 28 d group,

on the other hand, the “Old and Related Similar” model had a
better fit than the “Old Distinct” model in the left mHC (one-
tailed paired t-test: t(23)=−2.24, p= 0.0174, n= 24) and tended
to have a better fit in the left pHC (one-tailed paired t-test: t(23)
=−1.53, p= 0.0695, n= 24), while in the left aHC both models
were indistinguishable (one-tailed paired t-test: t(23)=−0.07, p
= 0.4740, n= 24) and the respective model fits were generally
rather low.

The brain data were largely comparable in both hemispheres
(see Supplementary Figures 7 and 8 for results in the right HC).
Group differences in the univariate analysis and the RSA were not
modulated by stimulus emotionality (see Supplementary Figs. 6b
and 9). We did, however, find time-dependent connectivity
changes with hippocampal seed regions that were modulated by
stimulus emotionality for some of the ROIs (Supplementary
Table 3).

Discussion
How memories evolve over time is a fundamental issue of the
neuroscience of memory. While previous research focused mainly
on time-dependent changes in hippocampal and neocortical
contributions to memory3,9,10,12, here we show a time-dependent
reorganization along the hippocampal long axis that is related to
the transformation from detailed to gist-like memory. More
specifically, our data indicate that the aHC is involved in memory
specificity and represents actually encoded events distinctly from
semantically related information at short retention intervals but
shows a marked decrease in activity at longer retention intervals.
Activity in the pHC, in turn, was largely unrelated to memory
specificity and did not decrease over time, while pHC repre-
sentational patterns seemed more gist-like at a longer retention
interval.

The present data point to a possible involvement of the aHC in
the specificity of memory. Previous data in rodents showed that
firing fields of ventral hippocampal (corresponding to aHC in
humans) place cells are larger than those in the dorsal hippo-
campus25, which might translate into more abstract, large-scale
aHC memory representations (26, see also ref. 14). However, the
finding that an animals’ exact location can be decoded from
ventral hippocampal activity27 is in line with the role of the aHC
in memory specificity that we propose here. In addition, our
results fit to a study showing stronger aHC activity for recent
memories than for remote memories20, to a study showing that
aHC carries information about memory contexts in immediate
and recent (1 day old) memories28 and to studies showing a
consistent implication of the aHC in memory of specific events29.
Our results further dovetail with reports showing that the aHC
specifically is associated with segregating events30 and with

Fig. 4 Representational similarity analysis for the left HC long axis ROIs. a Schematic overview of the creation of a representational dissimilarity matrix
(RDM; for illustration purposes only 3 pictures) modified from ref. 48. Images courtesy of Andreas Praefcke (green tractor), Akiyoshi’s Room (red tractor)
and Morio (skyscrapers). b The group average RDMs of the left long axis hippocampal ROIs (1 d group in the first row, 28 d group in the second row). Blue
colors=most similar, bright colors=most dissimilar; note that for the visualizations each RDM was separately rank transformed and scaled into [0, 1]. c
Comparison of mean pattern similarities (Pearsons r) across ROIs: the mean similarity in the hippocampal subregions differed significantly. Note that all n
= 48 participants are included here. d Comparison between groups: correlations (Spearman's r) of each single-subject RDM of the 28 d group to the
respective average RDM of the 1 d group. The correlations between the two groups differed significantly in the three ROIs. Note that the data in b and d are
from only 40 participants (1 d group= 21, 28 d group= 19) as the remaining eight participants had different sized RDMs and could therefore not be
included in the average RDM for the group comparisons. e Comparison with two model RDMs: each cell in the table shows the mean of the correlations
(Spearman's r+ SEM) of the single-subject brain RDMs with the respective model RDM (first three rows= 1 d group, last three rows= 28 d group; n=
48). For each ROI the model with the higher correlation was marked by a red frame, in case of very similar correlations both values were marked. In the 1 d
group, the “Old Distinct” model showed trends toward a better fit. In the 28 d group the “Old and Related Similar” model had a better fit in the mHC and a
trend toward a better fit in the pHC, while in the aHC both models were indistinguishable and the model fits were generally rather low. For analysis of the
right HC long-axis ROIs see Supplementary Fig. 8. *p < 0.05, **p < 0.001
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novelty detection17,31, both of which requires specific memory
representations.

Whereas the activity of the aHC was reduced after 28 d, no
such decline was observed for the pHC, suggesting that not all
parts of the hippocampus decrease in activity over time. The RSA
data, however, suggested a time-dependent change of the repre-
sentational pattern in the pHC. In the 1 d group the pHC
representation was already less-specific than the aHC repre-
sentation, which corroborates the recent idea that there are
complimentary learning systems within the hippocampus with
one supporting gist-like representations32,33. In the 28 d group,
the model RSA data even suggested that the representational
patterns in the pHC resemble more gist-like patterns. This result
suggests a time-dependent decrease in the specificity of the pHC
memory representation. This idea is in line with a recent find-
ing34, showing that neural patterns of overlapping memories were
more similar in the pHC after a week of consolidation. In this
study, however, part of the memories were actually overlapping
(e.g., same scene with different objects), whereas our study
extends this finding by using two different pictures with only the
semantic gist as overlap, thereby pointing to a memory trans-
formation process.

Thus, there may be two time-dependent processes that con-
tribute to more gist-like memory: a decrease in the aHC sup-
porting memory specificity and an increase in the unspecificity of
the mnemonic representation in the pHC, whose activity remains
rather stable over time. Whether one process proceeds or follows
the other or whether both occur independently remains to be
shown.

Our findings suggest a functional specialization in which aHC
representations support detailed memories and pHC representa-
tions are more gist-like after a longer time delay. Rodent data,
however, suggest that the hippocampal long axis is organized
along a gradient15. Most human studies did not address the mHC
and rather little is known about the properties of this subregion.
Our finding that the mHC was both with respect to its association
with memory specificity and in terms of decreased activity in
between the aHC and pHC is in line with the proposed functional
gradient along the hippocampal long axis. Yet, how exactly the
proposed different functions of the aHC and pHC are bridged is
still unclear and remains a challenge for future research.

It is important to note that while we report this time-
dependent reorganization within the hippocampus that was
linked to memory transformation, we obtained also evidence for
the proposed systems consolidation theory9,12,24. Hippocampal
activity during recognition testing was significantly lower after
28 days than after 1 day, even for items remembered with high
confidence. This latter point opposes the transformation
hypothesis2, which would not expect a reduction in hippocampal
involvement for high confident, detailed memory. In addition,
hippocampus-amygdala connectivity, known to be implicated in
vivid memory23,35, was reduced in the 28 d group compared to
the 1 d group. However, this reduction in functional connectivity
with the amygdala seemed to be specific to the aHC. This finding
is in line with data suggesting that the aHC is connected to,
among other regions, the amygdala, whereas the pHC is con-
nected to areas involved in schematic memory such as the pre-
cuneus14,16. Thus, the aHC and pHC appear to be part of distinct
neural networks that are involved in specific vs. gist-like memory
and the observed reorganization along the hippocampal long axis
is most likely concerted with the postulated large-scale redis-
tribution (i.e., systems consolidation) of memory.

Finally, we would like to point out that the time-dependent
changes reported here cannot be interpreted as a mere indication
of a reduction in memory strength. In fact, we have designed this
study explicitly to be able to differentiate between a general

reduction in memory strength and memory transformation
processes. In particular, we included related pictures that allowed
us to probe memory specificity. If only memory strength was
reduced after 28 d, this should be reflected in a comparable
increase in the FA rates for related and novel pictures. We
observed, however, a much stronger increase of FAs for related
pictures than for novel pictures, which is in sharp contrast to the
interpretation of a simple reduction in general memory strength
but in line with the proposed transformation from detailed to
gist-like memory. In addition, our model RSA data can also not
be explained by a general reduction in memory strength. This
view would imply that the memory for specific details and the gist
memory decrease to a similar extent over time so that the relative
representation of old and related items remains over time. Our
data, however, show that the “Old Distinct” model best char-
acterized activity in the 1 d group, whereas after 28 d the two
models were indistinguishable in the aHC and the “Old and
Related Similar” model seemed to fit better in the mHC and pHC.
Together, these findings indicate that, in addition to the well-
known decline in memory strength over time, there is also a
change in the nature of memory, from detailed to more gist-like.

Our findings show that while the involvement of the hippo-
campus as a whole in memory decreases over time, this decrease
is not present in all parts of the hippocampus. However, although
there was a hippocampal memory representation even long after
encoding, the nature (and origin) of the hippocampal contribu-
tion to remembering changed significantly with time. To con-
clude, we suggest here a time-dependent reorganization within
the human hippocampus that is linked to a transformation from
detailed to gist-like memory and might operate in tandem with
the previously suggested large-scale reorganization of memory
that occurs in the brain over time9,12,24.

Methods
Participants. We tested 48 healthy, right-handed, young adults (24 men, 24
women; age: mean= 23.85 years, SD= 3.28 years) without a history of any psy-
chiatric or neurological diseases, without medication intake or drug abuse and
without circumstances preventing an MRI scan. All participants gave written
informed consent and received monetary compensation for participation. The
study protocol was approved by the ethics committee of the German Psychological
Society (DGPs). Participants were pseudo-randomly assigned to the 1 d- or 28 d-
group (12 women and 12 men per group). All experiments took place in the
afternoon or early evening. The sample size corresponds to other studies on the
neural underpinnings of memory processes and an a-priori power calculation with
G* Power (http://www.gpower.hhu.de/; f(U)= 0.5, α= 0.05, 1-β= 0.90) for the
decisive interaction effect Group × FA Picture Type (see Behavioral data analysis).

Study design and experimental paradigm. Testing took place on two experi-
mental days: Day 1, encoding outside of the scanner and Day 2, recognition
memory testing in the MRI scanner. Critically, the time interval between encoding
and recognition testing was varied between the two experimental groups: for
participants in the 1 d group recognition testing took place one day after encoding,
while for participants in the 28 d group recognition memory was tested 28 days
after encoding. The testing of the two groups was intermixed, so confounds related
to changes in, for instance, the technical environment of the scanner over time
cannot explain group differences.

Stimulus material. We used 180 pictures of natural scenes and objects as stimulus
material. About one third of the pictures were taken from the International
Affective Picture System (IAPS36), while the others were taken from open internet
platforms. Half of the pictures contained emotionally negative scenes or objects
while the other half contained neutral contents. Participants rated all pictures at the
end of the experiment with respect to picture valence (scale from 0= negative to
100= positive, with 50= neutral) and picture arousal (scale from 0= not arousing
to 100= very arousing). In retrospect, these data confirmed that neutral pictures
(M= 57.38, SEM= 0.79) were perceived as neutral and negative pictures (M=
25.99, SEM= 1.39) as more negative (paired t-test: t(47)=−18.38, p < 0.0001,
Cohen’s d=−2.65, n= 48). Furthermore, negative pictures (M= 47.50, SEM=
3.01) had higher arousal ratings than neutral ones (M= 11.15, SEM= 1.90; paired
t-test: t(47)= 13.42, p < 0.0001, Cohen’s d= 1.94, n = 48).

The 180 pictures were divided into three lists (each 30 negative and 30 neutral
pictures): List A and List B contained semantically related pictures, i.e., for each
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picture in List A there was a matching picture in List B that carried the same gist
(e.g., mowing tractor) but different details (e.g., different brand, color, perspective,
and background). List C, on the other hand, contained novel pictures that were not
semantically related to either List A or List B pictures. Half of the participants
learned List A during encoding and List B pictures were used as related lures and
List C pictures as novel lures in the recognition test, while the other half of the
participants learned List B during encoding and List A pictures were used as related
lures and List C pictures as novel lures in the recognition test.

The semantic relatedness of the stimuli was rated by an independent sample (n
= 12) on a scale from 1 (“not related”) to 10 (“highly related”). Corresponding
pictures of List A und List B were rated as highly related (M= 8.25, SEM= 0.062),
in comparison to List A pictures compared to List C pictures (M= 2.03, SEM=
0.056, paired t-test: t(19.84)= 12.86, p < 0.0001, Cohen’s d= 4.18), or List B
compared to List C pictures (M= 1.98, SEM= 0.055, paired t-test: t(11)= 14.85, p
< 0.0001, Cohen’s d= 4.49).

Experimental day 1 (memory encoding). On the first experimental day, partici-
pants performed three encoding runs. In each run, the 60 pictures from the
respective list (either A or B) were presented to the participant in random order on
a computer screen, using MATLAB (www.mathworks.com) with the Psycho-
physics Toolbox extensions37. Each picture was presented for 2 s followed by a
fixation cross of 1 s. Participants were instructed to memorize the pictures.
Immediately after each encoding run a free recall task followed: participants
verbally listed all the pictures they could remember while the investigator checked
off the named pictures on a list and prompted the participant to a more detailed
description in case the description of a picture was inconclusive. In total, the
encoding session took about 20 min.

Experimental day 2 (memory testing). On the second experimental day, either 1
d or 28 d after encoding, participants first performed another free recall task
outside the scanner and then a recognition task while fMRI measurements were
taken. In the recognition task, participants saw the 60 old pictures, 60 related
pictures, i.e., new pictures carrying the gist of the old pictures, and 60 novel
pictures in random order. Each picture was shown for 3.5 s and participants were
asked to indicate (“yes” vs. “no”) by button press whether they had seen this picture
during the encoding session or not. Critically, participants were informed before
the task that some of the pictures may be similar to the original ones. Participants
were further explicitly instructed to answer “Yes” only if they thought the picture
was exactly the same as the one learned on experimental day 1. After participants’
response, their choice was marked by a yellow box around the answer. If they
answered “Yes” a confidence rating followed: they were asked to indicate on a 4-
point scale how confident (not at all confident, slightly confident, quite confident,
or very confident) they were that they had seen the picture on experimental day 1.
This rating was shown for 2 s, and again their answer was marked by a yellow box.
Each trial was followed by a fixation cross with a jittered presentation time of 7 ± 2
s.

Behavioral data analysis. To assess the performance in the recognition task in
general we compared the percentages of hits for old pictures in a mixed-design
ANOVA with Group (1 d vs 28 d) as between-subject factor and Emotionality
(negative vs neutral) as within-subject factor. In order to assess the specificity of
memory, we further analyzed the percentages of FA for related and novel lures in a
mixed-design ANOVA with Group (1 d vs 28 d) as between-subject factor and FA
Picture Type (related vs novel) and Emotionality (negative vs neutral) as within-
subject factors. To additionally include information about the confidence of the
participants when answering correctly, we calculated a Confidence Score by
weighting each hit by the respective confidence (not at all confident= 0, slightly
confident= 1, quite confident= 2 or very confident= 3), resulting in a score of
0–3 for each hit, before summing up overall hits. The maximum Confidence Score
is therefore 180 (60 “very confident” hits). This score was again subjected to a
mixed-design ANOVA.

We also analyzed the matching picture pairs (old picture and the corresponding
related lure carrying the same gist) by assigning each pair to one of three categories:
(1) detailed pairs, for which participants could reliably distinguish between old and
related pictures and therefore correctly identified the old picture as old and
correctly rejected the related picture as new. (2) transformed pairs, for which
participants could not rely on detailed memories but still remembered the gist, as
reflected by a FA to the related lure (irrespective of the response to the old picture),
and (3) forgotten pairs, for which participants may have forgotten the whole
picture (both gist and details), as reflected by a miss for the old picture and a
correct rejection for the related picture.

Behavioral data analyses were performed with R version 3.3.2 (https://www.r-
project.org/). All p-values are two-tailed and Welch’s t-tests were used as default
for between group comparisons38. The Shapiro–Wilk normality test was applied to
the dependent variables: while the Confidence Score (W= 0.96, p= 0.1246) was
normally distributed, this was not the case for the Hits (W= 0.87, p= 0.0001) and
the FA (W= 0.90, p= 0.0009). Despite this violation of the normality assumption
we applied the above described ANOVAs due to the robustness of these tests
against the violation of this assumption39.

MRI acquisition. MRI measurements were obtained with a 3T Skyra scanner
(Siemens), equipped with a 32-channel head coil. For the functional images, a 3D
echoplanar imaging (EPI) sequence (836 volumes) was used with the following
parameters: 36 slices, slice thickness= 3 mm, distance factor 20%, repetition time
(TR)= 2500 ms, echo time (TE)= 30 ms, voxel size 3.0 mm isotropic. We addi-
tionally acquired a high-resolution T1-weighted anatomical image (TR= 2.5 s, TE
= 2.12 ms, 256 slices, voxel size= 0.8 × 0.8 × 0.9 mm) and a magnetic (B0) field
map to unwarp the functional images.

Data preprocessing. The fMRI data were preprocessed using MATLAB and
SPM12 (http://www.fil.ion.ucl.ac.uk/spm/). The first four functional images (10 s)
were discarded from the rest of the analysis to allow for T1 equilibration. The
remaining 832 functional images were first spatially realigned and unwarped using
the field maps, then coregistered to the structural image, followed by a normal-
ization to the MNI space. For the univariate analysis, the images were additionally
spatially smoothed using an 8 mm full-width half-maximum Gaussian kernel.

General linear modeling and whole-brain analysis. For the univariate analysis,
the data were analyzed using general linear modeling (GLM) as implemented in
SPM12. Six separate regressors for each of the Picture Type × Emotionality com-
binations were modeled: old negative, old neutral, related negative, related neutral,
novel negative, and novel neutral. The onsets of the confidence ratings were
additionally included as a regressor of no interest and all regressors were convolved
with the canonical hemodynamic response function. Note that we did not include
movement regressors in the GLM, as we used the SPM unwarp function in the data
preprocessing instead. A high-pass filter of 128 s was used to remove low-frequency
drifts and serial correlations in the time series were accounted for using an auto-
regressive AR(1) model. To look at whole-brain activation differences between the
1 d- and 28 d-groups, we used a two-sample t-test design at second-level modeling.

ROI analysis. In addition to the whole-brain analysis, we performed regions of
interest analyses that focused on brain areas that have previously been implicated
in detailed and more semantic or schema-related memory processes1,3,9,40. To this
end, we used the following anatomical masks from the Harvard-Oxford atlas using
a probability threshold of 50%: hippocampus (left and right), anterior para-
hippocampal gyrus (left and right), posterior parahippocampal gyrus (left and
right), precuneus, angular gyrus (left and right), anterior cingulate gyrus, inferior
frontal gyrus pars opercularis (left and right), inferior frontal gyrus pars triangu-
laris (left and right), temporal pole (left and right), and the amygdala (left and
right). In addition, we used masks created with MARINA (http://www.bion.de/eng/
MARINA.php) for the left and right ventromedial prefrontal cortex. The signal
within the ROIs was deconvolved for each of the regressors from the GLM (old
negative, old neutral, related negative, related neutral, novel negative, and novel
neutral) using a finite impulse response function (FIR) on the time course averaged
across all voxels of the ROI as implemented within MarsBar41 for the first seven
repetition times (TRs; 15 s). We choose FIR deconvolutions here to capture the
shape of the HRF and allow for differences in this hemodynamic response across
regions and participants. For statistical comparisons in R, we extracted the peak
response from these FIR time courses: as described in refs. 42,43 the peak response
was defined as the average signal over time points whose responses (collapsed
across all conditions) did not significantly (p > 0.05) differ from the numerical peak
tested across all participants. In most ROIs this procedure resulted in the peak
response being the average across the 5 s and the 7.5 s time points (exceptions: left
and right posterior parahippocampal gyrus and right angular gyrus= only the 5 s
time point; left angular gyrus= 2.5 s and 5 s time points; precuneous cortex= 7.5 s
and 10 s time points; left and right temporal pole= 5 s, 7.5 s and 10 s time points;
in the left and right ventromedial prefrontal cortex the numerical peak did not
significantly differ from any of the other time points, as no reliable peak response
seems to be present in these two ROIs we did not perform further analysis on this
data). Then the average signal over the respective time points were calculated for
each condition separately (old negative, old neutral, related negative, related neu-
tral, novel negative, and novel neutral) and used in a mixed ANOVA model, with
Group (1 d vs 28 d) as between-subject factor and Picture Type (old vs related vs
novel) and Emotion (negative vs neutral) as within-subject factors. In case of
violation of the sphericity assumption, Greenhouse-Geisser corrections were
applied. The p-value threshold was adjusted for multiple comparisons by the
numbers of ROIs.

Differentiation along the hippocampal long axis. In order to look at differences
across the long (anterior–posterior) axis of the hippocampus, we used the proce-
dure described by ref. 26 to divide a hippocampal mask into three parts with
approximately equal lengths along the long axis, using the WFU pick-atlas44,45:
pHC from Y=−40 to −30, mHC from Y=−29 to −19, and aHC from Y=−18
to −4. For these new hippocampal ROIs, we then deconvolved the signal for each
of the regressors using a finite impulse response function (FIR), and extracted the
peak response from these FIR time courses for statistical comparisons in R as
described in detail for the other ROIs above. In all of these hippocampal long axis
ROIs this procedure resulted in the peak response being defined as the average
across the 5 s and the 7.5 s time points. We then run a mixed ANOVA model on
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these peak responses, with Group (1 d vs 28 d) as between-subject factor and
Picture Type (old vs related vs novel) and Emotion (negative vs neutral) as within-
subject factors in each of the ROIs separately. In addition, we performed another
analysis to see if the delay manipulation (1 d vs 28 d) had a different effect on these
three hippocampal ROIs, using an ANOVA with Group as between-subjects factor
and HC Long Axis (aHC, mHC, and pHC) as within-subject factor.

Comparison of high- and low-confidence hits. In order to assess whether the
time-dependent decrease in hippocampal activity was modulated by confidence, we
created a second model that was based on the behavioral responses and confidence
ratings of the participants. We modeled five regressors: High-confidence hits (hits
with a confidence rating of 3), low-confidence hits (hits with a confidence rating of
0, 1 or 2), related CR, novel CR, and all incorrect answers (misses+ related FA+
novel FA+ no presses). The onsets of the confidence ratings were again included as
a regressor of no interest and all other procedures were the same as in the first
GLM. We then deconvolved the signal for the high-confidence hits and low-
confidence hits in the hippocampal ROIs using a finite impulse response function
(FIR) with MarsBar, and extracted the peak response from these FIR time courses
for statistical comparisons in R using the same time points as peak as in the
analysis above. We then run a mixed ANOVA model on these peak responses, with
Group (1 d vs 28 d) as between-subjects factor and Hit Type (high vs low) as
within-subject factor in each of the ROIs separately. Group effects were followed up
by post hoc Welchs t-tests comparing the groups (1 d vs 28 d) for each Hit Type
separately.

Correlation with behavior. We extracted the contrast values from the main effects
(condition vs baseline) of the first GLM for each Picture Type (old, related, novel)
in each ROI again using the MarsBar toolbox, and computed correlations between
behavioral memory scores (percentage of related FA; Confidence Score) and the
contrast values for the respective picture types (related > baseline, old > baseline) in
each of the hippocampal long axis ROIs outside SPM using R for all participants.
We then also performed the correlations for each group (1 d vs 28 d) separately. In
a next step, we compared the correlations in the hippocampal long axis ROIs with
each other (e.g., correlation in aHC with the correlation in pHC), using the cocor
package from R (http://comparingcorrelations.org/). As the related FA value (or
Confidence Score) was used in all three correlations, we report the results of
comparisons of two overlapping correlations based on dependent groups. The
reported values are Pearson and Filon’s z-scores.

Functional connectivity analysis. We used a generalized form of context-
dependent psychophysiological interaction (gPPI)46 to measure task-dependent
connectivity with either the whole hippocampus (left and right) or the aHC or pHC
(left and right) as seed regions. In contrast to the standard PPI implementation
through SPM, the gPPI toolbox allows the inclusion of more than two task con-
ditions in one PPI model and therefore allows a more flexible analysis: we entered
the six task regressors from the first GLM model (old negative, old neutral, related
negative, related neutral, novel negative, and novel neutral), plus a PPI Interaction
term for each of these regressors, plus the time course from the respective seed
region and the confidence ratings as regressor of no interest into our first-level PPI
model. For second-level modeling, we entered the following contrast files from the
first-level PPI analyses (main effects for PPI Old, PPI Related, and PPI Novel, and
the differences contrast PPI old negative > PPI old neutral, PPI related negative >
PPI related neutral, PPI novel negative > PPI novel neutral) into two-sample t-tests,
comparing the 1 d group and 28 d group. We then applied a small volume cor-
rection (SVC) for all our other ROIs (see ROI analysis for a list of the ROIs), to find
areas which show a significant difference in their connectivity to the seed region
between the two groups. Voxels were regarded as significant when falling below a
corrected voxel threshold of 0.05 (FWE) adjusted for the small volume. All areas
with k > 10 significant voxels were reported.

Representational similarity analysis. Independent from the univariate analysis,
we carried out a RSA47 in the hippocampal long-axis ROIs using the rsatoolbox48.
For each ROI and each subject, brain Representational Dissimilarity Matrices
(RDMs) were computed based on a single trial univariate GLM estimated on
unsmoothed, normalized functional images. The response-amplitude beta estimate
maps associated with each trial were converted into t-maps and used to create
vectors of activity patterns for each trial, separately for each ROI. These activity
patterns were used to calculate the dissimilarity between two trials by correlation
distances (1−r, Pearson linear correlation). Next, the dissimilarities based on each
combination of trials were placed into the respective cells of the 180 × 180 RDMs
(Fig. 4a). Due to technical failure, we did not have functional data for all trials in
some of the participants. Thus 8 participants had RDMs of slightly different sizes
(in the 1 d group three participants had 179 × 179 RDMs; in the 28 d group two
participants had 179 × 179 RDMs, two participants had 178 × 178 RDMs and one
participant had a 176 × 176 RDM). For visualization of the RDMS we created
average RDMs for each group from the single-subject RDMs (Fig. 4b). As this
required RDMs of the same size, the visualizations only include the data of the 40
participants with 180 × 180 RDMs.

Comparison of pattern similarities across ROIs. We extracted the mean pattern
similarity (r) from each single-subject RDM in order to get the overall similarity of
activity patterns when performing the recognition task in general, irrespective of
picture types, per ROI. We then compared these mean pattern similarities across
the hippocampal long axis by conducting an ANOVA with the factors HC Long
Axis (aHC, mHC, pHC), and Group (1 d vs 28 d), and post hoc Bonferroni
corrected paired t-tests to compare each region to each of the other regions. Note
that for this analysis all 48 participants were included.

Comparison of RDMs between groups. We next compared the RDMs of the two
groups in the respective ROIs: for this we extracted the Spearman correlation for
each single-subject RDM of the 28 d group with the group average RDM of the 1 d
group. This similarity of the RDMs between groups was then again compared
between the hippocampal long axis ROIs with an ANOVA with the factor HC
Long Axis (aHC, mHC, and pHC), and post hoc Bonferroni corrected paired t-tests
to compare each region to each of the other regions. Note that for this analysis only
the 40 participants with 180 × 180 RDMs could be included as we aimed to directly
compare the RDMs based on single trials, irrespective of picture category.
Therefore all RDMs had to be of the same size for this particular analysis.

Comparison with model RDMs. We also compared the brain RDMs to two model
RDMs (Fig. 4e) that were based on the expected similarities of the different picture
types: the model “Old Distinct” expects similar activity patterns for all old pictures
that are distinct from patterns for related or novel pictures and the model “Old and
Related Similar” expects a similar pattern for the old and related pictures, that is
distinct from patterns for the novel pictures. We calculated Spearman’s rank
correlation coefficient for each single-subject brain RDM and these a-priori model
RDMs. This rank coefficient is beneficial if it is not possible to assume a direct
linear match between the RDMs that are compared47, as is the case here. We then
calculated the mean of these Spearman's r’s for each group separately (1 d vs. 28 d)
to find the model with the overall best fit in each group and ROI. We then
statistically compared the two models in each ROI per group with one-tailed paired
t-tests, expecting a better fit for the “Old Distinct” model in the 1 d group and, on
the other hand, a better fit for the “Old and Related Similar” model in the 28 d
group. Note that for this analysis all 48 participants could be included by creating
model RDMs of the respective size matching each participants brain RDM.

Data availability. All data and codes are available from the corresponding authors
upon request. The data are not publicly available yet because they contain infor-
mation that could compromise research participant privacy and consent. In the
near future, they will be de-identified at the level of contemporary best practices
and made publicly available, together with relevant code, at the corresponding
author’s GitHub repository (https://github.com/LarsSchwabeHamburg/
transformation).
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A B S T R A C T

How memories evolve over time is fundamental for understanding memory. Hippocampus-dependent episodic
memories are generally assumed to undergo a time-dependent neural reorganization involving an increased
reliance on neocortical areas. Yet, whether other forms of memory undergo a similar reorganization over time
remains unclear. Here, we examined whether the neural underpinnings of motor sequence memories change over
time. Participants were trained on a motor sequence learning task. Either 1d or 28d later, they performed a
retention test for this task in the fMRI scanner. Sequence-specific motor memory was observed both 1d and 28d
after initial training. Bayesian second-level fMRI analyses suggested a higher probability for task activity in the
middle frontal gyrus and frontal pole 28d compared to 1d after initial motor learning. Searchlight representational
similarity analysis indicated that areas in middle and superior frontal cortex were more involved in differentiating
between multivariate activity patterns for old motor sequence memories and newly learned motor sequences in
the 28d-group compared to the 1d-group. This increased involvement of lateral frontal areas during the task after
28 days was not paralleled by a decrease in those areas that were involved in performing the motor sequence
retention task after 1d. These novel findings provide insights into how memories beyond the hippocampus evolve
over time.

1. Introduction

Memory changes over time. For episodic and spatial memories,
encoded by the hippocampus (Eichenbaum, 1999; O'Keefe and Nadel,
1978; Squire and Zola-Morgan, 1991), these time-dependent changes are
known to be accompanied by a neural reorganization that is referred to as
systems consolidation (Dudai et al., 2015; Frankland and Bontempi,
2005). It is assumed that during this consolidation process initially
hippocampus-dependent memories are, as time proceeds, increasingly
represented by neocortical areas (Squire and Alvarez, 1995; Squire et al.,
2015) and it is debated whether the hippocampus is at all involved in
remote episodic or spatial memories (Nadel et al., 2007; Squire and
Bayley, 2007; Winocur and Moscovitch, 2011). The time-dependent
reorganization of memories is fundamental for understanding memory.
However, although it is well known that there are multiple memory
systems beyond the hippocampus (Eichenbaum and Cohen, 2001; Squire,
2004; White et al., 2013), the long-term temporal dynamics of memory
have been mostly investigated in (initially) hippocampus-dependent
forms of memory (e.g. Bonnici et al., 2012; Furman et al., 2012; Gilboa
et al., 2004). The time-dependent neural reorganization of other forms of
memory, such as motor sequence memory, has only rather recently been

discussed within the framework of the systems consolidation debate
(Dudai et al., 2015) and studies so far focused on early systems consol-
idation processes or reorganization processes associated with repeated
training (Albouy et al., 2008; Debas et al., 2010; Coynel et al., 2010;
Dayan and Cohen, 2011).

Motor sequence learning relies mainly on cortico-striatal and cortico-
cerebellar systems, including the putamen, caudate nucleus, cerebellum,
thalamus as well as motor and somatosensory cortices (Doyon et al.,
2003, 2009; Hardwick et al., 2013). It is well documented that motor
memories undergo an initial synaptic consolidation process similar to the
one known for hippocampal memories, with newly established memories
being vulnerable to interference immediately after learning but not hours
later (Brashers-Krug et al., 1996). This consolidation process is also
paralleled by distinct neural changes at systems level within the first
hours after learning (Shadmehr and Holcomb, 1997). Consolidation of
motor sequence memory is further reflected in off-line gains in reaction
times, i.e. improvements in motor task performance between two
training sessions without further practice (Dayan and Cohen, 2011;
Debas et al., 2014; Doyon and Benali, 2005; Robertson et al., 2004a). At
least for explicit motor sequence memory, this off-line learning requires
sleep (Debas et al., 2010; Robertson et al., 2004b). Elegant neuroimaging
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studies revealed that the sleep-dependent early systems consolidation of
motor memories is linked to changes in the striatum (Albouy et al., 2008;
Debas et al., 2010; Fogel et al., 2017; Vahdat et al., 2017) and greater
between-regions interaction within the cortico-striatal system (Debas
et al., 2014), pointing to a neural reorganization of motor memory after
sleep, similar as for hippocampus-dependent memory (Born and Wil-
helm, 2012; Diekelmann et al., 2009). While these studies point to an
early overnight consolidation process for motor memories, several
studies have also shown that extensive training of motor sequences over
weeks results in a transfer of motor memories from an associative, pre-
motor circuit to an sensorimotor circuit (Coynel et al., 2010; Dayan and
Cohen, 2011; Floyer-Lea and Matthews, 2005; Lehericy et al., 2005; but
see Kupferschmidt et al., 2017), and that these extensively trained motor
skills can be retained over long periods of time, even without further
training (Park and Sternad, 2015; Penhune and Doyon, 2002; Romano
et al., 2010). Studies on extensive training of motor skills over weeks,
however, provide only little insight into the spontaneous, i.e.
training-independent, reorganization of motor memory over several
weeks that has been shown for episodic memory (Squire and Alvarez,
1995; Squire et al., 2015). Behavioral studies demonstrate that motor
memories can be retained over long time periods, even with only mini-
mal training (Julius and Adi-Japha, 2015; Savion-Lemieux and Penhune,
2005). However, it remains unclear whether several weeks old remote
motor sequence memories, that were not extensively trained, rely on the
same neural circuits as more recent (e.g. one day old) motor memories. In
other words, is there a prolonged systems consolidation-like process in
motor sequence memory that goes beyond the early system consolidation
processes seen after the first nights of sleep (Albouy et al., 2008; Debas
et al., 2010; Fogel et al., 2017; Vahdat et al., 2017)?

In the present experiment, we tested whether motor sequence mem-
ories undergo a neuronal reorganization over several weeks. To this end,
participants were first trained in a modified version of the implicit Serial
Reaction Time Task (SRTT) that has been used since decades to test
motor sequence learning and memory (Nissen and Bullemer, 1987;
Robertson, 2007). In this task, changing visual cues are presented to the
participants with the instruction to respond to each cue as fast as possible
with a respective button press (Fig. 1A). Not known to the participants, a
specific sequence of cues is repeated several times to produce a recurring
movement of sequential button presses. Faster reaction times in these
target trials compared to those in trials with random sequences reflect
successful motor sequence learning, which is typically observed after
only a few trials (Doyon et al., 2009; Doyon and Benali, 2005). After the
initial SRTT learning phase on a first experimental day, participants
completed a SRTT testing phase in a functional magnetic resonance im-
aging (fMRI) scanner on a second experimental day. Critically, for half of
the participants the interval between motor learning and retention
testing was one day (1d-group), whereas for the other half of the par-
ticipants this interval was four weeks (28d-group). This experimental
set-up allowed us to determine whether remote motor sequence mem-
ories recruit the same or different brain areas as recent motor sequence
memories, without any interference due to repeated testing. In the testing
phase, we additionally introduced a second repeating sequence, allowing
a distinction between new sequence learning on experimental day 2 and
sequence-specific motor memory for the sequence learned on day 1.
Importantly, successful motor skill learning can lead to increasing or
decreasing activity in the related brain areas (Dayan and Cohen, 2011;
Huang et al., 2013; Wiestler and Diedrichsen, 2013). Decreasing activity,
however, does not necessarily imply that the respective area is less
involved in motor sequence learning and memory but may point to more
efficient encoding of the motor sequences (Poldrack et al., 2005;
Ungerleider et al., 2002; Wiestler and Diedrichsen, 2013). Therefore, it
has been suggested to complement traditional, univariate fMRI analyses
by multivariate analyses that allow the detection of specific multivariate
activity patterns irrespective of an overall increase or decrease in activity
(Wiestler and Diedrichsen, 2013; Wymbs and Grafton, 2015). Thus, we
combined here univariate fMRI analysis and multivariate search-light

representational dissimilarity analysis (RSA) to investigate
time-dependent changes in the neuronal representation of motor
sequence memories. Based on the proposed systems consolidation pro-
cess for hippocampus-dependent episodic memory, we predicted a
similar, time-dependent reorganization of remote (several weeks old),
compared to recent (one day old), motor sequence memories, with an
increase in neocortical memory representation, possibly paralleled by a
decrease in regions subserving initial motor sequence learning.

2. Materials and methods

2.1. Participants

We tested 48 healthy, right-handed young adults with normal or
corrected-to-normal vision (24 men, 24 women; age: mean¼ 23.85
years, SD¼ 3.28 years). Exclusion criteria comprised a lifetime history of
any psychiatric or neurological disorder, medication intake or drug abuse
and circumstances preventing a MRI scan. One participant had to be
excluded due to technical problems during data acquisition leading to an
incomplete data set, four participants due to extensive movement during
the fMRI measurements (more than 3mm/3�), one participant due to
strong task-relatedmovement (correlation of task onsets and the 6th rigid
body motion parameter of r¼ - 0.51) and three participants due to poor
overall performance in the task (more than 34% error rate), thus leaving
a final sample of 39 participants for analysis (age: mean¼ 23.44 years,
SD¼ 3.11 years; 1d-group: 9 men, 9 women; 28d-group: 11 men, 10
women). The study protocol was approved by the ethics committee of the
German Psychological Association (LS 062013_012015). Participants
gave written informed consent before participation and received mone-
tary compensation. All testing took place in the afternoon or early
evening.

2.2. Experimental design

The study consisted of two experimental days: on Day 1, participants
performed the learning phase of the serial reaction time task (SRTT)
outside the scanner. On Day 2, participants completed the test phase of
the SRTT in the fMRI scanner. Importantly, the time interval between the
learning phase and the test phase depended on the experimental group:
participants assigned to the 1d-group performed the test phase one day
after learning, while participants assigned to the 28d-group performed
the test phase four weeks after the learning phase. This between-subject
design allowed us to compare recent and remote motor sequence mem-
ories without any interference due to repeated testing. Participants were
pseudo-randomly assigned to the 1d-group or 28d-group (12 women and
12 men per group). The testing of participants of the two groups in the
fMRI scanner took place intermixed, so potential group differences
cannot be explained by systematic changes in the technical environment
of the scanner over time. In addition to the SRTT, participants performed
an unrelated explicit picture encoding task or picture recognition task
immediately before the SRTT learning phase or test phase on experi-
mental Day 1 or Day 2, respectively, the results of which are reported
elsewhere (Dandolo and Schwabe, 2018).

2.3. Serial reaction time task (SRTT)

We adapted a modified version of the original SRTT (Nissen and
Bullemer, 1987) that was introduced by Tzvi et al. (2015). In this task,
participants saw changing visual cues and were instructed to respond to
each cue as quickly as possible with a specific button press. Unbeknownst
to the participants, a specific sequence of twelve cues was repeated
several times. To allow an event-related design we modified the block
design used in Tzvi et al. (2015) by introducing breaks between each
sequence of twelve cues. More specifically, at the beginning of each trial,
consisting of a sequence of twelve cues, four grey squares appeared in a
horizontal array in the middle of a computer screen (see Fig. 1A). Each
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Fig. 1. (A) Schematic overview of one trial of the serial reaction time task (SRTT). First, four grey horizontal squares appeared on the screen for 600ms to signal
the start of a new trial. Then a sequence of 12 visual cues followed (800ms each), with one of the squares turning blue each time to cue a corresponding finger press on
a four-button response box using the left hand (see bottom left for visual cue-button-finger correspondence). Each finger was cued three times within one trial, but
never twice in a row. A fixation cross was shown between trials. (B) Reaction times in the learning phase. Reaction times were faster for old target trials than for
random trials and decreased throughout the blocks in both groups. Data from the 1d-group is presented in the left panel and data from the 28d-group in the right panel.
The learning phase consisted of 10 blocks, with four trials per block for each trial type (random vs. old target), respectively. Error bars represent SEM. (C) Reaction
times in the test phase. Reaction times for old target trials were, both for the 1d-group and for the 28d-group, faster than reaction times for both random and new target
trials, in particular at the beginning of the test phase. Data from the 1d-group is presented in the left panel and data from the 28d-group in the right panel. The test
phase consisted of 6 blocks, with four trials per block for each trial type (random vs. old target vs. new target) respectively. Error bars represent SEM. (D) Error Rates in
the learning phase. We found a main effect of Trial Type with more errors in random trials than in old target trials, but no effects involving the factors Block or Group.
Data from the 1d-group is presented in the left panel and data from the 28d-group in the right panel. The learning phase consisted of 10 blocks, with four trials per
block for each trial type (random vs. old target) respectively. Error bars represent SEM. (E) Error Rates in the test phase. We found a main effect of Trial Type and a
main effect of Block, but no interaction and no effects involving the factor Group. Data from the 1d-group is presented in the left panel and data from the 28d-group in
the right panel. The test phase consisted of 6 blocks, with four trials per block for each trial type (random vs. old target vs. new target) respectively. Error bars
represent SEM.

L.C. Dandolo, L. Schwabe NeuroImage 197 (2019) 143–155

145



square was associated with a respective finger of the non-dominant (i.e.,
left) hand, placed on a response box (left square/button¼ small finger,
second from left square/button¼ ring finger, second from right squar-
e/button¼middle finger, right square/button¼ index finger). After
600ms, one of the squares turned blue prompting participants to press
the corresponding button on the response box with the corresponding
finger. After 800ms, a different square turned blue, cuing the next button
press and so forth, until all twelve cues were presented. Within each trial,
each of the four buttons was cued three times, with the same button never
being cued twice in a row. We used a four-button fiber optic response box
(Current Designs, Inc., Philadelphia, PA, USA) in both the learning phase
outside the scanner and the test phase inside the scanner. The visual cues
were presented and the button presses recorded using MATLAB and the
Psychtoolbox (Brainard, 1997). Participants were instructed to press the
correct buttons as quickly and as precisely as possible. They did not
receive feedback about their performance during the task, neither during
the learning nor during the test phase.

2.3.1. Learning phase
For each participant, an individual target sequence, consisting of 12

button presses, was generated at the beginning of the learning phase and
unbeknownst to the participant this sequence was presented 40 times
throughout the learning phase of the experiment, pseudo-randomly
intermixed with 40 trials containing random sequences. The learning
phase consisted of ten blocks in total, with four target trials and four
random trials presented in random order in each block. This procedure
assured that each trial type (target vs random) occurred at a similar rate
throughout the learning phase. The blocks were presented directly one
after another, without a break in between and without participants
noticing a transition between blocks. Between trials a fixation cross was
presented for 5� 2 s. Three random practice trials were presented before
the learning phase to make sure participants understood the visual cue to
finger correspondence.

2.3.2. Test phase
For the test phase we reused the target sequence generated for the

respective participant on the first day, now referred to as old target
sequence, and also generated a second new target sequence for each
participant, again consisting of 12 button presses. The introduction of the
new target sequence allowed us to differentiate between memory for the
old target sequence and new learning processes during the test phase,
which were likely to occur for both the new target and the old target
sequence. Throughout the test phase the old target sequence was pre-
sented 24 times, pseudo-randomly intermixed with 24 new target se-
quences and 24 random sequences. The test phase consisted of six blocks
in total, with four old target trials, four new target trials and four random
trials presented in random order in each block. This procedure assured
that each trial type (old target vs new target vs random) occurred at a
similar rate throughout the test phase. The blocks were presented directly
one after another, without a break in between and without participants
noticing a transition between blocks. Between trials a fixation cross was
presented for 7� 2 s.

2.4. Assessment of explicit awareness

After the test phase, we asked participants to reproduce the two visual
cue sequences (old target and new target) that they had been presented
with in the test phase by marking the respective presumed position of
each visual cue on a paper sheet containing 12 rows of the horizontal
grey squares array (one row for each cue in the sequence). We then
compared these two reported sequences with both the old target and the
new target sequence and noted the highest number of correctly recalled
consecutive cues per sequence. Tzvi et al. (2015) used Monte Carlo
simulations to find the number of consecutive correct hits that can be
seen as “above chance level” and therefore interpreted as explicit
awareness. In accordance with these simulations, we classified

participants who correctly recalled six or more consecutive cues within a
sequence as having gained explicit awareness of the respective sequence.
In retrospect, ten participants were explicitly aware of at least one of the
two target sequences, with three of these participants even recalling both
target sequences correctly. We assessed if there were systematic differ-
ences in explicit awareness between the two groups (1d vs 28d) to make
sure that potential group differences could not be explained by differ-
ences in explicit awareness. In retrospect, there were no significant dif-
ferences in the number of participants with explicit awareness of either
the old target sequence (4 out of 18 in the 1d group and 4 out of 21 in the
28d group, p¼ 1, Fisher's exact test) or the new target sequence (2 out of
18 in the 1d group and 3 out of 21 in the 28d group, p¼ 1, Fisher's exact
test) between the two groups. Nevertheless, we further reanalyzed the
data excluding the 10 participants with explicit awareness (leaving a
sample of n¼ 29; 13 in the 1d-group and 16 in the 28d-group), to
examine if the main results obtained in the analysis with all participants
(n¼ 39) hold for the sample including only participants with implicit
learning and memory (n¼ 29).

2.5. Assessment of patterns in target sequences

As we used different target sequences for each participant, we also
assessed differences in target sequence difficulty, expressed by the po-
tential occurrence of systematic patterns in the sequences. We checked
for group differences and effects of the patterns on the behavioral results
and could show that the behavioral effects were not driven by potential
differences in target sequence difficulty (See Supplementary Results for a
more detailed description of these analyses).

2.6. Behavioral data analysis

Behavioral data analyses were performed in R version 3.3.2 (https://
www.r-project.org/). In case of a violation of the sphericity assumption
in the ANOVAs, Greenhouse-Geisser corrections were applied.

2.6.1. Learning phase and test phase reaction times analyses
We analyzed the mean reaction time of all correct responses within a

trial as our main behavioral parameter. For the learning phase, we sub-
jected the reaction times to a mixed ANOVA with Block (10 blocks) and
Trial Type (target vs random) as within-subjects factors and Group (1d vs
28d) as between-subjects factor. Likewise, for the test phase, we analyzed
the reaction times by means of mixed ANOVAs with Block (6 blocks) and
Trial Type (old target vs new target vs random) as within-subjects factors
and again Group (1d vs 28d) as between-subjects factor.

2.6.2. Learning phase and test phase error rates analyses
In addition to reaction times, we analyzed the error rates defined as

the percentage of incorrect and missing button presses within a trial.
Error rates were subjected to the same ANOVAs as reaction times. Note
that error rates overall were very low throughout the learning phase
(6.60%� 0.22 SEM) and the test phase (6.92%� 0.28 SEM; i.e. in
average less than one incorrect/missing button press per trial as 1 out of
12 would be 8.33%).

2.6.3. Differences between learning phase and test phase do not allow
assessment of off-line learning

Previous studies have shown that, in addition to the fast online
learning during the learning phase of a SRTT, there are also off-line
learning effects, reflected in a decrease of reaction times for target se-
quences after learning even without further practice (Debas et al., 2014;
Press et al., 2005). However, a direct assessment of off-line gains in our
design was hardly possible due to differences in the experimental setup
between our learning and test phases (different context and additional
target sequences during the test session).
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2.7. MRI acquisition

Whole-brain fMRI data were acquired on a 3T Skyra scanner
(Siemens) equipped with a 32-channel head coil. For the functional im-
ages we used an echoplanar imaging (EPI) sequence, acquiring 513 vol
with the following parameters: 36 slices, slice thickness¼ 3mm, distance
factor 20%, repetition time (TR)¼ 2500ms, echo time (TE)¼ 30ms,
voxel size 3.0mm isotropic. We also acquired a high-resolution T1-
weighted anatomical image (TR¼ 2.5s, TE¼ 2.12ms, 256 slices, voxel
size¼ 0.8� 0.8� 0.9mm) and a magnetic (B0) field map to unwarp the
functional images.

2.8. fMRI data preprocessing

The fMRI data were preprocessed using MATLAB and SPM12 (http
://www.fil.ion.ucl.ac.uk/spm/). The first four functional images (10 s)
were discarded to allow for T1 equilibration. The remaining 509 func-
tional images were first spatially realigned and unwarped using the field
maps (utilizing the SPM Calculate VDM and SPM Realign & Unwarp
modules), then coregistered to the structural image, followed by a
normalization to the MNI space. For the univariate analysis, the images
were additionally spatially smoothed using an 8mm full-width half-
maximum Gaussian kernel.

2.9. General linear modeling and whole brain analysis

The data was analyzed using general linear modeling (GLM), in the
form of a random effects analysis, as implemented in SPM12.

2.9.1. First level modelling in SPM
For each of the six blocks in the test phase we created regressors for

each Trial Type (old target, new target, random), resulting in 18 regressors
(6 Blocks� 3 Trial Types). Thereby each regressor contained 4 trials and
each trial was modeled as a short block, using the time the first square
turned blue as the onset of the block and 9.6 s as duration, thus equal to
the total trial length (12 cues� 800ms presentation of each cue). We
therefore modelled all 72 trials in the test phase (4 trials per regressor x
18 regressors¼ 72 trials). Because the error rate was overall very low
(mean error rate 6.92%� 0.28 SEM per trial) and trials were analyzed as
‘mini-blocks’ of 12 button presses each, we did not exclude trials con-
taining a single erroneous button press. The division of the trials into the
six blocks was implemented to test new learning across the test phase,
utilizing the fact that the task was programmed in a pseudo-random way,
ensuring that each trial type occurred at a similar rate throughout the test
phase. Although including the blocks in the analysis enabled us to
examine changes within the test phase due to new learning, it should
nevertheless be noted that alternative analyses examining the modula-
tion of brain activity at the trial level instead of blocks may have resulted
in a different pattern of results.

Note that we did not include movement regressors in the GLM, as we
used the SPM unwarp function in the data preprocessing instead. A high-
pass filter of 128 s was used to remove low-frequency drifts and serial
correlations in the time series were accounted for using an autoregressive
AR(1) model.

2.9.2. Second level modelling in SPM
We first looked at the overall task activity across all subjects (using

the first-level main contrast comparing all trial types to the implicit
baseline) to verify that the expected motor areas are active when per-
forming the SRTT in general. We then analyzed the following difference
contrasts from the first level across all participants: old target> random,
new target> random and old target> new target. To take new learning
processes during the test phase into account, we additionally examined
the main effect of Block (six blocks), and the interaction effect of Trial
Type (old target, new target, random) x Block by setting up the relevant t-
contrasts on the first-level (5 contrast for the main effect of block, 10 for

the interaction effect Trial Type x Block; created using the spm_make_-
contrasts function). Using a two-sample t-test design at second level
modelling we then compared differences between the 1d-group and 28d-
group in all the above contrasts.

2.9.3. Classical and Bayesian estimation methods
To estimate the second level models we used both the classical

(Restricted Maximum Likelihood) estimation and, in a second step, the
Bayesian estimation of second level models as implemented in SPM12.
For the results of the classical estimation method, we first used a voxel
wise threshold of p< 0.05 (family-wise error correction (FWE)) at the
whole brain-level and, if no voxels survived this threshold, used the less
conservative FWE cluster-thresholding implemented in SPM12. Impor-
tantly, we used a high cluster forming threshold of p¼ 0.001 combined
with a FWE corrected cluster extent threshold (and not an arbitrary
extent threshold such as e.g. k¼ 10). These thresholds have been shown
to be sufficient (Flandin and Friston, 2017) to avoid the otherwise
inflated false-positive rates (Eklund et al., 2016).

The Bayesian second level estimation of the models as implemented
in SPM12 uses an Empirical Bayes algorithm with global shrinkage
priors, which embodies a prior belief that on average across all voxels
there is no experimental effect (see SPM12 documentation). For this
Bayesian second level analysis, we used an effect size threshold of 0.5
(medium effect size) and a log odds bayes factor threshold of logBF¼ 5
(very strong evidence (Han and Park, 2018)) for the posterior probability
maps (PPMs) to test for group differences in the overall task activity and
differences in the activity for the old target sequence, the new target
sequence and the random sequence separately. We also computed evi-
dence for the null hypothesis (no group differences) by first defining a
F-contrast with the vector [1 -1] then using the Bayesian estimation
method to create a posterior probability map using a logBF of 3 and then
using the spm_bms_test_null function to create a map containing the log
bayes factors for the null hypothesis.

2.10. ROI analysis

In addition to the whole-brain analysis, we specifically looked at re-
gions that have previously been discussed as being involved in motor
sequence learning (Hardwick et al., 2013). We used the following
anatomical masks from the Harvard-Oxford atlas (Desikan et al., 2006)
using a probability threshold of 50%: caudate nucleus, putamen, pal-
lidum, thalamus, hippocampus and superior parietal lobule (left and
right respectively), juxtapositional lobule (formerly supplementary
motor cortex) and anterior cingulate gyrus. We also used the following
anatomical masks from the Juelich atlas (Eickhoff et al., 2007), again
using a probability threshold of 50%: Primary motor cortex BA4a, Pri-
mary motor cortex BA4p, Primary somatosensory cortex BA1, Primary
somatosensory cortex BA2, Primary somatosensory cortex BA3a, Primary
somatosensory cortex BA3b and Premotor cortex (left and right respec-
tively). In addition, we used masks created with MARINA (http
://www.bion.de/eng/MARINA.php) for the left and right dorsolateral
prefrontal cortex (dlPFC) and a cerebellum mask retrieved from the
Diedrichsen Lab (http://www.diedrichsenlab.org/imaging/propat
las.htm). We performed small volume correction for these ROIs to test
whether there were differences between trial types (old target> random,
new target> random and old target> new target) or differences between
the groups (1d vs 28d) that could be detected when correcting the
FWE-threshold for the number of voxels in the ROIs in comparison to the
whole brain. Thus, voxels were regarded as significant when falling
below a corrected voxel threshold of 0.05 (FWE) adjusted for the small
volume. We report all areas with k> 10 significant voxels.

2.11. Searchlight representational similarity analysis

2.11.1. Searchlight approach
In addition to the univariate analysis, we performed a whole-brain
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searchlight Representational Similarity Analysis (RSA; Kriegeskorte
et al., 2008) using the rsatoolbox (Nili et al., 2014). For each participant,
we extracted a representational dissimilarity matrix (RDM) for each
spherical searchlight (15mm radius), based on the t-maps of the 18 re-
gressors (6 blocks� 3 trial types) from a univariate GLM estimated on
unsmoothed, normalized functional images. In each sphere, we extracted
the activity pattern across the sphere for each regressor and calculated
the dissimilarity between two activity patterns by correlation distances
(1�r, Pearson linear correlation). Next, these dissimilarities based on
each combination of the 18 regressors were placed into the respective
cells of the 18� 18 RDMs. Then, these brain RDMswere compared to one
of six model RDMs (see Section 2.11.2 for description of the models) in
each sphere using Spearman's rank correlation coefficient r. The resulting
r estimates were assigned to the center voxels of each sphere, thus
creating a whole-brain map of model fits for each model and subject. For
each model, we then used the r-maps of each subject as input to a
Second-Level SPM estimation to find main effects across the whole group
of subjects and differences between the model fits of the two groups (1d
vs 28d).

2.11.2. Model RDMs
We performed the searchlight RSA for six different models: (1) theOld

Target and New Target Stable model expects two different activity pat-
terns, one for all regressors based on old target sequence and one for all
regressors based on new target sequence, that are dissimilar from each
other, but stable across the blocks; (2) the Old Target Stable and New
Target Evolving model expects similar activity patterns for all regressors
based on old target trials from the beginning on, and a separate pattern for
new target trials that slowly emerges across the blocks, i.e. we modeled a
linear increase in pattern similarity across the blocks for the new target
sequences reflecting a learning process; (3) the Old Target and New Target
Evolving model expects two different activity patterns for the old target
and the new target respectively, both becoming more and more consistent
across the blocks; (4) theOld Target Distinctmodel expects similar activity
patterns for all regressors based on old target trials, but no consistent
patterns for new target trials; (5) the New Target Distinct model expects
similar activity patterns for all regressors based on new target trials, but no
consistent patterns for old target trials; (6) the Old Target and New Target
Same model expects similar activity patterns for all regressors based on
either old target trials or new target trials. None of the models expect
consistent patterns for random trials. We hypothesized that the first three
models (the Old Target and New Target Stable; Old Target Stable and New
Target Evolving; Old Target and New Target Evolving) will all capture gen-
eral differences between the representations of previously learned old
motor memories (after consolidation) and newly learned motor mem-
ories (before consolidation). Differences between the 1d-group and the
28d-group in these models can then be related to differences between
representations of recent motor memories after early systems consoli-
dation and representations of remote motor memories after prolonged
systems consolidation in comparison to newly learned motor memories,
respectively. We expected model 2 (Old Target Stable and New Target
Evolving) to show better model fits in areas that additionally represented
new learning of the new sequence across the test phase, while model 3
(Old Target and New Target Evolving)was expected to show a better model
fit in areas representing new learning of both sequences across the test
phase. Models 4 (Old Target Distinct), 5 (New Target Distinct) and 6 (Old
Target and New Target Same) were included as control models, to show
areas that only represented the old memories (4), the newly learned
memories (5), or had the same representation for both sequences (6).

3. Results

3.1. Successful motor sequence learning

On a first experimental day, participants completed ten blocks of a
SRTT (Nissen and Bullemer, 1987; Tzvi et al., 2015) in which they were

requested to respond to changing visual cues with a corresponding but-
ton press (Fig. 1A). Unbeknownst to the participants, a specific sequence
of cues (target sequence) was presented repeatedly, enabling motor
learning. As expected, participants showed significantly faster reaction
times in target trials than in random trials in the learning phase (main
effect Trial Type: F(1,37)¼ 47.81, p¼ 3.68e-08, generalized η2¼ 0.095)
and a significant decrease of reaction times across the ten learning blocks
in target trials (main effect Block for target trials: F(3.94,149.77)¼ 15.06,
p¼ 2.86e-10, generalized η2¼ 0.055), but not in random trials (main
effect Block for random trials: F(9,342)¼ 1.20, p¼ 0.2968, generalized
η2¼ 0.004; interaction effect Block� Trial Type: F(4.53,167.65)¼ 7.82,
p¼ 3.00e-06, generalized η2¼ 0.011, Fig. 1B). Post-hoc paired t-tests
comparing target trials to random trials in each block were significant in
all blocks (all t> 3.93, all p< 0.0003), showing that the reaction times
were faster for target compared to random sequences already in the first
block. Thus, participants show very early gains in reaction times for the
target sequence (after only 4 repetitions of the sequence) comparable to
steep learning curves shown in other studies using similar tasks (Tzvi
et al., 2015; Wymbs and Grafton, 2015). However, Fig. 1B, additionally
shows that the difference between the random and target sequence still
increased further across the blocks, as the reaction times for the target
sequence consistently decreased. In the last block of the learning phase,
the mean difference between random and target trials was significantly
larger than in the first block (47ms vs 17ms; paired t-test comparing
block 1 to block 10: t(38)¼�4.36, p¼ 9.58e-05, Cohen's d¼ 0.70).
Importantly, both groups learned the target sequence equally well (main
effect Group: F(1,37)¼ 0.005, p¼ 0.9444, generalized η2¼ 0.0001, no
significant interaction effects involving Group: all F< 0.68, all
p> 0.727).

The analysis of the error rates in the learning phase also showed a
main effect of Trial Type (F(1,37)¼ 24.49, p¼ 1.65e-05, generalized
η2¼ 0.030), with more errors for random trials than for target trials and
no differences between the groups (main effect Group: F(1,37)¼ 0.27,
p¼ 0.6093, generalized η2¼ 0.003, Group� Trial Type: F(1,37)¼ 0.03,
p¼ 0.8563, generalized η2¼ 0.00004). There was only a trend for main
effect of Block (F(5.78,214.00)¼ 1.83, p¼ 0.0969, generalized η2¼ 0.014)
and no interaction effects involving Block (all F< 1.63, all p> 0.1370),
showing that the error rates stayed relatively constant throughout the
learning phase (Fig. 1D). In sum, these data show that participants
learned the target sequence very well on day 1, without any differences
between the 1d- and 28d-groups.

3.2. Intact motor sequence-specific memory after 28 days

In the test phase, we introduced a new target sequence in addition to
the old target sequence that was learned on day 1 in order to differentiate
new sequence learning during the test phase from sequence-specific
motor memory. The ANOVA showed a significant main effect of Trial
Type (F(2,74)¼ 30.24, p¼ 2.52e-10, generalized η2¼ 0.105), and a
Block� Trial Type interaction (F(5.83,215.69)¼ 3.03, p¼ 0.0079, general-
ized η2¼ 0.005; main effect Block: F(2.40,88.94)¼ 3.17, p¼ 0.0381,
generalized η2¼ 0.006). Most importantly, however, there were no
interaction effects including the factor Group (all F< 0.90, all
p> 0.4247) and no main effect of Group (F(1,37)¼ 1.09, p¼ 0.3017,
generalized η2¼ 0.021). Examining Fig. 1C shows that, for both groups,
the reaction times for the random sequence remained rather constant
across the test phase (main effect Block for random trials: F(5,190)¼ 1.05,
p¼ 0.3899, generalized η2¼ 0.004), while we found the expected
learning effect for the new target sequence with reaction times decreasing
across blocks (main effect Block for new target trials: F(1.95,74.14)¼ 4.41,
p¼ 0.0162, generalized η2¼ 0.018). Most importantly, however, the
reaction times for the old target sequence that was trained on day 1 were
consistently low throughout the testing phase. In particular in the first
blocks the reaction times for the old target sequence were faster than not
only the reaction times for the random sequence but also faster than the
reaction times for the new target sequence, showing the expected
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sequence-specific memory effect. Bonferroni-corrected post-hoc paired t-
tests across both groups (0.05/18 tests¼ 0.0028 as significance
threshold) showed that, in the first and second block, reaction times in
the old target trials were significantly faster than in both the random trials
(both t> 5.98, both p< 0.0001) and the new target trials (both t> 4.21,
both p< 0.0001), while the random and new target trials did not differ
significantly (both t< 3.15, both p> 0.003). In blocks four and five, the
reaction times of old target trials were faster than the reaction times for
new target trials and random trials, and the reaction times for new target
trials were faster than the reaction times for random trials (all t> 3.19, all
p< 0.0028). In blocks three and six, reaction times in random trials were
significantly slower than both old target trials (both t> 5.59, both
p< 0.0001) and new target trials (both t> 3.58, both p< 0.0009), while
the old target and new target trials did not differ significantly (both
t< 3.03, both p> 0.004). Although Fig. 1C suggests that across all trial
types and blocks the reaction times in the 28d-group seemed to be
somewhat slower than in the 1d-group, this difference was not significant
(main effect of Group: F(1,37)¼ 1.09, p¼ 0.3017, generalized η2¼ 0.021)
and the pattern of results was clearly very similar in the 1d- and the 28d-
groups. Thus, in both groups the reaction times were faster in the old
target trials compared to both random and new target trials at the begin-
ning of the test phase. This finding clearly shows intact sequence-specific
motor memory in the 1d-group and the 28d-group.

For the error rates in the test phase, there was again a significant main
effect of Trial Type (F(2,74)¼ 13.68, p¼ 8.79e-06, generalized
η2¼ 0.023), with more errors for random trials than for old target trials
(t(38)¼�5.06, p¼ 1.09e-05, Cohen's d¼�0.33), and more errors for
random trials than new target trials (t(38)¼�3.15, p¼ 0.0032, Cohen's
d¼�0.18), and slightly less errors for old target trials than new target
trials (t(38)¼ 2.02, p¼ 0.0503, Cohen's d¼ 0.13). There was also a main
effect of Block (F(3.84,142.04)¼ 4.05, p¼ 4.37e-03, generalized
η2¼ 0.014), but no Trial Type� Block interaction (F(6.77,250.56)¼ 1.08,
p¼ 0.3757, generalized η2¼ 0.005). Importantly, there were again no
differences between groups in the error rates (main effect Group:
F(1,37)¼ 1.37, p¼ 0.2494, generalized η2¼ 0.023, no interaction effects
involving Group: all F< 1.97, all p> 0.1051, Fig. 1E).

3.3. Neural underpinnings of motor sequence learning and memory 1d and
28d after initial encoding

Our behavioral data from the test session on experimental day 2
suggest that sequence-specific motor memory was equally robust in
participants tested one day after encoding and those tested 28 days after
encoding. We next set out to determine whether the neural un-
derpinnings of motor memory underwent time-dependent changes or
not. In a first step, we analyzed overall task activity (for all trial types)
against the implicit baseline across all participants to verify that overall
the expected motor areas are involved during performance of the SRTT.
This analysis showed, as expected, activity in areas implicated in motor
sequence learning, including, for instance, the precentral gyrus, post-
central gyrus, caudate nucleus, putamen and cerebellum. Parts of the
medial temporal lobe and frontal pole, in turn, showed a significant
decrease in activation (compared to the implicit baseline) during the
motor learning task (p< 0.05 (FWE); see Supplementary Fig. 1 for vi-
sualizations and Supplementary Table 1 for a complete list of increased
and decreased activations). We then tested for differences between the
trial types (old target> random, new target> random and old target> new
target) across all participants at the whole-brain level and found higher
activity for old target trials relative to random trials in the right caudate,
the right putamen, the angular gyrus, the cuneal cortex and the frontal
pole when applying a cluster forming threshold of p< 0.001 (unc.) and a
cluster-extent of 254 voxels (see Supplementary Table 2 for exact co-
ordinates and cluster extents). No areas survived this threshold for the
new target> random and old target> new target contrasts. We then tested
for effects related to the six different blocks within the testing phase and
found a main effect of Block bilaterally in the lateral occipital cortex,

inferior division (left: k¼ 638 voxels, t-value¼ 16.10, peak voxel:
x¼�46, y¼�70 and z¼ 2; right: k¼ 736 voxels, t-value¼ 15.59, peak
voxel: x¼ 46, y¼�68 and z¼�2) when applying a cluster forming
threshold of p< 0.001 (unc.) and a cluster-extent of 165 voxels. How-
ever, no areas survived this threshold for the Trial Type� Block inter-
action. Next, we tested for group differences in all of the above described
contrasts. These analyses, however, did not yield any significant voxels or
clusters at the whole-brain level.

In a next step, we analyzed activity in a number of pre-defined ROIs
that have been implicated in motor sequence memory before (see ma-
terials and method), using small volume correction for each ROI sepa-
rately. Differences between old target, new target, and random sequences
were obtained, across all participants, in the following regions (see
Supplementary Table 3 for exact coordinates, p-values and number of
voxels): we found higher activity for old target trials than random trials in
the right caudate, left caudate, right putamen and left dlPFC, echoing the
results of the whole-brain cluster-thresholded analysis for this contrast
and suggesting that these areas are important for sequence-specific
learning and memory. Further, we found higher activity for the new
target trials than the random trials in the right caudate and the left hip-
pocampus, suggesting that these areas are involved in new motor
sequence learning. Finally, we found higher activity for new target trials
than old target trials in the left primary somatosensory cortex BA2, sug-
gesting that this area might be more involved in new motor sequence
learning than in performing already trained motor sequences. Alterna-
tively, this finding might also imply that the old sequence is already
encoded more efficiently, leading to a decrease in activity, compared to
the newly encoded sequence. Note, however, that after correcting for the
number of ROIs used in these analyses, only the right caudate for the
contrast old target> random remains significant. Most importantly,
however, even before correcting for the number of ROIs in these small
volume corrected analyses, we did not obtain evidence for any differ-
ences in brain activity between the 1d- and 28d-groups.

3.4. Bayesian analysis shows a higher probability of prefrontal involvement
in motor sequence memory after 28 days

Our univariate analyses so far suggested that the neural un-
derpinnings of motor memory are largely comparable in the 1d- and 28d-
groups, implicating that the neural signature of motor memory remains,
in contrast to episodic memory, stable over time (at least over 4 weeks).
In order to explicitly test the evidence in favor of the null hypothesis (i.e.
that there are no differences between the 1d- and 28d-groups) and the
evidence in favor of the alternative hypothesis (i.e. that there are actually
differences between the 1d- and 28d-groups), we run a Bayesian second
level analysis. Bayesian second-level analysis has been shown to be more
conservative than clusterwise FWE inference while being more sensitive
than voxelwise FWE inference (Han and Park, 2018) and importantly also
allows explicit testing of the null hypothesis. Using a logBF of 3 to create
posterior probability maps for the null hypothesis we did, however, not
find any evidence for the null hypothesis of comparable brain activity in
the 1d- and 28d-groups, neither in the overall task activity nor in each
trial type separately. On the contrary, when using an effect size threshold
of 0.5 (medium effect size) and a log odds threshold of logBF¼ 5 (very
strong evidence), we found that the probability that the 1d-group showed
more activation than the 28d-group across all trial types was higher in
the left post central gyrus (peak voxel: x¼�32, y¼�38, z¼ 72) and,
conversely, the probability that the 28d-group showed more activation
than the 1d-group across all trial types was higher in the bilateral middle
frontal gyrus (peak voxel left: x¼�44, y¼ 26, z¼ 44; peak voxel right:
x¼ 42, y¼ 34, z¼ 44), the frontal pole (peak voxel: x¼�18, y¼ 68,
z¼ 16) and the occipital pole (peak voxel: x¼�14, y¼�94, z¼�2;
Fig. 2A). We then tested whether these group differences were related to
new learning or memory processes and thus specific to certain trial types
(i.e., specific to old target trials, new target trials and random trials). In old
target trials, indicative of sequence-specific motor memory, there was a
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higher probability in the post central gyrus that the 1d-group showed
more activation than the 28d-group (Fig. 2B). Yet, evidence for this
difference (as well as a similar difference in the frontal pole and occipital
pole) was also obtained for random trials (Fig. 2D), and thus seems to
reflect differences between the groups in the general motor task rather
than sequence-specific motor memory. Interestingly, however, there was
selectively for old target trials a higher probability for activation in the left
middle frontal gyrus in the 28d-group compared to the 1d-group, indi-
cating that this areamight be more strongly involved in sequence-specific
memory after 28 days than after 1 day. In new target trials alone, there
was no evidence for different activations in the two groups (Fig. 2C).

3.5. Frontal cortex areas are more involved in separating between activity
patterns for old sequence memories and patterns for newly learned
sequences after 28 days than after 1 day

The Bayesian Analysis showed a higher probability for the involve-
ment of the middle frontal gyrus in motor memory after 28 days than 1
day after encoding. We also ran a searchlight RSA to find areas in the
brain that show stable or evolving multivariate activity patterns for the
old and/or new target sequence. In contrast to the mass univariate

approach, the RSA allows the identification of information in the brain
that is coded by patterns of activations in neighboring voxels. More
specifically, we performed searchlight RSA comparing RDMs of each
searchlight area to six different model RDMs reflecting different aspects
of motor learning and memory: A first model reflected consistent
multivariate representation of both the old learned sequence and the new
target sequence throughout the test phase, reflecting differences between
the two sequences without modeling any new learning processes across
blocks (Old Target and New Target Stablemodel). The secondmodel aimed
to identify areas that show a consistent multivariate representation of the
old target sequence throughout the test phase, reflecting an already
established representation of the old sequence-specific motor memory,
and a representation of the new target sequence that evolves over the
course of the test phase, reflecting a new learning process (Old Target
Stable and New Target Evolving model). Thus, this model reflects a rep-
resentation of the motor memory of the target sequence learned on day 1,
irrespective of any new learning processes for this old target sequence.
The third model assumes also a re-learning process for the old target
sequence, i.e. distinct representations for the old target and new target
trials respectively that both become more consistent over the course of
the test phase (Old Target and New Target Evolving model). The fourth

Fig. 2. Bayesian Second Level Group comparisons (n¼ 39).
All voxels exceeding a threshold of logBF¼ 5 for PPMs created
using an effect size threshold of 0.5 in the contrast 1d-group >

28d-group are coloured in red, and all voxels exceeding the
same threshold in the contrast 28d-group > 1d-group are
coloured in blue. Visualizations of these activations are
superimposed on four sagittal slices (left hemisphere x¼�44,
�32, �16, right hemisphere x¼ 40) of a template image.
Figures were created using MRIcron (https://www.nitrc.o
rg/projects/mricron). (A) Group differences for the overall
task activity (all trial types): the 1d-group showed a higher
probability of activation compared to the 28d-group in the left
postcentral gyrus (peak voxels: x¼�32, y¼�38, z¼ 72,
k¼ 47; x¼�30, y¼�36, z¼ 50, k¼ 15), while there was a
higher probability that the 28d-group showed more activation
than the 1d-group in the left middle frontal gyrus (peak vox-
els: x¼�44, y¼ 26, z¼ 44, k¼ 61; x¼�32, y¼ 14, z¼ 66,
k¼ 6), right middle frontal gyrus (peak voxel: x¼ 42, y¼ 34,
z¼ 44, k¼ 13), occipital pole (peak voxel: x¼ - 14, y¼�94,
z¼�2, k¼ 22) and frontal pole (peak voxel: x¼�18, y¼ 68,
z¼ 16, k¼ 12). Note that only areas with more than 5 voxels
are explicitly listed here. (B) Group differences for old target
trials: the 1d-group showed a higher probability of activation
compared to the 28d-group in the left postcentral gyrus (peak
voxel: x¼�32, y¼�38, z¼ 72, k¼ 11), while there was a
higher probability that the 28d-group showed more activation
than the 1d-group in the left middle frontal gyrus (peak voxel:
x¼�44, y¼ 26, z¼ 44, k¼ 7). (C) No voxels survived the
threshold in the group comparisons of the new target trials. (D)
Group differences for random trials: the 1d-group showed a
higher probability of activation compared to the 28d-group in
the left postcentral gyrus (peak voxel: x¼�32, y¼�38,
z¼ 70, k¼ 16), while there was a higher probability that the
28d-group showed more activation than the 1d-group in the
frontal pole (peak voxel: x¼�16, y¼ 68, z¼ 16, k¼ 99) and
the occipital pole (peak voxel: x¼ - 8, y¼�92, z¼�4, k¼ 8).
Note that only areas with more than 5 voxels are explicitly
listed here.
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model assumed a specific and consistent multivariate representation of
the old target sequence throughout the test phase that is clearly distinct
from all other sequences, thereby not expecting any specific pattern for
the new target sequence (Old Target Distinct model). The fifth model, on
the other hand, assumed a specific and consistent multivariate repre-
sentation of the new target sequence, without expecting any specific
pattern for the old target sequence (New Target Distinct model). Finally, a
sixth control model assumed consistent and indistinguishable multivar-
iate representations for both target sequences (Old Target and New Target
Same model), thereby not expecting the presence of sequence-specific
information, but only a difference between re-occurring motor se-
quences and random sequences.

We first examined the main effects of model fits for each model,
thereby searching for areas that showed, across all participants, a model
fit that was significantly different from 0 (applying a p< 0.05 (FWE)
threshold) and found that the first four models (Old Target and New Target
Stable model, Old Target Stable and New Target Evolving model, Old Target
and New Target Evolving model and Old Target Distinct model) all yielded
positive results in a number of areas, including the putamen, thalamus,
frontal pole, cerebellum, paracingulate gyrus, and temporal pole (Fig. 3A
and Supplementary Tables 4–7 for complete lists of areas per model).
However, for the Old Target and New Target Samemodel we found far less
and smaller areas with significant model fits across all participants
(Fig. 3A and Supplementary Table 8), while there were no areas with a
significant model fit for theNew Target Distinctmodel, demonstrating that
a lot of areas involved in the task showed a specific multivariate activity
pattern for the old target sequence that was distinct from the new target
multivariate activity pattern. In a next step, we tested whether repre-
sentations (i.e. model fits) were different between the 1d- and 28d-
groups. When using a FWE cluster extent threshold (with a high cluster
forming threshold of p< 0.001 unc.), we found two clusters, one in the
right superior frontal gyrus (peak voxel: x¼ 24, y¼ 20, z¼ 60) and one
in the right frontal pole extending into the middle frontal gyrus (peak
voxel: x¼ 38, y¼ 42, z¼ 42) that showed significantly better model fits
in the 28d-group in comparison to the 1d-group for the Old Target and
New Target Stablemodel, Old Target Stable and New Target Evolvingmodel
and the Old Target and New Target Evolving model, i.e. those models that
predict similar representational patterns for all regressors of the old target
sequence and similar representational patterns for all regressors of the
new target sequence respectively, that are, however, dissimilar from each
other (see Fig. 3B and Supplementary Tables 9–11). Thus, these three
models overlap to a certain extent and the reported clusters do not seem
to differ between models that reflect an evolving learning process across
the six blocks or a stable pattern across the six blocks. Importantly,
however, we did not find group differences in these frontal cortex areas
for the remaining three models (the Old Target Distinct model, the New
Target Distinctmodel and theOld Target and New Target Samemodel), thus
the decisive characteristic of a model that leads to differences between
the 28d group and the 1d group in these frontal areas seems to be the
separation between multivariate patterns for the old, consolidated motor
sequence memory and patterns for a newly learned sequence. As this
separation between the patterns of the two sequences seems to be higher
after 28 days than after one day, one can assume that these frontal cortex
areas are more involved in separating remote (4 week old) motor
sequence memory representations from newly learned sequence repre-
sentations than separating recent (1 day old) motor sequence memory
representation from newly learned sequence representation. Notably, the
cluster in the right frontal pole extending into the middle frontal gyrus
included the right middle frontal area that showed a higher probability
for an overall task-related involvement after 28d than after 1d in the
univariate Bayesian analysis.

3.6. Results for subgroup with implicit awareness

In a last step, we examined whether the results obtained in the
analysis with all participants (n¼ 39) held for a sample including only

participants without explicit awareness of the sequences (n¼ 29; see
methods section 2.4., Supplementary Figs. 1–3 and Supplementary
Tables 12–19). Importantly, this analysis showed that the behavioral
results remained largely comparable to those for the full sample (see
Supplementary Fig. 2). In the Bayesian second level analysis, the results
from the implicit sample showed a comparable pattern to that of the
whole sample (Supplementary Fig. 3) for the overall task activity,
although this time the higher probability of activation for the 28d-group
in the frontal areas seemed to be especially reflected in new targettrials
and random trials. The search-light RSA results of the reduced sample,
showed a comparable pattern to that of the whole sample (Supplemen-
tary Fig. 4), although the frontal pole clusters with a higher model fit in
the 28d-group compared to the 1d-group (first three models) were
located slightly inferior to those clusters found in the whole sample, yet
all these clusters were located in the right frontal pole.

4. Discussion

Time-dependent neural reorganizations of hippocampus-dependent
episodic or spatial memory have been a topic of intense scientific in-
quiry for decades (Dudai et al., 2015; Frankland and Bontempi, 2005;
Moscovitch et al., 2016; Squire et al., 2015). Yet, if and how the neural
representation of memories that are largely independent of the hippo-
campus changes over long time periods has received significantly less
attention (Dayan and Cohen, 2011; Doyon et al., 2009). We tested here
time-dependent changes in the neural representation of minimally
trained motor sequence memories, known to rely mainly on
cortico-striatal circuits (Dayan and Cohen, 2011; Doyon and Benali,
2005, but see Albouy et al., 2015; Albouy et al., 2013; Rose et al., 2011;
Schendan et al., 2003 for evidence of an additional involvement of the
hippocampus in implicit motor learning). Our behavioral findings show
that even a single motor sequence learning session resulted in robust
sequence-specific motor memory 28 days later. This motor memory was
reflected in significantly faster reaction times for the target sequence
learned during training compared to both a random sequence and a newly
learned sequence during the test phase, which enabled us to separate
actual motor memory from new learning during the test session. Our
neuroimaging data are generally in line with previous findings impli-
cating primarily cortico-striatal and cortico-cerebellar systems in motor
learning tasks (Dayan and Cohen, 2011; Doyon et al., 2009; Doyon and
Benali, 2005). Bayesian second-level fMRI analyses, which allowed us to
directly test the evidence in favor and against the null hypothesis of
similar motor memory-related activity after 1d and 28d, revealed a
higher probability for overall task activity in the middle frontal gyrus and
frontal pole 28d compared to 1d after initial motor learning. Further,
searchlight RSA suggested that areas in the right middle frontal gyrus and
frontal pole, including the area identified in the overall task-related
Bayesian analysis, as well as areas in the right superior frontal gyrus
are more involved in differentiating between multivariate activity pat-
terns for old motor sequence memories and activity patterns of newly
learned motor sequences in the 28d-group compared to the 1d-group.
Together, these findings indicate time-dependent changes in the neural
representation of motor sequence memory even without further training,
in particular a stronger involvement of (lateral) prefrontal areas, mainly
the middle frontal gyrus and the superior frontal gyrus, in differentiating
remote motor sequence memories from new learning.

Although the middle frontal gyrus has been mainly linked to working
memory (Leung et al., 2002; Ranganath et al., 2003) and inhibitory
control processes (Garavan et al., 1999; Verbruggen and Logan, 2008),
there is also some evidence for a role in motor learning and memory.
Specifically, the middle frontal gyrus has been implicated in motor im-
agery (Decety et al., 1994) and in the initial acquisition of a motor skill
(Shadmehr and Holcomb, 1997). Critically, however, the role of the
middle frontal gyrus in the present study cannot be limited to the motor
sequence learning process or the mere differentiation between two
distinct motor sequences, as our findings show that the involvement of
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Fig. 3. Results from the RSA searchlight analysis (n¼ 39). (A) Main effects of the model fits (for all participants) for each of the six models separately: the Old Target
and New Target Stable model in the first row, the Old Target Stable and New Target Evolving model in the second row, the Old Target and New Target Evolving model in the
third row, the Old Target Distinct model in the fourth row, the New Target Distinct model in the fifth row and the Old Target and New Target Same model in the sixth row.
All voxels surviving a threshold of p< 0.05 (FWE corrected) are coloured in red. For anatomical labels and coordinates see Supplementary Tables 4–8. (B) Group
differences (28d-group> 1d-group) for each model. All voxels surviving a FWE cluster-threshold with a cluster forming threshold of p¼ 0.001 and a cluster-extent of
223 voxels (Old Target and New Target Stable), 227 voxels (Old Target Stable and New Target Evolving) or 226 voxels (Old Target and New Target Evolving) are coloured in
red. In right prefrontal areas, we obtained better model fits in the 28d-group compared to the 1d-group for the Old Target and New Target Stable model, the Old Target
Stable and New Target Evolving model, and the Old Target and New Target Evolving model, but no suprathreshold voxels in the other three models. For anatomical labels
and coordinates see Supplementary Tables 9–11. All visualizations are superimposed on axial slices of a template image. Figures were created using MRIcron (htt
ps://www.nitrc.org/projects/mricron).
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the middle frontal gyrus (and superior frontal gyrus) in the differentia-
tion of old and new target sequences was time-dependent. The separation
of the old and new sequence representations was significantly more
pronounced in the middle frontal gyrus (and superior frontal gyrus) after
28d than after 1d, indicating a time-dependent involvement of the
middle frontal gyrus in the motor sequence memory representation.

The increased involvement of neocortical (prefrontal) areas across
time is, in principle, in line with the proposed systems consolidation for
hippocampus-dependent episodic memories (Dudai et al., 2015). How-
ever, for episodic memories, the time-dependent increase in the
recruitment of the neocortex is thought to be accompanied by a
decreased involvement and, ultimately, independence of the hippocam-
pus (Frankland and Bontempi, 2005; Squire et al., 2015). Although we
found decreased activity in the 28d-group compared to the 1d-group in
the postcentral gyrus for the overall task activity, there were no areas in
which the multivariate activity pattern for the old target sequence was
more distinctly represented in the 1d-group than the 28d-group. In other
words, the cortical, striatal, and cerebellar regions relevant for motor
memory (and active in our analyses of overall task-related activity) after
1d appeared to be equally relevant for motor memory after 28d. Thus,
our data suggest that there is no systems consolidation-like relocation of
the motor sequence memories from some areas to others but instead an
increased additional involvement of frontal areas in remote motor
memories.

As noted above, several recent studies have suggested an additional
involvement of the hippocampus during learning and early consolidation
processes of a motor sequence task (Albouy et al., 2013, 2015; Rose et al.,
2011; Schendan et al., 2003). We, however, found no increase in hip-
pocampus activity during the overall performance of the task across both
groups. On the contrary, some areas within the medial temporal lobe,
including parts of the hippocampus, showed even reduced activation
compared to the implicit baseline during performance of the task.
Although, we did not focus on the involvement of the hippocampus in the
present study and therefore cannot draw strong conclusions from these
exploratory results, the reduced activation of the hippocampus during
motor sequence learning may point to a competition between hippo-
campal areas, typically involved in episodic memory, and areas impli-
cated in motor learning, such as the striatum (see also Poldrack et al.,
2001; Poldrack and Packard, 2003). Future research is required to shed
more light on the potential interaction of multiple memory systems
during motor sequence learning. In addition, it is also important to note
that our participants performed a declarative memory task before the
motor sequence learning task and previous research suggested that
declarative and procedural tasks performed one after another may in-
fluence each other (Keisler and Shadmehr, 2010; Robertson, 2012).
Although group differences could hardly be explained by the prior per-
formance of a declarative task because this task was performed by both
groups in the same way, overall task-related activity (across groups) may
have been influenced by the prior encoding task (Dandolo and Schwabe,
2018).

While we argue here that the representation of motor memories
changes over time and that middle and superior frontal cortex areas
represent, in addition to other cortico-striatal areas, remote motor
memories, an alternative explanation might be that the increased
involvement of these areas is due to an increased effort during the recall
of the motor memories after 28d. Although lateral prefrontal areas have
been associated with retrieval effort (Buckner and Wheeler, 2001; Hen-
son et al., 1999), we consider this alternative rather unlikely. If partici-
pants had to show more effort to reproduce the learned sequence after
28d than after 1d, then this should be reflected in increased reaction
times for the old target sequences in the 28 day group. Yet, we did not find
a main effect of group or interaction effects including the factor group in
the reaction time data. In addition, cognitive effort that is mediated by
lateral prefrontal areas should be mainly relevant for the retrieval of
explicit information. We used here, however, an implicit form of the

SRTT and the vast majority of the participants were not explicitly aware
of the old target sequence. Thus, retrieval effort may have been less
relevant for most participants in the used task. Importantly, there were
no differences between the 1d- and 28d-groups in terms of the number of
participants that were explicitly aware of the target sequences and an
additional analysis including only those participants without explicit
awareness (see Supplementary Materials) showed mainly comparable
results, although the area within the prefrontal cortex found in the RSA
analyses was located more inferior in the sample of the participants
without explicit awareness. However, we did not have enough partici-
pants to directly test whether the temporal dynamics are comparable for
implicit vs. explicit motor sequence learning and future studies are
needed to explicitly compare the areas involved in representing remote
implicit or explicit motor memories. Overall, it should be noted that due
to the necessary exclusion of nine participants (see Section 2.1.), the
power of the study was lower than optimal, which makes it important for
future research to run a replication study in a larger sample.

Furthermore, for episodic memories it has been suggested that the
neuronal reorganization from hippocampus-dependent to more neocor-
tical representations across time is accompanied by a transformation
from rich, detailed memories to more semantic, gist-like representations
(Moscovitch et al., 2016; Nadel et al., 2007; Winocur and Moscovitch,
2011). It would be very interesting to test whether the time-dependent
changes in the neural representation of motor memories that we sug-
gest here are also paralleled by a transformation in the nature or
expression of motor sequence memories over time. Future studies might
address this question by using new sequences in the test session that
explicitly resemble the initially learned target sequence. Moreover,
tracking the temporal dynamics of the reorganization of motor sequence
memory representations is an important challenge for future research.
We used here a 28d interval because earlier studies showed systems
consolidation processes for episodic memories after several weeks (e.g.
Takashima et al., 2006). However, the temporal profile of systems
consolidation processes for motor memories may be different than what
we know from episodic memory and testing parallels and differences
between the reorganization of motor and episodic memories at different
time intervals would be highly interesting. Finally, while our data
showed more distinctive multivariate patterns for the target sequences in
the 28d-group in the right, but not left, middle and superior frontal gyrus,
it remains to be shown, for instance by employing brain stimulation
techniques, whether the time-dependent involvement of lateral pre-
frontal cortex in motor memory is indeed lateralized.

In sum, we provide here evidence for time-dependent changes in the
neural circuitry underlying motor sequence memory. More specifically,
our findings show an increased involvement of lateral prefrontal cortex in
the representation of remote compared to recent motor sequence mem-
ories. In contrast to the proposed systems consolidation of episodic or
spatial memories (Dudai et al., 2015; Squire et al., 2015), however, the
time-dependent increase in the involvement of neocortical areas after
four weeks was not paralleled by a decrease in those cortico-striatal areas
that supported initial motor learning. Instead, the additional recruitment
of lateral prefrontal areas might contribute to a more distributed repre-
sentation of remote motor memories. These findings provide insights into
how memories beyond the hippocampus evolve over time.
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Abstract
Updating established memories in light of new information is fundamental for memory to guide future behavior. However,
little is known about the brain mechanisms by which existing memories can be updated. Here, we combined functional
magnetic resonance imaging and multivariate representational similarity analysis to elucidate the neural mechanisms
underlying the updating of consolidated memories. To this end, participants first learned face–city name pairs. Twenty-four
hours later, while lying in the MRI scanner, participants were required to update some of these associations, but not others,
and to encode entirely new pairs. Updating success was tested again 24 h later. Our results showed increased activity of the
dorsolateral prefrontal cortex (dlPFC) specifically during the updating of existing associations that was significantly stronger
than when simple retrieval or new encoding was required. The updating-related activity of the dlPFC and its functional
connectivity with the hippocampus were directly linked to updating success. Furthermore, neural similarity for updated
items was markedly higher in the dlPFC and this increase in dlPFC neural similarity distinguished individuals with high
updating performance from those with low updating performance. Together, these findings suggest a key role of the dlPFC,
presumably in interaction with the hippocampus, in the updating of established memories.

Key words: hippocampus, memory, prefrontal cortex

Episodic memories allow us to mentally travel back in time and
relive events from our past (Tulving 2002). Beyond remember-
ing the past, these mnemonic representations support future
survival. They enable us to imagine and simulate upcoming
events (Schacter et al. 2007; Jing et al. 2017), to guide our atten-
tion and current decision-making (Chun and Turk-Browne
2007; Wimmer and Shohamy 2012). In order to accomplish
these prospective functions, it is fundamental that memories
are updated in light of new information. Indeed, it is increas-
ingly acknowledged that memories are highly dynamic entities
(Dudai 2012; Kroes and Fernandez 2012; Nadel et al. 2012;
Schwabe et al. 2014) and there is considerable evidence that

consolidated memories can be modified as a function of current
experience (Baddeley and Dale 1966; Loftus 1975; Schiller et al.
2010; Zeithamova et al. 2012). However, although the updating
of established memories is essential for our adaptation to
changing environments, the neural mechanisms underlying
the updating process of consolidated memories are not well
understood.

A prime candidate that may contribute to the updating of
established memories is the dorsolateral prefrontal cortex
(dlPFC), a brain region that is thought to support relational
encoding (Murray and Ranganath 2007; Blumenfeld et al. 2011)
and strategic aspects of memory retrieval (Simons and Spiers
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2003; Manenti et al. 2010). Decades of research have linked the
dlPFC to cognitive control processes, such as monitoring and
inhibition (Egner and Hirsch 2005; Cole and Schneider 2007),
which are critical in the context of memory updating. Indeed,
the dlPFC appears to play a causal role in the strengthening of
memory after reactivation (Sandrini et al. 2013, 2014).
Moreover, the dlPFC is directly connected to medial temporal
lobe (MTL) areas, such as the hippocampus (Bilek et al. 2013;
Preston and Eichenbaum 2013), that are crucial for memory
formation and storage (Squire and Zola-Morgan 1991; Alvarez
and Squire 1994). Through its interaction with the hippocam-
pus, the dlPFC may orchestrate encoding and incorporation of
updated information and suppress the reactivation of old
memory representations (Anderson et al. 2004; Depue et al.
2007), thus representing a potential mechanism that enables
updating of established memories.

Updating processes have recently been investigated in
short-term memory (Kuhl et al. 2012; Schlichting and Preston
2016) and there is evidence for an important role of the dlPFC
in working memory updating (D’Ardenne et al. 2012). However,
the timescales of working memory processes and consolidated
long-term memories are clearly distinct. While the dlPFC is
known to be crucial for the maintenance of working memory
representations (Fuster and Alexander 1971; Cohen et al. 1997),
this is not the case for long-term memories, which are stored
(at least transiently) in MTL areas (Squire and Zola-Morgan
1991; Burgess et al. 2002). It remains unclear to what extent
updating processes in long-term memory resemble those in
working memory and whether the dlPFC is implicated in the
updating of established memories is completely unknown.

In the present study, we combined functional magnetic res-
onance imaging (fMRI) with multivariate representational simi-
larity analysis (RSA) to elucidate the brain mechanisms
supporting the updating of consolidated long-term memories.
Participants were tested in a novel experimental paradigm on 3
consecutive days. On day 1, they learned a number of face–city
name associations (Fig. 1A). Twenty-four hours later, some of
the learned faces were paired with new cities, requiring partici-
pants to update the encoded associations. This updating phase
was performed in the MRI scanner and included also face–city
pairs that were not updated as well as entirely new face–city
pairs, thus allowing us to control for simple retrieval as well as
new learning, respectively. On day 3, memory updating success
was assessed in a recognition test. We hypothesized that the
dlPFC would be critically involved in successful memory updat-
ing, presumably in interaction with the hippocampus. In addi-
tion to the dlPFC and MTL areas, we focused on structures
implicated in the representation of prior knowledge, such as
the ventromedial prefrontal cortex (vmPFC) and angular gyrus,
that have also been shown to be critically implicated in
schema-based learning processes (van Kesteren et al. 2012;
Wagner et al. 2015). Activity of these structures may therefore
hamper memory updating.

Methods
Participants

We tested 49 healthy, right-handed adults in a 3-day study
design, including an MRI scanning session and behavioral test-
ing. One participant was excluded because of minimal perfor-
mance in the task (more than 2 standard deviations below
average performance in trial types where information did not
change), thus leaving 48 participants (25 women; mean age

24.58 years, range: 19–32 years) for analyses. An a priori sample
size calculation using G*POWER 3.19.2. showed that this sample
size is sufficient to detect small to medium effects with a power
of 0.95. Exclusion criteria were checked in a standardized tele-
phone screening and comprised any current physical illnesses
or medication intake, a lifetime history of any neurological or
mental disorders, as well as any contraindications for MRI mea-
surements, such as non-removable metal parts, pacemaker,
pregnancy, or claustrophobia. All participants provided written
informed consent before the beginning of testing and received
a moderate monetary compensation. The study protocol was
approved by the local ethics committee.

Stimulus Materials

In the memory-updating task, we used 100 pictures of faces
and 400 well-known (non-German) city names. Pictures of faces
were taken from the Radboud Faces Database (RaFD, Langner
et al. 2010) and the Karolinska Directed Emotional Faces
Database (KDEF, Lundqvist et al. 1998). Only Caucasian faces
(50 men and 50 women) with a neutral expression were
included. Pictures were resized (762 × 562 pixels) and formatted
using Adobe Photoshop CS6 (64 bit) so that all faces had a white
background. City names were checked for ease of spelling and
possible similarity in their name with other city names. If a city
was considered too difficult to spell or too similar to another
city used, it was replaced by another city. The chosen city
names were rated in an independent pilot study (n = 15) as to
whether the city name was commonly known or not. The rat-
ing sale ranged from 0 (“never heard of”) to 10 (“very well
known”). Cities used in the task had an average familiarity rat-
ing of 6.1 and can thus be considered as well known.

Experimental Design and Procedure

To investigate the updating of already established memories,
participants were tested in a novel memory-updating paradigm
over the course of 3 consecutive days.

On experimental day 1, after arriving at the lab, participants
were welcomed by the experimenter and informed about the
general procedure, as well as the MRI procedure on the next
day. Informed consent was obtained and any questions the
participants had were answered. Participants then completed
the “learning phase” (Fig. 1A) of the memory-updating para-
digm, which took up to 100min. They were informed that they
would see a face of a person and next to it the name of this per-
son’s last vacation destination. The task of the participants was
to memorize all face–city pairs they were presented with, 75 in
total. Each pair was presented 4 times, each time for 3.5 s. In
the first encoding run, participants were presented with 15
blocks of 5 face–city pairs and performed a cued recall test after
each block for the 5 pairs shown. During the cued recall, they
saw the face and had to type in the name of the city.
Participants had to start typing in the word within the first 5 s
of its presentation, after which they had enough time to finish
typing the word. After their response, the correct city name
was presented in green (until termination by the participant)
above the city name typed in by the participant. In the second
encoding run, participants saw 5 blocks of 15 face–city pairs
and in the third run 3 blocks of 25 face–city pairs. In both runs,
again each block was followed by a cued recall test for the pairs
presented. Finally, in the fourth encoding run, all 75 pairs were
presented one after the other, which was followed by a cued
recall test for all face–city pairs. This encoding procedure
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should help the participants to learn the 75 face–city pairs well.
For each participant, the face–city associations as well as the
cities that were updated on day 2 were predetermined in a
face–city map. This predetermination ensured that cities with
different familiarity scores from the pilot study were balanced
across trial types. Trial order was also computed in advance for
all phases for each participant and semi-randomized to avoid
showing a trial type more than 3 times in a row in the later
phases of the task. Participants were explicitly instructed to
memorize the face–city pairs and they were informed that they
could earn extra money if they perform well in the subsequent
memory test

On experimental day 2, participants completed the “updat-
ing phase” of the paradigm in the fMRI scanner. Participants
were instructed that they would see again face–city pairs. They
were informed that some of the pairs would be the same as
those learned on day 1. For other pairs, however, participants
were told that some of the people they saw the faces of the day
before made an error, and their last travel destination was
actually a different city. Thus, in those pairs, a known face
would be paired with an entirely novel city. Participants were
asked to memorize this updated face–city association as this
updated association would be the correct one (and the one
learned on day 1 would be incorrect). Moreover, they were told,
that they would also see new pairs in which both the face and

the city were novel and they were also instructed to memorize
these new pairs. Participants saw first a face (for a duration jit-
tered 4–6 s), then a city appeared next to the face (for 3 s), after
which 3 alternatives (“same”, “changed”, “new”, for max 3.5 s)
appeared below the face–city pair (see Fig. 1A). Participants
were instructed to use a button box to indicate whether the
pair was the same as the day before, whether the city changed
and the face stayed the same or whether both face and city
were new. Twenty-five of the pairs presented in this phase
were identical as on day 1 (“old identical trials”), 25 pairs
involved a face that had been presented on day 1 now paired
with a new city (“old updated trials”), and 25 pairs were
completely new (“new trials”). The face–city associations were
taken from the face–city map that was computed at the begin-
ning of the learning phase. Participants were explicitly told that
they should again memorize the pairings. Once participants
had pressed a button, the chosen alternative was highlighted
for 0.1 s, which was then followed by a fixation cross shown for
6–8 s before a new trial started.

On experimental day 3, participants completed the “testing
phase” (Fig. 1A). Participants saw all the faces they had seen on
the previous 2 days, one after another in randomized order.
Importantly, together with the face, they were shown 4 city
names and were required to select the city that was correctly
associated with the face. They were instructed that if the city

Figure 1. Memory updating paradigm and behavioral performance. (A) Memory updating paradigm. Participants performed the memory updating paradigm over the

course of 3 consecutive days. During the learning phase on day 1, participants observed 75 face–city pairs, each presented 4 times and completed an immediate cued

recall test followed by feedback showing the correct answer. On day 2, about 24 h after learning, participants completed the updating phase in the MRI scanner. In

this phase, participants were presented with trials containing the same face–city pairs as on day 1 (“old identical” trials), entirely “new” trials (both face and city had

not been shown before) and trials in which a known face was paired with a new city (“old updated” trials). Participants were asked to explicitly indicate whether the

pair was the same as on day 1, whether the city was changed, or whether the pair was completely new. During the testing phase on day 3, participants completed a

recognition task, comprising trials of face–city pairs that were only shown during the learning phase (“old” trials), “old identical” pairs, the “new” pairs learned on day

2 as well as trials for which the city was updated on day 2. Participants were presented with a face and had to select the correct city out of 4 alternatives. In the “old

updated” trials, these 4 alternatives included both the city learned on day 1 and the updated city learned on day 2. Participants were explicitly instructed that if the

face–city pair was updated on day 2, the city shown during the updating phase was the correct one. (B) Learning phase. Memory performance showed a significant

increase across the learning blocks on day 1, reaching a final performance of 74.60 (SD ± 23.32) percent. (C) Updating phase. In the updating phase (day 2), perfor-

mance differed significantly between trial types. More specifically, performance in “old updated” pairs was significantly lower (91.17 (SD ± 10.47) percent) than in “old

identical” pairs (96.00 (SD ± 7.05) percent) as well as in “new” pairs (94.92 (SD ± 7.46) percent) while performance scores in “old identical” and “new” trials did not dif-

fer. However, despite the significant difference in performance, it is to note that participants were able to correctly identify more than 91% of trials as updated on day

2. (D) Testing phase. In the testing phase (day 3), performance between trial types differed significantly. Most importantly, however, participants named the updated

city in about 34.7 (SD ± 24.21) percent of trials, whereas in 57.04 (SD ± 27.00) percent of the trials, the city associated with the face chosen on day 1. Error bars repre-

sent standard error of the mean. Error bars indicate standard error of the mean.
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was changed for a face on day 2, they should select the city
that was associated with the face on day 2. The face together
with the alternatives were shown until participants made a
choice (no time limit). Once participants made a selection, a fix-
ation cross appeared (for 1 s) to signal the beginning of a new
trial. Participants completed a total of 100 test trials, compris-
ing 25 “old” trials that involved face–city pairs that were only
presented during the learning phase on day 1, 25 “old identical”
trials (neither face nor city changed) that were presented dur-
ing the learning phase on day 1 and the updating phase on day
2, 25 “old updated” trials for which the face was associated
with a different city name during the updating phase on day 2
than during learning on day 1, and 25 “new” trials that involved
the faces and cities that appeared for the first time during the
updating phase. Trial presentation was again semi-randomized
as described above and the face–city map was used. Faces in
“old updated” trials were presented with the city name from
the learning phase, the 1 from the updating phase, and 2 other
completely new city names. All other faces were presented
with the city they had been associated with on days 1 and 2,
respectively, together with 3 other cities that had never
appeared before in the task.

Statistical Analysis

Performance (measured as percentage of correct trials) in the
learning, updating, and testing phases was subjected to
repeated measure ANOVAs, using block (learning phase) or trial
type (“old identical,” “old updated,” “new”—in the updating
phase; “old”, “old identical”, “old updated correctly”, “old
updated” perseverance, “new”—in the testing phase) as within
subject factors.

Adjustment of recognition data (day 3). When an updated
city was not correctly identified as updated on day 2, we
assumed that participants would not be able to update their
memory for these trials. We therefore removed these trials
from the analysis of the day 3 recognition data and calculated
the percent correctly updated over the reduced number of
trials. This was also done for “old identical” and “new” trials.
On average, we removed one trial from the “old identical” trial
types, 2 trials from the “old updated” trial types and one trial
from the “new” trial types.

Behavioral data were analyzed using SPSS (IBM 22).
Significant main or interaction effects were pursued by appro-
priate post hoc tests if indicated. In the case of violations of
sphericity, Greenhouse–Geisser correction was applied. All
reported P-values are 2-tailed. In the case of multiple compari-
sons, we performed a Bonferroni correction where appropriate.

MRI Data Acquisition

MRI data were collected on a 3 T Siemens Skyra MRI Scanner,
using a 32-channel head coil. A magnetic (B0) fieldmap for later
unwarping of the functional images was recorded with a TR of
421ms, a TE of 4.92ms, and a voxel size of 3 × 3 × 3mm. For
the functional images, an echoplanar imaging sequence (476
volumes) was recorded with 3 × 3 × 3mm voxel size (36 slices),
a TR of 2.5 s and TE of 30ms, and a flipangle of 90°. The slices
were tilted 30° from the AC/PC line in order to minimize drop-
out artifacts in medial temporal and orbitofrontal regions. A T1
structural image was acquired with a voxel size of 0.8 × 0.8 ×
0.9mm, a TR of 2.5 s, and a TE of 2.12ms, with 256 slices.

MRI Data Preprocessing

The functional MRI data were preprocessed using SPM12
(http://www.fil.ion.ucl.ac.uk/spm/). The first 3 images were dis-
carded to ensure T1 equilibration. We acquired a magnetic (B0)
fieldmap to use the realign and unwarp function in SPM12.
Using the FieldMap Toolbox in SPM12, a voxel displacement
map was created as required for the unwarp function, which
utilizes a combined static and dynamic distortion correction.
The realignment function then realigns the acquired time
series for each subject using a least squares approach and a
6-parameter (rigid body) spatial transformation. All scans are
realigned to the first functional image that is used as a reference.
Images were the coregistered to the structural image by using a
rigid body model based on the work by Collignon et al. (1995).
Data were then spatially normalized to fit the MNI space. To esti-
mate the deformation, template data are deformed to match an
individual scan. In the last step, data were spatially smoothed
with an 8-mm full-width half-maximum Gaussian kernel.

Univariate fMRI Analyses

Data were analyzed using general linear modeling (GLM) as
implemented in SPM12. Three separate regressors for each trial
type (“old identical,” “old updated,” and “new”) were modeled
using the duration in seconds of the individual events. A high-
pass filter of 128 s was used to eliminate low-frequency drifts
and serial correlations in the time series were accounted for
using an autoregressive AR(1) model. For the second-level mod-
els, contrast files for the contrasts of interest (“old updated” >
“old identical”; “old identical” > “old updated”; “old updated” >
“new”) were tested using one-sample t-tests. Note that due to
the large interindividual variation in updating success, an anal-
ysis with separate regressors for successfully versus not suc-
cessfully updated items was not feasible as this would have
resulted in a rather high number of participants for which one
of the regressors had a low number of events and therefore had
to be excluded from this analysis, resulting in a significant
reduction of statistical power. We then performed region of
interest (ROI) analyses that focused on brain areas that have
been implicated in episodic long-term memory, the representa-
tion of prior knowledge, as this is critical during schema-based
learning and memory, or cognitive control (Eichenbaum 1999;
van Veen and Carter 2002; van Kesteren et al. 2012; Wagner
et al. 2015; Gilboa and Marlatte 2017). From the Harvard–Oxford
Atlas, we selected masks for the hippocampus, the anterior cin-
gulate gyrus, medial frontal cortex as well as angular gyrus
with a probability threshold of 50% as well as the left and right
vmPFC and dlPFC masks, created using MARINA software
(http://www.bion.de/eng/MARINA.php). Subsequently, we applied
a small volume correction (svc) for the areas of interest. The svc
was applied on voxel level. Voxels were regarded as significant,
when falling below a corrected voxel threshold of 0.05 (family
wise error (FWE) corrected) adjusted for the small volume. Only
clusters within an ROI comprising k ≥ 5 significant voxels are
reported.

Furthermore, a second-level model was run that included
the adjusted memory updating performance (i.e., percentage
correct updated adjusted for false choices on day 2) that was
measured on day 3 as a covariate. This way it was possible to
account for the interindividual variability in updating perfor-
mance. We then performed ROI analysis, with the above
described ROIs and applied small volume correction, to obtain
significantly activated clusters of voxels in our ROIs.
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In addition, we performed a generalized form of context-
dependent psychophysiological interaction (gPPI, https://www.
nitrc.org/projects/gppi) to assess task-dependent connectivity with
those ROIs that were most relevant in the previous analyses as

seed regions. gPPI has the advantage over standard PPI, as imple-
mented in SPM12, that it allows the inclusion of more than 2 task
conditions (McLaren et al. 2012). We used the previously described
regressors (“old identical,” “old updated,” and “new”) plus a PPI

Figure 2. Neural underpinnings of memory updating. (A) The comparison of “old updated” and “old identical” face–city pairs during the updating phase revealed sig-

nificant activation in the left dlPFC. (B) Activity in the anterior cingulate gyrus, bilateral ventromedial prefrontal cortex (vmPFC), and right angular gyrus was higher

for “old identical” than “old updated” pairs. (C) Activity in the left dlPFC was positively correlated (r = 0.434) with updating success as assessed on day 3. For visualiza-

tion purposes, we created activation masks using SPM Imcalc and the anatomical mask of the specific ROI. These masks were then converted to binary files compati-

ble with the Marsbar toolbox (http://marsbar.sourceforge.net/). Marsbar was then used to extract the contrast values for each ROI that were above zero. These

contrast values were then correlated with the adjusted memory updating scores (percent correctly updated in the testing phase adjusted for performance in the

updating phase). (D) Updating performance was negatively correlated with updating success (r =−0.386) in the right angular gyrus. (E) A functional connectivity analy-

sis revealed increased connectivity between the left vmPFC (seed region, indicated in green) and the left dlPFC for updated (vs. identical) face–city pairs. (F) When we

used the left dlPFC as a seed region (green), we obtained increased functional connectivity for “old updated” versus “old identical” trials in the hippocampal dentate

gyrus and the anterior cingulate gyrus. (G) Left dlPFC–left hippocampus connectivity was directly linked to memory updating success. For visualization purposes, we

performed a correlation with the contrast values and the adjusted updating performance. Results indicate a positive correlation of the contrast values and updating

performance (r = 0.249).
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Interaction term for each of these regressors, plus the time course
from the respective seed region in our first-level PPI model. For the
second-level models, contrast files from the contrast PPI “old
updated” > PPI “old identical,” the contrast PPI “old identical” > PPI
“old updated,” the contrasts PPI “old identical” > PPI “old updated,”
PPI “old updated” > PPI “new,” and PPI “new” > PPI “old identical”
were tested, using a one sample t-test. Subsequently, we applied
an svc for the other ROIs, to determine a difference in connectivity
between respective regions depending on the trial types.

In order to analyze associations between the functional con-
nectivity of ROIs and behavioral performance, we ran a second-

level gPPI model with the contrasts PPI “old updated” > PPI “old
identical” and PPI “old identical” > PPI “old updated,” and the
adjusted updating performance (i.e., percent correctly updated
adjusted for performance on day 2) as covariate, and subse-
quently an svc that allowed us to obtain significant clusters of
voxels within an ROI. For visualization purposes and only for
these ROIs, we used SPM Imcalc and MarsBar to create binary
activation maps including all voxels within an ROI with values
above zero for the second-level contrast. For each of these acti-
vation maps, we then extracted an average time series for each
participant using MarsBar and estimated the model on these,

Figure 3. Neural pattern similarity within and between ROIs during memory updating. (A) Representational dissimilarity matrices (RDMs) used in the in the following

analyses. The figure provides a schematic overview of the creation of an RDM for tree trial types (adapted from Nili et al.’s 2014). Quadrants representing the individ-

ual trial types and their hypothesized similarity with other trial types are indicated. (B) Pattern similarity in the left and right vmPFC indicated a significant difference

between the quadrant “old updated” and the quadrant “old identical–old updated.” In the left vmPFC the pattern similarity within the “old updated” quadrant was

significantly higher compared with the “old identical” trials. In the right angular gyrus, pattern similarity in the “old updated” quadrant was again higher than in the

“old updated–old identical” quadrant. Pattern similarity in the left dlPFC differed significantly between the “old updated” and “old identical” quadrants as well as the

“old updated” and “old updated–old identical” quadrant. Figure shows results as Pearson correlations, to aid interpretability, but statistical tests show results per-

formed after Fisher transformation was applied. Error bars represent standard error of the mean. *P < 0.05, **P < 0.001.
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resulting in one contrast value for each participant per ROI. The
values from the first-level contrast “PPI old updated > PPI old
identical” were correlated with the percentage correctly
updated (i.e., the adjusted memory updating scores) from the
testing phase.

Representational Similarity Analysis

In addition to the univariate analysis, we performed an RSA
(Kriegeskorte et al. 2008; Nili et al. 2014) in those ROIs that
turned out to be most relevant in the univariate analyses, that

is, the left and right vmPFC, left and right hippocampus, right
angular gyrus, and left dlPFC. For each of these ROIs and each
subject, we computed representational dissimilarity matrices
(RDMs) that were based on a single-trial univariate GLM (one
regressor for each trial) that was estimated on native space
functional images. We have utilized the data from the updating
phase (day 2, in the MRI Scanner) when participants were pre-
sented with the cities, that were either new, known or updated.
Due to technical difficulties, certain participants did not have
all 25 trials for each trial type (“old identical”, “old updated”,
and “new”). We therefore removed the last 2 trials of each trial

Figure 4. Distinct representation of updated items in the dlPFC. (A) Model RDMs. We performed a model fit analysis, comparing 4 model RDMs (not correctly updated,

correctly updated, “old identical” distinct, “old updated” distinct) with the representational patterns observed in the individual subject RDMs. The model “correctly

updated” represents the expected similarities for the “old identical” and “old updated” trials, suggesting a high similarity measure in the “old identical–old identical”

and “old updated–old updated” quadrants (indicated by a blue color), and less similarity in the “old identical–old updated” quadrants (light blue color). The model

“not correctly updated” does not distinguish between the “old identical” and “old updated” trials, that is, the highest similarity in the quadrants of “old identical,”

“old updated,” and “old identical–old updated.” The models “old identical distinct” and “old updated distinct” assume discrete activity patterns for the “old identical”

and “old updated” trials. Model fit over all participants was assessed in 4 ROIs, the left and right vmPFC, left and right hippocampus, and the right angular gyrus and

left dlPFC. The highest value of the Spearmans r indicates the best model fit. (B) The “old updated distinct” model shows a good fit in the left dlPFC, while this was

less pronounced in the remaining ROIs. (B) The right angular gyrus and vmPFC showed similar fits for all models, while in the hippocampus the observed fits for all

models were low (all Spearmans r < 0.015). Error bars indicate standard error of the mean. *P < 0.05, **P < 0.001, n.s. = nonsignificant.
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type to ensure that each subject RDM comprised 23 trials for
each trial type, that is, 69 trials in total. We utilized the spm T-
files for the single trial regressors, to create vectors of activity
patterns for each trial, but separately for each ROI. The activity
patterns were then utilized to compute the dissimilarity
between 2 trials by correlation distances (1−r, Pearson linear
correlation). After that, the dissimilarities based on each combi-
nation of trials were positioned into the corresponding cells of
the 69 × 69 RDMs (see Fig. 3A).

Comparison of Pattern Similarities Between Trial Types

We extracted the mean pattern similarity (r, Pearson
Correlation) out of specific RDM quadrants (within trial type:
“old identical–old identical,” “old updated–old updated,” and
between trial type: “old identical–old updated”) from each
single-subject RDM (Wolosin et al. 2013; Ritchey et al. 2015; Aly
and Turk-Browne 2016). We then z-transformed the extracted
mean pattern similarity values and compared 1) the within-
trial-type similarity and 2) the within-trial-type similarity with
the between-trial-type similarity; paired t-tests were performed
using SPSS 22.

Comparison with Model RDMs

In addition, we compared the RDMs obtained to 4 model RDMs
(Fig. 4A) that were constructed based on the expected similari-
ties of the different trial types. The model “correctly updated”
expects a high similarity between “old identical” and “old iden-
tical” trials and between “old updated” and “old updated” trials
but less similarity between “old identical” and “old updated”
trials, while all trials have the least similarity with “new” trials.
The model “not correctly updated” does not distinguish
between the “old identical” and “old updated” trials, hence it
expects the highest similarity in the quadrants of “old identi-
cal,” “old updated,” and “old identical–old updated.” The mod-
els “old identical distinct” and “old updated distinct” assume
distinct activity patterns for the “old identical” and “old
updated” trials, respectively, with a high similarity for trials
within the respective quadrants. We used Spearman’s rank cor-
relation coefficient to obtain the correlation between the brain
RDMs of the ROIs with the respective model RDMs, thus the
pattern similarity values of the brain RDMs were rank trans-
formed before calculating the correlation between the respec-
tive matrices (Nili et al. 2014). We then used 2 measures to test
for the relatedness of each of the 4 model RDMs to the respec-
tive brain RDMs across subjects within each of the ROIs: 1) we
first used the default one-tailed Wilcoxon signed-rank subject
random-effects tests. Thus, first computing the Spearman’s
rank correlations of the respective brain RDM to the model
RDM for each subject and then performing a Wilcoxon signed-
rank test against the null hypothesis of a correlation of zero
across all subjects (one-sided to test for a positive correlation
only). 2) As an alternative, we further reanalyzed the data using
the rather conservative stimulus-label randomization test.
Here, the relatedness of the models and the brain RDMs are
tested by randomizing the condition labels of the brain RDM
and then calculating the Spearman’s rank correlations of this
randomized matrix to the model RDM. This randomization pro-
cess is repeated 10 000 times to obtain a distribution of correla-
tions simulating the null hypothesis that the brain RDMs and
model RDMs are unrelated. Next one tests if the actual correla-
tion of the (not randomized) brain RDM falls within the top 5%
of the simulated distribution (Kriegeskorte et al. 2008).

In the next step, we compared the model fits of the 4 models
to determine which of the models fits best in the respective
ROIs, and if this differs across ROIs. For this, we extracted the
Spearman’s rank correlation coefficients for each model per
subject in each ROI and then performed repeated measures
ANOVA and post hoc t-tests using SPSS 22. The ANOVA con-
tained the within subject factors ROI and model.

Moreover, we distinguished between successful and poor
updaters based on whether the individual updating performance
was above or below the median of all participants (median: 32%
correctly updated). We again utilized a repeated measures
ANOVA with the within subject factors ROI and model and the
between subject factor Group (successful vs. poor updaters). Post
hoc t-tests were performed when adequate using SPSS 22.

Results
Successful Learning and Memory Updating

During the learning phase on experimental day 1, participants
(n = 48) learned a total of 75 face–city pairs. Each pair was pre-
sented 4 times and tested in 4 immediate cued recall tests
(Fig. 1A). Memory performance increased significantly over the
course of these 4 learning blocks (F(1.718, 80.729) = 73.623, P <
0.001, η2 = 0.610), with a final cued recall performance of 74.60
(SD ± 23.32) percent (Fig. 1B), indicating that participants
learned the face–city pairs well. There was no difference in per-
formance between items that were subsequently updated or
not (i.e., items used in later “old,” “old identical,” and “old
updated” trials; F(2,94) = 1.435, P = 0.243, η2 = 0.030).

On experimental day 2, about 24 h after initial learning, par-
ticipants completed the memory updating phase in the MRI
scanner (Fig. 1A). During this updating phase, participants saw
25 pairs that were identical to those presented during the
learning phase, controlling for retrieval processes (“old identi-
cal”), 25 completely “new” pairs, that controlled for new learn-
ing (i.e., new face and new city name), and 25 pairs that
included a known face now paired with a new city name (“old
updated”), requiring participants to update the previously
learned face–city associations. Participants were explicitly
asked to memorize all pairs they were shown and, for “old
updated” pairs, to retain the updated city as the correct one.
Furthermore, participants were requested to indicate by button
press whether the city paired with a particular face had chan-
ged from day 1 to day 2, whether it stayed the same, or whether
the face–city pair was completely new (Fig. 1A). Participants
were very well able to distinguish between “old identical,” “old
updated,” and entirely “new” face–city pairs with an average
performance of 94.03 (SD ± 6.03) percent correctly identified
trials. Performance differed between the trial types though
(F(2, 94) = 5.838, P = 0.004, η2 = 0.110): performance for “old
updated” pairs (91.17 (SD ± 10.47) percent correct, indicating
that in over 91% of the trials participants were able to correctly
identify a city as updated), was slightly lower than for “old
identical” (96.00 (SD ± 7.05) percent correct, t(47) = −3.705, P =
0.001), and “new” pairs (94.92 (SD ± 7.46) percent correct, t(47) =
−2.186, P = 0.034), while performance in “old identical” and
“new” trials was comparable (t(47) = 0.772, P = 0.444; Fig. 1C).

Updating success was then tested on day 3 (testing phase),
again about 24 h later, in a recognition test that included “old”
pairs that were learned on day 1 but not shown on day 2, as
well as “old identical,” “old updated,” and “new” pairs from day
2 (Fig. 1A). On each trial, participants were asked to choose the
correct city name associated with a given face from 4
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alternatives. For “old updated” trials, these alternatives
included both the original and the updated city name.
Performance differed significantly between trial types (F(1.314,
61.735) = 68.422, P < 0.001, η2 = 0.593). Performance was highest
in “old identical” pairs (94% correct) compared with both “old”
(i.e., pairs that were only shown during the learning phase, 86%
correct) and “new” pairs (about 56% correct, all P < 0.001). The
lower performance in new pairs was expected given that those
“new” pairs were presented only once on day 2. Most impor-
tantly, for the face–city pairs that were updated on day 2, the
updated city name was correctly chosen in 34.7 (SD ± 24.21)
percent of the trials, while in 57.04 (SD ± 27.00) percent of the
“old updated” trials participants incorrectly persevered with
the city name that was paired with the respective face during
the learning phase (t(47) = −3.055, P = 0.04, Fig. 1D). Notably,
updating performance or perseverance was not dependent on
initial learning performance (comparison of day 1 memory for
subsequently correctly updated vs. not correctly updated mem-
ories: t(47) = −0.869, P = 0.389). Perseverance with the old city
names may well be explained by the fact that participants saw
the updated items only once during the updating phase, while
the old items were presented 4 times during the learning
phase, each time followed by a cued recall test, which is known
to boost subsequent memory (Karpicke and Roediger 2008). City
names that were not presented on either day 1 or day 2 were
endorsed only in about 4% of the trials each, that is, signifi-
cantly less often than the updated city names from day 2. The
finding that participants correctly chose, despite the differen-
tial strength of memory for the original and the updated infor-
mation, the updated city name in more than a third of the
trials clearly demonstrates participants’ capability for updating
established memory traces, which raises the question how the
brain implements this memory updating capacity.

Neural Signature of Successful Memory Updating

To determine the neural mechanisms that facilitate successful
memory updating, we assessed brain activity during the updat-
ing phase using fMRI. As a first step, we investigated the differ-
ences in brain activation during the presentation of a face–city
pair that was updated (“old updated”) compared with when face–
city pairs were presented that did not require updating (“old
identical”). The left dlPFC showed significantly increased activity
when “old updated” face–city pairs were shown (peak coordinate:
xyz = −50, 26, 34; Psvc = 0.0026; t = 5.398, k = 32; Fig. 2A), suggest-
ing a crucial involvement of this region in the memory updating
process. Moreover, the left and right dlPFC showed also signifi-
cantly increased activity when comparing the activity during the
presentation of “old updated” face–city pairs to the activity dur-
ing the presentation of completely new face–city pairs (left peak
coordinate: xyz = −46, 22, 42; Psvc = 0.004365; k = 127; right peak
coordinate: xyz = 46, 30, 36; Psvc = 0.01665; k = 38), indicating that
the activation of the (left) dlPFC in the contrast “old updated”
versus “old identical” does not simply reflect the encoding of
new items but is indeed linked to the updating of established
associations. In contrast to the dlPFC, the vmPFC (left peak coor-
dinate: xyz = −8, 54, −2; Psvc = 0.00446; t = 4.6643; k = 16; right
peak coordinate: xyz = 2, 44, −2; Psvc = 0.00113; t = 5.1508, k = 29),
the angular gyrus (peak coordinate: x = 62, y = −48, z = 20; Psvc =
0.00002; t = 6.1211, k = 139), and the anterior cingulate cortex
(peak coordinate: xyz = 0, 28, 22; Psvc = 0.00002; t = 6.5494; k =
930), areas implicated in the representation of prior knowledge
as well as selective attention and the recall of remote memories
(Lenartowicz and McIntosh 2005; Weible 2013; Wagner et al.

2015; Gilboa and Marlatte 2017) were significantly less activated
when “old updated” face–city pairs were presented, compared
with when “old identical” items were shown (Fig. 2B).

In order to assess whether altered activity in those areas
was directly related to the actual updating success, we corre-
lated the neural activity during the presentation of “old
updated” (vs. “old identical”) face–city pairs with the percent-
age of correct choices of the updated city name on experimen-
tal day 3 (individual updating success) as a behavioral measure
of successful memory updating. Activity in the left dlPFC was
positively correlated with updating performance (peak coordi-
nate: xyz = −48, 12, 36; Psvc = 0.00813; t = 5.0338, k = 12; Fig. 2C),
indicating that this area was crucially involved in successful
memory updating. In contrast, activity in the right angular
gyrus was negatively correlated with updating success (peak
coordinate: xyz = 54, −48, 32; Psvc = 0.02026; t = 3.7943, k = 17,
Fig. 2D), suggesting that the recruitment of this area impedes
the updating of established associations. Notably, parameter
estimates for the contrast “old updated” versus “old identical”
for the dlPFC and angular gyrus were not correlated (r = 0.053, P
= 0.719), thus ruling out the possibility that the opposite corre-
lation between updating success and activity in the left dlPFC
and angular gyrus was simply due to a negative correlation
between left dlPFC and angular gyrus activity. Additional acti-
vations observed in an exploratory whole-brain analyses are
shown in Supplementary tables S1 and S2.

Crosstalk Between Left dlPFC and Hippocampus
Supports Successful Memory Updating

In order to identify the networks that support memory updating,
we next investigated which regions showed increased functional
connectivity to those areas that were linked to successful mem-
ory updating. A gPPI analysis (McLaren et al. 2012) revealed that
the attempt to update previously learned face–city pairs was
associated with an increase in connectivity among specific pre-
frontal areas (i.e., the left dlFC, ACC, and left vmPFC; Fig. 2E,F).
More precisely, taking the left vmPFC as a seed region, there was
increased connectivity with the left dlPFC (peak coordinate: xyz =
−36, 36, 34; Psvc = 0.00587; t = 5.14074, k = 24, Fig. 2E) for “old
updated” (vs. “old identical”) face–city pairs. When we used the
left dlPFC as a seed region, we obtained increased functional con-
nectivity for “old updated” vs. “old identical” trials with the ante-
rior cingulate gyrus (peak coordinate: xyz = 2, −2, 34; Psvc =
0.00354; t = 4.83124, k = 34, Fig. 2F). Even more interestingly, how-
ever, when established associations were updated (vs. “old identi-
cal”), there was a significant increase in connectivity between the
left dlPFC and the left hippocampus (peak coordinate in the den-
tate gyrus: xyz =−26, −36, −2; Psvc = 0.02326; t = 3.19508, k = 6;
Fig. 2F), a critical hub in memory formation (Schacter et al. 1996;
Eichenbaum 1999). When we correlated the connectivity between
these areas with the individual updating success as assessed on
experimental day 3, we found that specifically the crosstalk
between the left dlPFC and the left hippocampus was associated
with successful memory updating (peak coordinate: xyz =−30,
−26, −10; Psvc = 0.03967; t = 3.5807, k = 5, Fig. 2G). To further inves-
tigate whether the dlPFC–hippocampus connectivity reflects
rather new encoding or updating processes in particular, we ran
an additional analysis investigating the contrast of PPI “old
updated” versus PPI “new” face–city pairs. Results after a small
volume correction did not reveal any difference for the “old
updated” trials compared with the “new” trials in functional con-
nectivity between the dlPFC and any of our other ROIs. This
might suggest that the dlPFC–hippocampus connectivity reflects

dlPFC Enables Memory Updating Kluen et al. | 9

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/advance-article-abstract/doi/10.1093/cercor/bhy298/5232538 by guest on 08 D

ecem
ber 2018



mainly the encoding of new information, as a part of the updat-
ing process. However, this should then also be reflected in the
contrast PPI “new” > PPI “old identical.” However, our results
showed no significant connectivity between the dlPFC and any
other ROIs in this contrast. Thus, these results suggest a very spe-
cific process that is required when one is presented with the
updated information (vs. “old identical”). More specifically, the
familiar face in “old updated” trials may recruit a specific retrieval
process, in combination with the detection of new information
and, possibly, an attempt to integrate old and new information.
For additional exploratory whole brain connectivity analyses,
please see Supplementary Tables S3 and S4.

Neural Representations of Memory Updating

Our univariate fMRI data indicate a key role for the left dlPFC—
and its functional connectivity with the hippocampus—for suc-
cessful memory updating. If the left dlPFC indeed initiates specific
processes that are crucial for the updating of established memo-
ries, then these processes should be paralleled by similar neural
activity patterns in the left dlPFC specifically for updated informa-
tion. To test this prediction, we examined in a next step the neu-
ral activity patterns of trials in which information was attempted
to be updated and trials on which no updating was required.
Specifically, we used multivariate RSA (Kriegeskorte et al. 2008;
Nili et al. 2014) and analyzed neural activity pattern similarity for
“old identical” and “old updated” (and “new”) face–city pairs as
well as the overlap between the activity patterns of “old updated”
and “old identical” pairs in our ROIs (Wolosin et al. 2013; Ritchey
et al. 2015; Aly and Turk-Browne 2016) (Fig. 3A; see Methods for
details). In line with a proposed key role of the left dlPFC in mem-
ory updating, we observed a higher value for neural similarity for
“old updated” face–city pairs in the left dlPFC, compared with both
“old identical” pairs (t(47) = −3.636, P = 0.001) and the overlap
between “old updated” and “old identical” pairs (t(47) = 3.936, P <
0.001, Fig. 3B). Comparable results were observed in the angular
gyrus and bilateral vmPFC. More specifically, in the left vmPFC the
pattern similarity within the “old updated” quadrant was signifi-
cantly higher compared with both the “old identical” and “old
updated–old identical” quadrants (both P ≤ 0.001). In the right
vmPFC, similarity within the old updated quadrant was signifi-
cantly higher compared with the “old updated–old identical” simi-
larity (t(47) = 3.082, P = 0.003), while the comparison between the
“old updated” and “old identical” quadrant did not survive correc-
tion for multiple comparisons (P = 0.018). In the right angular
gyrus, pattern similarity in the “old updated” quadrant was again
higher than in the “old updated–old identical” quadrant (t(47) =
2.87, P = 0.006), yet the comparison between the “old identical”
and “old updated” quadrants did not survive correction for multi-
ple comparison (P = 0.023). This specific pattern in the vmPFC and
angular gyrus may reflect the consistently reduced activity in
those areas during “old updated” trials, as seen in the univariate
analyses. In the hippocampus, neural similarity did not differ
between trial types and was generally relatively low (Fig. 3B), in
line with the idea that hippocampal activity patterns are fairly
item specific, thus allowing pattern separation (Bakker et al. 2008;
Yassa and Stark 2011).

Distinct Updating Representations in the Left dlPFC

In order to explicitly test which brain areas represent updated
information distinctly from information that did not require
updating, we next constructed 4 model RDMs: 1) a “not

correctly updated” model, in which the activity patterns for
“old updated” and “old identical” face–city pairs are compara-
ble, 2) a “correctly updated” model, which assumes a certain
overlap between activity patterns for “old updated” and “old
identical” pairs (as a previously learned face is involved in
both) but still expects the patterns to be more similar within
each group of face–city pairs, 3) an “old identical distinct”
model reflecting a clearly distinct activity pattern for the “old
identical” face–city pairs but no specific pattern for “old
updated” and “new” pairs, and 4) an “old updated distinct”
model which assumes a highly distinct representation of “old
updated” face–city pairs, as it purely reflects the processes
active when information is updated without taking into
account a specific overlap or similarity between “old identical”
and “old updated” representations (Fig. 4A). To test whether
the proposed models are significantly related to the brain RDMs
in the respective ROIs we first considered results from the
Wilcoxon signed rank test. These tests indicated a significant
relatedness between the correctly updated, not correctly
updated and “old updated” distinct models and the observed
brain RDMs, respectively, within all ROIs (all P < 0.01), except
for the left hippocampus (all P > 0.119). For the model old iden-
tical distinct, on the other hand, the results did not indicate
any relatedness with the brain RDMs in none of the ROIs (all P
> 0.14). We additionally performed the fixed effects condition
label randomization test. Here, results indicated a non-
significant trend (P (uncorrected) = 0.125) for the “old updated”
distinct model in the dlPFC, while there were no other significant
results in the other ROIs for any of the models. However, since
the Wilcoxon signed rank test indicated a significant relatedness
of the brain RDMs with most of the proposed models in most
ROIs, we next compared the model fits of the 4 models in the
ROIs statistically.

As the “old updated” distinct model reflects the unique
representation of the updating process, we were primarily
interested to specifically compare the fit of the “old updated”
distinct model to the remaining models. Figure 4B suggests that
the model fits were highest for the “old updated” distinct model
in the left dlPFC, while all other regions showed a similar fit for
the remaining models with specifically low fit values in the hip-
pocampus (we obtained a strong trend for an ROI × model
interaction: F(5.856, 275.236) = 2.019, P = 0.065, η2 = 0.041). In the
left dlPFC, post hoc t-tests indicated that the “old updated” dis-
tinct model may hold a superior fit compared with the “old
identical” distinct model (t(47) = −3.77, P < 0.001) and a margin-
ally significant better fit compared with the not correctly
updated model (t(47) = −2.003, P = 0.051). The comparison
between the “old updated” distinct and correctly updated
model was, however, not significant (t(47) = −1.513, P = 0.137),
which is not surprising since both models assume to a certain
degree a differential representation of “old updated” and “old
identical” trials, while the old updated distinct model purely
reflects the processes active during updating of established
memories with new information and does not take into
account the similarity that may persist when an old face is
shown. A different pattern than in the left dlPFC was observed
in the angular gyrus, bilateral vmPFC, and right hippocampus.
In these regions, the “old updated” distinct model was not sig-
nificantly different from the “not correctly updated” model (all
P ≥ 0.492) and to a lesser extent than the left dlPFC from the
“old identical” distinct model (all P ≤ 0.031), indicating that
there may be no clear distinction between the “old updated”
and “not correctly updated” models in these regions (Fig. 5).
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Successful Memory Updating Linked to Updating-
Specific dlPFC Representation

Finally, we asked whether the above differences in the repre-
sentational activity patterns between “old updated” versus “old
identical” face–city pairs were predictive of subjects’ behavioral
memory updating performance. Our above findings suggest
that the left dlPFC might show especially consistent activity
patterns during the memory updating process. We therefore
assumed that subjects highly proficient in updating memories
were also the ones in which the neural pattern representation
in the left dlPFC was most consistent during the updating pro-
cess and therefore best characterized by the “old updated” dis-
tinct model. In contrast, in subjects performing poorly at
updating their memories, we expected the angular gyrus to
come to the fore, an area implicated, for example, in the repre-
sentation of prior knowledge (van Kesteren et al. 2012; Wagner
et al. 2015). To test this hypothesis, we used a median split to
subdivide our participants into “successful updaters” (mean:
54% correct) and “poor updaters” (mean 15% correct), harnes-
sing the large interindividual variance in updating performance
(between 0% and 96 % correct). We then compared the RSA
model fits for successful and poor updaters in our brain areas
of interest, focusing on the left dlPFC and right angular gyrus
(please see Fig. 5, for an overview of model fits in the remaining
regions, see Supplemental Fig. S1) and again on the fit of the
“old updated” distinct model compared with the remaining
models. We again considered the Wilcoxon signed rank test in
a first analysis and results showed a similar pattern for the
poor updaters, similar to the analyses across all participants
(with no significant relatedness between the “old identical dis-
tinct” model and the brain RDMs in any of the ROIs (all P >
0.67), and a significant relatedness between the remaining 3
models and the brain RDMs in all ROIs (all P < 0.022) except in
the left hippocampus (all P > 0.10)), while in the successful
updaters, the pattern was slightly different, indicating a signifi-
cant relatedness between the brain RDMs and the “old identi-
cal” distinct model in the angular gyrus (P = 0.025), while this
was not significant in any other ROI (all P > 0.17). The remain-
ing models were significantly related to the brain RDMs in all
ROIs (P < 0.03) except the left hippocampus in the correctly
updated, not correctly updated and “old updated” distinct mod-
els (P > 0.33) and the right hippocampus in the “old updated”
distinct model (P = 0.13). We again performed a fixed effects
condition label randomization test. While results from the ran-
domization test for each group separately indicated a trend in
the dlPFC for the “old updated” distinct model (P (uncorrected)
= 0.0665) for successful updaters, there was no other indication
of a significant relatedness of any other model to the data in
any other ROI for either group using the randomization test (all
P > 0.12). However, since the Wilcoxon signed rank test indi-
cated a significant relatedness between the brain RDMs and 3
of the proposed models we again compared the Spearman’s
rank correlation coefficient of the different models in the differ-
ent ROIs using a repeated measures ANOVA, although results
need to be interpreted with caution. Results indicated a signifi-
cant interaction between ROI, model, and group (successful vs.
poor updaters; F(1.799, 82.737) = 6.663, P = 0.003, η2 = 0.127). In
successful updaters, the “old updated” distinct model showed a
significantly better fit in the left dlPFC compared with
the “old identical” distinct model, indicated by post hoc t-tests
(t(23) =−3.131, P = 0.005), the not correctly updated model (t(23) =
−2.537, P = 0.018), and even the correctly updated model (t(23) =
−2.112, P = 0.046; Figure 5). Thus, successful updaters appear to

be characterized by showing an especially consistent activity
pattern during the updating process in the left dlPFC. In the
angular gyrus, however, there was no better fit of the “old
updated” distinct model compared to any other model (all P ≥
0.468). Specifically, in successful updaters, the fit for the “old
identical” distinct model was not significantly different from the
fit for the “old updated” distinct model (t(23) = −0.630, P = 0.535).
This may be due to a better representation of “old identical”
information in the angular gyrus, allowing participants to better
recognize information that did not change. In poor updaters,
there was no evidence for such a specifically consistent activity
pattern during the updating process in the left dlPFC.
Specifically, whereas there was a better fit for the “old updated”
distinct model compared with the “old identical” distinct model
both in the left dlPFC and angular gyrus (both P ≤ 0.041), none of
the other model comparisons were significant (all P ≥ 0.447).
Together, these results suggest that successful updating of exist-
ing memories is driven by a consistent and distinct activity pat-
tern during the updating process in the left dlPFC, and that a
failure to show this distinct pattern may be linked to an increased
inability to update already established memories with new
information.

Discussion
The present findings provide novel insights into the neural
mechanisms underlying the flexible updating of established
memories. In particular, our data indicate a key role of the left
dlPFC in this updating process. First, activity in left dlPFC and
functional coupling of left dlPFC with the hippocampus were
increased when learned associations had to be updated.
Importantly, this increased (left) dlPFC activity during updating
trials was seen both in comparison to “old identical” trials and
“new” trials, showing that this activity was not due to simply
retrieving old information or encoding new information but
specifically to the updating of existing associations. Both, left
dlPFC activity and prefrontal–hippocampal coupling were
directly related to behavioral updating performance. Second,
results of neural pattern similarity analysis in left dlPFC
showed a distinct pattern during the updating process and the
distinctiveness of these activity patterns separated individuals
that were successful in memory updating from those that were
not. Notably, these results hint to the fact that left dlPFC and
hippocampus may act in concert to support memory updating.
Unlike the left dlPFC, the hippocampus showed no increased
activity during the presentation of trials that required updating
in our univariate analyses. Similarly, hippocampal pattern sim-
ilarity was relatively low in general and may lend support to
the idea that hippocampal neural patterns are specific to par-
ticular associations (Leutgeb et al. 2007; Yassa and Stark 2011).
Finally, activity in areas supporting prior knowledge, such as
the angular gyrus, appeared to interfere with successful mem-
ory updating.

The dlPFC has been classically related to cognitive control
and working memory (Curtis and D’Esposito 2003; Egner and
Hirsch 2005) as well as attentional processes, novelty detection
and cognitive load (Yamaguchi and Knight 1991; Johnson et al.
2007; Szczepanski and Knight 2014). All of these processes are
highly relevant in the context of memory updating, which is a
complex process that builds heavily on attention as well as cog-
nitive control capacities and requires the individual to hold
both the old and the new information in mind, thus posing a
cognitive load. Without these basic cognitive processes mem-
ory updating would be unthinkable. Beyond these classical
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roles of the dlPFC, there is also evidence for its role in long-
term memory processes (Rossi et al. 2001; Simons and Spiers
2003). Specifically, the dlPFC has been implicated in memory
control processes, supporting strategic search, retrieval and
evaluation of stored representations (Fletcher and Henson
2001). Moreover, the dlPFC has been linked to the verification
and monitoring of recollected information (Burgess and
Shallice 1996). These latter functions of the dlPFC dovetail with
its key role in memory updating that we propose here, requir-
ing the evaluation of and comparison between stored and cur-
rently presented associations in order to detect the new
information. However, as participants identified the updated
item (i.e., city) with high precision on experimental day 2, the
mere recognition that associations have been modified does
not appear to be sufficient for successful memory updating, nor
does the mere attention to the updated information or novelty
detection that are both reflected in participants judgments, and
we presume that the role of the dlPFC goes beyond that of a
“discrepancy detector.” Instead, the dlPFC may orchestrate the
retrieval of stored representations and the encoding of modi-
fied associations, facilitating actual memory updating, most
likely in interaction with MTL areas. It may be this interaction
and integration of stored representations and incoming infor-
mation that distinguishes the updating of established memo-
ries from working memory updating.

The dlPFC has recently also been assigned a critical role in
working memory updating (D’Ardenne et al. 2012). In working
memory, however, both the original and the new information
is maintained in the dlPFC (Curtis and D’Esposito 2003; Barbey
et al. 2013) without the need to interact with long-term storage
sites, whereas this interaction is essential for the updating of
consolidated memories. We observed a significant increase in
the crosstalk between the dlPFC and the hippocampus, when
learned associations were updated and this functional connec-
tivity was directly linked to updating success. Although PPI
data do not allow conclusions about the direction of the inter-
action, the fact that we did not find a significant increase in
hippocampal activity for updated items, nor an updating-
specific activity pattern in the hippocampus, lets us assume
that this crosstalk was mainly driven by the dlPFC.

Interactions between the dlPFC and hippocampus may facil-
itate memory updating in several ways. The dlPFC, when
detecting modified associations, may suppress the activation of
the original memory representations in the MTL, as shown in
intentional forgetting paradigms (Anderson et al. 2004).
Moreover, the dlPFC activation may foster the storage of the

modified information in MTL areas or its incorporation into the
existing trace. Our findings of a positive interaction between
dlPFC and hippocampus, which was directly associated with
updating success, speaks in favor of the latter alternative and
renders a suppression effect, which should be reflected in a
negative interaction, rather unlikely. It is to be noted, however,
that the contrasts “old updated” versus “old identical” and “old
updated” versus “new” may include a number of different pro-
cesses, such as noticing that an item was updated, reactivating
the existing memory trace, or the attempt to update memories.
Although we cannot distinguish between these processes dur-
ing the presentation of updated information in the present
study, all of these processes may be relevant for successful
memory updating. Interestingly, an earlier study that used an
AB/AC interference paradigm, resembling our task design to
test the relation between memory reactivation and integration
of competing memories provided evidence for an involvement
of the dlPFC in the processing of competing memories (Kuhl
et al. 2011). Although there are important differences between
this previous study and the present study, for instance, with
respect to the degree to which participants were instructed to
update their memories and to the age of the memories that
were required to update, both studies agree in that they point
to an important role of the dlPFC in memory updating.

While we consider a suppression-like mechanism as main
source of successful updating rather unlikely, our data still sug-
gest that representations of prior knowledge might hamper
updating processes. Prior knowledge is thought to be repre-
sented in parietal areas, including the angular gyrus, and its
relevance for the ongoing task is assumed to be detected by the
vmPFC (van Kesteren et al. 2012). In line with these ideas, the
angular gyrus and vmPFC were less active when modified infor-
mation, compared with original information, was shown.
Recruitment of the angular gyrus during the presentation of
updated information was associated with impaired updating
performance. Moreover, the specific increase in neural similar-
ity in the angular gyrus for originally encoded item pairs distin-
guished successful from unsuccessful updaters. Together,
these findings suggest that the recruitment of prior knowledge
representations during the presentation of the original infor-
mation is beneficial for updating performance, presumably as it
allows a sharp discrimination between original and modified
information, while the recruitment of those areas during the
presentation of modified information impedes updating suc-
cess. Albeit we did not find updating-related changes in dlPFC–
angular gyrus connectivity, the dlPFC might also coordinate

Figure 5. Model representation distinguishes between successful and poor updaters. We distinguished between (A) successful and (B) poor updaters based on a

median split of updating success (successful updaters: mean performance of 54% correct, poor updaters: mean performance of 15% correct). (A) In the successful

updaters, the “old updated distinct” model was represented with the highest fit value in the left dlPFC (Spearmans r = 0.056) and (B) while this was not the case in

poor updaters (Spearmans r = 0.033). Error bars indicate standard error of the mean. *P < 0.05, **P < 0.001.
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angular gyrus activity through its connection to the vmPFC,
which was increased for updated items in our study. An addi-
tional account describes the function of the medial prefrontal
cortex (mPFC) in the process of integrating new memories into
existing structures and storing these memories (Schlichting
and Preston 2016) as seen in schema-based learning. This
would also describe the current observations of heightened
vmPFC activity when “old identical” information is presented.
While an interaction between the mPFC and hippocampus is
thought to facilitate this integration process (Kroes and
Fernandez 2012; Schlichting and Preston 2016), our results did
not show this pattern, which may however be due to differ-
ences in study design and task instructions.

It has been argued that the updating of consolidated memo-
ries is based on memory reconsolidation processes (for a recent
review see Lee et al. 2017). Specifically, it is assumed that the
reactivation of a consolidated memory renders the reactivated
trace labile again so that it needs to be stabilized anew during a
period of reconsolidation (Nadel and Land 2000; Hupbach et al.
2008; Nader and Einarsson 2010; Dudai 2012). During the recon-
solidation window, memories can be weakened, strengthened,
or updated (Dudai 2006; Alberini 2011). Reactivation-dependent
memory modifications have by now been shown across tasks
and species (Hupbach et al. 2007; Lee 2008; Stollhoff et al. 2008;
Schwabe et al. 2012). Although we did not aim to probe recon-
solidation processes, a reconsolidation-like mechanism might
still have been active. In the updating phase, we presented the
face first, which may have served as a reminder for the respec-
tive face–city pair, and the updated (or original) city name
shortly thereafter, which may be considered a contextual rein-
statement, possibly aiding an inability to successfully update
memories (Gershman et al. 2013). Previous evidence from a
study using TMS pointed also to a critical role of the dlPFC in
the postreactivation strengthening of the episodic memories
(Sandrini et al. 2013). In contrast to the present study, however,
this study did not address the actual updating of memories by
new information. In fact, we are not aware of any reconsolida-
tion study that tested the neural underpinnings of the updating
of long-term memories in humans. Closely related to the recon-
solidation concept and to the current findings, however, is the
fundamental and highly controversial issue of the fate of the
original memory trace after memory updating (Hardt et al.
2009; Bermúdez-Rattoni and McGaugh 2017). Is the original
trace overwritten by the representation of the updated infor-
mation? Or are there 2 competing traces and successful updat-
ing reflects mainly the predominance of the trace representing
the modified association? Experimental studies in humans,
such as the present, can hardly solve this issue. Animal studies
employing state-of-the art molecular techniques, however,
could make a significant contribution to this long-standing
debate. Moreover, as our data suggested updating-related activ-
ity mainly in the left dlPFC and there is some evidence for dis-
tinct roles of the right and left dlPFC in retrieval processes
(Rossi et al. 2001; Javadi and Walsh 2012), future studies may
use brain stimulation techniques to test whether memory
updating processes are indeed lateralized.

In sum, our data provide novel insights into the neural mecha-
nisms underlying a fundamental feature of memory, its ability to
update in light of new information. In particular, we show that
the dlPFC, most likely through its interaction with the hippocam-
pus, is essential for keeping memories up to date, enabling them
to effectively guide choice or simulate upcoming events (Schacter
et al. 2007) and thus to prepare the organism for the future.
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Moderate post-encoding stress shows no in�uence

on memory transformation rate after four weeks of

systems consolidation

Lisa C. Dandolo

Abstract

Over time, episodic memories transform from detailed to gist-like memories. Whether this

dynamic process is in�uenced by external factors such as stress has not yet been tested

in humans so far. In general, post-encoding stress most often has an enhancing e�ect on

subsequent memory performance. But does post-encoding stress also in�uence the time

course of memory transformation? To investigate this question, we tested 160 participants

on two experimental days, using an episodic picture memory task with negative and neutral

pictures. Half of the participants performed a socially evaluated stress test shortly after

memory encoding, while the other half performed a control task. Memory retrieval was

tested either one day after encoding or four weeks later to capture memory transformation

during prolonged systems consolidation. We found an enhancing e�ect of post-encoding

stress on the subsequent recall of negative pictures in females. Most importantly, however,

we did not �nd any e�ects of moderate post-encoding stress or cortisol increase on the

degree of memory transformation tested after four weeks of systems consolidation.



1 Introduction

Memories are dynamic and can be in�uenced in various ways during learning, consolida-

tion and retrieval processes. One factor which is often present in our everyday lives and

has a considerable e�ect on learning and memory is stress (Roozendaal, 2002; Wolf, 2009).

Acting through stress hormones such as gluccocorticoids and noradrenalin, stress can have

either enhancing or impairing e�ects on learning and memory. The timing of the stressful

experience in relation to the di�erent memory phases is thereby one of the most decisive

factors (Roozendaal, 2002, Schwabe, Joels, Roozendaal, Wolf, & Oitzl, 2012; Cadle & Zo-

ladz, 2015). Stress shortly before memory retrieval has an impairing e�ect on memory

performance (e.g. Kuhlmann, Piel, & Wolf, 2005; Buchanan, Tranel, & Adolphs, 2006;

Smeets, Otgaar, Candel, & Wolf, 2008). On the other hand, studies which have targeted

memory encoding and/or memory consolidation by administering the psychosocial stressor

shortly before learning (a�ecting both encoding and consolidation) or shortly after mem-

ory encoding (a�ecting only memory consolidation) have mostly shown enhancing e�ects

of stress on subsequent memory performances (e.g. Buchanan & Lovallo, 2001; Cahill,

Gorski, & Le, 2003; Andreano & Cahill, 2006; Beckner, Tucker, Delville, & Mohr, 2006;

Preuss & Wolf, 2009; McCullough & Yonelinas, 2013). To �nd these enhancing e�ects,

subsequent memory has to be measured at a delay long enough to ensure that memory

retrieval is not in�uenced by the stress hormones any longer (Schwabe et al., 2012). Yet,

even when controlling for this factor, the enhancing e�ect of stress on memory encod-

ing and consolidation is not always robustly found (for an opposite, impairing e�ect see

Trammell and Clore (2014)) and often depends on other factors such as the emotional

arousal of the learning material (Cahill et al., 2003; Payne et al., 2007; Felmingham, Tran,

Fong, & Bryant, 2012), or the sex of the participant (Cahill, 2003; Cahill, 2006). It is

also important to consider the strength of the stress response: it has been proposed that

an inverted U-shape curve is best suited to relate the strength of the cortisol increase in

response to the stressor to the memory scores: while low and very high cortisol responses

do not a�ect or even impair memory performance, a moderate cortisol response leads to
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the enhancing e�ect (Andreano & Cahill, 2006).

Most studies tested whether stress a�ects the overall memory performance, without, how-

ever, testing whether the quality of the memory is also a�ected by stress. There is one

line of work, however, which has focussed on the di�erent e�ects of post-encoding stress on

familiarity and recollection based recognition (Yonelinas, Parks, Koen, Jorgenson, & Men-

doza, 2011; McCullough & Yonelinas, 2013; McCullough, Ritchey, Ranganath, & Yonelinas,

2015). Recollection can be de�ned as re-experiencing an episode in a detailed way, thus

remembering when and where one experienced the episode or learned a certain item, a

process which has been shown to be hippocampus-dependent (Eichenbaum, Yonelinas, &

Ranganath, 2007). While familiarity is based on knowing one has seen an item before

without being able to recollect the context of when and where it was learned, a process

which has been related to other, hippocampus surrounding medial temporal lobe areas

(Eichenbaum et al., 2007). While early results suggest that stress only enhances familiar-

ity based recognition without in�uencing recollection (Yonelinas et al., 2011; McCullough

& Yonelinas, 2013), newer results suggest that recollection is also in�uenced by stress,

but in a non-monotonic, inverted U-shape relationship with moderate increases in cortisol

bene�ting subsequent recollection and high cortisol increases impairing later recollection

(McCullough et al., 2015). In a di�erent approach, studies using false memory paradigms

showed an increase in false memory scores after pre- or post-learning stress (Payne, Nadel,

Allen, Thomas, & Jacobs, 2002; Payne et al., 2006; Payne et al., 2007; Pardilla-Delgado,

Alger, Cunningham, Kinealy, & Payne, 2016). It has been suggested, that this increase in

false recognitions is due to a de�cit in retrieving detailed memories because of the negative

e�ect of stress on hippocampal processing, and a subsequent over-reliance on gist-memory

stored in neocortical regions (Payne et al., 2002; Pardilla-Delgado et al., 2016). Similarly,

it has been suggested that stress and emotional arousal leads to a narrowing of attention,

thereby impairing the ability to remember peripheral neutral details of an episode and

simultaneously enhancing memories for the central emotional aspect, or gist of an episode

(Kensinger, Garo�-Eaton, & Schacter, 2007; Cadle & Zoladz, 2015).

All these accounts imply an increased reliance on gist-like memories or familiarity compo-

nents of recognition after exposure to (highly) stressful experiences, thus showing an in�u-

ence on memory quality. According to the trace transformation theory (TTT, Winocur,

Moscovitch, & Bontempi, 2010; Winocur & Moscovitch, 2011; Sekeres, Moscovitch, &

Winocur, 2017), the process of systems consolidation is also accompanied by a change in

memory quality over time, even without interfering factors. According to the TTT, origi-
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nally detailed episodic hippocampus-dependent memories, transform into gist-like versions

during the process of system consolidation. These gist-like memories can be retrieved from

the neocortex alone, while detailed memories remain hippocampus-dependent. This mem-

ory transformation process naturally occurs over a time course of weeks to months, or

even years (Sekeres et al., 2017). But, is the time course of memory transformation from

detailed to gist-like memories in�uenced my the amount of stress present during initial

encoding and early consolidation? This question has been addressed in an recent rodent

study by Pedraza et al. (2016). They could show that stress, indeed, had an in�uence on

the rate of memory transformation depending on the strength of the stress response during

learning in an inverted U-shaped curve: moderate stress during learning led to a detailed

representation of the memory which remained detailed for an extended period of time (up

to 40 days). High stress during learning, on the other hand, led to an unusually fast rate

of memory transformation, resulting in generalized, gist-like versions of the memory after

only 2 weeks (Pedraza et al., 2016). Can we �nd the same pattern of results in a human

study?

In the present study we tested whether post-encoding stress in�uenced the time course of

memory transformation in humans. Participants encoded emotionally negative and neu-

tral pictures on experimental day one, shortly before undergoing the standardized socially

evaluated cold-pressor test (SECPT; Schwabe, Haddad, & Schachinger, 2008; Schwabe

& Schachinger, 2018) or a warm water control condition. In a between-subject design,

participants performed a free recall task and a recognition task either 1 day or 28 days

after encoding. Critically, the recognition task not only contained the learned old pictures

and novel pictures, but also related pictures showing the same gist as the respectively

matched old picture but depicting di�erent details. This enabled us to test whether a

detailed version of the memory could still be retrieved during memory testing, or whether

only a transformed, gist-like version was retrievable, leading to problems in di�erentiating

between the learned pictures and the related lure pictures.

In an attempt to replicate former results, we �rst tested the e�ects of post-encoding stress

on the overall memory performance. We expected to �nd an enhancing e�ect of stress

on the overall memory strength after 1 and 28 days and expected this e�ect to be most

pronounced for emotionally negative stimuli. We included sex as an additional factor, as

former studies showed that results may di�er between female and male participants. Most

importantly, we then focussed on the e�ects of post-encoding stress on the time course of

memory transformation. In accordance with the results from Pedraza et al. (2016), we ex-
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pected to �nd an inverted U-shape relationship: less transformed memories for moderated

amounts of stress compared to the control condition, but more transformed memories for

high amounts of stress.
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2 Methods

2.1 Participants

In total, we tested 162 healthy young adults (82 women, 80 men). Yet, two of these partic-

ipants only completed experimental day 1 and were thus replaced during data collection,

leading to a full sample of 160 participants (80 women, 80 men). Through prior telephone

screenings we excluded participants with a history of psychiatric or neurological disease,

medication intake or drug abuse. Women using hormonal contraceptives, habitual smokers

and participants with a Body Mass Index below 18 or above 29 were excluded, as these

factors may a�ect the endocrine stress response (Kirschbaum, Kudielka, Gaab, Schommer,

& Hellhammer, 1999; Rohleder & Kirschbaum, 2006). All participants provided written

informed consent and received monetary compensation. The study protocol was approved

by the ethics committee of the German Psychological Society (DGPs). Participants were

pseudo-randomly assigned to four di�erent experimental groups: 1d-stress group, 28d-

stress group, 1d-control group, 28d-control group (20 women and 20 men per group). All

testing took place in the afternoon between 12.00 A.M. and 07.00 P.M. to control for

diurnal variations of cortisol and participants were instructed not to eat meals, drink caf-

feine or perform severe physical exercise within the 2h before the experiment. After data

collection, one participant was excluded due to a lack of su�cient memory encoding on

experimental day 1 (below 25% correctly named pictures in the 3rd free recall run) and

another participant was excluded due to missing cortisol data, thus leaving a �nal sample

of 158 participants for analysis (mean age = 25.62 years, SD = 4.20 years; 1d-stress group

= 20 women and 19 men, 28d-stress group = 19 women and 20 men, 1d-control group =

20 women and 20 men, 28d-control group = 20 women and 20 men).

2.2 Study design and experimental paradigm

Testing took place on two experimental days: experimental day 1 started with a memory

encoding task immediately followed by either a stress or control manipulation depending
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on the experimental group; experimental day 2 consisted of a free recall memory task,

followed by a recognition memory task and a stimulus rating task. Critically, the time

interval between memory encoding and memory testing was varied between the groups:

for participants in the 1d-stress group or 1d-control group memory testing took place one

day after encoding, while for participants in the 28d-stress group or the 28d-control group

memory was tested 28 days, i.e. four weeks, after encoding.

2.3 Stress or control manipulation on experimental day 1

Participants in the stress condition underwent the standardized socially evaluated cold-

pressor test (SECPT; Schwabe et al., 2008; Schwabe & Schachinger, 2018) approximately

5 mins after the end of the memory encoding task in a di�erent room. During this 3 min

long stress manipulation participants had to hold their left hand into ice cold water ( 0-2

◦C) while being socially evaluated by a second experimenter who was newly introduced for

this stress manipulation. This experimenter was wearing a white lab coat and was rather

cold and distant during interactions and constantly made notes to give an impression of

social evaluation. The participants received written instructions for this task, telling them

to hold their hand into the water as long as possible (and only withdraw it if the pain

gets unbearable) without telling them the duration of the task, thereby introducing a level

of uncertainty. In addition, participants were videotaped and could see their own face on

a TV screen behind the stress experimenter, introducing an element of self-monitoring.

In the corresponding control manipulation, participants also entered a di�erent room ap-

proximately 5 mins after the encoding task and had to hold their hand into warm water

( 35-37◦C) for 3 minutes. Here, there was neither a newly introduced stress experimenter

nor a video recording with TV screen (Schwabe et al., 2008; Schwabe & Schachinger, 2018)

2.4 Subjective and physiological measures

To measure the success of the stress manipulation we collected data corresponding to three

di�erent levels of the stress response (Schwabe & Schachinger, 2018). First, to assess the

subjective feeling of being stressed, we asked participants to rate how di�cult, painful,

unpleasant and stressful they had experienced the tasks on a scale from 0 (�not at all�) to

100 (�very much�) immediately after the stress/control manipulation. Subjective feelings

of stress were additionally measured using a German multidimensional mood questionnaire
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(MDBF; three scales: elevated mood, wakefulness and calmness; Steyer, Schwenkmezger,

Notz, & Eid, 1994), which participants �lled in at �ve di�erent time points (at the be-

ginning of experimental day 1, directly after the memory encoding task, 5 and 40 mins

after the onset of the stress/control manipulation and at the beginning of experimental

day 2). Secondly, as an indicator of sympathetic nervous system activity, we measured

participants' blood pressure and pulse at seven di�erent time points (at the beginning of

experimental day 1, directly after the memory encoding task, during the stress/control

manipulation, 5, 20 and 40 mins after onset of the stress/control manipulation and at the

beginning of experimental day 2) using a Dinamap system (Critikon, Florida). Finally, to

assess the activation of the hypothalamus-pituitary-adrenal (HPA) axis we measured the

cortisol response of the participants by collecting saliva samples using Salivettes (Sarstedt,

Germany) at six di�erent time points (at the beginning of experimental day 1, directly

after the memory encoding task, 5, 20 and 40 mins after the onset of the stress/control

manipulation and at the beginning of experimental day 2). We later analysed cortisol

concentrations from saliva using a luminescence immunoassay (IBL, Germany).

2.5 Memory task

2.5.1 Stimulus material

As stimulus material we used the same set of picture stimuli as in a previous study from our

lab (Dandolo & Schwabe, 2018), however we added some new pictures, increasing the total

number of pictures from 180 to 240. The pictures were taken either from the International

A�ective Picture System (IAPS; Lang, Bradley, & Cuthbert, 1997) or from open internet

platforms.

Half of the pictures showed emotionally negative objects or scenes, while the other half

showed neutral images. On experimental day 2, after the recognition test, we asked partic-

ipants to rate all pictures on two scales: valence (scale from 0 = negative to 100 = positive,

with 50 = neutral) and arousal (scale from 0 = not arousing to 100 = very arousing). The

valence ratings showed that negative pictures (mean = 24.15, SEM = 0.42) were indeed

perceived as more negative than neutral pictures (mean = 56.30, SEM = 0.32; paired t-test:

t(157) = -30.66, p < 2.2e-16, Cohen's d = -2.99). Likewise, the arousal ratings showed that

negative pictures (mean = 46.54, SEM = 0.97) elicited more arousal than neutral pictures

(mean = 7.20, SEM = 0.47; paired t-test: t(157) = 25.83, p < 2.2e-16, Cohen's d = 1.67).

We created three di�erent lists (List A, List B and List C), each containing 40 negative and
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40 neutral pictures: List A and List B were related in the sense that each picture in List

A had a corresponding picture in List B showing the same gist (e.g. mowing tractor) but

di�erent details (e.g. di�erent brand, color, perspective and background). List C consisted

of novel pictures which were not related to the other two lists. For half of the participants

List A was used for encoding and List B as related lures in the recognition task, while the

other half of participants received List B during encoding and List A was used as related

lures in the recognition task.

2.5.2 Experimental day 1 - memory encoding

All participants performed three encoding runs on experimental day 1, shortly before the

stress or control manipulation. In each encoding run participants viewed the 80 pictures

of their encoding list (either A or B) on a computer screen for 2 seconds each in a random

order. After each picture a �xation cross was shown for 1 second. We used MATLAB

(www.mathworks.com) and the Psychophysics Toolbox extensions (Brainard, 1997) for

picture presentation. Memory encoding was intentional, thus participants were instructed

to memorize as many pictures as possible and were asked to freely recall the remembered

pictures immediately after each of the three encoding runs. During free recall, participants

were instructed to name each picture using a short title or short description which allowed

the investigator to check o� the respective picture on a list. In cases were given titles or

descriptions were inconclusive, investigators asked for a more detailed description. The

entire encoding session (3 encoding runs + 3 immediate free recalls) was on average about

30 mins long.

2.5.3 Experimental day 2 - memory testing: free recall

On the second experimental day, either 1d or 28d after encoding, participants �rst per-

formed another free recall task. However, in this free recall task participants were not

only asked to name each picture using a short title as they did on experimental day 1, but

were additionally instructed to describe each picture in as much detail as possible. The

experimenter had a list of details for each picture and checked o� each detailed named by

the participant. This enabled us to test if participants only remembered the gist, e.g. the

short title they had given the picture, or if they could actually remember some details of

the picture.
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2.5.4 Experimental day 2 - memory testing: recognition task

After the detailed free recall task participants performed a recognition task. In this task

they saw all 240 pictures in random order on a computer screen. 80 pictures were the

old pictures encoded on experimental day 1, 80 pictures were their respective lure pic-

tures showing the same gist but di�erent details and 80 pictures showed completely novel

scenes and objects. For each picture participants had to indicate if they had seen it on

experimental day one or not, by pressing either a button for �yes� or a button for �no�.

Each picture was shown until the participant pressed either button. A con�dence rating

followed in those cases that were answered with �yes�. In this rating participants indicated

how con�dent they were about their positive answer on a 4-point scale (not at all con�-

dent, slightly con�dent, quite con�dent or very con�dent). Between each picture trial a

�xation cross was shown for 1 second. Importantly, participants were informed before the

start of the recognition task that some pictures may be similar to the original ones and

were instructed to only press �yes� if they thought the picture was exactly the same as on

experimental day 1.

2.6 Statistical analysis

2.6.1 Subjective and physiological measures

We calculated repeated measurement ANOVAs with the repeated-measurement factor

Time Points and the between-subject factors Treatment (stress vs control), Interval (1d

vs 28d) and Sex (female vs male) for the MDBF scales, blood pressure, pulse and cortisol

data. All measurement time points from experimental day 1 were included in the respec-

tive ANOVAs (4 time points for the MDBF scales, 5 time points for the cortisol data and

6 time points for blood pressure and pulse data). Greenhouse-Geisser corrections were

applied in case of a violation of the sphericity assumption.

2.6.2 Free recall data

Because participants showed a high inter-subject variability during memory encoding on

day 1 (free recall scores of encoding run 3 ranged from 28.75% to 96.25%), we used the ratio

"Day2/Day1-Run3" as dependent variable for the experimental day 2 recall data analysis.

Thus, this recall ratio captures memory consolidation e�ects independent of initial indi-

vidual encoding performance.
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During the recall task on day 2, we additionally asked participants to try and recall as

many details of the picture as possible. From this we calculated for each participant the

average number of details named per picture, for each emotion category separately.

Both dependant variables (recall ratio; average number of details per picture) were sub-

jected to ANOVAs with the between-subject factors Treatment (stress vs control), Interval

(1d vs 28d) and Sex (female vs male) and the within-subject factor Emotion (negative

pictures vs neutral pictures).

2.6.3 Recognition test - hits and con�dence ratings

We �rst looked at the overall percentage of hits and calculated an ANOVA for this de-

pendent variable with the between-subject factors Treatment, Interval and Sex and the

within-subject factor Emotion.

In a next step, we used the con�dence ratings which participants were asked to make when-

ever they answered the question, if they had seen the respective picture before, with 'Yes'.

Although we used a 4-point scale (not at all con�dent, slightly con�dent, quite con�dent or

very con�dent) during testing, we later classi�ed the con�dence ratings into two categories

"high con�dence hits" and "low con�dence hits". Only those hits which were rated with

"very con�dent", were classi�ed as "high con�dence hits", as these ratings can be com-

pared to "remember" ratings in a remember-know procedure and best capture the memory

process of recollection in recognition tests (Yonelinas, 2001). We combined the other three

ratings (not at all con�dent, slightly con�dent, quite con�dent) as "low con�dence hits",

as these can be related to the "know" ratings in remember-know procedures and have been

shown to capture the memory process of familiarity (Yonelinas, 2001). After classifying the

hits, we �rst calculated the probability of a high con�dence response for each participant

per emotion category (Number of High Con�dence Hits/Number of Old Pictures). We

then calculated the probability of a low con�dence response to an old picture, given the

opportunity to make such a response (Number of Low Con�dence Hits/[Number of Old

Pictures - Number of High Con�dence Hits]), thus this is the probability of making a low

con�dence response in those cases in which one was not very con�dent. These probabili-

ties were subjected to two separate ANOVAs (one for high con�dence hits and one for low

con�dence hits) with the factors Interval, Treatment, Sex and Emotion.
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2.6.4 Recognition test - false alarms to related and novel pictures

We divided the false alarms ('Yes' answers to new pictures) in the recognition test into

two categories: false alarms to related lure pictures and false alarms to novel pictures. We

then calculated an ANOVA on the percentage of false alarms with the between-subject

factors Treatment (stress vs control), Interval (1d vs 28d) and Sex (female vs male) and

the within-subject factors Emotion (negative pictures vs neutral pictures) and Picture Typ

(related pictures vs novel pictures). This allowed us to di�erentiate between a general loss

in memory strength across time and a memory transformation process. If memory only

showed a loss of strength across time this would lead to a main e�ect of Interval which is

not in�uenced by the factor Picture Type as both false alarms to related and novel pictures

would be a�ected in the same way. However, if a transformation from detailed to gist-like

memories occurs across time, this would lead to a Picture Type × Interval interaction in

the above ANOVA, as participants would especially show an increase in false alarms to

related pictures which show the same gist as the old pictures, but a smaller increase of

false alarms to novel pictures across time.

2.6.5 Recognition test - picture pair analysis

Another way to capture the transformation process is to look at the matching picture

pairs in more detail. A matching pair is de�ned as an old picture and the respective

corresponding related lure picture, carrying the same gist. We characterized the picture

pairs depending on the combination of answers to the two related pictures. If participants

correctly identi�ed the old picture as old (hit) and, at the same time, had no problem

rejecting the related lure picture as new (correct rejection) than one can expect their

memory of the old picture to be detailed, thus these pairs were classi�ed as "detailed pairs".

However, in cases in which participants answered "Yes" to the related lure picture (false

alarm), one can expect the memory of the old picture to be gist-like, as they identi�ed

the gist but did not recognize the di�erent details. Thus, these pairs were classi�ed as

"transformed pairs", irrespective of the response to the old picture (either hit or miss).

We classi�ed pairs in which both the old picture (miss) and the related picture (correct

rejection) were answered with "No" as "forgotten pairs", as in these cases participants

seemed to have lost their memory for the old picture entirely.

The percentage of picture pairs of each category (detailed, transformed and forgotten)

were analysed in three separate ANOVAs with the factors Interval, Treatment, Sex and
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Emotion.

2.6.6 Relation between subsequent memory scores and cortisol increase

Using regression analysis we additionally tested the relation between the salivary cortisol

increase (subtracting the baseline cortisol shortly before the stress manipulation from the

cortisol value 20 mins after the onset of the stress manipulation) and most of the described

subsequent memory scores (recall ratio, average number of details per picture, percentage

of hits, probability of high con�dence responses, probability of low con�dence responses,

percentage of detailed pairs, percentage of transformed pairs, percentage of forgotten pairs).

We calculated correlation coe�cients (R2) and tested for signi�cance of the models for both

linear and quadratic regression lines, as some former studies have reported inverted-U

shaped relationships of cortisol increase to subsequent memory scores (Andreano & Cahill,

2006, McCullough et al., 2015). The regression analyses were performed only in the stress

groups, as only stressed participants can show a meaningful stress-related cortisol increase.

In addition, we performed the regression analysis separately for the negative and neutral

pictures, as well as separately for the female and male participants.
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3 Results

3.1 Overall e�ective stress manipulation

3.1.1 Subjective stress ratings

Subjective stress ratings showed that participants in the stress condition rated the SECPT

as signi�cantly more di�cult (Welch Two Sample t-test: t(95.56) = 16.47, p < 2.2e-16,

Cohen's d = 2.65), unpleasant (Welch Two Sample t-test: t(129.84) = 13.85, p < 2.2e-

16, Cohen's d = 2.22), painful (Welch Two Sample t-test: t(87.12) = 21.34, p < 2.2e-16,

Cohen's d = 3.43), and stressful (Welch Two Sample t-test: t(87.50) = 12.32, p < 2.2e-

16, Cohen's d = 1.98) as control participants rated the control condition. Additionally,

results from the MDBF showed signi�cant Treatment (stress vs control) × Time Point

interactions for the elevated mood scale (F(3, 450) = 1.65, p = 1.2e-05, generalized η2

= 0.009) and the calmness scale (F(2.48, 372.03) = 7.68, p = 0.0002, generalized η2 =

0.013), with participants from the stress group showing lower mood and calmness scores

at the time point measured directly after the stress manipulation compared to the control

participants. As to be expected, we found no Treatment × Time Point interaction e�ect

for the MDBF wakefulness scale.

3.1.2 Indicators of sympathetic nervous system activity

For the blood pressure and pulse measurements, we found signi�cant Treatment × Time

Point interactions (systolic blood pressure: F(4.40, 672.79) = 7.68, p = 2.9e-16, generalized

η2 = 0.0293; diastolic blood pressure: F(2.41, 368.91) = 33.96, p = 1.97e-16, generalized

η2 = 0.0729 and pulse: F(3.12, 477.30) = 16.71, p = 1.22e-10, generalized η2 = 0.0153).

As seen in Figure 1 these blood pressure and pulse measurements di�ered signi�cantly at

the time point during the SECPT/control manipulation but not at the other time points,

re�ecting the fast reaction of the sympathetic nervous system activity.
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Figure 1: Stress Responses

3.1.3 Cortisol response

Importantly, there was also a Treatment × Time Point interaction e�ect for the salivary

cortisol data (F(1.57, 241.80) = 23.09, p = 2.13e-08, generalized η2 = 0.0532), with post-

hoc tests indicating a signi�cant di�erence between the cortisol levels of the stress group in

comparison to the control group at the time points 20 mins and 40 mins after the beginning

of the stress/control manipulation. Before and 5 mins after the treatment the cortisol levels

did not di�er between the groups, re�ecting the slow reaction of the HPA axis.

3.1.4 Equally successful stress manipulation in both interval groups

Note, that we also included the factors Interval and Sex in all the above described ANOVAs.

We did not �nd any main e�ects of Interval or interaction e�ects including the factor

Interval (except for an Interval × Time Point interaction in the MDBF calmness scale, but

post-hoc test were not signi�cant), con�rming that the stress manipulation was equally

successful on experimental day 1 for both stress groups (1d-stress group and 28d-stress

group). As to be expected, we found main e�ects of Sex for systolic blood pressure and

cortisol levels, with overall higher values for male participant than female participants in
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both measurements.

3.1.5 Cortisol responders and non-responders

In order to compare our stress response results to other studies, we classi�ed partici-

pants into cortisol responders and non-responders, using a criterion established by Miller,

Plessow, Kirschbaum, and Stalder (2013), according to which participants are labelled as

responders, if they show a cortisol increase of at least 1.5 nmol/l from baseline to peak.

As baseline we used the cortisol value measured shortly before the stress manipulation and

as peak the cortisol value measurement 20 mins after the onset of the treatment. This

classi�cation showed that out of the 78 stress participants 38 were responders, equalling

to a responder rate of 49%. Although, this responder rate is similar to some other studies

using the SECPT, it is, nevertheless, slightly under the average responder rate reported

for SECPT studies (about 60%; Schwabe & Schachinger, 2018). This could be related to

the fact that, with our two cortisol measurements at about 20 mins and 40 mins after the

SECPT, we might have slightly missed the actual peak of the cortisol response, which is

expected 25-30 mins after the stressor onset (Schwabe & Schachinger, 2018, Kirschbaum,

Pirke, & Hellhammer, 1993). Thus some of the participants who were just slightly under

the cut-o� of 1.5 nmol/l might have been classi�ed as responders if we would have cap-

tured their actual peak response. Nevertheless, our more moderate responder rate bene�ts

correlational analyses of the cortisol increase in the stress group with subsequent memory

scores (Schwabe & Schachinger, 2018).

3.2 Successful memory encoding on experimental day 1

After three encoding runs, participants freely recalled in average 64.83% of the pictures

with a standard deviation of 13.84%. We calculated an ANOVA with the factors Interval,

Treatment, Sex and Emotion for the free recall data of the third run. There were no e�ects

involving the factors Interval or Treatment, showing that, importantly, all four experimen-

tal groups (1d-stress group, 28d-stress group, 1d-control group, 28d-control group) learned

the stimuli equally well on experimental day 1 before the stress/control manipulation. We

did, however, �nd a main e�ect of Emotion (F(1,150) = 81.35, p = 8.36e-16, generalized η2

= 0.0870) with participants recalling more negative (69.32%) than neutral (60.33%) pic-

tures. There was also a main e�ect of Sex (F(1,150) = 8.52, p = 4.05e-03, generalized η2 =

0.0447) with female participants (67.96%) recalling more pictures than male participants
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(61.69%).

3.3 Post-encoding stress bene�ts the free recall of negative

pictures in females

As expected there was a signi�cant and large main e�ect of Interval (F(1,150) = 426.34,

p = 1.08e-45, generalized η2 = 0.664) for the free recall ratio, with participants in the

1d-groups recalling twice as many pictures as participants in the 28d-groups.

Interestingly, there was also a signi�cant Treatment × Sex × Emotion interaction e�ect

(F(1,150) = 4.22, p = 4.16e-02, generalized η2 = 0.0085) and corresponding main e�ects

of Treatment (more recalled pictures for stress than control participants: F(1,150) = 6.76,

p = 1.02e-02, generalized η2 = 0.0304), Sex (more recalled pictures for female than male

participants: F(1,150) = 5.11, p = 2.52e-02, generalized η2 = 0.0232) and Emotion (more

negative recalled pictures than neutral recalled pictures: F(1,150) = 9.61, p = 2.31e-

03, generalized η2 = 0.0191). Follow-up analyses of the interaction e�ect showed that

the Treatment e�ect was only signi�cant for negative pictures (ANOVA for only negative

pictures; main e�ect Treatment: F(1,150) = 8.52, p = 4.05e-03, generalized η2 = 0.0537)

but not for neutral pictures (ANOVA for only neutral pictures; main e�ect Treatment:

F(1,150) = 2.36, p = 0.127, generalized η2 = 0.0154). As Figure 2 shows, the di�erence

between the stress and the control group for negative pictures was, in addition, in�uenced

by the factor Sex: only female participants showed signi�cant post-hoc t-tests, but not

male participants. Thus, for female participants stress after encoding led to a better

delayed recall performance of negative picture stimuli when compared to a control task

after encoding. This, importantly, was the case for both the 1d-group and the 28d-group.

Despite this signi�cant Treatment e�ect for negative pictures in the female group, we did

not �nd any signi�cant linear or quadratic regression models for the relation between the

free recall ratio and the cortisol increase in the stress group, neither for negative pictures

in females or males, nor for neutral pictures in females or males (all multiple R2 < 0.056,

all F < 1.53, all p > 0.222). Thus the stress e�ect for females on negative pictures can not

directly be related to the cortisol increase after stress.
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Figure 2: Ratio Hits

3.4 No e�ects of stress or cortisol increase on hits or

recollection and familiarity scores in the recognition task

We did not �nd e�ects of stress or cortisol increase on the overall percentage of hits, nor did

we �nd e�ects when dissociating the recognition memory into recollection and familiarity

components based on con�dence ratings.

3.4.1 Overall percentage of hits

From the recognition task data, we �rst analysed the overall percentage of hits for old

pictures: we found a main e�ect of Interval (higher percentage of hits in the 1d-groups

compared to the 28d-groups; F(1,150) = 95.83, p = 8.34e-18, generalized η2 = 0.3543), a

main e�ect of Emotion (higher percentage of hits for negative than for neutral pictures;

F(1,150) = 54.16, p = 1.13e-11, generalized η2 = 0.0485) and an Interval × Emotion

interaction e�ect (F(1,150) = 16.32, p = 8.52e-05, generalized η2 = 0.0151) which was

explained by a somewhat larger emotion e�ect in the 28d-groups (paired t-test negative

vs neutral: t(78) = 6.43, p = 9.29e-09, Cohen's d = 0.72) than in the 1d-groups (paired

t-test negative vs neutral: t(78) = 3.81, p = 0.00028, Cohen's d = 0.43). Importantly,

there were no e�ects of Treatment or Sex for the overall percentage of hits. There was also

no signi�cant linear or quadratic relationship between the overall percentage of hits and

the cortisol increase in any of the performed regression analyses (all multiple R2 < 0.062,

all F < 2.45, all p > 0.126).
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3.4.2 Probability of high con�dence hits

For the probability of high con�dence hits (a measure which can be related to recollection;

Yonelinas, 2001), we found the same pattern of results as for the overall percentage of

hits: a main e�ect of Interval (F(1,150) = 144.79, p = 9.08e-24, generalized η2 = 0.4652),

a main e�ect of Emotion (F(1,150) = 75.73, p = 5.40e-15, generalized η2 = 0.0475) and

an Interval × Emotion interaction e�ect (F(1,150) = 5.58, p = 1.94e-02, generalized η2

= 0.0037) with post-hoc tests showing a larger emotion e�ect in the 28d-groups (paired

t-test negative vs neutral: t(78) = 7.61, p = 5.38e-11, Cohen's d = 0.86) than the 1d-group

(paired t-test: t(78) = 4.50, p = 2.29e-05, Cohen's d = 0.51). Importantly, we again did

not �nd any e�ects of Treatment or Sex. And, once again, non of the linear or quadratic

regression analyses of the probability of high con�dence hits with the cortisol increase were

signi�cant (all multiple R2 < 0.101, all F < 3.31, all p > 0.077).

3.4.3 Probability of low con�dence hits

For the probability of low con�dence hits (a measure which can be related to familiarity;

Yonelinas, 2001), on the other hand, we only found an Interval × Emotion interaction

e�ect (F(1,150) = 7.71, p = 0.0061, generalized η2 = 0.0120), which was explained by

signi�cantly higher probabilities for negative than neutral low con�dence hits in the 28d-

groups (paired t-test: t(78) = 3.34, p = 0.0013, Cohen's d = 0.38) but no di�erence in

the 1d-groups (paired t-test: t(78) = -1.40, p = 0.1654, Cohen's d = -0.16). However, for

this variable we neither found a main e�ect of Interval, nor a Treatment e�ect, and Sex

also showed no in�uence. Non of the regression analyses relating the probability of low

con�dence hits to the cortisol increase were signi�cant (all multiple R2 < 0.047, all F <

1.03, all p > 0.317).

3.5 No e�ects of post-encoding stress on the degree of

memory transformation captured after four weeks

We captured the transformation process in three di�erent ways. First, we asked partic-

ipants to recall as many details as possible during the free recall task on experimental

day 2, calculating the average number of details named per picture from this. Secondly,

we compared false alarms of related pictures to false alarms of novel pictures. Third, we

classi�ed picture pairs into detailed, transformed and forgotten pairs (see methods).
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3.5.1 Average number of details named in the free recall task

For the average number of details named, we found a main e�ect of Interval (more details

named in the 1d-group compared to the 28d-group; F(1,150) = 63.26, p = 4.05e-13, gener-

alized η2 = 0.2766), a main e�ect of Sex (females named more details than males; F(1,150)

= 4.60, p = 3.36e-02, generalized η2 = 0.0271) and a main e�ect of Emotion (more details

named for negative than for neutral pictures; F(1,150) = 36.71, p = 1.06e-08, generalized

η2 = 0.0223), indicating that memories became less detailed across time, and that this was

also dependent on the emotion of the pictures and the sex of the participant.

Yet, for the average number of details there was no signi�cant main e�ect of Treatment

(F(1,150) = 0.23, p = 0.635, generalized η2 = 0.0014). And, although there was a sig-

ni�cant Interval × Treatment × Emotion interaction e�ect (F(1,150) = 4.63, p = 0.0331,

generalized η2 = 0.0029), we did not �nd Treatment e�ects in follow-up analyses in which

we either calculated ANOVAs separately for negative and neutral pictures, or calculated

ANOVAs separately for the 1d-group and the 28d-group.

There was also no linear or quadratic relationship between this average number of details

and the cortisol increase in the stress group for any sex or either emotional category (all

multiple R2 < 0.084, all F < 1.65, all p > 0.206).

3.5.2 False alarms to related and novel pictures

For the false alarms we, importantly, found a signi�cant Interval× Picture Type interaction

e�ect (F(1,150) = 55.29, p = 7.41e-12, generalized η2 = 0.1103; main e�ect Interval:

F(1,150) = 55.18, p = 7.72e-12, generalized η2 = 0.1388, main e�ect Picture Type: F(1,150)

= 272.74, p = 1.44e-35, generalized η2 = 0.3796). This replicates the �nding from our

former study using the same task (Dandolo & Schwabe, 2018) and again suggests, that

across time, memories for the pictures are transformed from detailed memories to gist-like

versions, as participants especially had problems identifying related pictures as new, but

had fewer problems with novel pictures.

However, we found no main e�ect of Treatment for the false alarms. We did �nd a small

but signi�cant Interval × Treatment × Emotion × Picture Type interaction e�ect in the

ANOVA: (F(1,150) = 4.06, p = 4.57e-02, generalized η2 = 0.0031). As this four times

interaction e�ect is hard to interpret we �rst calculated two follow up ANOVAs with the

factors Interval, Treatment, Picture Type and Sex separately for negative and neutral
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pictures. In both ANOVAs we found signi�cant Interval × Picture Type interactions,

main e�ects of Interval and main e�ects of Picture Type. However, we did not �nd any

e�ects involving the factor Treatment. Thus, here, potential Treatment e�ects do not

depend on the emotional category. We also calculated two follow-up ANOVAs separately

for stressed and control participants, and found signi�cant Interval × Picture Type e�ects

in both groups. Therefore, the transformation e�ect, captured by this Interval × Picture

Type interaction exists in both treatment groups, suggesting that it is not in�uenced by

stress after encoding.

3.5.3 Detailed, forgotten and transformed picture pairs

Finally, we capture the transformation process with the picture pair analysis. We �rst

looked at the percentage of detailed pairs and found a main e�ect of Interval (F(1,150)

= 146.95, p = 5.23e-24, generalized η2 = 0.4593), a main e�ect of Emotion (F(1,150) =

69.05, p = 5.30e-14, generalized η2 = 0.0577) and an Interval × Emotion interaction e�ect

(F(1,150) = 11.38, p = 9.45e-04, generalized η2 = 0.0100) which was explained by a larger

Emotion e�ect in the 28d-groups (negative pictures = 68.73%, neutral pictures = 59.81%;

paired t-test: t(78) = 6.99, p = 8.10e-10, Cohen's d = 0.79) than in the 1d-groups (negative

pictures = 89.93%, neutral pictures = 86.16%; paired t-test: t(78) = 4.45, p = 2.87e-05,

Cohen's d = 0.50). Yet, importantly, we found no e�ects involving the factors Treatment

or Sex.

For the forgotten pairs we found the same e�ects: main e�ect of Interval (F(1,150) =

81.09, p = 9.08e-16, generalized η2 = 0.3165), main e�ect of Emotion (F(1,150) = 44.36,

p = 4.85e-10, generalized η2 = 0.0408), Interval × Emotion interaction e�ect (F(1,150) =

16.89, p = 6.50e-05, generalized η2 = 0.0159) with a larger negative Emotion e�ect in the

28d-groups (negative pictures = 21.01%, neutral pictures = 29.43%; paired t-test: t(78)

= -6.07, p = 4.41e-08, Cohen's d = -0.68) than the 1d-groups (negative pictures = 7.01%,

neutral pictures = 9.00%; paired t-test: t(78) = -2.99, p = 0.0037, Cohen's d = -0.34).

Again, there was no in�uence of Treatment or Sex.

Most importantly, for the transformed pairs we, once again, found a main e�ect of Interval

(F(1,150) = 55.59, p = 6.63e-12, generalized η2 = 0.2254) and a main e�ect of Emotion

(F(1,150) = 6.41, p = 1.24e-02, generalized η2 = 0.0091) and, this time, an Emotion

× Sex interaction e�ect (F(1,150) = 4.35, p = 3.88e-02, generalized η2 = 0.0062), with

signi�cantly more neutral transformed pairs than negative transformed pairs for female

participants (paired t-test: t(78) = -3.15, p = 0.0023, Cohen's d = -0.35), but no e�ect
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of Emotion for male participants (paired t-test: t(78) = -0.29, p = 0.7733, Cohen's d =

-0.03). Yet, there were again no e�ects involving the factor Treatment.

We next performed linear and quadratic regression analyses in the stress group between

the percentage of the di�erent pair types (detailed, transformed, forgotten) and the cor-

tisol increase, respectively. We did this separately for female and male participants and

divided into neutral and negative picture pairs. We found a small but marginally signi�-

cant positive linear relationship between the percentage of detailed pairs and the cortisol

increase for male participants for negative picture pairs (multiple R2 = 0.10, F = 4.14,

p = 0.049). The stronger the cortisol increase in response to the stressor in males the

more detailed the subsequent memory for neagtive pictures. Correspondingly, there was

a signi�cant negative linear relationship between the percentage of transformed pairs and

the cortisol increase for male participants for negative picture pairs (multiple R2 = 0.12, F

= 4.84, p = 0.034). The stronger the cortisol increase the less were memories transformed.

It is important to note here, that the signi�cant result was only found when including

male stress participants of both the 1d-stress group and the 28d-stress group. Performing

the same analysis for the 1d-group and the 28d-group separately showed a trend in the

1d-group (multiple R2 = 0.19, F = 4.12, p = 0.058) but not in the 28d-group (multiple R2

= 0.06, F = 1.07, p = 0.316).

There were no signi�cant regression models for neutral detailed or transformed picture pair

percentages and cortisol increase in males (all multiple R2 < 0.062, all F < 1.96, all p >

0.170). For females, non of the regression models for the picture pair percentages with the

cortisol increase were signi�cant (all multiple R2 < 0.030, all F < 0.94, all p > 0.337). Also,

non of the regression models with the percentage of forgotten pairs and cortisol increase

were signi�cant (all multiple R2 < 0.053, all F < 2.07, all p > 0.158).

In summary, all three ways of capturing a possible transformation process (average

number of details named in the recall task, comparison of false alarms in related picture and

false alarms in novel pictures, picture pair analysis), suggest that, across time, memories

are transformed from detailed versions to a gist-like versions. Importantly, we did not �nd

an e�ect of the treatment group (stress vs. control) on this transformation process. Taking

the varying amount of cortisol increase in the stress group into account, we found a small

negative linear relationship between the cortisol increase and the transformation process

for negative pictures in male participants. This e�ect, however, was only found in male

participants of the 1d-stress group, but not the 28d-stress group.
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3.6 E�ects of emotional arousing stimuli on memory

transformation

In our prior study using the same memory paradigm (Dandolo & Schwabe, 2018) we found

an in�uence of emotional arousing stimuli on memory transformation: negative pictures

were signi�cantly more often transformed to gist-like versions than neutral pictures. On the

other hand, neutral pictures were more often forgotten than negative ones. We interpreted

this is in line with former accounts suggesting a trade-o� between an overall superior mem-

ory for emotional material and reduced memory for contextual details of these emotional

memories (Kensinger et al., 2007; Waring & Kensinger, 2011).

However, in the present study we could only replicate parts of this trade-o�. We could

replicate the e�ect, that neutral pictures were more often forgotten than negative pictures

after 28 days (neutral forgotten pairs in the 28d-groups = 29.43%; negative forgotten pairs

in the 28d-groups = 21.01%, paired t-test: t(78) = -6.07, p = 4.41e-08, Cohen's d = -0.68),

thus the overall memory strength was again higher for emotional material. However, we

did not �nd a higher number of transformed memories for negative pictures than neutral

pictures after 28 days. In fact, for female participants we found the opposite e�ect with

more neutral transformed pairs than negative transformed pairs (paired t-test: t(78) =

-3.15, p = 0.0023, Cohen's d = -0.35), with no e�ect of Emotion for male participants.

Thus, the e�ect which we found in Dandolo and Schwabe (2018), that negative pictures are

more often transformed to gist-like versions than neutral pictures, could not be replicated

here.
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4 Discussion

4.1 Enhancement of memory strength by post-encoding

stress

We found an enhancing e�ect of post-encoding stress on the subsequent recall of negative

pictures in females. This results �ts to the common opinion that stress after encoding

bene�ts subsequent memory retrieval (Roozendaal, 2002, Schwabe et al., 2012; Cadle &

Zoladz, 2015). However, our results also show that this stress e�ect is not robustly found

in all circumstances but depends on many factors.

First of all, we only found stress e�ects for negative pictures. This result is in line with

many former studies which also only found stress e�ects for emotionally arousing materials

(e.g. Buchanan & Lovallo, 2001; Cahill et al., 2003; Payne et al., 2006; Payne et al., 2007;

Smeets et al., 2008; Felmingham et al., 2012). There have been circumstances in which the

bene�cial stress e�ect was also found for neutral learning material, however most of these

neutral materials were more complex stimuli such as stories (Andreano & Cahill, 2006),

�lms (Beckner et al., 2006), or pictures accompanied by narratives (Preuss & Wolf, 2009).

In studies using simple unrelated stimuli such as words or pictures, as is the case in the

present study, the e�ect seems to be most prominently found for emotional material (but

see McCullough and Yonelinas (2013)). This emotion e�ect can be explained by the bene-

�cial in�uence of an interaction of the arousal-induced increases in noradrenergic activity

in the amygdala during the encoding of emotional material and the stress-induced increase

in stress related hormones (Payne et al., 2006; Payne et al., 2007).

Secondly, the enhancing e�ect of stress on overall memory strength was only found in fe-

males. The sex of the participants has been shown to have substantial in�uences on the

neurobiology of emotion and memory and therefore should be considered in stress and

memory research (Cahill, 2003; Cahill, 2006). Our results are in line with some studies

which also only found enhancing stress e�ects in female participants (Payne et al., 2006;

Felmingham et al., 2012), and also �t to studies which, although not explicitly testing for
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sex di�erences, found stress e�ects using predominately female samples (93.33% females

in Smeets et al. (2008); 73.11% females in Nielson and Powless (2007); 70.83% females in

Cahill et al. (2003)). However, there have also been a number of studies which showed

stress e�ects only in male participants (Andreano & Cahill, 2006; Yonelinas et al., 2011;

McCullough & Yonelinas, 2013). Thus, although sex seems to be an important factor,

results so far have not been conclusive. This might be explained by the female menstrual

cycle stage, which has been shown to in�uence stress e�ects on emotional memory in the

sense that stress only enhanced the recall of emotionally arousing words in females in the

follicular menstrual cycle stage but not in females in the luteal phase (Zoladz et al., 2015).

Thus, stress e�ects in females might be found in studies which tested a majority of fe-

males in the follicular stage, while studies showing no e�ects in females might have tested

a sample dominated by females in the luteal phase. This, however, still does not explain

the varying results found in males. Thus, further research is needed to fully explain the

e�ects of sex and sex hormones in the stress and memory research.

Thirdly, we only found the enhancing stress e�ect for the recall data and not for the per-

centage of hits in the recognition task. This is line with Zoladz et al. (2015) who also

found stress e�ects in recall but not recognition scores and �ts to studies which exclusively

tested free recall (Andreano & Cahill, 2006; Felmingham et al., 2012; Cahill et al., 2003).

One explanation might be that recognition tests are more prone to ceiling e�ects than free

recall tasks. In the present study a ceiling e�ect could explain the missing stress e�ect in

the 1d-group, as the average percentage of hits was 91.39% (SD = 9.74) in the 1d-groups

leaving little room for improvement. However, data from the 28d-groups (72.28% hits; SD

= 16.37) can not as easily be explained by a ceiling e�ect. Another di�erence between

recall and recognition is that recognition can be based on either recollection or familiarity

processes, while free recall mostly requires recollection (Eichenbaum et al., 2007). A recent

study has shown that cortisol released after post-encoding stress in�uences familiarity in a

linear relationship, while recollection is related to the stress response in a non-monotonic

inverted-U-shape fashion (McCullough et al., 2015). Yet, even when separating our data

into recollection and familiarity components we could not �nd any in�uences of stress or

stress hormones, neither in linear nor non-monotonic relationships. One explanation could

be, that our con�dence ratings did not capture the di�erence between recollection and

familiarity as reliably as a remember-know procedure would, although the two have been

shown to be highly equivalent (Yonelinas, 2001). Further research, thus, might bene�t

from distinguishing recollection and familiarity in a more reliable way.
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Lastly, although we found a signi�cant di�erence between the stress group and the con-

trol group in the recall of negative pictures in females, there was no signi�cant linear or

quadratic correlation between the recall scores and the cortisol increase. Cahill et al. (2003)

showed the same pattern of results and suggested that this might be due to the fact that

they did not captured the peak of the cortisol response. This might also be an explanation

for the present results, as we might have slightly missed the peak cortisol response. An

alternative explanation might be that, as cortisol alone does not represent all dimensions

of a psychosocial stressor, combinations of cortisol response, sympathetic nervous system

activity and/or subjective feelings may show signi�cant correlations with memory scores

(see Abercrombie, Speck, & Monticelli, 2006 for a necessary combination of stress hormones

and subjective feelings).

4.2 No clear e�ects of post-encoding stress on memory

transformation after four weeks

In the present study we did not �nd any e�ects of post-encoding stress or cortisol increase on

the degree of memory transformation tested after four weeks of systems consolidation. This

is at odds with a recent rodent study which showed that moderate stress during encoding

led to detailed memories for a long period of time while high amounts of stress, on the

other hand, led to earlier memory generalization sometime between 1 to 2 weeks (Pedraza

et al., 2016). It also does not align with human studies which, although not explicitly

testing the time course of memory transformation, nevertheless showed an over-reliance on

gist-like memories after pre -or post-encoding stress (Payne et al., 2002; Pardilla-Delgado

et al., 2016).

It is important to note here, that the stress response to the SECPT in the present study was

in general rather moderate in comparison to other stress studies. When classifying stress

participants into stress responders and non-responders according to the commonly used

threshold of 1.5 nmol/l cortisol increase from baseline to peak (Miller et al., 2013), only

49% were classi�ed as responders. Although there were also a few participants with a strong

cortisol response, the majority of stress participants showed a moderate cortisol response,

or even no response. Thus, when testing for quadratic relationships between the cortisol

increase and the memory transformation scores, the small amount of participants with high

stress responses might have limited the power to �nd an inverted-U-shape relationship as

suggested in Pedraza et al. (2016). Therefore, future studies might pro�t from stressors
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eliciting higher stress responses (e.g. the Trier Social Stress Test, Kirschbaum et al., 1993)

or from a pharmacological administration of cortisol.

We did �nd a signi�cant linear relationship between the cortisol increase and the percentage

of transformed negative memories for male participants in the 1d-group, but not in the

28d-group. The direction of the linear relationship was negative, meaning that the higher

the cortisol response in reaction to the stressor the less gist-like (and more detailed) the

memories were after 24h hours. This might be related to the suggestion of Pedraza et al.

(2016), that moderate stress will create a detailed memory. Yet, it does not �t to their

reported time course, as they suggested that this detailed memory created by the in�uence

of moderate stress would persist over a long period of time. We did, however, not �nd this

relationship in the 28d-group. Thus, further research is needed to interpret this �nding in

a broader framework.

Future studies might also bene�t from testing the time course of memory transformation

at more di�erent time points. It could be that our interval of 28 days does not capture

potential variations in the time course of memory transformation induced by moderate

(or high) stress. For example, it could be that stress e�ects are observable at later time

intervals when memories encoded under normal circumstances, i.e. without stress, start

fading more rapidly.

4.3 Conclusion

All in all, our study, �rstly, contributes to the general discussion about the in�uence of

post-encoding stress on subsequent memory. Although the overall dominant opinion has

been that post-encoding stress enhances subsequent memory (Schwabe et al., 2012), there

have been contradictory �ndings (e.g. Trammell & Clore, 2014). Our data suggests that it

is important to take several factors into consideration, such as the sex of the participants

in combination with the emotionality of the material. It is also important to consider the

complexity of the material (simple stimuli vs. complex narratives) and the typ of memory

retrieval (recall vs recognition), as well as the strength of the stress response. It requires

further studies to understand under which circumstances and conditions the enhancing

post-encoding stress e�ect on memory can be reliably found and replicated.

Secondly, our study shows that stress does not have a general robust e�ect on the time

course of memory transformation, as we did not �nd any clear results regarding di�erent

memory transformation measures. However, we can only draw conclusions for moderate
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stress, as we did not have enough participants with high stress responses, and only for a

time interval of four weeks. I suggest to add more time points in future studies as well as

repeating the study with a more robust stress test or pharmacological manipulations.

28



References

Abercrombie, H. C., Speck, N. S., & Monticelli, R. M. (2006). Endogenous cortisol

elevations are related to memory facilitation only in individuals who are emotionally

aroused. Psychoneuroendocrinology , 31 , 187-196.

Andreano, J. M., & Cahill, L. (2006). Glucocorticoid release and memory consolidation in

men and women. Psychological Science, 17 , 466-470.

Beckner, V. E., Tucker, D. M., Delville, Y., & Mohr, D. C. (2006). Stress facilitates

consolidation of verbal memory for a �lm but does not a�ect retrieval. Behavioral

Neuroscience, 120 , 518-527.

Brainard, D. H. (1997). The psychophysics toolbox. Spat Vis, 10 , 433-436.

Buchanan, T. W., & Lovallo, W. R. (2001). Enhanced memory for emotional material

following stress-level cortisol treatment in humans. Psychoneuroendocrinology , 26 ,

307-317.

Buchanan, T. W., Tranel, D., & Adolphs, R. (2006). Impaired memory retrieval correlates

with individual di�erences in cortisol response but not autonomic response. Learning

and Memory , 13 , 382-387.

Cadle, C. E., & Zoladz, P. R. (2015). Stress time-dependently in�uences the acquisition

and retrieval of unrelated information by producing a memory of its own. Frontiers

in Psychology , 6 , 910.

Cahill, L. (2003). Sex-related in�uences on the neurobiology of emotionally in�uenced

memory. Annals of the New York Academy of Sciences, 985 , 163-173.

Cahill, L. (2006). Why sex matters for neuroscience. Nature Reviews Neuroscience, 7 ,

477-484.

Cahill, L., Gorski, L., & Le, K. (2003). Enhanced human memory consolidation with

post-learning stress: interaction with the degree of arousal at encoding. Learning

and Memory , 10 , 270-274.

Dandolo, L. C., & Schwabe, L. (2018). Time-dependent memory transformation along the

hippocampal anterior-posterior axis. Nature Communications, 9 , 1205.

29



Eichenbaum, H., Yonelinas, A. P., & Ranganath, C. (2007). The medial temporal lobe

and recognition memory. Annual Review of Neuroscience, 30 , 123-152.

Felmingham, K. L., Tran, T. P., Fong, W. C., & Bryant, R. A. (2012). Sex di�erences in

emotional memory consolidation: the e�ect of stress-induced salivary alpha-amylase

and cortisol. Biological Psychology , 89 , 539-544.

Kensinger, E. A., Garo�-Eaton, R. J., & Schacter, D. L. (2007). E�ects of emotion on

memory speci�city: Memory trade-o�s elicited by negative visually arousing stimuli.

Journal of Memory and Language, 56 , 575-591.

Kirschbaum, C., Kudielka, B. M., Gaab, J., Schommer, N. C., & Hellhammer, D. H. (1999).

Impact of gender, menstrual cycle phase, and oral contraceptives on the activity of

the hypothalamus-pituitary-adrenal axis. Psychosomatic Medicine, 61 , 154-162.

Kirschbaum, C., Pirke, K. M., & Hellhammer, D. H. (1993). The 'trier social stress

test'�a tool for investigating psychobiological stress responses in a laboratory setting.

Neuropsychobiology , 28 , 76-81.

Kuhlmann, S., Piel, M., &Wolf, O. T. (2005). Impaired memory retrieval after psychosocial

stress in healthy young men. The Journal of Neuroscience, 25 , 2977-2982.

Lang, P. J., Bradley, M. M., & Cuthbert, B. N. (1997). International a�ective picture

system (iaps): technical manual and a�ective ratings [Book]. Gainesville: National

Institute of Mental Health Center for the Study of Emotion and Attention.

McCullough, A. M., Ritchey, M., Ranganath, C., & Yonelinas, A. P. (2015). Di�eren-

tial e�ects of stress-induced cortisol responses on recollection and familiarity-based

recognition memory. Neurobiology of Learning and Memory , 123 , 1-10.

McCullough, A. M., & Yonelinas, A. P. (2013). Cold-pressor stress after learning enhances

familiarity-based recognition memory in men. Neurobiology of Learning and Memory ,

106 , 11-17.

Miller, R., Plessow, F., Kirschbaum, C., & Stalder, T. (2013). Classi�cation criteria for

distinguishing cortisol responders from nonresponders to psychosocial stress: evalu-

ation of salivary cortisol pulse detection in panel designs. Psychosomatic Medicine,

75 , 832-840.

Nielson, K. A., & Powless, M. (2007). Positive and negative sources of emotional arousal

enhance long-term word-list retention when induced as long as 30 min after learning.

Neurobiology of Learning and Memory , 88 , 40-47.

Pardilla-Delgado, E., Alger, S. E., Cunningham, T. J., Kinealy, B., & Payne, J. D. (2016).

E�ects of post-encoding stress on performance in the drm false memory paradigm.

30



Learning and Memory , 23 , 46-50.

Payne, J. D., Jackson, E. D., Hoscheidt, S., Ryan, L., Jacobs, W. J., & Nadel, L. (2007).

Stress administered prior to encoding impairs neutral but enhances emotional long-

term episodic memories. Learning and Memory , 14 , 861-868.

Payne, J. D., Jackson, E. D., Ryan, L., Hoscheidt, S., Jacobs, J. W., & Nadel, L. (2006).

The impact of stress on neutral and emotional aspects of episodic memory. Memory ,

14 , 1-16.

Payne, J. D., Nadel, L., Allen, J. J., Thomas, K. G., & Jacobs, W. J. (2002). The e�ects

of experimentally induced stress on false recognition. Memory , 10 , 1-6.

Pedraza, L. K., Sierra, R. O., Boos, F. Z., Haubrich, J., Quillfeldt, J. A., & Alvares,

L. D. (2016). The dynamic nature of systems consolidation: Stress during learning

as a switch guiding the rate of the hippocampal dependency and memory quality.

Hippocampus, 26 , 362-371.

Preuss, D., & Wolf, O. T. (2009). Post-learning psychosocial stress enhances consolidation

of neutral stimuli. Neurobiology of Learning and Memory , 92 , 318-326.

Rohleder, N., & Kirschbaum, C. (2006). The hypothalamic-pituitary-adrenal (hpa) axis

in habitual smokers. International Journal of Psychophysiology , 59 , 236-243.

Roozendaal, B. (2002). Stress and memory: opposing e�ects of glucocorticoids on memory

consolidation and memory retrieval. Neurobiology of Learning and Memory , 78 ,

578-595.

Schwabe, L., Haddad, L., & Schachinger, H. (2008). Hpa axis activation by a socially

evaluated cold-pressor test. Psychoneuroendocrinology , 33 , 890-895.

Schwabe, L., Joels, M., Roozendaal, B., Wolf, O. T., & Oitzl, M. S. (2012). Stress e�ects

on memory: an update and integration. Neuroscience and Biobehavioral Reviews,

36 , 1740-1749.

Schwabe, L., & Schachinger, H. (2018). Ten years of research with the socially evaluated

cold pressor test: Data from the past and guidelines for the future. Psychoneuroen-

docrinology , 92 , 155-161.

Sekeres, M. J., Moscovitch, M., & Winocur, G. (2017). Mechanisms of memory consolida-

tion and transformation. In N. Axmacher & B. Rasch (Eds.), Cognitive neuroscience

of memory consolidation (p. 17-44). Cham: Springer International Publishing.

Smeets, T., Otgaar, H., Candel, I., & Wolf, O. T. (2008). True or false? memory is

di�erentially a�ected by stress-induced cortisol elevations and sympathetic activity

at consolidation and retrieval. Psychoneuroendocrinology , 33 , 1378-1386.

31



Steyer, R., Schwenkmezger, P., Notz, P., & Eid, M. (1994). Testtheoretische analysen des

mehrdimensionalen be�ndlichkeitsfragebogens (mdbf). Diagnostica, 40 , 320-328.

Trammell, J. P., & Clore, G. L. (2014). Does stress enhance or impair memory consolida-

tion? Cognition and Emotion, 28 , 361-374.

Waring, J. D., & Kensinger, E. A. (2011). How emotion leads to selective memory:

Neuroimaging evidence. Neuropsychologia, 49 , 1831-1842.

Winocur, G., & Moscovitch, M. (2011). Memory transformation and systems consolidation.

Journal of the International Neuropsychological Society , 17 , 766-780.

Winocur, G., Moscovitch, M., & Bontempi, B. (2010). Memory formation and long-term

retention in humans and animals: convergence towards a transformation account of

hippocampal-neocortical interactions. Neuropsychologia, 48 , 2339-2356.

Wolf, O. T. (2009). Stress and memory in humans: twelve years of progress? Brain

Research, 1293 , 142-154.

Yonelinas, A. P. (2001). Consciousness, control, and con�dence: the 3 cs of recognition

memory. Journal of experimental psychology. General , 130 , 361-379.

Yonelinas, A. P., Parks, C. M., Koen, J. D., Jorgenson, J., & Mendoza, S. P. (2011).

The e�ects of post-encoding stress on recognition memory: examining the impact of

skydiving in young men and women. Stress, 14 , 136-144.

Zoladz, P. R., Peters, D. M., Cadle, C. E., Kalchik, A. E., Aufdenkampe, R. L., Dailey,

A. M., . . . Rorabaugh, B. R. (2015). Post-learning stress enhances long-term memory

and di�erentially in�uences memory in females depending on menstrual stage. Acta

Psychologica, 160 , 127-133.

32



 

 

 

 

 

 
Institut für Bewegungswissenschaft 

Institut für Psychologie 

 Studien- und Prüfungsbüro Bewegungswissenschaft • Fakultät PB • Universität Hamburg • Mollerstraße 10 • 20148 Hamburg 
Studien- und Prüfungsbüro Psychologie • Fakultät PB • Universität Hamburg • Von-Melle-Park 5 • 20146 Hamburg 

www.pb.uni‐hamburg.de 

 

Erklärung gemäß (bitte Zutreffendes ankreuzen) 

 

☐  § 4 (1c) der Promotionsordnung des Instituts für Bewegungswissenschaft der Universität 
Hamburg vom 18.08.2010 

☐  § 5 (4d) der Promotionsordnung des Instituts für Psychologie der Universität Hamburg vom 
20.08.2003 

 

 

 

 

Hiermit erkläre ich, 

 

 

_______________________________________________________ (Vorname, Nachname), 

 

 

dass ich mich an einer anderen Universität oder Fakultät noch keiner Doktorprüfung unterzogen oder 
mich um Zulassung zu einer Doktorprüfung bemüht habe. 

 

 

 

________________________________  ______________________________ 

Ort, Datum      Unterschrift 

 

 



 

 

 

 

 

 
Institut für Bewegungswissenschaft 

Institut für Psychologie 

Studien- und Prüfungsbüro Bewegungswissenschaft • Fakultät PB • Universität Hamburg • Mollerstraße 10 • 20148 Hamburg 
Studien- und Prüfungsbüro Psychologie • Fakultät PB • Universität Hamburg • Von-Melle-Park 5 • 20146 Hamburg 

∙  www.pb.uni‐hamburg.de 

 

Eidesstattliche Erklärung nach (bitte Zutreffendes ankreuzen) 

 

 

☐ § 7 (4) der Promotionsordnung des Instituts für Bewegungswissenschaft der Universität 
Hamburg vom 18.08.2010 

☐   § 9 (1c und 1d) der Promotionsordnung des Instituts für Psychologie der Universität Hamburg 
vom 20.08.2003 

 

 

 

Hiermit erkläre ich an Eides statt, 

1. dass die von mir vorgelegte Dissertation nicht Gegenstand eines anderen Prüfungsverfahrens 
gewesen oder in einem solchen Verfahren als ungenügend beurteilt worden ist.  

2. dass ich die von mir vorgelegte Dissertation selbst verfasst, keine anderen als die angegebe-
nen Quellen und Hilfsmittel benutzt und keine kommerzielle Promotionsberatung in An-
spruch genommen habe. Die wörtlich oder inhaltlich übernommenen Stellen habe ich als sol-
che kenntlich gemacht. 

 

 

 

________________________________  ______________________________ 

Ort, Datum      Unterschrift 

 


