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Summary

Previous research has indicated the existence of two cognitively and neurally sepa-
rable memory systems in young adults. Specifically, it has been distinguished between
a declarative memory system that stores flexible representations and is subserved pre-
dominantly by the medial-temporal lobe (MTL) and a procedural memory system that
expresses past experiences through improved actions and is based mainly on the stria-
tum. Few investigations have begun to address the question of age-related changes
in the functioning and interaction of these memory systems. These studies indicated
that aging is accompanied by a complex pattern of neural degradation in both sys-
tems, elevated MTL activity as well as partially spared procedural memory functions.
In addition, a literature review suggests that overactivity within the MTL can be
caused by multiple factors which are either beneficial or detrimental for memory. The
present dissertation is based on four papers and investigated the effects of human aging
on the relations of brain networks and genetic factors to declarative and procedural
memory functions. In Paper I, age differences in a procedural memory task gradually
emerged over the course of extended training and were linked to negative effects of
aging on the transition from procedural to declarative memory. In addition, this study
showed that genetic factors related to striatal dopaminergic functioning (DARPP-32,
rs907094 and DAT, VNTR) affected declarative knowledge in older but not younger
adults. The results from Paper II indicated that the computation of prediction error
signals in the human brain, a key neural computation associated with striatal learn-
ing functions, was partially impaired in older adults. Paper III demonstrated that
the phenomenon of partially intact procedural memory functions in older adults could
also be found in a spatial memory task and was modulated by a genetic factor that
influences hippocampal long-term potentiation (rs17070145 in KIBRA/WWC1). Fi-
nally, the study reported in Paper IV investigated representations and computations
related to striatum- and MTL-dependent spatial navigation on the levels of behavior
and neural activity. In this study, it was shown that representations subserving spa-
tial memory qualitatively differed between younger and older adults. The performance
and neural activation of younger adults showed unique properties of MTL-dependent
declarative memory. Older adults, in contrast, showed behavioral and neural indica-
tions of procedural memory but the localization of the neural signatures did include
both the striatum and the MTL.

In summary, these results confirm partially spared procedural memory abilities in
older adults. While Paper II suggested that memory-related neural computations in the
striatum are impaired, Paper IV showed that the localization of memory-related brain
functions might also be changed by aging. Neurogenetic investigations in Papers I and
III further supported a changed brain-cognition relation in older adults. Moreover, in
line with the resource modulation hypothesis, it was found that genetic factors played
an increasingly large role for these memory functions in senescence. These results
show that the definition of memory systems based on younger adults does not capture
the behavior-to-brain relations in older adults and highlight the need to study the
interactions of declarative and procedural memory at the behavioral and neural level.
The present dissertation provides a starting point for this endeavor.
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Zusammenfassung

Bisherige Forschungsergebnisse legen eine Unterscheidung zwischen zwei Gedächt-
nissystemen nahe. Auf der einen Seite wurde das sog. deklarative Gedächtnis (DG)
identifiziert, das sich durch die Fähigkeit vergangene Lebensereignisse bewusst zu erin-
nern auszeichnet und mit dem lobus temporalis medialis (MTL) in Verbindung steht.
Das prozedurale Gedächtnis (PG), auf der anderen Seite, beinhaltet erlernte Fertigkei-
ten und scheint vom Corpus striatum abhängig zu sein. Über der Einfluss von Alte-
rungsprozessen auf Gedächtnissysteme ist bislang wenig bekannt. Insgesamt hat diese
Forschung ergeben, dass Alterung von neurologischen Schäden in beiden Systemen,
teilw. erhöhter Aktivität im MTL und einer relativ geringeren Beeinträchtigung des
PG begleitet ist. Hyperaktivität im MTL wurde dabei sowohl mit verbesserten, als
auch verschlechterten Gedächtnisleistungen in Verbindung gebracht. Die hier vorgeleg-
te Dissertation befasst sich mit dem Einfluss von Alterung auf die Beziehungen zwi-
schen o.g. Hirnnetzwerken und genetischen Faktoren zu prozeduralen und deklarativen
Gedächtnisfähigkeiten. Studie I zeigte, dass Altersunterschiede in einer prozeduralen
Gedächtnisaufgabe graduell im Verlaufe des Trainings entstehen und vmtl. mit nega-
tiven Einflüssen von Alterung auf den Übergang von PG zu DG in Zusammenhang
stehen. Desweiteren konnte gezeigt werden, dass genetische Faktoren, die das striatale
Dopaminesystem beeinflussen (DARPP-32, rs907094 und DAT, VNTR), sich auf das
DG älterer aber nicht jüngerer Erwachsener auswirkten. Die Ergebnisse aus Studie II
indizierten, dass die Berechnung von Vorhersagefehlern, die ein zentrales neuronales
Lernsignal im Striatum darstellen, in älteren Probanden teilweise beeinträchtig war.
Studie III konnte demonstrieren, dass teilweise intaktes PG sich auch für räumliches
Gedächtnis nachweisen lässt und durch einen genetischen Faktor, der sich auf hip-
pocampale Lanzeitpotenzierung auswirkt (rs17070145 in KIBRA/WWC1), moduliert
wird. In Studie IV wurden Repräsentationen während einer räumlichen Gedächtnis-
aufgabe auf neuronaler und Verhaltensebene untersucht. Während jüngere Probanden
in dieser Studie neuronale und kognitive Anzeichen von MTL-basiertem DG zeigten,
wiesen ältere Teilnehmer Anzeichen von PG auf. Die neuronalen Signaturen älterer
Erwachsener waren jedoch nicht auf das Striatum beschränkt, sondern konnten auch
im MTL nachgewiesen werden.

Zusammenfassend bestätigen die berichteten Ergebnisse, dass PG bei älteren Men-
schen teilweise intakt ist. Während Studie II zeigte, dass kognitive Einbußen mit ent-
sprechenden Einbußen in der Funktionsweise des Striatums in Zusammenhang standen,
zeigte Studie IV, dass Alterungsprozesse auch die Beziehungen zwischen Hirnprozes-
sen und Gedächtnisfunktionen veränderten. Diese Schlussfolgerung wurde ebenfalls von
den genetischen Untersuchungen in Studien II und IV unterstützt. Zusätzlich haben
diese Studien ergeben, dass genetische Einflussfaktoren eine größere Rolle für kognitive
Fähigkeiten im Alter spielen und daher kongruent mit den Vorhersagen der ‘resour-
ce modulation’ Hypothese sind. Die vorgelegten Ergebnisse legen nahe, dass Alterung
deklarative und prozedurale Gedächtnissysteme selektiv beeinträchtig sowie die Bezie-
hungen zwischen PG, DG und neuronalen Funktionen verändert.
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r

))

whereby dp =
√

(x− x0)2 + (y − y0)2 is the euclidean distance of point p to the
center of the environment. This compuation is central to place cell models as in
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the distance and direction are given by ∆LM = |v| and θLM = tan−1(yv/xv).
Landmark-based learning means that this distance keeps constant even when the
position of the landmark pLM is translated (shifted) by an arbitrary translation v,
such that p̂LM = pLM + v implies p̂ = p + v.

LTD/LTP: Long-term depression/Long-term potentiation.
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in its simplest form calculated as δ = rt − Vt, whereby rt notates the obtained reward
and Vt the expected reward at time t.

PROCEDURAL MEMORY: Memory that is characterized by gradual acquisition of
stimulus-based behaviors, mostly expressed through performance and not accessible
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Chapter 1

INTRODUCTION

Human aging is accompanied by profound changes in the brain. This involves

impairment on structural (e.g., reduced myelination/white matter loss), neurochemi-

cal (e.g., reduced acetylcholine production) and biophysical (e.g., impaired long-term

potentiation, LTP) levels (Hof & Mobbs, 2009; Yeoman, Scutt, & Faragher, 2012).

Likewise, a plethora of studies have demonstrated changes in many cognitive functions

(e.g., Lindenberger, Smith, Mayer, & Baltes, 2010; Schaie, 1996), such as working

memory or executive functions. While age-associated changes in brain and cognition

are widespread, progressive loss of memory functions is among the most pronounced (Li

et al., 2004), and memory relevant brain structures are very vulnerable to age-related

losses (Raz & Rodrigue, 2006). Accordingly, describing and understanding the relation

of physiological decline and memory functioning is an important step for promoting

successful aging. With the present dissertation, I attempted to contribute to a better

understanding of the changes in memory functions that accompany healthy aging. In

doing so, I studied this phenomenon from two perspectives: First, I studied the effects

of age on different memory functions assumed to be rooted in different brain systems

(i.e., memory systems, see below). Second, I scrutinized the relations between these

memory functions and different brain processes.

While memory is a complex, multi-faceted phenomenon, the present dissertation

focused on two specific types of long-term memory (LTM). In particular, I studied

the effects of aging on two memory systems, one that has been related to the medial-

temporal lobe (MTL) and another that has been related to the striatum (Eichenbaum &

Cohen, 2001; White, 2007). In essence, the MTL system has been linked to declarative

memory, i.e., the ability to recall past events and facts in a flexible manner. The most

common phenomena arising from this memory system are episodic memory, which

is the ability to consciously recall previous events (Tulving, 1983, 2002) and spatial

memory that relies on a flexible representation of the spatial environment, hence termed
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a ‘cognitive map’ (Burgess, Maguire, & O’Keefe, 2002). Semantic memory, which

is also subsumed under the term declarative memory, will not be considered here.

Throughout the thesis, the term declarative memory is used to refer to episodic and

cognitive map-like spatial memory. The striatal system, in contrast, is related to

procedural memory, i.e. the ability to acquire skilled behavior. Procedural memory is

typically characterized by the gradual acquisition of constant relations between stimuli

and responses, such that responses lead to the most successful outcome (Squire, 2004).

The striatal system has also been linked to processing information about expected

reward during reinforcement learning (Dayan & Niv, 2008). A more detailed description

of these memory systems is given below.

Although at its core the term memory refers to the storage of specific content,

these memory systems are not considered ‘information warehouses’. Rather, current

knowledge of the neurobiology of memory suggests that memory systems can be seen

as information processing systems in which memory arises as a consequence of plas-

ticity (Eichenbaum & Cohen, 2001). This notion is reflected in Papers III and IV,

where different information processes (computations related to boundary distance and

prediction errors, respectively) will be explicitly defined and studied on the level of

brain activity.

Equally manifold as the entity memory itself are the changes that occur parallel

to its aging (for reviews, see Hoyer & Verhaeghen, 2006; Salthouse, 2003; Verhaeghen,

Marcoen, & Goossens, 1993). Of particular relevance, previous work indicated an

asymmetry between the cognitive and neural decline of procedural and declarative

memory (e.g., Dennis & Cabeza, 2011; Rieckmann, Fischer, & Bäckman, 2010, for a

review, see Rieckmann & Bäckman, 2009). Importantly, this work gives rise to the

notion that physiological decline in brain structures might not only lead to decline in

associated functions, but potentially also to changes in the relations between brain and

cognitive variables.

Before the empirical work that was conducted within the scope of this thesis (see

Chapter 4 and Appendices C-F), will be described, the relevant empirical and theoreti-

cal background is provided in Chapter 2. A major goal of this background information

shall be to give foundation to some central premises of my empirical work. As I out-

lined above, a first central premise was that memory functions are not monolithic and
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different sub-components can be divided into (more or less independent) memory sys-

tems. Hence, evidence will be presented that supports the notion of an MTL-based and

a striatum-based memory system and their differential aging (sections 2.1 and 2.2.1).

The idea of differentiable memory systems also gives rise to the logical possibility that

the deterioration of memory does not necessarily have to be unitary (Schacter, 2009).

A second premise of this thesis was that physiological decline in the MTL and the

striatum not only leads to impairment of the associated memory functions, but might

also lead to changes in the functions that are associated with the hippocampus and the

striatum. I will therefore review literature relevant to this idea. Finally, the results of

the empirical work, its limitations and implications for future research will be discussed

in Chapter 5.
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Chapter 2

THEORETICAL BACKGROUND

2.1 Distinguishable Systems of Long-Term Memory

A key mechanism of information storage in the brain is to change synaptic strengths

between neurons dependent on their activity (i.e., activity-dependent synaptic plastic-

ity). The major biochemical basis of such activity-dependent plasticity is LTP, which

induces a long lasting change in the synaptic connectivity between two neurons follow-

ing prolonged concurrent activation (Bliss & Lomø, 1973; Cooke & Bliss, 2006). LTP

has been found in many brain areas related to memory, including the hippocampus,

the amygdala and the striatum (Lynch, 2004). On a broader level of neural networks

and cognitive functions, it has been proposed that memory functions can be dissociated

with respect to the kinds of information that are stored and the brain networks which

are involved (henceforth memory systems ; for reviews, see Squire, 2004; Rolls, 2000).

Research has provided an entire taxonomy of distinguishable memory systems, but one

of the most basic distinctions has been made between memory of Knowing How and

memory of Knowing That (Cohen & Squire, 1980). Within my dissertation, I focused

on these two types of memory, henceforth termed procedural and declarative memory.

As I will show below, from a biological perspective, declarative memory could be de-

scribed as a primarily MTL-dependent memory system, whereas procedural memory

is considered primarily striatum-dependent.

A classic example from the animal literature that supports such a distinction be-

tween different memory systems is provided by Packard, Hirsh and White (1989; for

similar studies, see Packard & McGaugh, 1992; McDonald & White, 1994; a review

can be found in White, 2007). In this study, rats with either dorsal striatum or fornix

lesions (the latter results in a disconnection of the hippocampus from the rest of the

brain) were subjected to different conditions of a memory task. Packard et al. tested

those rats in a radial eight-arm maze where the animal had to find food under two

conditions: in the Win-Shift condition, locations of food pellets were defined in a

4



spatial manner. One food pellet was placed in each of the eight arms and the ani-

mal had to remember where it had already been in order to find more food. In the

Win-Stay condition the food pellets were always placed in a lit arm but there was

no spatial relation between the locations of the food in successive trials. Hence, in

order to find food effectively in this condition, the animals had to learn an associa-

tion between a stimulus (the light) and a specific behavior (walking towards the light)

rather than allocentric spatial memory. Strikingly, Packard and colleagues found that

fornix lesioned animals were impaired in the Win-Shift but not the Win-Stay condi-

tions1, whereas striatum lesioned animals showed the reverse pattern. Hence, damage

of the hippocampus seemed to induce memory deficits only if the memory was based

on allocentric spatial knowledge, whereas damage to the striatum led to impairment of

memory involving stimulus-response learning. Studies with human patients also showed

a double dissociation between the disease that affected either the hippocampus (am-

nesia) or the striatum (Parkinson’s disease, PD, which involves a severe damage in the

DA system) and performance in declarative vs. procedural memory tasks (Knowlton,

Mangels, & Squire, 1996, see also Shohamy et al., 2004). Further evidence comes also

from neuroimaging with healthy humans (Poldrack, Prabhakaran, Seger, & Gabrieli,

1999), where it was shown that probabilistic classification learning is related to striatal

activation and hippocampus deactivation. Together, these findings can be interpreted

as pointing to independent memory systems in the hippocampus and the dorsal stria-

tum. Furthermore, many observations implicated that not the hippocampus alone, but

rather a system of tightly interconnected areas in the vicinity of the hippocampus are

linked to memory functions. Accordingly it has been often assumed that a broader net-

work referred to as MTL (here: hippocampus proper, subiculum, the parahippocampal

and rhinal cortices) is linked to this form of memory (Squire & Zola-Morgan, 1991).

Below I describe this MTL-dependent memory in more detail.

2.1.1 MTL-dependent memory

Several prominent hypotheses about the nature of the MTL-based memory system

posit that the MTL is linked to declarative memory (Tulving & Markowitsch, 1998;

1Indeed, fornix lesioned animals were slightly better than control animals in this condition. See
Chapter 3, for a discussion of this effect.
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Squire & Zola-Morgan, 1991; Eichenbaum & Cohen, 2001). Declarative memory is

thereby an umbrella term that subsumes different forms of memory for facts or events

that can be consciously recalled. Moreover, it can be further distinguished between

episodic memory, the capacity to recall or re-experience past events (Tulving, 1983,

2002), and semantic memory, our knowledge for general facts which are independent

of time. I will not consider semantic memory within this dissertation.

The foundations for the idea that the MTL is linked to declarative memory come

from groundbreaking observations made on patient H. M. (Scoville & Milner, 1957; for

a review, see Tulving, 2002). In their 1957 paper, Scoville and Milner described the

effects of a surgical removal of H.M.’s hippocampi2 (as an attempt to cure epilepsy).

Their main observation was that following the surgery H.M. had a servere anterograde

and a temporally graded retrograde amnesia (see also Milner, Corkin, & Teuber, 1968).

Most notably, however, his memory impairment was confined to episodic (and semantic)

memory, but he showed (partially) intact skill learning (Corkin, 1968) and working

memory abilities (Milner et al., 1968; see also Baddeley &Warrington, 1970 for different

patients and Keane, Gabrieli, Mapstone, Johnson, & Corkin, 1995 for comparisons of

H.M. with another patient with a different lesion). Following these initial discoveries,

numerous studies in healthy humans have confirmed the importance of the MTL for

declarative memory (Eichenbaum, 2000; Eichenbaum & Cohen, 2001; Eichenbaum,

2004).

The hippocampus as a cognitive map

Additional insights in the memory functions of the MTL came from neurophysiological

studies of spatial navigation in animals. In particular, various cell types specialized

in spatial information processing have been found in the rat hippocampus, subiculum

and entorhinal cortex. Most prominently, O’Keefe and Dostrovsky reported cells that

signal that an animal is in a specific location within the environment and termed them

place cells (O’Keefe & Dostrovsky, 1971; for evidence for place cells in humans, see

Ekstrom, Kahana, & Caplan, 2003). The function of these striking representational

properties of place cells has been studied extensively and it has been proposed that they

indeed constitute a ‘cognitive map’ (O’Keefe & Nadel, 1978) as proposed by Tolman
2His parahippocampal gyri and amygdalae were also affected.
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(1948). Three decades later, Hafting et al. identified cells in the entorhinal cortex which

seem to signal locations on the edges of a hexagonal grid, which were therefore termed

grid cells (Hafting, Fyhn, Molden, Moser, & Moser, 2005; for evidence in humans, see

Doeller, Barry, & Burgess, 2010). The functional relevance of the MTL for spatial

navigation has been shown in animals (Morris, Garrud, Rawlins, & O’Keefe, 1982;

Redish & Touretzky, 1998), and in humans (for a review, see Burgess, 2008). Although

some authors have proposed frameworks to incorporate the declarative memory theory

and the cognitive map theory of the hippocampus (Burgess et al., 2002; Eichenbaum,

Dudchenko, Wood, Shapiro, & Tanila, 1999), the precise relation between the different

lines of evidence remains contested (Kumaran & Maguire, 2005).

2.1.2 Striatum-dependent memory

In addition to the above-cited evidence for an MTL-based memory system, other as-

pects of memory have also been identified. To yet again refer to patient H.M., it has

been shown that this patient could successfully learn bimanual tracking or rotary pur-

suit tasks over multiple sessions, even though he could not remember even having taken

part in previous sessions (Milner, 1966; Corkin, 1965, 1968). Following the initial pro-

posal that a memory system distinct from the hippocampus might be concerned with

Knowing How (Cohen & Squire, 1980), this memory has been linked to the acquisition

of skills and habits and has been termed procedural or habit memory (Cohen & Eichen-

baum, 1993; Mishkin, Malamut, & Bachevalier, 1984; Knowlton et al., 1996). Despite

some disagreement (Willingham, 1998), procedural memory has been proposed to be

characterized by the gradual acquisition of stimulus specific associations that are mostly

inaccessible by conscious recollection (Cohen, Poldrack, & Eichenbaum, 1997; Gupta

& Cohen, 2002; Knowlton & Moody, 2008). Moreover, procedural memory is typically

tested with indirect rather than direct memory tests (it can be inferred from enhanced

(motor) performance/skills, rather than from verbalized knowledge). On the neuro-

logical level, the striatum (mostly: caudate nucleus, nucleus accumbens and putamen)

has been proposed to play a crucial role in procedural memory (Mishkin et al., 1984).

Specifically, research has shown that the gradual acquisition of many cognitive skills is

related to a cortico-striatal circuit (e.g., Doyon et al., 1997; Poldrack & Gabrieli, 2001;

Poldrack et al., 1999, for a review, see Doyon & Benali, 2005) and a cortico-cerebellar
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circuit has been proposed to perform similar, yet differentiable functions (Doyon & Be-

nali, 2005). In line with these findings, other studies have also shown striatum activity

during implicit motor sequence learning tasks (e.g., Destrebecqz et al., 2005; Rauch et

al., 1997; Seidler et al., 2005; Peigneux et al., 2000) and an impairment of PD patients

in these tasks (Ferraro, Balota, & Connor, 1993). In addition, the animal studies which

are cited above (Packard et al., 1989) indicated that the role of the striatum for learn-

ing and memory might not be confined to pure motor tasks (see also Eichenbaum &

Cohen, 2001). Rather, these findings also showed that the caudate nucleus seems to

be associated to a more general mechanism of stimulus response associations, that for

example is capable of learning locations relative to discriminative visual cues (see also,

McDonald & White, 1994; Packard et al., 1989; Packard & McGaugh, 1992). A number

of other animal studies have indicated further roles of the striatum in spatial navigation

related to learning fixed responses (Tolman, Ritchie, & Kalish, 1946), and have shown

that such response learning is dissociable from hippocampus-dependent place learning

(Packard & McGaugh, 1992). Consistent with these results, recent investigations have

demonstrated striatal brain activity during spatial learning based on single visual cues

in humans (Doeller, King, & Burgess, 2008). Hence, while many different tasks and

approaches have been taken, procedural learning is consistently characterized by the

gradual acquisition of mostly inflexible (e.g., stimulus-response-based) knowledge with

limited accessibility by consciousness. Although procedural memory involves a broad

network involving the basal ganglia, cortical areas and the cerebellum, the role of the

striatum is well established and I will focus on this role henceforth.

The role of the striatum and dopamine in processing reward signals

On a neurochemical level, research has suggested that the striatum plays an important

role in representing reward prediction errors (Schultz, 2002). Based on theoretical con-

siderations, these reward prediction errors have been proposed as the central learning

signal in reinforcement learning models (Rescorla & Wagner, 1972; Sutton & Barto,

1998). Later, they have first been identified in dopaminergic (DA) neurons in the ven-

tral tegmental area (Schultz, Dayan, & Montague, 1997; Schultz, 1998). Further obser-

vations indicated a role of the striatum in classical conditioning (Graybiel & Kimura,

1995; Aosaki, Kimura, & Graybiel, 1995) and it has been shown that the activity of
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these striatal cells changes as a function of learning (Jog, Kubota, Connolly, Hillegaart,

& Graybiel, 1999). Consistent with the initial findings by Schultz et al. (1997), the

striatum is heavily innervated by dopaminergic neurons in the ventral tegmental area,

probably causing the related cell behavior. Studies with humans have subsequently also

found evidence of prediction error signals in the ventral striatum (e.g., O’Doherty et al.,

2003). Additional evidence comes from studies with PD patients, who also exhibit re-

duced reinforcement learning capabilities (Frank, Seeberger, & O’Reilly, 2004). Hence,

supplementing the above given characterization of procedural memory, encoding of the

prediction errors can be considered as a key mechanism underlying striatal memory

functions. These prediction error-related processes, in turn, imply a prominent role

of DA for procedural memory. Using a SRTT, Karabanov et al. (2010), for example,

showed that D2 binding potential in the ventral striatum correlated with implicit, but

not explicit learning.

2.1.3 Relation between memory systems

The above-summarized research has indicated two different forms of memory which

are subserved by different neural networks. It is likely, however, that most memory

tasks, especially those occurring in everyday life, are multi-determined with respect

to the involvement of the two memory systems (Tulving, 2002). Hence, an important

aspect in many memory tasks might not only be how well these memory systems

work independently, but how well they interact. Past research on the interaction of

the MTL- and striatum-centered memory systems has indeed indicated multiple forms

of interaction, i.e. cooperation as well as competition (Poldrack & Packard, 2003).

Specifically, first indications of an interaction of memory systems came from studies

showing beneficial effects resulting from lesions to one of the systems. Mitchell and

Hall (1988), for example, showed that lesions to the caudate/putamen can lead to

superior performance in a spatial memory task when it involves (allocentric) spatial

memory. Similarly, Packard, Hirsch and White (1989) showed that lesions to the fornix

can result in superior memory performance when it was based on learning stimulus

response associations. Generally, these studies have been taken to support the notion

that procedural and declarative memory compete over determining behavior to some

extent. Hence the removal of one system can lead to less competition and improved
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performance (if the task at hand can be solved using only the remaining system).

From a different point of view, the memory systems might not compete, but rather

cooperate, because even mutual inhibition can be a means to coordinate the influence

of the two memory systems. Indeed, some research has indicated that the relative in-

fluence of procedural and declarative memory varies over time and depends on certain

conditions. Packard and McGaugh (1996) showed that spatial learning is initially sub-

served by the hippocampus but becomes increasingly caudate-dependent with training

(see also Packard, 1999; Schroeder, Wingard, & Packard, 2002). Neuroimaging re-

search with humans has also shown that during feedback-driven learning the striatum

and hippocampus exhibit a similar dynamic of increasing striatum activation and hip-

pocampus deactivation (Poldrack et al., 2001). Additionally, some evidence has shown

the reverse pattern, i.e., increases in medial temporal lobe activation with practice

(Poldrack et al., 1999). Foerde and colleagues showed that the presence of a secondary

task can induce a shift from MTL-dependent declarative to striatum-dependent proce-

dural learning (Foerde, Knowlton, & Poldrack, 2006). Most evidence of such processes

is limited to the probabilistic classification task used by Poldrack and colleagues, but

the phenomenon itself might be found in different tasks (see also Degonda et al., 2005,

for evidence from a different paradigm). For example, behavioral data suggests that

memory system shifts are likely to occur during incidental learning, because the ini-

tially implicit process might become explicit with practice (Haider & Frensch, 2005;

Rünger & Frensch, 2008). Hence, in line with evidence cited above, the increasing (or

transient) explicitness of the task could likely be reflected in increased (or transient)

hippocampus activation and decreasing striatum activation. All these results confirm

a mutual inhibition of memory systems. However, instead of competition leading to

a dominance of one system, these results can also be interpreted as an indication of

coordination that leads to varying degrees of involvement.

2.2 Aging of Memory Systems

Age-related changes in the brain have been observed on many levels. Volume shrinkage

can be found in most areas of the brain and a loss of about 7.5% of the cerebral weight

between 26 and 80 years has been reported (Rushton & Ankney, 2009). More fine-

grained results indicate pronounced impairment in dendritic arborization, myelination
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or acetylcholin- and catecholinergic neurotransmission, for instance (Hof & Mobbs,

2009). Shrinkage of the entorhinal cortex (Raz & Rodrigue, 2006) or neuronal cell

loss (West, Coleman, Flood, & Troncoso, 1994), however, are examples of aspects of

brain integrity that do not show such marked decline in healthy older adults (much

in contrast to cases of pathological aging, such as Alzheimer’s disease). In addition,

the aging brain is characterized by sustained plasticity (Mora, Segovia, & Arco, 2007)

and can even show continued neurogenesis (Kempermann, Gast, & Gage, 2002). Thus,

while age-related neurological changes are widespread, they do not occur uniformly on

all levels and in all brain areas.

A similar conclusion can be drawn about cognitive aging. Changes on the cognitive

level are manifold, but they are not unitary (Li et al., 2004). Senescence does have

drastic effects on memory functions, but it does not affect all memory forms to the

same extent (e.g., Bäckman, Small, & Wahlin, 2001).

2.2.1 Aging of the MTL and the striatum

On a gross anatomical level, several studies have found volumetric decline of the stria-

tum as well as of the hippocampus (Raz et al., 2005; Walhovd et al., 2011; Shing et al.,

2011). For example, Raz, Lindenberger and colleagues (Raz et al., 2005) used a 5-year

longitudinal design and reported annual percent changes of 0.75% and 0.79% for the

caudate nucleus and the hippocampus, respectively. A meta-analysis of cross-sectional

data by Walhovd et al. (2011), reported annual percent changes between 0.35% and

0.17% for the caudate and between 0.4% and 0.04% for the hippocampus. In another

study (Raz et al., 2003), annual change rates of 0.83% in the caudate, 0.73% in the

putamen and 0.51% in the globus pallidus were reported3. In addition, it has been

shown that the decline of the striatum is characterized by an early onset and linear

progression, whereas decline of the hippocampus has a later onset and an accelerated

rate (Raz & Rodrigue, 2006). Changes in the synaptic density have been reported in

the hippocampus as well as in the striatum (Saito et al., 1994). Furthermore, LTP in

the hippocampus as well as LTD in the the nucleus accumbens have been shown to be

3All of these numbers, however, have to be taken with a grain of salt as they reflect estimations of
linear change, which might not be the case (see Raz et al., 2005; Walhovd et al., 2011) and as they
do not take into account important modifying variables, such as hypertension (Raz et al., 2005).
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implicated by age (Bach et al., 1999; Wang, 2008). Many of these pathological changes

have been linked to performance impairment. Head and Isom (2010), for example

showed that hippocampal grey matter volume in older adults correlated with perfor-

mance in a spatial navigation task and numerous studies have found similar relations

for other memory tasks (Van Petten, 2004). In addition, neurophysiological studies

in animals have shown age-related changes in cell activity that co-occur with memory

impairment (e. g., Wilson, Ikonen, Gallagher, Eichenbaum, & Tanila, 2005; Barnes,

Suster, Shen, & McNaughton, 1997; Shen, Barnes, McNaughton, Skaggs, & Weaver,

1997).

2.2.2 The role of dopamine in cognitive aging

Additional to the changes detailed above, both the hippocampus as well as the striatum

are heavily affected by changes in the dopamine system (Bäckman & Farde, 2001, see

Li, Lindenberger, & Sikström, 2001, for a theoretical account and Bäckman, Linden-

berger, Li, & Nyberg, 2010; Li, Lindenberger, & Bäckman, 2010, for recent reviews).

Specifically, studies have observed age-related reduction in postsynaptic markers of

striatal D2 (Rinne et al., 1993) and D1 (Wang et al., 1998) receptors, in the D1/D2

ratio (Seeman et al., 1987) and in striatal presynaptic makers (Dopamine transporter

[DAT] protein availability) (van Dyck et al., 2002; Erixon-Lindroth et al., 2005) as

well as decline of dopamine receptors in the medial-temporal cortex (Kaasinen et al.,

2000; Rieckmann et al., 2011). Interestingly, it is also known that dopamine affects

several aspects of the striatal procedural memory system, such as sequence learning

(Shohamy, Myers, Grossman, Sage, & Gluck, 2005; Karabanov et al., 2010; Simon

et al., 2011), skill learning (Molina-Luna et al., 2009), reward processing (Flagel et

al., 2011; Schultz, 2002) and multi cue category learning (Moustafa & Gluck, 2011;

Shohamy, Myers, Kalanithi, & Gluck, 2008). At the same time, dopamine has also

been implicated in hippocampal LTP (Frey, Schroeder, & Matthies, 1990) and MTL-

based episodic memory (Takahashi et al., 2007; Papenberg et al., 2013; Wittmann et

al., 2005, for a theoretical account, see Lisman & Grace, 2005; Lisman, Grace, & Duzel,

2011). On a general level, such and other links between dopamine, cognition and aging

have led to the proposal that these three variables form a ‘correlative triad’ and that

dopamine decline has a crucial role for the effects of aging on cognition (Bäckman &
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Farde, 2005; Bäckman, Nyberg, Lindenberger, Li, & Farde, 2006).

2.2.3 Resource modulation: Magnified genetic effects in older adults

In addition to these resource reductions caused by aging, a non-linear relation between

brain resources and cognitive performance has often been observed, as for example

the inverted-U function for the case of dopamine (Vijayraghavan, Wang, Birnbaum,

Williams, & Arnsten, 2007). Lindenberger et al. (2008) proposed that this combina-

tion might result in magnified effects of genetic factors that influence brain resources.

This prediction has been confirmed in a number of studies investigating effects of neu-

rogenetic factors on cognition (Hämmerer et al., 2013; Li, Chicherio, et al., 2010; Li

et al., 2013; Nagel et al., 2008; Papenberg et al., 2013, see also Störmer, Passow,

Biesenack, & Li, 2012).

2.2.4 Aging of episodic, spatial and procedural memory functions

In longitudinal studies, episodic memory begins to decline in the 60s years of age

(Hedden & Gabrieli, 2004; Schaie, 1996)4. Moreover, a pattern of decline has also

been found in other cognitive modalities, including verbal recall, visuo-spatial memory

(D. C. Park et al., 2002), source memory and prospective memory (Bäckman et al.,

2001). Similarly, grave impairment of spatial memory during navigation has been

shown to occur with advancing age in humans (Moffat, 2009).

Unlike episodic and spatial memory, which are associated with the MTL memory

system in younger adults, incidental sequence learning does not show such strong signs

of decline. A number of examples come from the serial reaction time task (SRTT;

Nissen & Bullemer, 1987), which is an indirect memory test characterized by gradual

acquisition of associations. Performance in the SRTT has been shown to be not or only

mildly affected by age (e.g., D. Howard & Howard, 1989, for a review, see Rieckmann &

Bäckman, 2009) whereby the degree of impairment seems to be influenced by the com-

plexity of the material (D. Howard et al., 2004; Bennett, Howard, & Howard, 2007). In

addition, similar patterns have been found for information integration learning (Price,

2005) and artificial grammar learning (D. V. Howard, Howard, Dennis, LaVine, &

4Note that cross-sectional studies indicate a much earlier onset of decline (in the 20s), see Nilsson
et al., 1997; Salthouse, 1998; Li et al., 2004.
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Valentino, 2008, see also Smith, Siegert, McDowall, & Abernethy, 2001), which can

also be considered as measures of procedural memory and have been linked to the

striatum (Poldrack et al., 1999; Lieberman, Chang, Chiao, Bookheimer, & Knowlton,

2004; Peigneux et al., 2000). Hence, in comparison to episodic memory, procedural

memory tasks are not as strongly impaired, even though striatum-dependent memory

is not the only form of memory which seems to be relatively spared5.

2.2.5 Aging and interaction of memory systems

Finally, the question remains how the aging process affects the balance of the striatum-

and MTL-based memory systems. In section 2.1.3, it was shown that the interaction

between the MTL-based and the striatum-based memory systems is characterized by

mutual inhibition and might produce a coordinated time-course of involvement of them.

The topic of how aging or diseases that affect relevant brain structures changes this

interaction of memory systems, has not been addressed extensively yet.

Indications of a deficiency in the interaction come from a study with animals. Dag-

nas and colleagues showed that aging impairs the ability to switch between MTL-

based and striatum-based memory upon pharmacological intervention (Dagnas, Guil-

lou, Prévôt, & Mons, 2013), and corroborating findings on the behavioral level were

made in humans (Harris, Wiener, & Wolbers, 2012). Furthermore, Boyd and Winstein

(2004) trained patients suffering from a stroke in the putamen and healthy controls

in an implicit motor learning task either with or without additional explicit informa-

tion. Their results showed that stroke patients where disrupted by additional explicit

information, whereas healthy controls benefited from it. Hence, some studies indicated

that aging or disease might impact the ability to switch between memory systems or

to integrate information from multiple memory systems. From a broader perspective,

these findings are also in line with research on age-effect on dual task performance that

suggests greater interference in older adults (Hein & Schubert, 2004), although this

effect can be partially elevated by practice (Strobach, Frensch, Müller, & Schubert,

2012).

5Light and Singh observed already in 1987 that priming is also not impaired in older adults (Light
& Singh, 1987, see Rieckmann & Bäckman, 2009 for a review, but see also Fleischman & Gabrieli,
1998, for methodological concerns and data that show at least mild impairment in older adults).
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In addition to these studies, an ongoing debate concerns the role of activation in the

MTL for memory in older adults. One particularly interesting study comes from Rieck-

mann and colleagues (Rieckmann et al., 2010). In this study, brain activity of younger

and older adults was measured while they were performing the SRTT. In accordance

with previous reports (e.g., Seidler, 2006), implicit motor learning did not differ be-

tween age groups, and younger adults showed increasing striatum and decreasing MTL

activation (Albouy et al., 2008). Moreover, in younger adults, sequence learning was

positively related to activation increases in the striatum but to activation decreases in

the MTL. Older adults also showed activation increases in the striatum and a correla-

tion thereof with sequence learning. Additionally, however, they also showed activation

increases in the MTL, which also correlated with sequence learning. Since sequence

memory was largely implicit in both age groups, the additional MTL activation could

not be attributed to more explicit knowledge in older adults. Consequently, Rieckmann

et al. interpreted the MTL activation and its correlation with implicit learning as signs

of a compensatory mechanism that is crucial for the preservation of implicit sequence

learning capabilities in older adults. Similarly, Dennis and Cabeza (2011) reported

also less differentiated MTL and striatum activation of older adults during implicit

and explicit memory tasks. Another study (Moody, Bookheimer, Vanek, & Knowl-

ton, 2004) showed MTL activation of PD patients in a probabilistic classification task

that contrasted with striatum activation in a control group6. Similarly, Voermans and

colleagues (Voermans et al., 2004) reported that a route recognition task activated

the MTL activity in Huntington’s Disease (HD) patients but the striatum in younger

adults. In summary, a number of studies indicated a link between aging and diseases

affecting the striatum and increased MTL activation during procedural memory tasks.

This changed activation pattern co-occurred with relatively spared procedural mem-

ory abilities and consequently some authors argued that the elevated MTL activity

might compensate for age-related losses in the neural networks subserving procedural

memory.

A number of other studies, however, reported diverging results. Increased MTL

activation is considered an early marker of AD and is associated with Mild Cognitive

6Note that the control group had a mean age of 59.6 years and hence would can be considered a
groups of healthy older adults
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Impairment (MCI) (Ewers, Sperling, Klunk, Weiner, & Hampel, 2011)7. Putcha et

al. (2011), for instance, showed that hyperactivity within the MTL is associated with

cortical thinning and Bakker and colleagues (2012) showed that suppressing this hy-

peractivity leads to increases in performance of an episodic memory task. Yet other

research suggested that aging (Moffat, Elkins, & Resnick, 2006) and non-beneficial

genotypes (Banner, Bhat, Etchamendy, Joober, & Bohbot, 2011) are associated with

decreased hippocampal activity and memory impairment during a spatial navigation

task (see also Grady et al., 1995, for an example using another task), or that aging

does not result in changes in hippocampal activity (Schacter, Savage, Alpert, Rauch,

& Albert, 1996). To synopsize, few available studies have indicated that aging and

disease impair the coordination of the MTL- and the striatum-based memory systems.

Moreover, some studies have addressed the consequences of aging and brain pathologies

on activity of the hippocampus, but have not converged onto a unitary picture yet.

Elevated activity in the hippocampus has been shown in aged rodents (Wilson et al.,

2005), MCI patients (Bakker et al., 2012) and older adults (Dennis & Cabeza, 2011).

On the one hand, the patient work that focused on episodic memory showed negative

effects of this additional MTL activation. The aging work, on the other hand, focused

on procedural memory and suggested positive effects. Given these differences in the

tested memory function and the studied population groups, it might be that elevated

MTL activity affects procedural memory positively but declarative memory negatively.

Alternatively, it might be that different mechanisms underlie MTL hyperactivity ob-

served in patient and aging studies.

2.2.6 Theoretical integration: Dedifferentiation, maintenance, and compensation

The above-mentioned patterns of over- and underactivation speak to different theo-

retical accounts on the relation between cognitive aging and changes in brain activity

patterns. In one prominent account, it has been proposed that age-related decline in

dopamine function essentially leads to lower neuronal gain and hence noisier informa-

tion processing (Li, Lindenberger, & Frensch, 2000; Li et al., 2001; Li & Sikström, 2002;

Li et al., 2004; Li, Naveh-Benjamin, & Lindenberger, 2005; Li, von Oertzen, & Lin-

denberger, 2006). This account predicts higher behavioral variability, less distinctive
7Note that after the onset of Alzheimer’s Disease, most studies observe hippocampal hypoactivation.
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neural representations and higher correlations between tasks in older as compared to

younger adults. These predictions are supported by data on behavioral variability (e.g.

MacDonald, Li, & Bäckman, 2009), correlations between cognitive capabilities (e.g.

Baltes, Cornelius, Spiro, Nesselroade, & Willis, 1980; Li et al., 2004) and neural dedif-

ferentiation in humans (D. C. Park et al., 2004; J. Park, Carp, Hebrank, Park, & Polk,

2010; J. Park et al., 2012; Carp, Park, Hebrank, Park, & Polk, 2011; Carp, Park, Polk,

& Park, 2011). According to this idea, additional neural activation observed in older

adults reflects neural dedifferentiation, and hence is a side effect of age-related decline

in dopamine functioning. Further studies with aged animals (Schmolesky, Wang, Pu, &

Leventhal, 2000; Leventhal, Wang, Pu, Zhou, & Ma, 2003) also showed dedifferentiated

representations in visual cortex, which were linked to impairment of γ-Aminobutyric

acid (GABA)-ergic inhibitory signals (Lee et al., 2012).

Complimentary to this concept, is has been stressed that less decline on the neural

level, and hence more ‘youth-like’ brain activation, is associated with less cognitive

decline (Nyberg, Lövdén, Riklund, Lindenberger, & Bäckman, 2012). In line with this

proposal, Düzel and colleagues showed that older adults had greater brain and cognitive

healthiness when their brain activity patterns were more similar to the patterns of

younger adults (Düzel, Schütze, Yonelinas, & Heinze, 2011). Moreover, Persson et al.

(Persson et al., 2012) showed that longitudinal decline in hippocampal activity and

volume was associated with decline in episodic memory (see also Persson et al., 2006).

This idea of maintenance would also emphasize that hippocampal overactivation (or

underactivation) is a sign of the adverse effects of aging on brain functioning. Finally, a

third theoretical approach has been offered that proposes that different brain activation

patterns in older adults might be related to compensatory mechanisms, without which

more cognitive decline would result (Reuter-Lorenz & Lustig, 2005; Reuter-Lorenz &

Cappell, 2008; D. C. Park & Reuter-Lorenz, 2009). This account is supported by a

large number of studies showing overactivation in older adults, many of which also

show positive correlations between performance and overactivation (for a review, see

Eyler, Sherzai, Kaup, & Jeste, 2011). However, most of the studies and theories have

concentrated on decreased laterality (Cabeza, Anderson, Locantore, & McIntosh, 2002)

and overactivation in the prefrontal cortex (D. C. Park & Reuter-Lorenz, 2009), rather

than hippocampal hyperactivation.
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In summary, the varying findings about the role of hippocampal and striatal activity

for episodic and procedural memory in older adults might reflect multiple phenomena.

According to the dedifferentiation and maintenance accounts, hippocampal overactivity

might reflect signaling deficiencies and should be related to worse performance. A

compensation account, in contrast, predicts that this activity is an adaption to the

challenges caused by declining neural resources. While each of the above named three

hypotheses is supported by some empirical evidence, to date no account can explain

the diversity of findings.

In the face of this picture, one important step might be to investigate the properties

of the neural activation in the hippocampus in more detail. Specifically, making precise

predictions about the time course of activity based on computational models could

can be used to differentiate between activity that reflects meaningful computational

processes and activity related to signaling deficiencies.

Table 1 summarizes a selection of relevant studies discussed in the Introduction. The

table illustrates the effect of brain damage, aging and hippocampal hyper-/hypoactivity

on declarative and procedural memory. Each row represents one study/condition that

examined the effect of brain damage on memory performance. As can be seen, many

studies showed that lesion- or disease-induced damage to one system leads to impair-

ment of its proposed function. Interestingly, some studies showed that impairing MTL

functioning led to an increase in procedural memory functions (Packard et al., 1989;

McDonald & White, 1993; Schroeder et al., 2002), and that impairment in striatum

functioning led to improved declarative memory (Mitchell & Hall, 1988). Moreover,

it becomes apparent from Table 1 that larger activation in the MTL, as compared to

controls, is a repeated finding in patients suffering from MTL- as well as striatum-

related diseases or risk factors. Among the listed aging studies, this relation is much

more heterogeneous, with some studies reporting overactivation, others underactiva-

tion and some no differences. Finally, reports that could speak to the relation between

activation in the hippocampus and memory performance under conditions of adverse

physiological brain changes seem contradicting. Whereas some studies show beneficial

effects of hippocampus activity (Rieckmann et al., 2010), others speak to the contrary

(Bakker et al., 2012).
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Chapter 3

SUMMARY AND RESEARCH QUESTIONS

The previous chapter outlined evidence for multiple memory systems that pro-

cess different kinds of information. One system is based primarily on the MTL (sec-

tion 2.1.1) and subserves declarative memory, which is manifested in the ability to

consciously recall past episodes and allocentric spatial memory. The second system,

procedural memory, is mainly striatum-dependent (section 2.1.2) and characterized

by gradual acquisition, limited accessibility by consciousness and processing of feed-

back. Both systems can function independently, but research has also indicated that

interaction among them might be a common phenomenon (section 2.1.3).

The neurological substrates of procedural and declarative memory are severely af-

fected by aging (see 2.2.1). In addition, many findings indicate that age-related changes

in these brain networks are related to decline in their respective memory functions.

Moreover, it has been shown that genetic factors that influence aspects of neurological

functioning in memory systems play an increasingly large role for cognition in aging.

Interestingly, the pattern of aging memory cannot always be fully explained by the

pattern of brain aging. While evidence for an asymmetry in the decline of MTL/striatum

function is lacking, some cognitive functions related to procedural memory seem less

impaired than declarative memory (see 2.2.4). Currently, it is not yet clear if the

observation of spared implicit memory in older adults is also true for tasks that in-

volve different aspects of procedural memory. Moreover, previous research has rarely

taken into account the interactions of memory systems, although evidence indicates

that aging impairs the ability to switch between memory systems.

Finally, elevated hippocampal activity has repeatedly been reported to co-occur

with disease and aging, but the meaning of this phenomenon remains unclear. For

example, a study by Bakker et al. (Bakker et al., 2012) showed that reducing elevated

hippocampus activity in aMCI patients led to improvements in a recognition task. A

study by Rieckmann et al. (Rieckmann et al., 2010), in contrast, showed that older

20



adults with more hippocampus activity performed better in an implicit learning task.

Note, however, that the latter findings differ with respect to the tested memory func-

tion. Hence, it could be that elevated hippocampus activity is associated with impaired

declarative and preserved procedural memory. These conclusions, however, are yet to

be replicated and confirmed more directly. A better understanding of the properties of

the observed hippocampal activity could be an important step for understanding these

results.

Here, I argue that the study of human aging might benefit from understanding

the relations between structural decline, functional activity, and cognitive impairment

in procedural and declarative memory systems. Specifically, the present dissertation

aimed to address the following questions:

1. Does the observed relative sparing of procedural memory extend beyond implicit

memory to other forms of memory that are striatum-dependent? In particular,

it was investigated whether primarily striatum-dependent spatial memory is less

affected than primarily MTL-dependent spatial memory.

2. What is the effect of memory system cooperation on observed age-differences in

the SRTT? Specifically, do younger adults show improved learning because they

engage multiple memory systems in a cooperative manner? Such a ‘cooperation’

would for example be evident in a successful switching from one system to the

other that is associated with better memory performance.

3. How do genetic factors that influence key biological mechanisms in the MTL and

striatum impact memory in younger and older adults?

4. What is the impact of aging on memory-related neural computations and their

localization?

The present dissertation is publication oriented and the above named questions are

addressed in different papers. Question 1 is addressed in Paper III and IV. Question

2 is addressed in Paper I. Papers I and III also speak to Question 3. Question 4 is

addressed in Paper II and IV. The following chapter will describe these papers.
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Chapter 4

OVERVIEW OF PUBLICATIONS

The present dissertation includes four articles. Papers I, III and IV are based on

work that was conducted within the Neuromodulation of Lifespan Cognition Project,

Center for Lifespan Psychology, at the Max Planck Institute for Human Development

in Berlin. The project was headed by Prof. Shu-Chen Li and the department is headed

by Prof. Dr. Ulman Lindenberger. Papers I and III included genotyping of a group of

younger (aged 20-30 years) and older (aged 60-71 years) adults. Genotyping was done

by the group of Dr. Lars Bertram at the Max Planck Institute of Molecular Genetics.

Data acquisition reported in Paper II was conducted at University of Princeton by

Dr. Ben Eppinger and supported by NIA grant AG02436 awarded through the Prince-

ton Center for Health and Wellbeing.

4.1 Paper I

Schuck, N.W., Frensch, P.A., Schjeide, B.M., Schröder, J., Bertram, L. & Li, S.-C. (under
revision). Effects of aging and dopamine genotypes on the emergence of explicit memory
during incidental sequence learning. Revision invited by Neuropsychologia on April 25, 2013,
resubmitted June 25, 2013.

The major aim of this paper was to investigate age-differences in the switch between

memory systems in younger and older adults and the influence of dopaminergic genes

on implicit and explicit memory. To this end, we took an extreme groups approach

involving a sample of 70 older adults (aged 60-71 years) and 80 younger adults (20-30)

in combination with a candidate gene investigation.

Theoretical background Less age-related losses in implicit as compared to explicit

memory have been reported in a number of studies using the SRTT (e.g., D. Howard

& Howard, 1989). In line with the proposed link between the striatum and implicit

memory, genetic factors that influence dopaminergic signaling have been shown to in-

fluence implicit learning in younger adults (Simon et al., 2011). Generally, however,
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it has been shown that genetic effects on cognition can be magnified in older adults

(Lindenberger et al., 2008). Moreover, the SRTT might involve a switch from implicit

to explicit memory, and some evidence indicates that the ability to switch between

procedural and declarative memory could be impaired in aging (Dagnas et al., 2013).

In line with this, it was previously reported that aging might impair the use of ex-

plicit sequence knowledge during implicit learning (Verwey, 2010; Verwey, Abrahamse,

Ruitenberg, Jiménez, & Kleine, 2011). Finally, the striatum might play a role in the

transition from implicit to explicit sequence knowledge (Rose, Haider, & Büchel, 2010).

Hypotheses In the present study, we investigated the development of explicit knowl-

edge during an incidental learning task and the effect of polymorphisms on the dopamine-

and cAMP-regulated neuronal phosphoprotein (DARPP-32, rs907094) and dopamine

transporter (DAT, VNTR) genes on implicit and explicit memory. Based on the above

mentioned findings, we hypothesized that learning in the SRTT involves the transition

from procedural/implicit to declarative/explicit memory and that older adults might

be impaired in this transition. Moreover, the known role of the striatum in implicit

learning as well as in the transition to explicit learning suggested that dopamine-related

genotypes would be associated with (a) individual differences in implicit learning and

(b) the transition to explicit learning. Additionally, based on the reported magnifica-

tion of genetic effects with age, we also expected the genotype effect to be stronger in

older as compared to younger adults.

Major findings Using a method to continuously monitor learning-related RT re-

ductions, we found that younger and older adults showed equivalent learning during

the first 70 repetitions of a sequence. With further practice, however, younger adults

continued to improve, whereas older adults did not. After training, measures of ex-

plicit memory showed that younger adults had larger explicit but comparable implicit

memory as compared to older adults, and correlation analysis indicated that the con-

tinuing decrease in RTs after 70 repetitions might be related to the emergence of ex-

plicit knowledge. Finally, the studied polymorphisms (DARPP-32, rs907094 and DAT,

VNTR) showed effects on overall RTs and verbal recall in older but not in younger

adults. This study was the first report that indicated (a) a link between the grad-
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ual emergence of age differences in the SRTT and the emergence of explicit memory

and (b) age-magnified and interactive effects of polymorphisms on the DARPP-32 and

DAT genes on explicit knowledge and RT level. Hence, the study provided further

support for an age-related impairment in the interaction of memory systems as well

as a magnified effect of DA-related genotypes on explicit sequence memory in older

adults. The latter effect was unexpected given previous reports that linked DAT to

implicit learning in younger adults (Simon et al., 2011). Rather, it could support the

idea of changed brain-cognition relations in older adults, or the role of the striatum in

the transition between memory systems (Rose et al., 2010).

4.2 Paper II

Eppinger, B., Schuck, N.W., Nystrom, L.E., & Cohen, J.D. (2013) Reduced striatal
responses to reward prediction errors in older compared to younger adults. Journal of
Neuroscience, 33, 9905–9912. doi:10.1523/JNEUROSCI.2942-12.2013

Paper II was conducted in collaboration with Ben Eppinger, Leigh Nystrom and

Jonathan Cohen from Princeton University and involved a sample of 13 older and 13

younger adults. The main goal of this paper was to investigate age-related impairment

in neural computations underlying memory subserved by the striatum.

Theoretical background As outlined in the Theoretical Background (2.2.2), it is

well known that the DA system deteriorates during the course of aging (Li, Linden-

berger, & Bäckman, 2010) and that these impairment likely are related to declined

cognitive functioning (Bäckman et al., 2006). Moreover, many studies suggested that

the calculation of a prediction error signal is a core computational function of the

striatum and provides the basis of its reinforcement-related learning functions (Schultz,

2002). Given the partially spared striatum-related learning functions reported in many

studies and replicated in Paper I, it seems crucial to investigate effects of aging on

this computational function of the striatum. Hence, using a combination of computa-

tional modeling and fMRI, Paper II investigated age differences in information about

prediction errors in brain signals during a reinforcement learning task.

Hypotheses The well known age-related impairment in DA functioning as well as

in reinforcement learning clearly point to reduced striatal prediction error signals in

24



older as compared to younger adults. Additionally, however, age-related impairment in

reinforcement learning have been shown to be asymmetric for learning from positive and

negative feedback (Frank & Kong, 2008). Finally, based on data indicating potentially

different mechanisms for positive and negative reinforcement learning (Yacubian et al.,

2006), we expected age differences in positive but not negative prediction error signals.

Major findings In line with our hypothesis, we observed age-related impairment in

learning from reward but not in learning from losses. Congruous with these findings,

BOLD activity in the ventromedial PFC was reduced in older as compared to younger

adults only during positive learning. The model-based fMRI analysis revealed that ev-

idence for avoidance-based reward prediction errors could be found in both age groups,

but older adults showed less evidence of prediction errors in the positive condition.

Hence, Paper II was the first to show partial age impairment in the learning-related

computations underlying striatal memory functions in humans using fMRI.

4.3 Paper III

Schuck, N.W., Doeller, C.F., Bisenack, J., Schjeide, B.M., Frensch, P.A., Bertram, L. &
Li, S.C. (2013). Aging and KIBRA/WWC1 genotype affect spatial memory processes in a
virtual navigation task. Hippocampus. Advance online publication. doi:10.1002/hipo.22148.

Paper III investigated whether different forms of spatial memory also exhibit an

asymmetry in age-related differences, depending on whether the memory is dependent

on the striatum or the MTL in younger adults. Moreover, it investigates the effect

of a genetic polymorphism on the KIBRA gene (which impacts hippocampal LTP) on

these learning forms.

Theoretical background Given the differing definitions and operalizations of stria-

tum - dependent procedural memory, it seems important to investigate the general-

izability of the asymmetric age-associated decline. To this end, we utilized a virtual

reality task that was previously designed to disentangle hippocampus- and striatum-

based spatial navigation (Doeller et al., 2008). Doeller and colleagues showed that

learning objects relative to a boundary of the environment was related to hippocam-

pus activation, whereas learning locations relative to an intra-maze landmark (a visual

cue) was associated with striatum activation. These findings are well in line with the
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known role of boundary distance information in hippocampal place cells (O’Keefe &

Burgess, 1996; Burgess & O’Keefe, 1996) and the role of intra-maze cues for striatum-

dependent spatial learning (Packard & McGaugh, 1992). Moreover, we used a candi-

date gene approach to investigate the effects of SNP rs17070145 of the KIBRA gene

(official name: WWC1). The KIBRA protein is known to affect hippocampal LTP via

its effect on PKMζ and the utilized SNP has previously been shown to be related to

episodic memory (see Milnik et al., 2012, for a review).

Hypotheses In line with previous reports, Papers I and II indicated that mem-

ory functions that are related to the striatum in younger adults, were only partially

impaired in older adults. Moreover, insofar a behavioral impairment was observed, a

dysfunction on the level of neural computations could also be shown. In the present

investigation, we extended the study of age differences in memory functions related to

the striatum in younger adults to spatial navigation. We used a task that closely links

to the animal studies that gave important insights into memory systems (see section

2.1) and investigated landmark- and boundary-based spatial memory. Following the

assumption that the observed phenomenon of asymmetric decline is not confined to

single tasks, we predicted a greater reliance on landmark-based spatial navigation in

older adults, but a greater reliance on boundary-based navigation in younger adults.

Such a finding would indeed be also in line with studies showing that older adults rely

more on extrahippocampal strategies as compared to younger adults (Moffat, Kennedy,

Rodrigue, & Raz, 2007; Wiener, de Condappa, Harris, & Wolbers, 2013) during spatial

navigation.

Major findings All participants performed a virtual reality spatial navigation task

in which locations could be learned either relative to a visual cue or to a boundary. The

behavioral data showed that learning in older adults was mostly based on processing of

landmark information, but in younger adults it was related to processing of boundary

information. Moreover, we found an effect of KIBRA rs17070145 genotype on learning

only among older adults (T-allele carriers were better than C homozygotes). Addi-

tional analyses showed that carriers of the beneficial KIBRA allele showed improved

landmark, but not boundary, processing. These findings show age-related asymmetries
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in the role of landmark and boundary information processing during spatial naviga-

tion and support the generalizability of the previous findings of less impaired implicit

learning. Moreover, this paper was the first to report an age magnification of an effect

of KIBRA (rs17070145 polymorphism) on spatial memory in humans.

4.4 Paper IV

Schuck, N.W., Doeller, C.F., Polk, T.A., Lindenberger, U. & Li, S.-C. (in preparation).
Human aging alters neural representations and computations during spatial navigation.

Paper IV aimed to investigate the underlying neural processes of boundary- and

landmark-based learning in older and younger adults. We utilized a model of hip-

pocampal place-cell processes to make trialwise predictions of the BOLD signal that

would indicate that a region is involved in this processing. In addition, we defined such

predictions for the processing of landmark information. Hence, this experiment enabled

us to study the underlying neural computations of spatial memory, their relations to

different aspects of performance and their localization in the brain.

Theoretical background Many studies showed that hippocampal place-cell repre-

sentations are degraded in aged rats (e.g., Barnes et al., 1997; Shen et al., 1997). As

already outlined in the description of Paper III, models and data of place-cell firing

(O’Keefe & Burgess, 1996) highlight a dominant role of information about the dis-

tance to boundaries for place-cell representations (Lever, Burton, Jeewajee, O’Keefe,

& Burgess, 2009). At the same time, place-cells are less sensitive to visual cues. More-

over, animal research has shown the current state of place-cells retains a stable relation

to memory (O’Keefe & Speakman, 1987), such that models of place-cells can be used

to make behavioral predictions (Hartley, Trinkler, & Burgess, 2004). Hence, Paper IV

investigated the match between predictions made by a place-cell model and behavior

and neural activity observed in younger and older adults. This place-cell model was

contrasted with a simple model that emphasized the processing of landmark informa-

tion.

Hypotheses In replication and extension of the findings from Paper III, it was ex-

pected that younger adults’ behavior would fit better with the place-cell model as
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compared to the landmark model, but in older adults, a greater match with the land-

mark model was anticipated. Moreover, given these differences on the level of behavior

and their proposed links to brain processes, we anticipated greater MTL activation

in younger adults, but greater striatum activation in older adults. In addition, in

light of reports of additional MTL activation in older adults performing a task that

is striatum-dependent, and the results from Paper III that showed an involvement of

KIBRA genotype on spatial navigation in older adults, additional MTL activation was

also expected in older adults. Finally, with respect to the brain activation that reflects

the model’s predictions, we expected correlations of brain activity in the MTL with

predictions from the place-cell model in younger adults. Likewise, it was expected that

activity in the striatum would be correlated with the predictions from the landmark

model in older adults. Finally, the finding that KIBRA polymorphism rs17070145 had

an influence on landmark-based learning in older adults, suggested that BOLD activity

related to landmark processing might be found in the MTL.

Major findings During a transfer phase with modified spatial information, younger

adults’ behavior was consistent with a model of place cell firing, whereas older adults

behaved consistently with landmark information processing. In line with these find-

ings, younger adults showed recruitment of the hippocampus, but older adults showed

activations in the caudate nucleus during learning. Results from model-based analyses

indicated that the activity in the parahippocampal gyrus was related to the processing

of boundary information in younger adults, but activity in the hippocampus to land-

mark learning in older adults. Using a more lenient statistical threshold (p < .005,

clustersize = 20), older adults’ activity in the caudate nucleus also showed indications

of landmark information processing. These results suggest differences in the neural

computations and representations underlying spatial memory and show a fundamental

change in the neural computations characterizing different memory systems in younger

and older adults.
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Chapter 5

DISCUSSION

In the following chapter, I will summarize the findings of all studies and integrate

these into existing knowledge and the debate about aging of memory systems. In

addition, I will consider the most significant limitations and outline potential avenues

for future research based on the conclusions that can be drawn from the presented

experiments.

5.1 Summary and Evaluation

5.1.1 Procedural memory is partially intact in older adults

Previous studies indicated that older adults are less impaired in implicit memory

(D. Howard & Howard, 1989; Rieckmann et al., 2010), but it is an open question

whether it can be inferred from these studies that on a general level, aging does impair

procedural memory less than declarative memory. Paper I showed that learning in

the SRTT is initially comparable in younger and older adults. After extended train-

ing, however, a disadvantage of older adults became evident. Paper II indicated that

reinforcement learning from negative outcomes, but not from positive outcomes, was

unimpaired in older adults. In Papers III and IV, the generalizability of the relative

sparing of procedural memory functions was further corroborated. In particular, this

research showed that older adults’ memory performance was relatively more intact

for landmark as opposed to boundary-based spatial memory, two phenomena that in

younger adults are related to procedural and declarative memory (Doeller & Burgess,

2008) and to striatal and hippocampal activity (Doeller et al., 2008), respectively.

These papers indicated that in a situation in which both memory systems could be

used, older and younger adults showed qualitatively different memory representations

that incorporated different aspects of the spatial environment. In addition to experi-

mental manipulations and mean differences, the findings of Paper IV used quantitative

predictions about memory and neural responses and provided strong support for the
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findings of Paper III.

5.1.2 Interaction of memory systems

Another important question is whether aging changes the interaction of procedural

and declarative memory. Few previous studies in animals have indicated that aging

might impair the ability of switching between the two memory systems (Dagnas et

al., 2013). To investigate this question in humans, Paper I utilized an incidental se-

quence learning task in which learning is initially implicit/procedural but can become

increasingly more explicit/declarative over the course of training. In this study it was

shown that age differences, as measured by differences in RT gains, gradually emerged

over the course of training. Moreover, at the end of training younger adults had more

explicit and equivalent implicit memory about the sequence. Correlational analyses

indicated that the emergence of explicit memory had been related to the memory ben-

efits of younger adults. Hence, younger adults showed successful cooperation of memory

systems, whereas older adults did not show this pattern. Given similar previous obser-

vation about an specific impairment in explicit memory (D. Howard & Howard, 1989),

this finding was not surprising. In contrast to previous studies, however, it showed

that within the SRTT, age differences in RTs might have been a function of the devel-

opment of explicit knowledge. Although these results were not conclusive, they were

in line with animal studies showing that not only declarative memory performance is

impaired in aging, but that a reduced switching between memory systems might be an

additional consequence.

5.1.3 Magnification of genetic effects in older adults

Another important topic in the study of cognitive aging is the possibility that a nonlin-

ear relationship between brain resources and cognition leads to magnification of genetic

effects with aging (Lindenberger et al., 2008). In line with this proposal, several studies

have shown that DA-related genotypes played an larger role in older as compared to

younger adults (Li et al., 2013; Papenberg et al., 2013; Hämmerer et al., 2013, see

also Störmer et al., 2012). Moreover, the pattern of age selective or age-magnified

effects on cognitive variables has been extended to BDNF genotypes (Nagel et al.,
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2008; Li, Chicherio, et al., 2010). Papers I and III of the present dissertation fur-

ther corroborated these findings. Specifically, Paper I showed that a combination of

two non-beneficial DA-related genotypes (see also Papenberg et al., 2013; Bertolino

et al., 2009) was associated with slower RTs and less explicit sequence knowledge in

older but not younger adults. In Paper III it was observed that the SNP rs17070145

on KIBRA/WWC1 was associated with better spatial memory performance and more

landmark processing in older but not younger adults. Both of these findings showed

an age-related magnification of genetic effects on memory and hence are in line with

the resource modulation hypothesis.

Interestingly, while genetic effects in both cases were expected, the observed rela-

tions to the procedural and declarative aspects of memory were surprising. In fact,

these seemed to contradict the known relation of the genetic factors to brain processes

on the one hand and the known relation of brain processes to memory performance on

the other hand. In particular, the dependence of implicit/procedural memory on the

striatum would have predicted an effect of DA-related genes on implicit, but not ex-

plicit memory. Likewise, the link between the KIBRA protein and hippocampal LTP

would suggests that KIBRA has an effect on boundary-based learning. Instead, we

found that in older adults KIBRA had an effect on landmark-based learning. These

findings are clearly surprising at first, but at second sight they might be reflections

of the changes in brain-cognition relations that have been a topic of this thesis. This

idea is most clearly supported by our findings in Paper IV, in which landmark-related

processes in older adults were indeed linked to hippocampal activity, and hence pro-

vided support for the interpretation offered above. Moreover, the effect of DA-related

genotypes on implicit learning could be related to an increased role of the MTL in

implicit learning (Rieckmann et al., 2010).

5.1.4 Impairment of neural computations related to the procedural and the declarative

memory systems

While lesion-based animal studies only offered global insights into links between brain

areas and cognitive function, neurophysiological research has offered insights into some

of the neural mechanisms underlying declarative and procedural memory. In partic-

ular, numerous studies have shown that the striatum engages in the computation of
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prediction errors during reinforcement learning (Schultz, 2002). Moreover, it has been

reported that hippocampal neurons use boundary distance information in the compu-

tations underlying place cell firing (Burgess & O’Keefe, 1996). Model-based fMRI was

utilized in Papers II and IV to investigate these computations in older and younger

humans. Paper II utilized a reinforcement learning paradigm and showed that younger

and older adults learned equivalently well from negative outcomes, but younger outper-

formed older adults in learning from positive outcomes. Consistent with this picture,

younger adults had greater prediction error-related activity in the nucleus accumbens

during positive but not negative learning, indicating a partial age-related impairment

in these neural computations. Paper IV investigated the brain activity related to

boundary-based learning during a spatial navigation task. As mentioned above, the

analysis of memory performance indicated that younger adults used boundary distance

information to support memory of spatial locations, whereas older adults primarily re-

lied on a visual cue. Younger adults’ neural activity in the parahippocampal gyrus

during spatial learning was also greater for locations that were linked more strongly

to the boundary distance, but correlations between hippocampal activity and land-

mark processing were evident in older adults. These results are in line with changed

neural computations during spatial learning in older as compared to younger adults,

and might indicate a deficit in older adults’ neural implementation of a cognitive map.

Studies II and IV were the first to investigate age-related memory deficits on a level

of neural computations.

Neural dedifferentiation

In addition to this degradation on the level of neural computations, Paper IV observed

a changed pattern of brain activation in older adults. In terms of mean activation,

older adults showed hippocampal as well as striatal activation, whereas younger adults

showed activity only in the hippocampus and deactivation in the caudate nucleus.

Interestingly, the analysis of activity related to landmark processing showed that in

older adults hippocampus activity was associated with processes that in younger adults

have been shown to reside in the caudate nucleus. Using a more lenient statistical

threshold additionally revealed that activity in a striatal-hippocampal network was

related to cue-related spatial information processing. These results demonstrated that
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neural computations related to the striatum in younger adults can be found in the

MTL in older adults. This was also in line with the effect of KIBRA genotype on

landmark-based spatial learning in older adults found in Paper III. At the same time,

older adults exhibited grave performance impairment. To clarify whether this finding

can be interpreted as dedifferentiation or compensation, however, detailed analyses

linking the performance to an indicator of neural dedifferentiation will be necessary

(see section 2.2.6).

5.2 Limitations

5.2.1 Procedural and declarative memory systems

Despite many animal and patient studies showing dissociations between procedural

and declarative memory, the definitions of and the border between these two con-

cepts are often fuzzy. Different tasks that are assumed to be indicative of procedural

memory can vary with respect to cognitive factors such as the involvement of external

rewards (compare the reinforcement learning task used in Paper II and the implicit

serial learning task in Paper I ) and the accessibility by consciousness (compare the

SRTT to the spatial navigation task, where the aspect of consciousness is not clear).

Moreover, there is a continuing debate about the relation of episodic memory and spa-

tial memory based on a cognitive map (Eichenbaum et al., 1999; Kumaran & Maguire,

2005). Hence, some uncertainty with respect to the precise definitions of these concept

remains. In addition, the neural bases of either memory system are also not as clear as

some literature suggests. Neuroimaging studies rarely show isolated activations of the

striatum or the MTL during procedural or episodic memory, respectively, and often

indicate a prominent role of the frontal cortex in association with episodic memory and

a prominent role of the cerebellum during procedural learning. Lesion studies offer a

firmer basis for inference about the necessity of a brain region for a cognitive function,

but lesions might also induce (reorganizational) changes in other brain areas or their

connectivity – a possibility that is rarely accounted for. Patient studies suffer from the

same disadvantage and additionally cannot offer precise information about the location

of the distribution of the damages in the used sample. Additionally, some studies have

challenged the links between procedural and declarative memory functions and their
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proposed neural bases by showing that amnesic patients are impaired in implicit mem-

ory (Chun & Phelps, 1999), or hippocampal activation can be found during implicit

learning (Degonda et al., 2005; Schendan, Searl, Melrose, & Stern, 2003).

Many of the above-mentioned complications about the heterogeneity of the cogni-

tive constructs and their neural bases apply to this dissertation. To circumvent some

of these problems, the present dissertation sought to generalize some phenomena by

combining data from different paradigms. To establish definitions of the concept, the

functional neurobiology of younger adults was taken as a reference point for the terms

procedural and declarative memory. At the same time, this dissertation tried to al-

leviate some of these concerns by focusing on computational mechanisms that offer a

relatively precise definition of cognitive function.

5.2.2 Cross-sectional design

The aim of the present research was to provide further information about changes in

behavior and brain-behavior relations that occur during the course of aging. Strictly

speaking, however, these questions cannot be answered with a cross-sectional design,

because differences between age groups do not necessarily reflect longitudinal changes

(Hofer & Sliwinski, 2001) and hence the inference about longitudinal changes that can

be drawn from any cross-sectional study is limited. One particular relevant factor are

cohort effects – mean differences between different birth cohorts – which often ap-

pear in the form of educational differences and bias cross-sectional designs (Rönnlund,

Nyberg, Bäckman, & Nilsson, 2005). Likewise, in the present research on spatial nav-

igation (Papers III and IV ), cohort differences stemming from the vastly changed

environmental demands on mobility could be a contributing factor to the obtained

results. This assumption is for instance supported by data from the Seattle Longitu-

dinal Study that showed cohort effects in spatial orienting (Schaie, 1996). Moreover,

Nyberg and colleagues (Nyberg et al., 2010) showed that even changed brain patterns

(overrecruitment) can be a result that appears only in cross-sectional but not in lon-

gitudinal analyses and might be a reflection of selective age samples. Accordingly, the

here presented findings about changed brain activity and changed neural representa-

tions can only be interpreted with caution and eventually will need confirmation from

longitudinal studies.
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5.2.3 Neurogenetic approach

The many contradicting results of studies that combined cognitive neuroscience with

genetic data undoubtedly witness the methodological problems of the field (Payton,

2009; Green et al., 2008). The most prominent shortcoming of the present dissertation

in this regard is its small sample size, which – although not unusual in the literature –

does not meet the recommended criteria for neurogenetic studies. Previous studies have

shown that to-be-expected effect sizes are very small, often well below 1%, and given

an average power of 80% this would require a sample size of greater than 800 (Payton,

2009). Hence, a replication of the effects reported in Studies I and III will be necessary,

preferably using independent and much larger samples. A further criticism concerns

the investigated psycho- or neurological traits, which are relatively ill-defined and suffer

from measurement problems such as ceiling effects. As I outlined above (section 5.2.1),

the present dissertation also suffers from these limitations of imprecise definitions of

psychological traits. At the same time, however, the used measures of memory might

have been in the right range of difficulty and at the same time sensible enough to pick

up the reported associations. Previous research has indicated that genetic effects might

only be found at the right level of demand (Li, Chicherio, et al., 2010). In addition, the

potential value of the genetic findings presented here is increased by the investigations

of gene-gene as well as gene-age interactions. Given that proteins encoded by genes

often have many interaction partners, which in turn are influenced by different genes as

well as other biological factors such as age, studying such interactions might be crucial

for finding larger effects (Payton, 2009).

5.3 Future Directions and Conclusions

Memory is expressed in many ways, ranging from being able to drive a bicycle to

the ability to vividly re-experience past events. The neurobiology of memory reflects

this diversity. Accordingly, memory has been classified into different memory systems,

which are characterized by the kind of information that is stored and the systems of

neural structures that support these functions. The resulting taxonomy has proven to

be a greatly successful approach for describing and understanding the effects of many

neurological diseases on cognitive functioning. In many cases, isolated neural damage
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has been described to result in isolated impairment for one but not the other memory

system. Yet, the assumption that these memory systems are independent does not

seem to fully suffice to explain all evidence. Data on human memory and brain aging

is one interesting case that underlines this difficulty: the apparently equivalent age-

related impairment in the neurological bases of declarative and procedural memory do

not induce equivalent impairment in these memory functions.

A review of the literature suggested that the assumption of independence is coun-

tered by many available sources of evidence. Animal, patient and aging studies have

consistently shown that adverse effects on the neural substrate of one memory system

can have implications for the cognitive functioning of another system. Taken together,

the reviewed findings suggested that in a healthy brain, MTL- and striatum-based

memory are balanced. This balance is on the one hand stabilized by inhibitory connec-

tivity and on the other hand flexible enough to allow for shifts between the memory

systems with ongoing training, changed environmental or neurochemical conditions.

The underlying mechanisms of these observations are unclear, and the diversity of

findings suggests that they are probably caused by multiple factors.

Based on these insights, the question arises how the asymmetry in the cognitive

decline of procedural and declarative memory can be explained. The present disser-

tation was devoted to provide a starting point that could help to understand these

issues better. Paper I showed that age-differences in an implicit/procedural learning

task emerged because younger adults developed explicit/declarative memory and in-

creasingly used this memory. Paper II indicated that aspects of procedural memory

which were preserved in older adults were linked to preserved neural processes in the

striatum. It was demonstrated in Paper III that the asymmetric impact of aging of

memory could also be found in a spatial navigation paradigm that tested novel aspects

of procedural and declarative memory. Paper IV showed that in younger adults, neu-

ral computations related to declarative memory were reflected in behavior and neural

activity within the MTL. In older adults, in contrast, behavior and neural activity

within the striatum reflected procedural memory. Interestingly, however, older adults

also showed elevated MTL activity that was related to procedural memory. Hence,

these results indicated
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• partially intact procedural memory-related cognitive functions in older adults

• partially intact procedural memory-related neural processes in older adults

• the impact of memory system interaction on observable age-differences

• procedural memory-related neural processes in the MTL and the striatum of older

adults.

To further investigate the effect of factors that differentially influence neural processes

in the declarative and procedural memory system, Papers I and III utilized a neuro-

genetic approach. In line with the resource modulation hypothesis, both studies found

that genetic effects were only evident in older adults. Moreover, in both studies the

effect of the genotypes related to memory functions that in younger adults are ascribed

to the ‘opposing’ memory system. Specifically, genotypes related to DA processes in the

striatum affected declarative memory in Paper I and the polymorphism rs17070145 on

the hippocampus-related gene KIBRA/WWC1 affected procedural memory in Paper

III.

In conclusion, these results suggest that preserved performance in procedural mem-

ory tasks was related to preserved neural computations in the striatum. Moreover,

however, procedural memory functioning was also affected by KIBRA rs17070145 and

procedural memory related neural computations could be found in the MTL. Hence,

in addition to striatal functioning, the MTL was also related to procedural memory in

older adults. The exact reason for the latter findings remains unclear. In principle these

results are in line with the computational theory of neuromodulation (e.g., Li et al.,

2001) which predicts dedifferentiated neural activation. As outlined above, one inter-

esting possibility concerns a changed balance between the MTL- and striatum-based

system that could for example result from less inhibition between the two systems.

From a different perspective, the findings could also indicate a compensatory mecha-

nism (Rieckmann et al., 2010). The present results extended beyond previous reports

as they showed activity related to neural computations rather than just elevated mean

activity. Because from Paper IV it appears that the additional MTL activation was

indeed carrying out computations that are localized in the striatum in younger adults,

this result was consistent with one of the key properties of compensation.
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These conclusions provide avenues for future research. Firstly, analyzing the func-

tional and structural connectivity between the MTL and the striatum will be an impor-

tant endeavor to understand the possibility of a changed balance between the declar-

ative and procedural memory systems. Secondly, detailed analyses that quantify the

match between the localization of neural computations in younger and older adults

will be necessary to understand the link between the changed localization and memory

performance. Thirdly, relating age-related changes in the structural and neurochemical

state of the procedural and declarative memory systems to the localization of neural

processes and the performance will give further important insights. Finally, a lon-

gitudinal approach to all these research enterprises will be of crucial importance to

understand the effect of age-related changes on changes in memory performance and

its underlying neural mechanisms.
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