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Abstract 

In the field of imaging genetics, brain function and structure are used as 
intermediate phenotypes between genes and cognition/diseases to validate 
and extend findings from behavioral genetics. In this thesis, three of the 
strongest candidate genes for episodic memory, KIBRA, BDNF, and APOE, 
were examined in relation to memory performance and 
hippocampal/parahippocampal fMRI blood-oxygen level-dependent (BOLD) 
signal. A common T allele in the KIBRA gene was previously associated with 
superior memory, and increased hippocampal activation was observed in 
noncarriers of the T allele which was interpreted as reflecting 
compensatory recruitment. The results from the first study revealed that 
both memory performance and hippocampal activation at retrieval was 
higher in T allele carriers (study I). The BDNF 66Met and APOE ε4 alleles 
have previously been associated with poorer memory performance, but 
their relation to brain activation has been inconsistent with reports of both 
increased and decreased regional brain activation relative to noncarriers. 
Here, decreased hippocampal/parahippocampal activation was observed in 
carriers of BDNF 66Met (study II) as well as APOE ε4 (study III) during 
memory encoding. In addition, there was an additive gene-gene effect of 
APOE and BDNF on hippocampal and parahippocampal activation (study III). 
Collectively, the results from these studies on KIBRA, BDNF, and APOE 
converge on higher medial temporal lobe activation for carriers of a high-
memory associated allele, relative to carriers of a low-memory associated 
allele. In addition, the observed additive effect of APOE and BDNF 
demonstrate that a larger amount of variance in BOLD signal change can be 
explained by considering the combined effect of more than one genetic 
polymorphism. These imaging genetics findings support and extend 
previous knowledge from behavioral genetics on the role of these memory-
related genes. 
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Populärvetenskaplig sammanfattning 
(Swedish summary) 

Inledning och syfte 
Varför har en del personer bättre minne än andra? Och varför drabbas vissa 
individer av uttalade minnesnedsättningar när de blir gamla medan andra 
bibehåller ett gott minne även i hög ålder? Tvillingstudier har visat att 
ungefär hälften av variationen i minnesprestation inom befolkningen kan 
kopplas till miljöfaktorer och andra hälften till genetiska faktorer. För att 
förstå hur minnet fungerar, och i förlängningen till exempel kunna utveckla 
mediciner mot demens, är det viktigt att kartlägga vilka gener som är 
inblandade och dess specifika mekanismer. En viktig pusselbit är hur 
variationer i våra gener påverkar hjärnfunktioner som är kopplade till 
minne. Hippocampus är ett område i hjärnan som är centralt för inlärning 
och framplockning av långtidsminnen. Hippocampus är framför allt viktigt 
för minnen av saker vi har varit med om, men även för faktaminne.  

Hjärnans funktion kan studeras med hjälp av funktionell 
magnetkameraavbildning (fMRI), som ger ett indirekt och relativt mått på 
hjärnaktivering. fMRI har de senaste åren använts för att jämföra aktivering 
i hjärnan mellan personer som är bärare av olika genvarianter (Imaging 
genetics). På så sätt kan vi få ökad kunskap om på vilket sätt specifika 
genvarianters funktion är kopplade till t.ex. minne. Tidigare studier av gener 
i relation till hjärnaktivering har gett motstridiga resultat, med både ökad 
och minskad aktivering hos bärare av genvarianter som är associerade till 
bättre minne.  

Huvudsyftet med den här avhandlingen var att studera tre av de 
gener som i tidigare studier visat den starkaste kopplingen till 
minnesprestation, KIBRA, BDNF och APOE, i relation till aktivering i 
hippocampusområdet. 

Metod 
fMRI har använts för att mäta aktivering i hippocampusområdet medan 
försökspersoner gör en minnesuppgift. Uppgiften går ut på att memorera 
namn till ansikten som visas, för att senare dra sig till minnes namnen när 
ansiktena visas igen. Aktiviteten i hippocampusområdet jämfördes mellan 
personer med olika genvarianter i KIBRA, BDNF och APOE. Den 
kombinerade effekten av BDNF och APOE har också studerats. Mellan 64 
och 194 friska personer i åldrarna 55-75 år har ingått i dessa analyser, vilket 
är ovanligt stora grupper när det gäller fMRI-studier.  
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Även prestationen på olika minnestest har studerats i relation till 
samma genvarianter. I dessa analyser har ca 2200 friska personer i åldern 
35-85 ingått.  

Resultat och diskussion 

Studie I 
KIBRA är en gen som nyligen kopplats till episodiskt minne. Personer som är 
bärare av en viss T allele, eller genvariant, av KIBRA har i genomsnitt bättre 
minne är ickebärare. Endast en tidigare studie har undersökt KIBRA i 
relation till hjärnaktivering och funnit högre hippocampusaktivitet hos 
ickebärare av T allelen, och tolkat det som att ickebärarna behövde aktivera 
hippocampus starkare för att kunna prestera lika bra -en slags 
kompensation. I den här studien ville vi undersöka detta. I relation till 
minnesprestation fann vi samma sak som i den tidigare studien: bättre 
minne hos T bärare. I relation till hjärnaktivering fann vi dock motsatta 
resultat: högre aktivering i hippocampus hos T bärarna. Eftersom ökad 
hippocampusaktivering tidigare kopplats till bättre minne så tyder våra fynd 
tyder på att en mer välfungerande hippocampus kan ligga till grund för 
bättre minne hos T bärare.  

Studie II 
En känd genvariant av BDNF är sedan tidigare kopplad till sämre minne. 
Studier av BDNF i relation till hjärnaktivering har påvisat motstridiga 
resultat. Den här studien syftade till att undersöka BDNF i relation till minne 
och hjärnaktivering hos ett stort antal försökspersoner (totalt 194 
personer). I linje med studie I hade bärare av en genvariant som associerats 
till bättre minne högre hjärnaktivering i området kring hippocampus än 
bärare av en variant som associerat till sämre minne. Vi såg dock ingen 
effekt av BDNF i relation till minnesprestation, vilket kan förklaras av att det 
är svårare att detektera en genetisk effekt på beteendemått än på 
hjärnfunktion, möjligen p.g.a. att beteende ligger ett steg längre ifrån 
genens faktiska funktion.  

Studie III 
I det tredje delarbetet studerades APOE genen, samt den kombinerade 
effekten av APOE och BDNF, i relation till hjärnaktivering. Vi fann att den 
variant av APOE som tidigare kopplats till sämre minne är associerad med 
minskad aktivering i hippocampusområdet. Därefter fann vi att effekten av 
BDNF x APOE på hippocampusaktivering är additativ: personer med 
genvarianter av både APOE och BDNF som kopplats till sämre minne hade 
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lägst aktivering, personer med en m.a.p. minnesprestation ofördelaktig 
genvariant i antingen APOE eller BDNF hade medelhög aktivering och 
personer som inte hade någon av dessa ofördelaktiga varianter hade högst 
aktivering i hippocampus. Den kombinerade effekten av båda generna var 
starkare än effekten av vardera genen för sig.  

Generella slutsatser 
Ett genomgående fynd i avhandlingen är att personer som är bärare av 
genvarianter som kopplas till bättre minne har ökad aktivering i 
hippocampus. Det tyder på att dessa personer har en bättre 
hippocampusfunktion, vilket i sin tur kan ligga till grund för kopplingen till 
minnesprestation. Vi har inte funnit stöd för den tidigare framhållna teorin 
om kompensatoriskt ökad aktivering hos bärare av alleler som är kopplade 
till sämre minne. En anledning till de tidigare fynden kan vara att lättare 
uppgifter har använts som inte kräver lika hög aktivering av hippocampus.  

En stor del av variationen i minne beror på genetik, men många 
gener bidrar och effekten av varje enskild gen på både minne och 
hjärnaktivering är oftast väldigt liten. Genom att beakta mer än en 
genvariant kan vi förklara en större andel av variationen mellan individer 
som beror på genetik. 

Resultaten från den här avhandlingen är viktiga för vår förståelse av 
hur minnet fungerar, men är även av relevans för sjukdomar som är 
kopplade till dysfunktion i hippocampus.  
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1 Introduction 

Are you one of those people who can recollect every single scene from a 
movie you saw several years ago? Or have you rather developed strategies 
for how to behave when meeting someone that appears to know you well, 
but looks like a total stranger to you? The normal variation in memory 
among healthy individuals is large. This difference is perhaps most 
noticeable in older age, where some healthy individuals suffer from a 
pronounced age-related memory decline with a large negative impact on 
life satisfaction, whereas others have a relatively intact memory.  

By studying identical and fraternal twins, it has been estimated that 
about half of the variation in memory ability in a healthy population can be 
attributed to genetic differences. However, the specific genetic variations 
that have been linked to memory to date only account for a small amount 
of this variation. Most of the genetic impact on memory and other complex 
phenotypes are yet to be discovered. Further, regarding genes that are 
identified, we need to know more about their biological mechanisms and 
pathways in the chain from genetic variation to an effect at the level of 
proteins, cells, brain function, and finally behavior. Such information can for 
example be used to identify new targets for drugs directed to diseases with 
a link to memory or related biological processes.  

The recent development of high-throughput genotyping techniques 
now allows for fast and reliable genotyping of large numbers of participants 
and genetic variants, and the techniques are continuously becoming more 
sensitive. Functional brain imaging techniques have also developed 
relatively recently, with blood-oxygen level-dependent (BOLD) fMRI being 
the dominating technique, used as an indirect measure of brain activation. 
The field of imaging genetics has taken advantage of both of these 
technical developments to study genetic variations of relevance for various 
cognitive and disease phenotypes at the level of neural circuits. Imaging 
genetics is an exciting and growing research field, and constitutes the 
foundation that this thesis rests upon. 
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2 Background 

In this section, the theoretical background of relevance to this thesis work 
will be reviewed. We will start with human memory and thereafter discuss 
the genetics of memory and the brain imaging technique that has been 
used. Finally, these areas will be integrated in the last section, imaging 
genetics.  

2.1 Human memory 
Human memory consists of several separate systems. What are their 
psychological characteristics, neural underpinnings, and molecular basis? In 
this section, we will consider knowledge about memory gained from lesion 
studies, animal models, and functional brain imaging. The focus will be on 
hippocampus-based memory systems. 

2.1.1 Memory systems 
Human memory is classified into separate systems based on both 
psychological/behavioral aspects, such as the type of information to be 
remembered and dissociations between task performances (Nyberg and 
Tulving, 1996), and neurophysiological distinctions. Early lesion studies of 
amnesia patients have revealed that brain damage can differentially affect 
different sorts of memory depending on the location of the damage 
(Scoville and Milner, 1957, for a review see Gazzaniga et al., 2002). More 
recent functional neuroimaging studies have further showed that different 
memory systems engage different brain regions (Cabeza and Nyberg, 2000).  

A broad temporal distinction is made between sensory memories, 
lasting from milliseconds to seconds, short-term memories (STM), lasting 
from seconds to a few minutes, and long-term memories (LTM), that can 
last for a few minutes up to a whole lifetime (Gazzaniga et al., 2002). 
Additionally, the term working memory refers to information that is 
temporally stored and manipulated in order to perform complex cognitive 
tasks (Baddeley, 1992). LTM can be divided into memories that we are 
consciously aware of, referred to as declarative memories, and memories 
that are unconscious, i.e. non-declarative memories (Squire et al., 1993). 
Non-declarative (or implicit) memory is expressed through performance 
rather than recollection, and includes motor skills, priming, classical 
conditioning, and non-associative learning (Gazzaniga et al., 2002). These 
memory systems are evolutionary older than declarative memory, and 
dependent on the cerebellum, striatum, and the sensory and motor areas 
that were originally used during learning. Declarative (or explicit) memory 
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can be divided into memory for facts and knowledge about the world, 
called semantic memory, and memory for past experiences in our life, 
named episodic memory (Tulving, 1983).  

Specifically, episodic memory allows us to mentally travel back in 
time and re-experience past experiences from a particular spatial and 
temporal context (Tulving, 2002). Some argue that episodic memory is the 
evolutionary youngest memory system and only exists in humans, although 
it is difficult to empirically investigate these arguments (Squire, 2004). 
Semantic and episodic memories are dependent on overlapping as well as 
separate brain areas, as we will see in section 2.1.3.  

The three major stages in declarative memory processing are 1) 
encoding, which can occur both intentionally and incidentally, 2) 
consolidation/memory storage and 3) retrieval, in which familiarity can be 
distinguished from recollection. This distinction is also physiologically 
relevant as we will touch upon later on.  

It should be noted that the different classes and components of 
memory outlined above work in parallel and are therefore not easily 
isolated in practice (Squire, 2004). Laboratory tests that aim to measure 
certain aspects of memory often contain components of other memory 
systems to various degrees. For example, immediate free recall of a list of 
words in presence of a distraction task probably involves components of 
both episodic memory and working memory. Functional MRI has enabled 
the investigation of the neural correlates of encoding and retrieval 
processes individually, although they cannot be totally separated. The 
presence of new materials during encoding can function as a retrieval cue 
to elicit recall of old memories that are associated to the material. Likely, 
during a retrieval task, there might be components of re-encoding. This 
should be kept in mind in the succeeding discussion.  

2.1.2 The physiological basis of memory 
Memory is considered to be the result of altered strengths of synaptic 
connections in a network of neurons (Eichenbaum, 2004; Gazzaniga et al., 
2002). In this way, information from different sensory modalities can be 
stored in the same network, and elicit recollection of the whole 
representation when part of it is given as a retrieval cue (Gazzaniga et al., 
2002). 

At the cellular level, STM rely on post-translational modifications of 
existing synaptic proteins. One such short-term synaptic plasticity 
mechanism is synaptic facilitation, a transient synaptic strengthening that 
occurs when two or more action potentials reach the presynaptic terminal 
within short time intervals, causing more neurotransmitters to be released 
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(Purves et al., 2004). There are also other short-term synaptic 
modifications, such as synaptic depression and post-tetanic potentiation 
(for details, see Purves et al., 2004). LTM is in turn dependent on long-
lasting synaptic strengthening, known as long-term potentiation (LTP), as 
well as long-lasting decreases in synaptic strength called long-term 
depression (LTD). LTP mechanisms can be divided into an early phase and a 
late phase. In early-phase LTP, high-frequency stimulation of axons causes 
an increase in the amplitude of the excitatory postsynaptic potential in the 
neuron that the axon projects to that lasts for between minutes and up to a 
week (Purves et al., 2004). There are several properties of LTP that are 
consistent with a role in learning and memory: first, LTP is state-dependent, 
meaning that the synapse undergoes LTP if the stimulus is paired with a 
depolarization of the postsynaptic cell. This is possible through the function 
of the NMDA receptor channel, which requires both depolarization of the 
postsynaptic cell and glutamate binding to open and allow Ca2+ ions to flow 
into the post-synaptic cell. Second, LTP is specific to synapses that are 
activated. A third important property of LTP is associativity. A weak 
stimulation that does not by itself trigger LTP will induce LTP if a 
neighboring synapse to the same cell is strongly activated at the same time. 
The flush of Ca2+ into the postsynaptic cell activates a cascade of reactions 
involving Protein Kinase C (PKC) and other molecules. This finally ends with 
the insertion of additional AMPA receptors, which gives rise to an increased 
sensitivity to glutamate (Purves et al., 2004). For synaptic plasticity to last 
longer, the late phase of LTP is necessary. Late-phase LTP involves 
expression of synaptic growth proteins that cause existing synapses to 
grow, and probably also leads to the formation of new synapses (Dudai, 
2002). 

2.1.3 Hippocampus and the medial temporal lobe 
Declarative memory is critically dependent on the hippocampus and 
adjacent regions in the medial temporal lobe (MTL), although prefrontal 
and parietal cortical regions are also involved. The critical role of the 
hippocampus was empirically demonstrated more than fifty years ago in 
studies of the famous amnesic patient “H.M.”. After bilateral removal of the 
hippocampus in epilepsy surgery, H.M. could no longer create new 
declarative memories. His short-term and working memory functions were, 
however, intact, and he could still acquire new non-declarative memories, 
such as mirror drawing, through repetitive practice (Scoville and Milner, 
1957).  

Other lesion studies have suggested that the hippocampus is 
particularly needed to create new declarative memories, but not equally 
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crucial for long-term memory storage (Gazzaniga et al., 2002). MTL lesions 
are related to retrograde amnesia, but do not affect memories of events 
that happened more than a few years before the lesion. After head trauma, 
retrograde amnesia is more likely for recent events. This is likely an effect 
of changes in memory storage over time after the initial acquisition, known 
as memory consolidation. According to the standard model of memory 
consolidation, the hippocampus is important in the process of forming new 
memories and in the consolidation of memory into long-term memory, but 
is not considered to be the place for long-term storage. Memories are 
instead thought to be stored throughout the neocortex, as strengthened 
associations of the circuits that were originally engaged during memory 
acquisition (Squire and Zola-Morgan, 1991). However, there are also 
alternative models, such as the multiple trace theory of human memory, 
where hippocampus is crucial for episodic recollection regardless of how 
old the memory is, but is not crucial for semantic memory retrieval (Nadel 
et al., 2000). 

Anatomically, the MTL consists of the hippocampus and adjacent 
cortical areas including the parahippocampal (PHC), entorhinal (EHC), and 
perirhinal (PRC) cortices, collectively referred to as the parahippocampal 
region (Figure 1), and the amygdala. The hippocampal formation is a curved 
structure that consists of the subiculum, hippocampus proper (Cornu 
Ammonis, CA, or Ammon’s horn, 1-4), and the dentate gyrus. Information 
processing in the MTL can be divided into a “what” pathway and a “where” 
pathway. In the former, the PRC receives neocortical input with qualitative 
information about objects. In the latter, information about the location of 
objects enters the PHC. Thereafter, both streams converge in the 
hippocampus, where a memory of the item in a particular context is 
created (Figure 1) (Eichenbaum et al., 2007). During retrieval, the 
hippocampus projects back to these streams to recover the complete 
memory. According to the dual-process theory, the parahippocampal 
region is sufficient for familiarity, whereas the hippocampus is needed for 
recollection (Eichenbaum et al., 2007). For example, when we see the face 
of someone we have met before, the PRC first signals familiarity (“what”). 
Then the hippocampus receives input about the face and, if we’re lucky, 
projects back to the PHC (“where”) to enable us to remember the context 
in which we have met this person –fast enough not to put us in an 
embarrassing situation. The distinct role of the hippocampus in recollection 
and the parahippocampal region in familiarity is supported by lesion studies 
of both humans (Yonelinas, 2002) and rats (Fortin et al., 2004) with 
selective hippocampal damage. 
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2.1.4 Functional brain imaging of declarative memory 
The functional brain response to specific aspects of declarative memory has 
been studied with different study paradigms, of which some will be 
described here. Although results have varied between studies, some 
general patterns can be recognized. Findings in relation to the MTL are of 
greatest relevance to this thesis and will therefore be of focus here, but 
other areas, such as the prefrontal cortex, are also frequently involved 
(Nyberg et al., 1996a; Rugg et al., 2002). For technical details of functional 
magnetic resonance imaging (fMRI) as an indirect measure of brain 
activation, see section 2.3. 

fMRI studies have consistently shown increased MTL activation 
during both encoding and retrieval of declarative memory relative to 

Figure 1. Anatomical location and functional organization of the Medial temporal lobe. 
Reprinted from Eichenbaum (2007), Ann Rev Neurosci with permission. Red= 
Hippocampus, blue & PRC = perirhinal cortex, green & PHC = parahippocampal cortex, 
LEA = lateral entorhinal area, MEA = medial entorhinal area.  
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baseline tasks (for review see Squire et al., 2004 or Cabeza and Nyberg, 
2000). One often-used approach is the “subsequent memory” paradigm, in 
which brain activation during encoding of study items that are remembered 
during a subsequent recall test is compared with brain activation for study 
items that are later forgotten. This approach has revealed that successful 
encoding is associated with increased brain activation in both the 
hippocampus (e.g. Fernández et al., 1998) and the PHC (e.g. Brewer et al., 
1998; Wagner et al., 1998). According to a meta-analysis of 74 subsequent 
memory studies, there was a strong subsequent memory effect in 
hippocampal regions for encoding of pictorial material, and a weaker effect 
for verbal material (Kim, 2010).  

Also during retrieval, the MTL is activated during successful 
remembering, whereas retrieval attempt is not sufficient to elicit MTL 
activation (Nyberg et al., 1996b). Further, episodic recollection elicits 
stronger activation in the hippocampus than retrieval that is only based on 
familiarity (Eichenbaum et al., 2007; Eldridge et al., 2000). Eldridge et al. 
(2000) used the “remember-know” paradigm, and found that brain 
activation in the hippocampus was increased during retrieval of previously 
encoded words that participants indicated to “remember” (recollection-
based), relative to words that participants indicated either to “know” 
(familiarity-based) or as being “new” (forgotten). Others argue that the 
remember-know paradigm might as well be interpreted in terms of 
stronger (remember) and weaker (know) memories, and that increased 
brain activation in both the hippocampus and parahippocampus is 
associated with strong memories relative to weaker memories (Squire et 
al., 2007; Wais, 2008). Wais (2011) found that the magnitude of 
hippocampal activation during retrieval was higher for memories with 
higher confidence ratings.  

The magnitude of brain activation in the MTL during both encoding 
and retrieval has also been related to availability and accessibility of 
memory. Habib and Nyberg (2008) compared brain activation during 
encoding and cued recall among items that were both recalled and 
recognized (i.e. “accessible”), not recalled but recognized (i.e. “available, 
but inaccessible”), and neither recalled nor recognized (i.e. “unavailable”). 
The degree of activation in the hippocampus during encoding, and in the 
PHC during cued recall, was highest for “accessible”, intermediate for 
“available but inaccessible”, and lowest for “unavailable” items.  

Other studies have specifically linked the hippocampus to associative 
memory processing (Davachi, 2006; Killgore et al., 2000; Staresina and 
Davachi, 2006). For example, Davachi & Wagner (2002) showed that the 
hippocampus is involved in both relational and item-based memory 
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encoding, but is more strongly activated during relational relative to item-
based processing.  The parahippocampus showed the opposite pattern 
(Davachi and Wagner, 2002). Further on, hippocampus has been related to 
novelty detection by being more strongly activated during initial than 
repeated stimuli presentation (Stern et al., 1996; Tulving et al., 1994). 
Another aspect of memory is for how long a certain memory lasts. One 
study found higher hippocampal activation during encoding of memories 
that were subsequently remembered both after ten minutes and after one 
week relative to memories that were remembered after ten minutes, but 
forgotten one week later (Carr et al., 2009). 

As previously mentioned, MTL is not the only brain area involved in 
memory processing. A network of brain regions, including areas in the 
prefrontal cortex and sensory association cortices, has been related to 
encoding (Brewer et al., 1998; Wagner et al., 1998) and retrieval processing 
(Eldridge et al., 2000). Currently perceived information is considered to be 
represented in respectively association cortices, and the same association 
areas that were active during encoding have been shown to be reactivated 
during retrieval (Nyberg et al., 2000). Further, the prefrontal cortex and the 
MTL interact during the cognitive processes that are involved in both 
encoding and retrieval (Simons and Spiers, 2003). Here, the prefrontal-MTL 
interaction provides top-down control over the encoding of perceived 
information into memory. During retrieval, these interactions serve to find 
a stored representation that can match a given retrieval cue, facilitate 
reactivation of appropriate association cortices, and evaluate the 
reactivated information (Simons and Spiers, 2003). Depending on the type 
of stimuli to be encoded, different prefrontal regions are involved in this 
process (Simons and Spiers, 2003).  

In summary, increased magnitude of MTL activation during both 
encoding and retrieval has been linked to various positive aspects of 
remembering, including successful remembering, remembering based on 
recollection rather than familiarity, memory confidence, and the durability 
of memory. 
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2.2 Genetics of memory 
Variability in memory performance and other behavioral phenotypes within 
a population is caused by both genetic and environmental differences, as 
well as their interplay. How much of the variation in memory performance 
is due to genetics and what genes have been identified so far? 

2.2.1 Key concepts in genetics 
I will start section 2.2 with a brief introduction to genetics for readers who 
are unfamiliar with the genetics field. I will cover only the basics that are 
needed to understand the concepts and terminology used in this thesis. For 
more information on this, see for example Hartwell et al. (2004). 

The human genome consists of 23 pairs of chromosomes. One 
chromosome in each pair is inherited from our mother and one from our 
father. Thus, we have two copies of all genes. Chromosomes are densely 
packed deoxyribonucleic acid (DNA) molecules. The DNA molecule has the 
form of a double-stranded helix, with “backbones” made of alternating 
sugar and phosphate groups, which are connected by the binding of 
nucleobases attached to the sugar groups. Thus, each strand consists of a 
long polymer of sugar+phosphate+nucleobases units called nucleotides. 
There are four different nucleotides, Adenine (A), Thymine (T), Cytosine (C), 
and Guanine (G), which create the base pairs A-T and C-G. The nucleotide 
sequence of the DNA makes up the genetic code that determines the amino 
acid sequence of proteins. Simplified, one gene is a sequence of DNA that 
encodes the primary structure of one protein, and there are about 22 000 
genes in the human DNA. There are also large parts of non-coding DNA. 
Gene expression refers to the creation of a protein from DNA, which 
includes transcription of DNA into mRNA, and translation of mRNA into 
protein. Levels of both mRNA and proteins in different tissues or cell types 
can be measured with various techniques to investigate gene expression. 
Gene expression also varies within a certain cell over time. 

There are several types of genetic variations, but at most sites, the 
DNA sequence is exactly the same in all individuals. In this thesis, I have 
studied a form of genetic variation that is called single nucleotide 
polymorphism (SNP). This refers to a point mutation in one single base-pair, 
so that there are two different nucleotides at a certain position that are 
both present in more than 1% of the population. Some SNPs cause an 
amino acid substitution in the encoded protein, for example the BDNF 
Val66Met (rs6265) polymorphism in this thesis where the 66th amino acid of 
the BDNF protein can be either Valine or Methionine. Such nonconservative 
SNPs might alter the function of the protein. An intron is a part of a gene 
that is removed from the mRNA before protein translation (mRNA splicing). 
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Intronic SNPs therefore do not alter amino acids. Such SNPs can instead be 
referred to by its rs-number, such as KIBRA rs17070145 in this thesis. Some 
intronic SNPs have a functional impact on the regulation of gene 
transcription, although the majority has no function but might show a 
statistical relation with a trait by being inherited together with a functional 
SNP in a nearby region. The two SNPs are then said to be in linkage 
disequilibrium (LD).  Other kinds of genetic variation (known as structural 
variants) include copy-number variants, where a short sequence of DNA is 
repeated a different number of times in different individuals, but also 
insertions, deletions, and translocations of pieces of DNA.  

Allele refers to a certain variant of a gene. It can be used to refer to 
one of the two possible amino acids at a certain position in the protein (e.g. 
the Val66 allele of BDNF), or one of the nucleotides at a position in the DNA 
(e.g. the C allele of rs17070145 in KIBRA), or even a certain combination of 
two SNPs, such as the APOE ε4 allele. As we have two copies of each gene, 
each individual has two alleles, which together make up that persons 
genotype, for example BDNF Val/Val, Val/Met or Met/Met. Homozygote 
refers to an individual with two copies of the same allele, whereas 
heterozygotes have two different alleles. 

2.2.2 The heredity of memory 
The most basic prerequisite for genetic studies is that the phenotype that is 
being studied is actually heritable. Heritability estimates are used to 
indicate how large proportion of the variance of a trait in a certain 
population can be statistically attributed to genetics. Within a single 
individual, however, it is not meaningful to speak about the relative 
importance of genes versus environment as we cannot exist without both 
of them. Heritability estimates are generally based on twin and adoption 
studies. One common procedure for twin studies is to compare the 
concordance of an outcome between monozygotic (identical) twins, whom 
have identical genomes, as well as between dizygotic (fraternal) twins, 
whom share 50% of their genome. A larger concordance for monozygotic 
twins indicates a genetic influence. A rough heritability estimate is received 
by doubling the difference between monozygotic and dizygotic twin 
correlations for a given trait (Plomin et al., 2001). The twin study design 
relies on the assumptions that mono and dizygotic twins have an equally 
shared environment, and that twins are representative for the population. 
In support for the validity of the first assumption, it has been shown that 
monozygotic twins that were misclassified by parents as fraternal twins are 
equally similar as monozygotic twins that were raised as identical twins 
(Plomin et al., 2001). As to whether twins are representative, twins on 
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average are born with lower birth weight and have slower language 
development than singletons, but catch up in early school year (Plomin et 
al., 2001).  

Twin studies have estimated the heritability of memory to between 
30 and 60% (Bouchard et al., 1990; Finkel et al., 1995; Volk et al., 2006). 
One example is a study by McClearn et al. (1997), which included 110 pairs 
of monozygotic twins and 130 pairs of dizygotic twins of the same sex from 
the Swedish twin registry and a number of tests from several different 
cognitive domains. Here, all participants were 80 years old and above, and 
the heritability estimate for memory was 52%. Other cognitive domains had 
a heritability estimate of between 32% (spatial ability) and 62% (general 
cognitive ability).  

Gene-environmental correlations and interactions 
There are not only discrete effects of the environment and genetics on 
behavior and disease. Our genetics also impact our exposure as well as our 
sensitivity and/or susceptibility to environmental factors.  

An example of a gene-environmental correlation could be that 
parents with low intelligence are more likely to provide a less stimulating 
environment to their offspring than parents with high intelligence, both 
being related to lower intelligence in the offspring (Plomin et al., 2001). 
There are also active correlations, when our genes influence our behavior in 
a way such that we choose an environment that influences our behavior in 
the same direction as the genetics (Plomin et al., 2001). We simply prefer to 
do what we have talent for, and becomes even better at that with practice. 
In this way, genetic differences between individuals are often enhanced by 
environmental factors – both passively and actively.  

Gene-environmental interactions (GxE) describe situations where the 
relation between genetic factors and a certain trait depends on 
environmental factors.  There are many models of GxE, but a simple 
example is situations where the relative risk to develop a disease is 
multiplicatively larger in participants with both genetic and environmental 
susceptibility factors (Hunter, 2005). One such example is the interaction 
between APOE ε4 and hypertension on the risk for cognitive decline (Peila 
et al., 2001).  

2.2.3 Candidate genes 
In the search for candidate genes for episodic memory, results from studies 
of gene expression and gene function in animal models are often 
considered (Bearden et al., 2012; Papassotiropoulos and de Quervain, 
2011). For example, in knockout studies of mice, the effect of inactivating a 
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gene can be studied. Another way to identify common polymorphisms 
related to a certain phenotype is genome wide association studies (GWAS). 
In GWAS, 500 000 or more tag-SNPs spread out across the genome are 
examined in relation to a certain trait (McCarthy et al., 2008). The tag-SNPs 
are selected such that all SNPs in the whole genome (i.e. a substantially 
larger number) should be in LD with at least one of the tag-SNPs. The tag-
SNPs are therefore seldom functionally related to the trait, but rather show 
a statistical relation. GWAS can be used both in case-control studies and for 
quantitative traits, such as memory performance. In order to reduce false 
positive findings from the large amount of comparisons that are made in 
GWAS, SNPs with the strongest association to a particular trait of interest in 
the GWAS discovery sample are usually examined in one or several 
independent replication samples (McCarthy et al., 2008).  

I will next review the literature of specific candidate genes with a 
particularly strong link to episodic memory function, focusing on the genes 
that have been examined in this thesis. I will cover the relation to memory 
performance as well as the cellular role of the genes. Findings in relation to 
brain activation will be reviewed in section 2.4.3.  

KIBRA 
The first GWAS of episodic memory identified a common intronic C  T 
substitution in KIBRA (rs17070145) as memory related (Papassotiropoulos 
et al., 2006). Carriers of the T allele had better performance than C 
homozygotes on delayed recall tests of verbal materials, both after 5 min 
and after 24 h  (Papassotiropoulos et al., 2006). The effect on delayed recall 
was replicated in two independent samples, whereas there was no effect 
on immediate recall. The finding of increased memory in T allele carriers 
was further replicated in subsequent studies (Bates et al., 2009; Preuschhof 
et al., 2010; Schaper et al., 2008; Vassos et al., 2010), although one study 
failed to find an association despite using the same task as in the original 
study (Need et al., 2008). A recent meta-analysis of KIBRA in relation to 
memory performance found a significant effect between rs17070145 and 
episodic memory, based on 17 studies, as well as working memory (or 
short-term memory tests), based on 9 studies (Milnik et al., 2012). The 
effect size of individual genes in relation to cognition is usually small. Milnik 
et al. (2012) estimated the amount of variance in episodic memory 
performance that is explained by the rs17070145 genotype to 0.5%. 
Further, a meta-analysis showed a trend for decreased risk for Alzheimer’s 
disease in T allele carriers (Burgess et al., 2011).  

The official name of KIBRA (as provided by the HUGO Gene 
Nomenclature Committee, HGNC) is WW and C2 domain containing 1 
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(WWC1), but the gene is more often referred to as KIBRA in the imaging 
genetics literature. KIBRA is localized at chromosome 5 and encodes a 
protein that is expressed mainly in the kidney and the brain. Expression in 
the brain is particularly high in memory-related areas of the brain, including 
the hippocampus (Papassotiropoulos et al., 2006). Within neurons, KIBRA is 
found mostly in the perinuclear region and in the postsynaptic density 
(Johannsen et al., 2008). KIBRA is involved in various cellular functions such 
as cell polarity, vesicle transport, and synaptogenesis by its interaction with 
other proteins. There are at least ten direct interaction partners of KIBRA, 
including three postsynaptic proteins: Dendrin, Synaptopodin, and Protein 
Kinase C ζ (PKCζ), of which PKCζ has been suggested as the strongest link to 
a functional role of KIBRA in memory (Büther et al., 2004; Schneider et al., 
2010). The constitutively active form of PKCζ, called PKMζ, is necessary for 
maintenance of LTP in the hippocampus (Schneider et al., 2010). By 
inhibiting PKMζ in rats, spatial long-term memory maintenance is disrupted 
(Serrano et al., 2008). Another important binding partner of KIBRA is PICK1, 
crucially involved in synaptic plasticity through both LTP and LTD processes 
in the hippocampus. Makuch et al. (2011) found that PICK1 and KIBRA form 
a complex with AMPA receptors, which are the major excitatory 
neurotransmitter receptors in the brain. In KIBRA knockout mice, they 
found an effect on AMPA receptor recycling. Further, the KIBRA deletion 
caused impaired LTP and LTD in hippocampal synapses as well as deficit 
fear learning in mice (Makuch et al., 2011). 

BDNF 
Brain-Derived Neurotrophic Factor (BDNF) is a member of a family of 
signaling proteins called neurotrophins (Barde et al., 1982), crucially 
involved in neuronal survival and differentiation both during development 
and throughout life (Bramham and Messaoudi, 2005). Among 
neurotrophins, BDNF has a unique role in plasticity of adult glutamate 
synapses in the hippocampus (Bramham and Messaoudi, 2005). The protein 
is present both in axon terminals and in the dendrites of principal neurons. 
BDNF expression and secretion is regulated in an activity-dependent 
manner upon high frequency stimulation of neurons (Lu et al., 2008). When 
BDNF is secreted to the synaptic cleft, BDNF binds to the TrkB receptor on 
either side of the synapses. Here, BDNF acts to facilitate both early-phase 
and late-phase LTP by modulating the strength of existing synapses as well 
as in the formation of new contacts (Lu et al., 2008; Poo, 2001). Thus, BDNF 
is a key protein in the creation of the structural modifications of synapses 
underlying long-term memory. Homozygous BDNF knockout is lethal 
already in early development, but mice strains with heterozygous BDNF 
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knockout (and thereby lower BDNF levels) or brain-specific conditional 
knockout have been used to examine the effect on memory (Lipsky and 
Marini, 2007). Such studies have shown impaired hippocampal LTP in 
knockout mice (Pozzo-Miller et al., 1999).  

The only common nonconservative polymorphism identified in BDNF 
is a Valine to Methionine amino acid substitution at codon 66. Val66Met 
(rs6265) is located in the 5’-pro BDNF sequence, and thereby does not alter 
the structure or function of the mature protein. However, in an extensive 
and elegant study by Egan and colleagues (2003) the BDNF Met allele was 
related to impaired activity dependent secretion and intracellular trafficking 
of BDNF in hippocampal neurons. Further, human carriers of the Met allele 
had poorer episodic memory performance, altered hippocampal activation 
measured with fMRI, and impaired neuronal integrity measured with MRI 
spectroscopy (Egan et al., 2003). A large number of subsequent studies 
have examined the Val66Met polymorphism in relation to declarative 
memory in healthy humans. The behavioral effect was replicated in a 
number of studies using different memory tasks (Dempster et al., 2005; 
Hariri et al., 2003; Ho et al., 2006; Miyajima et al., 2008), whereas other 
studies failed to replicate an effect (Harris et al., 2006; Strauss et al., 2004). 
Here, the specific type of task examined is likely to be important for the 
discrepancies among studies. For example, in the Egan et al. (2003) study, 
the Met allele was associated with lower immediate as well as 0.5 h 
delayed recall score from the revised version of the Wechsler memory scale 
(WMS-R), which reflects recall of stories. In the same samples, there was no 
BDNF effect on either immediate or 20 minutes delayed recall of a list of 
words in the California Verbal Learning Test (CVLT). The authors argue that 
this might be caused by the WMS-R being more dependent on the MTL 
than the CVLT, which might instead rely more on prefrontal lobe function 
(Egan et al., 2003). A recent meta-analysis found that Met allele carriers 
had significantly poorer declarative memory performance than Val 
homozygotes, also in a model corrected for potential publication bias 
(Kambeitz et al., 2012). This was in contrast to an older meta-analysis that 
did not find any significant effect of BDNF in relation to a domain of 
cognitive tasks referred to as “memory”, and contained a broader array of 
tasks than the more recent meta-analysis, e.g. working memory and digit 
span tasks (Mandelman and Grigorenko, 2011).   

Given that declarative memory is impaired in various 
neuropsychiatric diseases (Goldberg and Weinberger, 2009), BDNF 
Val66Met has also been examined in case-control studies of such 
conditions. BDNF expression levels are reduced in AD, but an increased risk 
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for AD has been reported in Val carriers (Fehér et al., 2009; Ventriglia et al., 
2002). 

APOE 
Apolipoprotein E (APOE) has become a candidate gene for memory function 
on basis of findings of a strong relation between the APOE ε4 allele and 
Alzheimer’s disease (AD). APOE is located in chromosome 19. The gene 
encodes a 299 amino-acid lipoprotein that is expressed in many parts of the 
body, but highest in the liver and the brain. Lipoproteins are proteins that 
form a molecule complex together with lipids to enable lipids to be carried 
through the bloodstream. The main function of APOE is to modulate plasma 
levels of cholesterol and lipoproteins by interactions with low-density 
lipoproteins (Hauser et al., 2011). Absence of APOE in humans leads to 
premature atherosclerosis and accumulation of plasma cholesterol, and 
transgenic mice models that over-express APOE is resistant to diet-induced 
atherosclerosis (Hauser et al., 2011).  

There are three major isoforms of APOE in humans that are created 
by the combination of two nonconservative polymorphisms at amino acid 
position 112 (rs429358) and 158 (rs7412): APOE ε2 (Cys112, Cys158), APOE 
ε3 (Cys112, Arg158) and APOE ε4 (Arg112, Arg158). The fourth possible 
combination (Arg112, Cys158) is known as ε3r but has only been identified 
in three families worldwide (Seripa et al., 2011). About 55% of the 
population is ε3 homozygotes, 28% are ε4 carriers, and around 18% are ε2 
carriers (~1% with ε4/ε2 genotype).  

The ε4 allele is the strongest known genetic risk factor for 
Alzheimer’s disease (Corder et al., 1993; Verghese et al., 2011) Presence of 
one ε4 allele increases the risk to develop AD about three times, and by 
carrying two ε4 alleles the risk is up to twelve times larger relative to ε3 
homozygotes (Verghese et al., 2011). In addition, carriers of the ε4 allele 
have an average of 10-20 years earlier age of disease onset compared to 
noncarriers (Corder et al., 1993). The ε2 allele has been shown to be 
protective towards AD relative to ε3 homozygotes (Verghese et al., 2011). 
The ε4 allele has also been linked to earlier onset or disease progression of 
stroke, Parkinson’s disease, multiple sclerosis, and other neuroronal 
disorders, indicating a general detrimental effect on the CNS (Mahley et al., 
2006, Verghese et al., 2011). In the brain, the lipid transport function of 
APOE is important in maintenance and repair of nerve cells, and the ε4 
isoform is less efficient in doing this (for review see Mahley et al., 2006). 
The link between APOE ε4 and the development of AD is not fully known, 
but is thought to at least partly be mediated through increased aggregation 
of amyloid-β in the brain. APOE has been found in both amyloid plaque and 
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neurofibrillary tangles in post-mortem tissues, both considered to be 
important for the development of AD (Verghese et al., 2011).  

The effect of APOE genotype on memory and cognition in healthy 
participants has been examined in numerous studies in both young and old 
samples, with varying results. The most recent meta-analysis of APOE in 
relation to cognition included a total of 40,942 healthy participants across 
77 studies, and eight cognitive domains (Wisdom et al., 2011). In this meta-
analysis, APOE ε4 carriers performed poorer in all domains, and the 
strongest overall effect was seen on episodic memory (p<0.01, r=-0.07). 
There was also a significant effect on global cognitive ability, executive 
functioning and perceptual speed (p<0.05, r=0.03-0.04). A link between 
APOE genotype and memory mediated through an impact on LTP has been 
suggested based on observations of lower magnitude of LTP in transgenic 
mice expressing human APOE ε4 compared to wild type and APOE ε3 
expressed strains (Trommer et al., 2004). 

The initial pathological processes related to AD are thought to begin 
10-15 years before the onset of clinical symptoms (Verghese et al., 2011). 
One issue that has been debated is therefore whether the effect of APOE 
on cognitive performance – as well as brain imaging phenotypes – in 
healthy participants represents preclinical pathological processes or if APOE 
ε4 has an effect on healthy cognition that is unrelated to AD pathology. In 
favor of the former proposal, the meta-analysis showed that increased age 
was a significant predictor of larger effect size for the impact of APOE on 
episodic memory and global cognitive ability (Wisdom et al., 2011). Further, 
in young adults, APOE ε4 has been associated with even better memory 
than ε3 homozygotes (Mondadori et al., 2007).  

Other candidate genes for declarative memory 
Although KIBRA, BDNF and APOE are among the most studied genes in 
relation to memory, some other candidate genes that were not examined 
in this thesis deserve to be mentioned.  

For example, genes related to dopamine and serotonin have 
attracted much interest. The Catechol-O-methyltransferase (COMT) gene 
encodes a protein that functions to degrade cortical dopamine, in particular 
in the prefrontal cortex. A common COMT ValMet substitution 
(Val158Met)  has been related to better performance on working memory 
tasks (Malhotra et al., 2002), as well as altered frontal brain activation 
(Egan et al., 2001; Mier et al., 2010). This relation is thought to be 
modulated by impaired function of COMT 158Met, with elevated levels of 
dopamine as a consequence (Chen et al., 2004). A role for COMT in episodic 
memory has also been seen (De Frias et al., 2004).  
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Calsyntenin 2 (CLSTN2) was associated with memory performance in 
the same GWAS study that identified KIBRA as a memory-related gene 
(Papassotiropoulos et al., 2006). Although the relation between CLSTN2 and 
memory was not confirmed in the replication sample included in 
Papassotiropoulos et al. (2006), an effect on memory was later replicated 
by others (Laukka et al., 2013; Preuschhof et al., 2010).  

Other examples of genes that have been related to memory are 
DCLK1 (Le Hellard et al., 2009), GRM3 (Egan et al., 2004), and PRNP 
(Papassotiropoulos et al., 2005). DISC1 (Disrupted in Schizophrenia 1) is a 
heavily studied gene with a proposed role in both neuropsychiatric 
disorders and memory function (Di Giorgio et al., 2008; Porteous et al., 
2006; Thomson et al., 2005). As a last example, a recent GWAS on episodic 
memory related CTNNBL1 (Brain expressed beta-catenin-like protein 1) to 
memory performance and altered parahippocampal activation during 
memory processing (Papassotiropoulos et al., 2013). 
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2.3 Brain imaging 
Magnetic resonance imaging (MRI) is a noninvasive technique that is 
clinically used to create high-resolution anatomical images of various parts 
of the body, including the brain. Functional MRI measures changes in the 
so-called blood-oxygen level-dependent (BOLD) signal. BOLD signal change 
is, as we will see later, considered to be a valid indirect measure of brain 
activation. The use of the term “brain activation” in this thesis refers to 
BOLD signal change if nothing else is specified. The next section provides a 
brief overview of what the BOLD signal represents, how fMRI data is 
preprocessed and analyzed, and how experiments are designed. For further 
information, see Huettel et al. (2009).  

2.3.1 Physics and physiology behind the MR signal 

MR-Physics 
The MR signal used for image formation in MRI is built upon underlying 
physical principles of hydrogen atoms and their particular way of acting 
within a strong magnetic field. The otherwise randomly oriented spin axes 
of the protons start to wobble around the main axis of the magnetic field. 
By adding energy to the system in the form of radiofrequency pulses, some 
nuclei will switch from low to high-energy states. When the pulse is turned 
off, some nuclei will return to the low-energy state and emit photons, 
which are recorded. Simplified, there are two different kinds of photon 
relaxations that can be used in MRI, T1 and T2. As the relaxation time is 
dependent on the surrounding tissue, the difference in the time constants 
of photons emitted from various locations can be used to create anatomical 
images.  

The three-dimensional MR image consists of a volume of two-
dimensional slice images that depicts the spatial distribution of certain 
properties, e.g. T1 and T2 relaxation times, of the hydrogen nuclei within 
the object being scanned.  T1-weighted images are often used for high-
resolution anatomical images. T2* is a time constant dependent on both T2 
relaxation and magnetic field inhomogeneities. Presence of deoxygenated 
hemoglobin molecules alters the local field inhomogeneities as deoxy-
hemoglobin is paramagnetic, meaning that it is being attracted to the 
magnetic field and distorts the surrounding magnetic field. This causes 
nearby protons of water molecules, both intra and extra-vascular, to 
precess at a different frequency, such that the T2* decay will be shorter 
and the MR signal weaker. Thus, T2*-weighted MR images are sensitive to 
the oxygenation of hemoglobin in the blood. The blood-oxygen level-
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dependent (BOLD) signal is generated by changes in the MR signal of T2*-
weighted images.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

Physiology of the BOLD signal 
Active brain areas have increased energy consumption and thus require 
more glucose and oxygen for the creation of ATP relative to what is needed 
during rest. As the brain has no energy storage mechanisms, it needs a 
continuous supply of enough glucose and oxygen. Thanks to the 
hemodynamic response mechanism, there will be an increase in the 
incoming blood flow with a few seconds delay upon neural activation. This 
mechanism involves release of vasoactive substances that cause the arterial 
vessels to dilate. The incoming arterial blood has a high level of oxygenated 
hemoglobin and replaces the deoxygenated hemoglobin in the capillaries 
and veins. As more oxygenated hemoglobin is added than is consumed by 
the active neurons, the ratio of deoxygenated hemoglobin will decrease, 
which leads to an increased BOLD signal.  

Action potentials and excitatory post-synaptic potentials cause a 
depolarization of the membrane potential that need to be restored. Most 
of the brain’s energy need is used to restore the electrochemical 
membrane potential by active ion pumps. Inhibitory post-synaptic 
potentials are fewer than the excitatory, and require less energy to be 
restored since they hyperpolarize rather than depolarize the membrane 
potential, but contribute to the BOLD signal to some extent.  

In general, neural activation upon single events of short duration is 
followed by a rise, peak, fall, and undershoot of the BOLD signal amplitude. 
This is referred to as the hemodynamic response function (HRF), and span 
over about 10-15 seconds. The HRF is taken into account in data analyses to 
estimate the expected BOLD signal change over time for voxels that are 
activated in response to a certain type of events in the experiment. Due to 
the whole chain of processes from a certain neural activity of interest to the 
measured BOLD signal change, it is important to keep in mind that there 
are also other factors that might influence the signal change than merely 
the brain activation of interest. For example, it has been shown that the 
hemodynamic response will increase the blood flow in an area that is 
somewhat larger than the activated area, and the signal change will also be 
seen in downstream veins.  

2.3.2 Design of studies 
In most fMRI experiments, BOLD signal change from one condition to 
another is the dependent variable. The independent variable can be either 
categorical or continuous, and either a within-person and/or a between-
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person comparison. It is important that the experimental conditions differ 
as little as possible on aspects of no interest to the research question. The 
two major types of designs are the blocked design and the event-related 
design. The blocked design is the simplest form of design and creates a 
strong BOLD signal. Here, two or several different experimental conditions 
in the form of “blocks” with a length of around 10-30 s are alternating 
throughout the experiment. Most often, several stimuli of the same kind 
are presented after each other within a block, which causes the intensity of 
the hemodynamic response to increase and reach a plateau. Blocks with an 
experimental manipulation of interest are then alternated with baseline 
blocks. The blocked design is insensitive to timing and shape of the 
hemodynamic response and can be used when a strong signal is needed. A 
strong signal is for example important when comparing groups of 
participants that differ on factors that have small to intermediate effect 
sizes, such as is most common for genetic polymorphisms.  

In event-related studies, many short events are presented that each 
elicits a short burst of neuronal activity. Most common is to present events 
in short and jittered inter-stimulus intervals. Jittering allows events 
presented with only a few seconds interval to be discriminated even though 
their HRFs overlap. The different HRF curves will converge to form a pattern 
that will be different for different types of stimuli, and thus possible to 
estimate. This design is valuable when comparing different types of short 
events. For example, it has been used in the subsequent memory paradigm 
described in section 2.1.4, where encoding of stimuli that are remembered 
on a subsequent retrieval task can be contrasted with stimuli that are later 
forgotten. 

2.3.3 Preprocessing and analysis of data 

Preprocessing 
The fMRI data consist of a series of volumes of around 30-40 slices of the 
brain with a thickness of around 3 mm, which in turn consists of cuboid 
voxels, with one data value for each voxel and time point. Data is collected 
one slice at a time, with 1.5-3 s per volume.  

In order to reduce irrelevant signal variation in the data, there are 
some standard preprocessing steps that are made before statistical 
analysis. Slice timing is made to adjust for the difference in acquisition time 
between the slices. Realignment of slices from different volumes is made in 
order to adjust for head movements. Co-registration of the fMRI images to 
structural images with higher resolution can be made to give better 
information of the anatomical location of an activated area. To be able to 
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compare brains with different morphology one need to normalize all 
subjects’ brains according to a template brain. In order to compare the 
results among different studies, most researchers use the Montreal 
Neurological Institute (MNI) space that is built on many hundred brains of 
young adults. One can also first normalize each brain relative to the mean 
brain of the subjects included in the study. This is particularly useful when 
studying subjects with a brain morphology that deviates much from the 
MNI brain, such as older participants. Voxels in the brain are spatially 
correlated to nearby voxels due to both the vascular system and to nearby 
brain areas having a similar function. Therefore, one can predict the activity 
in a certain voxel by knowing the activity level in its nearby voxels. In data 
smoothing, one applies a Gaussian filter (normal distribution) that matches 
the expected spatial correlation between voxels to increase the signal-to-
noise ratio. This comes at the cost of lower spatial resolution. 

Data analysis 
The most common way to analyze fMRI data is to create a model to predict 
the hemodynamic response for each time point, and then use the general 
linear model to calculate how well different components, or regressors, 
included in the model fit the data (for each voxel). Each regressor 
represents an independent variable that might influence the data. 
Regressors related to the experimental manipulations are generated by 
convolving a hemodynamic response function (HRF) with time periods 
where a neuronal process related to the experimental manipulation is 
thought to occur. Regressors of no interest can also be included in the 
model to correct for known sources of variability and improve detection of 
true activation, such as realignment parameters for motion correction or 
physiological parameters, such as heart rate and breathing. For each 
regressor, a parameter weight, or beta value, is calculated, which 
represents how well this regressor accounts for the data. As fMRI can only 
provide a measure of signal change, one must set up contrasts to compare 
the beta value between two or more conditions or in relation to a covariate 
of interest, such as memory performance. The difference in beta value 
between the conditions must then be related to the variability of the data. 
In first order analyses, the difference in beta value between experimental 
conditions of interest is examined for each participant and divided with the 
standard error to receive a t-value. The degrees of freedom (d.f.) is then 
given from the number of data points collected to receive a significance 
value.  

Second order analyses are performed to estimate BOLD on single-
group effects or between-group comparisons. In fixed-effect analyses, it is 
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assumed that the experimental effect on the BOLD signal is constant across 
participants, and the d.f. is determined by the number of data points. Most 
common in fMRI studies is instead to use a random-effect analysis, where it 
is assumed that the effect of the experimental manipulation differ among 
participants. Here, the d.f. is instead determined by the number of 
participants. The random-effect analysis is more representative to the 
population that the sample belongs to. BOLD signal change (or the 
parameter weights) between two experimental conditions can be 
compared between-groups with standard statistics, such as t-test, ANOVA 
or linear regression. The effect size is generally smaller for between group 
comparisons than for one-sample tests between different experimental 
conditions, and thus requires larger samples. For multivariate methods to 
analyze fMRI data, see e.g. Salami et al. (2012).                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   

2.4 Imaging genetics 
How does candidate genes for memory functions impact underlying brain 
circuits? Imaging genetics refers to a research approach in which genetics of 
cognition, emotion, or neuropsychiatric diseases are studied at the level of 
brain structure and function. What knowledge has this approach 
contributed with so far regarding the genetics of memory?  

2.4.1 The imaging genetics approach 
In the imaging genetics approach, brain function and structure are used as 
intermediate phenotypes (a.k.a. endophenotypes) to extend and validate 
findings from studies of behavior and disease (Bigos and Weinberger, 2010; 
de Geus et al., 2008; Domschke and Dannlowski, 2010; Durston, 2010; 
Goldberg and Weinberger, 2004; Green et al., 2008; Greene et al., 2008; 
Marenco and Radulescu, 2010; Rasch et al., 2010; Scharinger et al., 2010). 
These intermediate phenotypes are more proximal to gene function than 
behavioral measures, and thereby potentially more sensitive to capture the 
effect of a single gene. The further away from actual gene function a 
phenotype is, from gene expression to proteins, cells, brain activation, and 
complex behavior and diseases, the larger number of genes are likely to be 
involved (Green et al., 2008; Mattay et al., 2008; Meyer-Lindenberg, 2012; 
Rasetti and Weinberger, 2011) (Figure 2). With more genes involved, there 
is also a larger number of possible gene-gene interactions and gene- 
environmental interactions. This increased genetic complexity is considered 
to be followed by decreased effect sizes for individual genes. At the 
behavioral level, genetic effects are therefore often unstable and not 
consistently replicated. A larger number of subjects is needed in order to 
have the same power to capture an effect at the more complex level. Thus, 
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brain activation during memory processing can be used as a more sensitive 
phenotype to validate a role for a certain gene in memory performance.  

Imaging phenotypes can also provide important evidence about the 
biological mechanisms and pathways that mediate differences at the 
behavioral level. In this way, imaging genetics have been highly valuable to 
better understand the biology behind many psychiatric illnesses (Rasetti 
and Weinberger, 2011). 

 

 

2.4.2 Heredity of brain structure and function 
We saw in section 2.2.2 that variability in memory performance is strongly 
influenced by genetic factors. What about brain structure and brain 
activation? Heritability estimates of structural brain phenotypes are 
generally high, but vary widely depending on the exact phenotype. 
According to a recent meta-analysis, the heritability estimate for total brain 
volume was 83%, and corresponding measure for hippocampal volume was 
53% (Blokland et al., 2012).  

It is much more difficult to estimate the heritability of task-related 
brain activation as measured with fMRI, but a few attempts have been 
made. The results have been mixed, ranging from no genetic impact at all, 
to a very strong genetic influence (Blokland et al., 2012). One study 
estimated the heritability of frontal activation during a working memory n-
back task to 65% (Blokland et al., 2011), and the heritability of default mode 
network functional connectivity has been estimated to 42% (Glahn et al., 
2010). Due to variability of the design used among functional MRI twin 
studies, no meta-estimate could be calculated by Blokland et al. (2012).  

Figure 2. The further away from gene function the phenotype being studied is, the more 
complex the genetic impact. Reprinted from Rassetti and Weinberger (2011), Curr Opin 
Genet Dev, with permission. 
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2.4.3 Imaging genetics of memory 
A large number of imaging genetics studies have been conducted on 
memory-related genetic polymorphisms, using various tasks. Generally, the 
direction of result of many imaging genetics studies has been inconsistent, 
and how to interpret the results has been heavily discussed. There have 
been findings of increased brain activation in groups that carry a genotype 
that has been associated with higher as well as lower memory 
performance. A highly discussed issue in this field has therefore been 
whether increased brain activation in the MTL (as well as in other regions) 
should be interpreted as reflecting enhanced MTL functioning or 
compensatory neural mechanisms. Interpretations in line with a neural 
compensation theory is common in studies that report higher MTL 
activation in a poor-memory associated genotype group (c.f. Bookheimer et 
al., 2000, which is one of the first imaging genetics studies with this 
interpretation of results). 

I will delimit this review to imaging genetics studies that are of direct 
relevance to this thesis: Studies that examined differences in brain 
activation related to KIBRA, BDNF, and APOE during memory processing, 
with a focus on results concerning the MTL. I will also discuss previous 
studies that investigated the combined effect of two or more 
polymorphisms.  

KIBRA  
In the extensive work by Papassotiropoulos et al. (2006), in which a KIBRA T 
allele was originally associated with better memory performance (see 
section 2.2.3), an fMRI study of KIBRA was also performed. Fifteen carriers 
of the rs17070145 T allele were matched with 15 T allele noncarriers on 
performance on a delayed recall task performed outside the scanner. The 
task was associative encoding of face-profession pairs and subsequent 
recall of the profession (academic/workman) with the faces given as 
retrieval cues. Noncarriers of the T allele showed increased right 
hippocampal activation during retrieval relative to T carriers. No effect of 
KIBRA on brain activation was seen during encoding. The authors 
interpreted their findings as noncarriers of the T allele needed more 
memory-related brain activation to reach the same level of performance as 
T carriers, i.e. in line with the neural compensation theory.  

No subsequent fMRI examination has been made on KIBRA in order 
to establish an effect on MTL activation prior to this thesis.  
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BDNF  
A number of studies have examined the BDNF Val66Met polymorphism in 
relation to brain structure and function. BDNF Met carriers, who previously 
have been shown to exhibit poorer memory performance (Kambeitz et al., 
2012), have smaller hippocampal volume compared to noncarriers (Bueller 
et al., 2006; Chepenik et al., 2009; Pezawas et al., 2004; Schofield et al., 
2009). Moreover, this between-group difference is magnified in individuals 
suffering from schizophrenia (Szeszko et al., 2005) or bipolar disorder 
(Chepenik et al., 2009).  

The BDNF Met allele has also been associated with altered patterns 
of brain activation. The first imaging genetics study of BDNF using an 
episodic memory task observed decreased MTL activation as well as 
decreased memory performance on the scanner task in 14 Met carriers 
compared to 14 Val homozygotes (Hariri et al., 2003). The effect on brain 
activation was replicated by Hashimoto et al. (2008), who also reported a 
dose-dependent relation between increased number of Met alleles and 
decreased brain activation in the hippocampus. The effect on memory 
performance was not replicated. Although the scanner task was the same in 
both studies – encoding and immediate recognition of neutral scenes – 
Hariri et al. (2003) observed an effect during both encoding and retrieval 
whereas Hashimoto et al. (2008) only observed a group difference during 
encoding. The results were interpreted as better hippocampal functioning 
in Val homozygotes/with number of Val alleles. A more recent study, 
however, found the opposite direction of results: increased hippocampal 
activation in BDNF Met carriers during both encoding and retrieval (Dennis 
et al., 2010b).  The sample was smaller (11 carriers and 11 noncarriers) and 
participants were younger than in the previous two studies. As the task was 
similar as in Hariri et al. (2003), but the groups were matched according to 
performance, the authors reasoned that Met carriers need to recruit 
greater MTL processing to perform a memory task equally well as 
noncarriers (i.e. neural compensation), and when they fail to recruit 
additional MTL resources their performance will drop, as seen in Hariri et al. 
(2003). This reasoning did however not explain the result of Hashimoto et 
al. (2008), where genotype groups also performed equally. A third study 
examined the functional response of BDNF Met carriers and noncarriers 
during encoding and subsequent recognition of faces (Van Wingen et al., 
2010). A genotype x sex interaction was seen on amygdala activation, but 
no main or interaction effects were seen on brain activation in the 
hippocampus or the parahippocampus.  

Finally, a cross-sectional study of 125 participants in the age of 19-85 
found a significantly more pronounced age-related decreased in 
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hippocampal activation in BDNF Met carriers relative to Val homozygotes 
(Sambataro et al., 2010). 

APOE 
Presence of the APOE ε4 allele has been strongly associated with decreased 
hippocampal volume (c.f. Lind et al., 2006a, for review see Cherbuin et al., 
2007). APOE has been related to altered brain activation in both the 
hippocampus and in widespread cortical areas during various cognitive 
tasks in a large number of studies (for review, see Trachtenberg et al., 
2012b).  

An early study by (Bookheimer et al., 2000) reported increased brain 
activation in ε4 carriers relative to ε3 homozygotes during encoding and 
recall of word-pairs in the hippocampus as well as regions of the frontal, 
temporal and parietal cortices. The results were interpreted as increased 
cognitive effort in ε4 carriers, and the fact that the difference between ε4 
carriers and ε3 homozygotes was larger during retrieval than during 
encoding was considered to support this interpretation. Increased MTL 
activation in ε4 carriers was thereafter observed during memory tasks with 
other stimuli, such as complex scenes (Filippini et al., 2009) and visual 
objects (Dennis et al., 2010a). 

The opposite direction of results, reduced MTL activation in APOE ε4 
carriers, has also been reported in many studies using various tasks. Some 
examples are face-name encoding (Fleisher et al., 2009), face-profession 
encoding and retrieval (Mondadori et al., 2007), complex scene encoding 
(Bondi et al., 2005), and encoding in a virtual environment (Borghesani et 
al., 2008). Lind et al. (2006b) found an abnormal pattern of hippocampal 
activation in APOE ε4 carriers during incidental encoding of novel and 
familiar words. While ε3 homozygotes showed the expected stronger 
activation during novel than familiar words, ε4 carriers showed the 
reversed pattern. In the review by Trachtenberg et al. (2012b), differences 
in paradigm, age, and family history of dementia were examined in relation 
to the discrepancy among studies. None of these factors could explain the 
different pattern of results, and the reason for the discrepancies among 
studies therefore remains to be revealed (Trachtenberg et al., 2012b).  

One study has reported an APOE genotype by age interaction effect 
on hippocampal activation during episodic memory processing (Nichols et 
al., 2012). There was a decrease in hippocampal activation during encoding 
as a function of increased age in ε3 homozygotes but not in ε4 carriers. 
Further, ε2 carriers had a more pronounced age-related decrease in 
hippocampal activation than the ε3 homozygotes. The results were 
interpreted as compensatory increases in hippocampal activation in older 



 

28 

age, in line with the relation of the APOE genotypes and risk to develop AD 
(ε2 < ε3 < ε4) (Nichols et al., 2012).  

Combined gene analyses 
Cognitive traits have a complex inheritance pattern that includes gene-gene 
interactions and additive effects of many genes with a small individual 
effect (Papassotiropoulos and de Quervain, 2011). Therefore, the 
importance to go beyond single-SNPs and study combined gene effects has 
been emphasized (c.f. de Quervain and Papassotiropoulos, 2006). As the 
mechanisms behind complex traits contain many biological pathways from 
genes to behavior, two genes with a similar role in a certain cognitive trait 
or disease do not have to be mediated through the same underlying brain 
processes. Genes related to memory could have an impact on brain 
structure as well as brain function. A relation to brain function can in turn 
be seen in different brain areas or during different stages in memory 
processing (encoding/retrieval processing). If the roles of two genes in 
memory actually converge at the level of brain activation, the combined 
effect could be additive or interactive (epistatic). The term epistasis was 
originally used for the case when the effect of one locus masked the effect 
of another locus: If you have a certain allele at locus A, the genotype at 
locus B has an effect on a certain phenotype, but if you have another allele 
at locus A the genotype at locus B has no impact on the phenotype 
(Bateson, 1909; Cordell and Clayton, 2005). For example, if you have a gene 
variant that causes albinism, the effect of genes regulating eye or skin 
colors will not be expressed on these phenotypes. Later, the term epistasis 
has been used for all kinds of deviation from additive effects of two loci on 
a single trait (Cordell and Clayton, 2005). Thus, there does not have to be a 
biological interaction to see an effect according to the latter definition. 
Heterogeneity effects, such as when one out of two possible mutations is 
enough to cause a certain disease or other outcome, can be seen for 
mutations in biologically separate pathways (Cordell, 2002). Some 
researchers therefore use the terms statistical and biological epistasis to 
make a distinction between these two definitions. 

Some studies have examined the combined effect of two 
polymorphisms on functional brain activation, in particular between 
dopamine related genes (Bertolino et al., 2008, 2006a; Caldú et al., 2007; 
Canli et al., 2008; Heck et al., 2011; Lonsdorf et al., 2011; Prata et al., 2009; 
Schott et al., 2006; Smolka et al., 2007). Smolka et al. (2007) reported an 
additive effect of COMT Val158Met and serotonin transporter (5-HTT) 
genotypes on brain activation in limbic areas during processing of 
unpleasant stimuli. Additive effects have also been reported for gene 
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variants in 5-HTT and tryptophan hydroxylase-2 (TPH2) on brain activation 
during presentation of negative valenced visuospatial stimuli (Canli et al., 
2008). A third example is a study by Bertolino et al.  (2006a)  where an 
additive effect of polymorphisms in two dopamine related genes, COMT 
and the dopamine transporter (DAT) gene, was seen on working memory 
related brain activation in the frontal cortex.  

Also nonadditive genetic effects on brain activation have been 
reported. One study reported epistasis between variants in COMT and DAT 
on hippocampal activation, such that the effect of the DAT variable number 
of tandem repeat polymorphism (9/10 repeats) was in direct opposite 
directions of results depending on the COMT Val158Met genotype 
(Bertolino et al., 2008). Another example is a report of statistical epistasis 
between two markers in potassium channel genes (KCNB2 and KCNH5) on 
both memory performance and parahippocampal activation during memory 
encoding (Heck et al., 2011).  

De Quervain and Papassotiropoulos (2006) took one step further 
away from the single polymorphism approach and identified a cluster of 
polymorphisms related to memory performance. They examined 160 
human polymorphisms from 46 genes with an established biological role in 
animal memory, of which seven could be related to episodic memory in 
humans. This genetic cluster of seven polymorphisms was thereafter used 
to calculate individual genetic scores, referred to as IMAGS. A positive 
correlation between IMAGS score and brain activation was seen in the 
hippocampus and parahippocampus (de Quervain and Papassotiropoulos, 
2006). However, this cluster did not contain the most studied candidate 
genes for memory function such as APOE, BDNF, KIBRA, COMT, or CLSTN2. 
Among the latter genes, an interactive effect of CLSTN2 and KIBRA has been 
shown on memory performance (Preuschhof et al., 2010), but 
corresponding analyses in relation to brain activation have not been made. 
One study investigated interaction effects of BDNF and APOE on memory 
performance and hippocampal volume, but found no such gene-gene 
interactions (Richter-Schmidinger et al., 2011).  

In conclusion, relatively few studies have examined the combined 
effect of two or more genes in relation to brain activation patterns relevant 
for memory processing. 
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3 Aims 

The overall aim of this thesis was to investigate common polymorphisms in 
strong candidate genes for episodic memory in relation to functional brain 
activation in a large sample of healthy participants. The approach was to 
use brain activation, revealed by fMRI, as an intermediate phenotype 
between gene function and memory performance in order to both validate 
and extend findings from behavioral genetic studies of memory. Focus was 
on brain activation in the MTL during memory encoding and retrieval 
processing. The specific aims were to investigate:  

1. KIBRA (study I), BDNF (study II), and APOE (study III) in relation to brain 
activation in the MTL (N=83-194).  

2. KIBRA (study I) and BDNF (study II) in relation to memory performance 
(N~2230).  

3. The combined gene effects of BDNF and APOE on brain activation in the 
MTL (study III, N=151).  
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4 Materials and Methods  

4.1 The Betula Project 
All participants in the studies of this thesis are part of a large research 
project called Betula. Betula is a longitudinal prospective cohort study on 
health, memory, and aging, including more than 4000 participants in total 
(Nilsson et al., 2004, 1997). The main aim of the Betula project was to 
investigate the development of memory and health across the adult life 
span, particularly in older age. More specific aims were to identify risk 
factors and early signs of dementia and to investigate cognitive effects of 
diseases and injury with a relation to the central nervous system. 
Participants were randomly selected from the population registry in Umeå, 
a city in the northern part of Sweden. Data have been collected every fifth 
year since 1988. The sixth wave of data collection is planned to start in the 
second half of 2013. At each test occasion, the participants have been 
through extensive cognitive testing and health examinations for about two 
hours, respectively. Blood samples and saliva have been collected for 
genotyping and analyses of metabolites. Participants have also completed a 
number of questionnaires about life events, habits, and various life-style 
factors. The cognitive testing included measures of episodic memory, 
prospective memory, semantic memory, visuospatial ability, and speed of 
processing. The episodic memory tests included immediate free recall and 
delayed category cued recall of both verbal material and subject performed 
tasks, recall and recognition of face-name associations, and immediate free 
recall of word lists with and without a distracting card-sorting task (for 
details, see Nilsson et al., 2004).  

At the first test occasion (T), participants were assigned to one of ten 
different age cohorts with 100 in each (35, 40, … 75, 80 years old). When 
entering the study, all participants had to be non-demented and free from 
serious handicaps and mental retardation. All participants were born in 
Sweden with Swedish as their native language. There are six different 
samples in the Betula projects (S1-S6): S1 entered the study at T1, S2 and 
S3 at T2 (at the age of 40-85 and 35-80 respectively), S4 at T3, S5 at T4, and 
S6 at T5. S1 and S3 were re-tested at all subsequent test occasions to 
acquire longitudinal data, and sample 3-6 served to estimate the effect on 
task performance of being repeatedly tested. Sample 2 were only re-tested 
at one subsequent test occasion. The rate of participants returning for re-
testing has been as high as about 85% from T2-T4. For more details of the 
Betula project, see Nilsson et al. (2004; 1997).  
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In this thesis, cognitive data from Betula were used to estimate the 
genetic effect of KIBRA and BDNF on memory performance (study I & II). In 
order to maximize the sample size, data from T2 (S1, S2 and S3) were used 
for these analyses. The effect of APOE on memory performance had already 
been examined in Betula (Nilsson et al., 2006) and was therefore not of 
focus in this thesis. In addition, data on Mini-mental state examination 
(MMSE), education, and family history of dementia collected at T5 were 
included in study III. 

 
Table 1. Betula – study overview 
Test 
occasion 

T1 
(1988) 

T2 
(1993) 

T3 
(1998) 

T4 
(2003) 

T5 
(2008) 

T6 
(2013) 

 S1 S1 S1 S1 S1 S1 
  S2 S2    

  S3 S3 S3 S3 S3 
   S4    
    S5   
     S6 S6 
S=sample, T=test occasion. Cognitive data included in study I and II were collected during T2. 
fMRI data were collected during T5. The T6 data collection is planned to start around 
September 2013.  

4.2 The ImAGen project 

4.2.1 General design 
At Betula T5, a large functional MRI subproject named Imaging Ageing and 
Genetics (ImAGen) was started, including a total of 376 participants from 
the Betula study. All participants were asked during the Betula health 
examination if they agreed to be contacted regarding participation in an 
MRI investigation. Thereafter, participants who agreed were contacted via 
phone according to age, gender, and Betula sample, in order to collect an 
equal amount of females and males, and a satisfying number of participants 
from the different age cohorts. Participants were excluded at this stage if 
they fulfilled any of the following criteria: had had a stroke, had done 
neurosurgery, were claustrophobic, had MR incompatible metals in their 
body (such as pacemakers), were pregnant, had visual deficits that could 
not be compensated for with glasses, could not press buttons with their 
hands, or could not lie down without moving for one and a half hours. All 
participants were offered to pre-train in a 0T mock scanner. This 
opportunity was taken by 74 participants, mainly from the older age 
cohorts. This pre-training served to reduce anxiety and identified some 
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individuals who were not able to understand or perform the scanner tasks 
properly.  

A total of 376 participants from S1, S3, and S6 completed some part 
of the scanner protocol. S1 and S3 were in the age cohorts of 55-80 at T5, 
whereas S6 included participants from the age of 25 up to 80 (Table 2).  In 
order to keep consistency between Betula and ImAGen, the age cohort at 
T5 (as given in Table 2) is used as the age variable throughout this thesis. 
The fMRI data collection occurred over 10 months in the end of T5, and the 
time between cognitive data collection at T5 and ImAGen fMRI data 
collection varied between 54 and 552 days (mean 267 days). As aging was 
not of strong focus in this thesis, “age at T5” was considered a satisfying 
approximation for the exact age during scanning.  

Table 2. ImAGen sample distribution 

Age cohort 25-50 55 60 65 70 75 80 
S1 - 26 24 25 33 24 11 
S3 - 24 25 26 28 33 14 
S6 56 5 5 3 6 4 4 
No in genetic 
analyses (S1 & S3) 

- 40 42 43 40 29 0 

Total number of participants included in the ImAGen project in the different age cohorts. In 
bold; number of participants that passed the exclusion criteria for genetic analyses in this 
thesis. The exact numbers are based on study II and differ somewhat for study I and III due 
to a different normalization technique in study I and additional exclusion criteria’s for APOE 
in study III. No genotype information was available for S6. S=sample.  

The scanning session included (in order of administration):  
1. A visual motor checkerboard task (Handwerker et al., 2004) (~4 

minutes). Participants fixated a cross hair at the center of the screen, 
and pressed a button as fast as possible whenever a flickering checker-
board was transiently replacing the cross. This task enabled estimation 
of the participants’ individual hemodynamic response function (HRF).  

2. An episodic memory face-name paired-associate task (~10 minutes). 
See section 4.2.2 below.   

3. Resting state fMRI (~6 minutes). Participants fixated a cross hair, and 
were encouraged to try not to fall asleep.  

4. A working memory task (~10 minutes). This task contained short-term 
maintenance and manipulation of verbal information as well as a 
control task (Pudas et al., 2009).  

5. T1 weighted images optimized for volumetric analyses. 
6. Diffusion tensor imaging (DTI), from which white matter integrity can 

be measured (Salami et al., 2012a). 
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Before entering the scanner, all participants pre-trained on the tasks. First, 
they completed a simple motor task in order to be more comfortable 
pressing the buttons. Thereafter, they practiced on one-minute versions of 
the face-name task and the working memory task as many times as they 
needed in order to understand the tasks and perform them properly during 
scanning.  

4.2.2 The face-name scanner task 
The scanner task used in this thesis was the face-name episodic memory 
task, containing encoding and cued recall of face-name pairs. This task was 
specifically designed to elicit strong and robust activation in the 
hippocampus in both young and older participants during encoding as well 
as retrieval processing. Tasks that involve the formation of associations 
between items have shown to be particularly sensitive to engage the 
hippocampus (Davachi, 2006). The task was carefully evaluated prior to the 
start of the ImaGen project (Persson et al., 2010), and was found to activate 
the bilateral hippocampus in almost every single participant.  

 The design of the task was blocked, but the inter-stimulus intervals 
between items within each block were jittered to also allow for event-
related analyses. Three conditions were used: encoding, retrieval, and an 
active baseline task. During encoding, a face was presented together with a 
common Swedish first name. Participants were instructed to memorize 
each name in association with the presented face and press a button to 
indicate that they had seen the face and the name. The button press during 
encoding served to equalize the amount of motor responses during all 
conditions. During retrieval, the same faces were presented together with 
three letters, of which one corresponded to the first letter in the name 
shown together with that face during encoding (Figure 3). The task was to 
indicate the corresponding letter by pressing a button and respond by 
guessing if the name could not be recalled. During the baseline condition, a 
fixation cross was presented in the center of the visual field and 
participants were instructed to press a button as fast as possible whenever 
the cross was replaced with a circle. Such active baseline tasks have been 
shown to induce less hippocampal activation than resting conditions, during 
which memory-related internal rehearsal and mind-wandering might occur 
(Stark and Squire, 2001). The circle was presented four times for 0.5 s, with 
intervals varying between three and six s. For each encoding and retrieval 
block, four stimuli were presented for four s each, with an inter-stimulus 
interval varying between 1.5 and 4.5 s.  
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  Figure 3. The episodic memory face-name paired-associate task.  

 
A total of six blocks of encoding and retrieval, and eight blocks of baseline 
were included in the experiment. Encoding and retrieval blocks lasted for 
27.5 s each and baseline blocks for 20 s. The three types of blocks were 
alternating in an intermixed order with 85 s between encoding and retrieval 
on average. An instruction screen was shown for four s before each new 
block.  

In order to ensure that the participants performed the task properly, 
participants with poor task performance, defined as less than 50% retrieval 
responses and/or less than 10 out of 24 correct responses, were excluded 
from the analyses. Participants also filled out a short debriefing 
questionnaire directly after the fMRI session, and were excluded if they 
reported to have misunderstood the instructions. 

4.2.3 fMRI data acquisition 
A 3T GE scanner with a 32 channel head coil was used for magnetic 
resonance imaging. For BOLD contrast images, a gradient echo planar 
imaging sequence was used with the following scanner parameters: 
repetition time (TR): 2000 ms, echo time (TE): 50 ms, flip angle: 80°, field of 
view: 25 x 25 cm, slice thickness: 3.4 mm (0.5 mm gap), number of 
transaxial slices: 37. Before each image acquisition, ten dummy scans were 
collected in order to equilibrate the fMRI signal. MR-compatible glasses 
were used by those who needed visual corrections, and the stimuli were 
presented on a computer screen seen through a tilted mirror. A few 
participants used goggles instead of glasses. For subjects who could not 
learn to perform the tasks properly or whose vision could not be corrected 
properly, only structural data were collected. To reduce the scanner noise, 
both earplugs and headphones were used. Cushions were inserted in the 
coil to reduced head movements. E-prime (www.pstnet.com/eprime; 
psychology software tools) was used for presentation of the stimuli and to 
record the responses. Responses were made with the right index, middle, 
and ring fingers on a response pad.  



 

38 

4.2.4 Preprocessing and data analysis 
Preprocessing of data files and data analysis was performed in SPM8, 
implemented in Matlab 7.8 (Mathworks). Batching and visualization of 
statistical maps and BOLD signal changes were made through in-house 
developed software (DataZ) implemented in Matlab. Preprocessing of data 
was made before statistical analysis as follows: correction for differences in 
slice acquisition timing within each volume, movement correction by 
unwarping and realignment to the first image of each volume, spatial 
smoothing with an 8mm FWHM Gaussian kernel, and normalization to the 
MNI standard template brain. As the MNI brain is based on a large number 
of young brains, the brain morphology of our older participants is likely to 
deviate from the morphology of the MNI brain. In study II and III, and as a 
control in study I, the potential problem of misalignment was considered 
using an alternative normalization approach using diffeomorphic 
anatomical registration using exponentiated lie algebra (DARTEL, 
Ashburner, 2007). In this method, a sample-specific template was created 
from high-resolution T1-weighted images. After slice-time correction, 
movement correction and co-registration to the T1-weighted structural 
images, first order analyses were performed. Each subject’s contrast image 
from the first order analysis was thereafter nonlinearly normalized (using a 
high degree of deformation) to the sample-specific template followed by 
affine registration to the MNI template and smoothening (Nyberg et al., 
2010).  

In the first-order analyses, the experimental conditions (encoding, 
retrieval, and baseline) were set up as regressors of interest in the general 
linear model, convolved with the canonical hemodynamic response 
function. Six realignment parameters were also included as covariates of no 
interest to account for movement artifacts. Group analyses were based on 
a random-effects model. For KIBRA, an ANCOVA using age and sex as 
covariates was first performed to examine activation differences among all 
three genotype groups and memory performance. Based on post-hoc 
analyses, individuals with CT and TT genotypes were grouped as “T 
carriers”. BDNF Met homozygotes were grouped with the heterozygotes in 
line with previous studies and due to a low number of Met homozygotes.  

In study I and II, independent sample t-tests were performed 
between carriers and noncarriers of KIBRA T and BDNF Met respectively. In 
study III, both an additive and an interactive gene-gene effect of APOE and 
BDNF were considered. To test for an interactive effect, a full factorial 2-by-
2 ANOVA was performed. To examine brain regions showing an additive 
gene-gene effect, a linear regression was made between the number of 
APOE ε4 and BDNF Met alleles present (0, 1, or 2). Hierarchical regression 
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analyses were thereafter used to investigate the amount of variance in 
BOLD signal change explained by APOE and BDNF, separately. In the first 
regression model, BDNF was entered first and APOE in a second step. In the 
second regression model, the genetic variables were entered the other way 
around. 

For all analyses, we were primarily interested in activation 
differences within the MTL. Within this region of interest, we used a 
statistical threshold of puncorr.<0.01 for KIBRA (study I), and puncorr.<0.001 for 
BDNF and APOE (study II and III). The reason for the different thresholds 
used was that the sample was smaller in study I, where only participants in 
the youngest age cohorts were included (55-60, N=83). As the effect size of 
a single gene on brain activation is usually very small, a too conservative 
threshold increases the risk for false negative findings. A power calculation 
was performed for study I, which revealed that an effect of the current size 
(d=0.62) would require 35 + 55 subjects at an alpha level of 0.05 and a 
power of 0.80, whereas a small volume correction would require 156+250 
subjects (G*Power 3.1.2.). 

4.2.5 Structural images 
For high-resolution anatomical images, a T1-weighted incoherent gradient 
echo (FSPGR) 3D-sequence was obtained with the following parameters: 
TR: 8.2 ms, TE: 3.2 ms, flip angle: 12°, field of view: 25 x 25 cm, slice 
thickness: 1 mm, number of slices: 180.  

4.2.6 Diffusion tensor imaging 
DTI data was used to investigate genetic differences in white matter 
integrity. DTI data was only included as a complementary analysis in study 
II, and the procedure for DTI data analysis is described in full detail in 
Salami et al. (2012a). In short, FSL (University of Oxford’s Center for 
Functional Magnetic Resonance Imaging of the Brain [FMRIB] Software 
Library) was used for data analysis. Values of fractional anisotropy (FA) for 
12 tracts of interest, including the Genu, Body, and Splenium of the corpus 
callosum, were defined for each participant. The FA value goes from zero to 
one, where a value of zero indicates that water diffuses equally well in all 
directions, whereas a value of one indicates that diffusion only occurs along 
one axis. Thus, the FA value can be used to reflect the integrity of white 
matter fibers. 

4.2.7 Hippocampal volume 
In study III, measures of hippocampal volume were included in a control 
analysis. We also measured differences in hippocampal volume between 
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BDNF genotype groups. Here, we used the FreeSurfer automated cortical 
and subcortical parcellation tools (http://surfer.nmr.mgh.harvard.edu) for 
anatomic segmentation of the T1-weighted structural images. The 
procedure includes removal of non-brain tissue with the use of a hybrid 
watershed/surface deformation procedure, automated Talairach 
transformation, and segmentation of white and gray matter. Left and right 
hippocampal volumes were divided by the total intracranial volume to 
adjust for differences in body size among participants.  

4.2.8 Control analyses with BPM  
As we found a difference in hippocampal volume between BDNF Met 
carriers and Val homozygotes, we performed an additional fMRI analysis 
using the biological parametric mapping (BPM) toolbox (Casanova et al., 
2007). This analysis was done to investigate the effect of BDNF genotype on 
brain activation when controlling for differences in hippocampal structural 
volume. Thus, the co-registered structural T1-weighted images were 
included as covariates of no interest in an ANCOVA model. BPM also uses 
the general linear model, but includes each person’s gray matter voxel 
values in a voxel-specific design matrix. The detailed procedure for these 
analyses was the same as in Salami et al. (2012b) and Pudas et al. (in press).  

4.3 Genotyping 
DNA was isolated from samples of whole blood. A total of 52 SNPs, 
including KIBRA rs14040175 and BDNF rs6265, were genotyped using the 
Sequenom iPLEX gold assay and MassARRAY MALDI-TOF mass spectrometry 
platform. With this technique, a DNA primer (a short piece of DNA, about 
100 base pairs) is designed to bind into the DNA immediately upstream of 
the polymorphism. After PCR amplification, the primer is extended with one 
mass-modified nucleotide to the site of the polymorphism. Thus, the 
extension products will have allele-specific differences in mass, which are 
then detected with mass spectrometry.  

Data quality control was performed in the Betula behavioral sample. 
Individuals with sample call rate < 0.9 or other indications of genotyping 
errors were excluded from all analyses. Each SNP had an SNP call rate of > 
0.95 and did not deviate from Hardy-Weinberg Equilibrium (p>0.001).  

APOE genotyping was performed with a different technique that is 
described in Lind et al. (2006b). In this technique, four different allele-
specific primers of different length are used. The primer that binds to the 
DNA is amplified with PCR, and the PCR products are then analyzed using 
gel electrophoresis (Wenham et al., 1991).  
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5 Results 

5.1 Study I – KIBRA 
 
The KIBRA rs17070145 T allele had previously been related to increased 
episodic memory performance (Bates et al., 2009; Papassotiropoulos et al., 
2006; Vassos et al., 2010). One study found increased brain activation in the 
hippocampus of noncarriers of the T allele relative to T carriers, interpreted 
as neural compensation (Papassotiropoulos et al., 2006). The aim of this 
study was to investigate the KIBRA rs17070145 polymorphism in relation to 
both memory performance and brain activation in large samples. Of 
particular interest was whether carriers of the T allele would show 
increased or decreased activation in the hippocampal area during an 
episodic memory task.  

The behavioral results confirmed the proposed association of the T 
allele with increased memory performance. The effect on memory 
performance was seen both on immediate free recall of words in the 
behavioral sample (Figure 4 a, 35-85 years), and on scanner task 
performance in the imaging sample (Figure 4 b, 55-60 years).  

The imaging results revealed that the T allele is also related to 
increased bilateral hippocampal activation during memory retrieval. No 
genotype effect was seen in the older group of 65-75 year olds. To make 
sure that the activation difference between genotype groups was not 
biased by the difference in memory performance, post-hoc matching 
according to scanner task performance, age, and gender was performed 
(N=64). According to the neural compensation theory, increased activation 
in noncarriers of the allele associated with higher memory should be seen 
in performance-matched groups (Rasch et al., 2010). However, the results 
remained basically the same after matching (Figure 4 c, d). These results 
specifically link higher memory in T allele carriers to better hippocampal 
functioning rather than to compensatory neural mechanisms in noncarriers 
of the T allele.  
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Figure 4. Increased performance in KIBRA T allele carriers relative to noncarriers on 
a) immediate verbal recall and b) face-name recall. c) Increased hippocampal 
activation during retrieval in T allele carriers relative to noncarriers. d) Percent 
BOLD signal change from retrieval to baseline in local maxima of left and right 
hippocampus in T allele carriers and noncarriers. HC= hippocampus. c, d) 
performance matched groups (N=64). 
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5.2 Study II – BDNF 
The BDNF 66Met allele has previously been related to impaired activity-
dependent secretion of BDNF protein and lower memory performance 
(Egan et al., 2003). As brain imaging studies have shown inconsistent results 
(Dennis et al., 2010b; Hariri et al., 2003; Hashimoto et al., 2008), the aim of 
this study was to examine the role of the Met allele in memory-related MTL 
activation. Of particular interest was to reveal whether the Met allele is 
related to increased or decreased MTL activity relative to Val homozygotes 
in a large healthy study sample (N=194, 55-75 years), and whether the 
effect would be seen during encoding or retrieval processing. Given the role 
of the Met allele in impaired LTP processes (Egan et al., 2003), we 
hypothesized that Met carriers would show decreased brain activation in 
the MTL during encoding processes. An attempt to replicate the effect of 
BDNF on memory performance in the Betula sample was also performed 
(N=2229).  

In line with the hypothesis, BDNF Met allele carriers had decreased 
brain activation in the MTL relative to Val homozygotes, with the strongest 
effect in the posterior parahippocampus (Figure 5). The effect was only 
seen during encoding. The BDNF effect on brain activation was the same in 
healthy participants from the age of 55 to 75 years old (Figure 5 b). Thus, a 
previously reported BDNF x age interaction effect on hippocampal 
activation (Sambataro et al., 2010) could not be replicated. 
 

 
 

 
There was no significant effect of BDNF on memory performance, but Met 
carriers had numerically lower performance on four out of five episodic 

Figure 5. a) MTL activation during encoding for the contrast BDNF Val homozygotes > Met 
carriers. b) Percent BOLD signal change from encoding to baseline (mean over right PHC 
cluster) in Val homozygotes and Met carriers in the different age cohorts.  
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memory measures in Betula, as well as on performance on the scanner task 
in the fMRI sample. Finally, we found no relation between BDNF Val66Met 
and white matter integrity. 
The results imply an effect of the BDNF Met allele on impaired MTL 
functioning, particularly during memory encoding. This effect might 
translate into poorer memory performance, and might also be of relevance 
to neuropsychiatric disorders with a connection to MTL deficits.  

Additional results (unpublished) 
After publication of study II, we investigated if there were any genotype 
differences in hippocampal volume between BDNF 66Met carriers and 
66Val homozygotes. In line with previous research (Bueller et al., 2006; 
Montag et al., 2009; Pezawas et al., 2004), Met carriers were associated 
with a smaller left and right hippocampus relative to Val homozygotes (left: 
t=3.24, p=0.001, right: t=2.95, p=0.004). We therefore performed an 
additional fMRI analysis using BPM to control for genotype differences in 
hippocampal volume. The BPM analysis revealed highly similar results of 
BDNF on brain activation as shown in study II (Figure 5). Thus, the observed 
BDNF effect on hippocampus function was independent of BDNF effects on 
hippocampus volume. 
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5.3 Study III – gene-gene effect of APOE and BDNF 
In this study, we examined the single-gene effect of APOE ε4 as well as the 
combined gene effect of APOE ε4 and BDNF Met.  

The single-gene analyses of APOE revealed increased activation in the 
MTL in APOE ε3 homozygotes relative to ε4 carriers (N=163). For the 
combined gene analyses, we tested both for an interactive effect and an 
additive effect (N=151). The full factorial ANOVA revealed that there was no 
interaction effect between APOE and BDNF on brain activation. However, 
the linear regression analysis showed decreased activation in bilateral 
hippocampus and parahippocampus as a function of the number of APOE 
ε4 and BDNF Met alleles (Figure 6 a, b). This combined gene effect was 
stronger than either individual gene effect. The three combined genotype 
groups did not differ in family history of dementia, gender frequency, age, 
education, or volume of the left or right hippocampus. 

We then examined whether both genes contributed to this effect, or 
if it was mainly driven by one of the genes. To address this, we performed 
two hierarchical regression analyses for each of the five local maxima that 
were identified in the four clusters, where BDNF was entered first in the 
first regression model and APOE was entered first in the second regression 
model. The regression analyses showed that BDNF explained the highest 
amount of variance in BOLD signal change in all five local maxima (4.3-
12.8%). By adding APOE to the model, significantly more of the variance in 
BOLD signal change could be explained in three local maxima (2.5-3.5% of 
the variance).  

Next, we examined genotype differences in BOLD signal during 
encoding across the hippocampus clusters that were revealed from the 
main effect of encoding-baseline across all participants within a 
hippocampus specific anatomical mask. There was a significant linear 
decrease in mean brain activation across the whole right hippocampal 
cluster with number of BDNF Met and APOE ε4 alleles, and a similar trend 
in the left hippocampal cluster. 

The current data provide evidence for an additive effect of BDNF Met 
and APOE ε4 on decreased memory-related brain activation across the 
hippocampus. These findings demonstrated that a larger proportion of 
variance in brain activation attributed to genetics can be explained by 
considering more than one gene variant. The results might be relevant for 
the understanding of normal variability in memory function as well as 
memory-related disorders associated with APOE and BDNF. 
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Figure 6. a) Decreased brain activation in the MTL as a function of the number of APOE 
ε4 and BDNF Met alleles. The lines in the sagittal view indicate location of the coronal 
slices. Color scale indicates t-value. b) Percent BOLD signal change from encoding to 
baseline in local maxima of bilateral hippocampus (HC) and bilateral parahippocampal 
cortex (PHC).  
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5.4 Summary of results 
 
 
Table 3. Summary of results from study I-III 

 
Ret=retrieval. Enc= encoding. N.S.= non-significant. - = not examined.  

Gene KIBRA BDNF APOE BDNF x APOE 

Memory 
performance, 
Betula 

T>CC  N.S. - - 

Memory 
performance, 
scanner task 

T>CC N.S. N.S. N.S. 

MTL  
activation 

T>CC  
(N=83) 
Ret.  
 

ValVal>Met 
(N=194) 
Enc. 
 

ε33>ε4 
(N=163) 
Enc. 

0>1>2  
ε4/Met 
(N=151) 
Enc. 

White matter 
integrity 

- N.S. - - 

Hippocampal 
volume 

- ValVal>Met N.S. N.S. 

Genotype x age 
effect on brain 
activation 

Effect in 55-60 
but not 65-75 
yrs 

N.S.  N.S. - 
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6 Discussion 

In this thesis, three of the strongest candidate genes for human episodic 
memory, KIBRA (study I), BDNF (study II), and APOE (study III) (Koppel and 
Goldberg, 2009), have been examined in relation to episodic memory and 
hippocampal activation. The results from study I-III converge on the finding 
of stronger brain activation in the medial temporal lobe for individuals 
carrying a genotype that has been associated with higher memory 
performance in behavioral studies. There were also some differences in the 
pattern of results (see Table 3): The effect of KIBRA was seen in participants 
in the age range 55-60 years, but not in older age, whereas the effect of 
APOE and BDNF was the same from 55-75 years. Further, KIBRA exerted a 
significant impact on brain activation during retrieval processing, whereas 
BDNF and APOE influenced encoding-related brain activation. Finally, KIBRA 
showed a significant relation to memory performance both in our 
longitudinal behavioral sample and at the scanner task, whereas BDNF did 
not influence memory performance in this sample.  

In study III, the single polymorphism approach was extended by the 
examination of the combined effect of APOE and BDNF on brain activation. 
Further subdivisions based on the KIBRA genotype were not considered as 
the single-gene effect of KIBRA was only seen in 55-60 year olds (i.e. a 
smaller sample) and not during the same memory phase 
(retrieval/encoding). An additive effect of APOE and BDNF was identified, 
demonstrating that a larger proportion of variance in BOLD signal change 
can be explained by considering more than one polymorphism.  

I will now discuss these results in more depth. We will start by 
moving from gene function to brain activation and from brain activation to 
memory function. Thereafter, we will examine whether the intermediate 
phenotype approach has been fruitful. I will end by considering some 
limitations of the studies and point to future directions.  
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6.1 From gene function to brain activation 
We will start by consider how knowledge about gene expression and 
function at the cellular level can be linked to the current findings at the 
intermediate phenotype level of brain function and structure. 

6.1.1 KIBRA 
KIBRA is expressed in the whole brain, and largely in the hippocampus, 
where the protein interacts with several proteins that are important for 
LTM-related molecular mechanisms, including LTP and LTD (Schneider et 
al., 2010). The interaction between KIBRA and PKMζ, strongly involved in 
the maintenance of LTM, has been proposed as the most plausible 
functional role for KIBRA in memory (Schneider et al., 2010). A more recent 
study suggested the interaction with PICK1 in the regulation of AMPA 
receptors as a functional role for KIBRA in memory (Makuch et al., 2011). 
The results from study I of a primary impact of KIBRA on hippocampal 
activation during retrieval, but not during initial learning, can be seen as 
further indications for a role of KIBRA preferentially in memory processes 
that occur after initial learning. It should be remembered that the 
rs17070145 SNP is intronic, and thereby does not alter the amino acid 
structure of KIBRA. Intronic SNPs might impact regulation of gene 
expression or alternative splicing of mRNA, but often show a statistical 
relation with the trait by being in linkage disequilibrium with a functional 
polymorphism. Further sequencing of the DNA region in LD with 
rs17070145 is needed in order to identify polymorphism(s) that alters the 
KIBRA protein function, or gene expression.  

6.1.2 BDNF 
Regarding BDNF, the 66Met allele has a known functional impact on the 
activity-dependent secretion of BDNF, with resulting impaired LTP in the 
hippocampus (Egan et al., 2003). These molecular data provide a clear link 
to impaired memory-related cellular processes in the MTL, that are 
reasonable to underlie the decreased brain activation in Met carriers seen 
during encoding (study II). An effect of BDNF Val66Met genotype on MTL 
activation specifically during encoding was also suggested by reports from 
Hashimoto et al. (2008), although Hariri et al. (2003) observed an effect 
during both encoding and retrieval. More specifically, the effect of BDNF 
genotype on brain activation in this study was strongest in the posterior 
part of the parahippocampal cortex (PHC), with a smaller cluster activated 
in the right anterior PHC. Hariri et al. (2003) found an effect of BDNF 
genotype in both hippocampus and parahippocampus, whereas Hashimoto 
et al. (2008) only detected an effect in the hippocampus. Both 
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hippocampus and parahippocampus are important areas for declarative 
memory (Eichenbaum et al., 2007; Squire et al., 2004) and BDNF is 
expressed also in the cortical regions around the hippocampus, as well as in 
other brain areas (Webster et al., 2006). However, the exact location of the 
activation within the MTL is difficult to determine in our study since our 
sample consisted of older individuals who might differ morphologically 
from the MNI template brain, which is built on young individuals. It is 
therefore problematic to make strong interpretations regarding the 
difference in location within the MTL among the studies outlined above.  

6.1.3 APOE 
Regarding APOE, the link between genotype and the BOLD response is 
more complicated and might be influenced by several factors, such as the 
relation between APOE and Alzheimer’s disease. Observed differences in 
BOLD signal change between carriers of the different APOE isoforms have 
been explained differently among studies.  

Differences in brain activation related to APOE might be influenced 
by early alterations in brain morphology preceding the clinical signs of 
MCI/AD (Trachtenberg et al., 2012b). Decreased brain activation in ε4 
carriers has been suggested to reflect pathological disruption of cortical 
networks due to early accumulation of AD-related pathology (Smith et al., 
1999; Trachtenberg et al., 2012b). However, results of increased activation 
in ε4 carriers have also been related to AD. Here, the reasoning has been 
that ε4 carriers need higher activation to compensate for a higher cognitive 
effort, caused by early pathological changes (Bookheimer et al., 2000; Han 
et al., 2007). Against the proposed relation to AD pathology, young ε4 
carriers have been associated with both increased (Dennis et al., 2010a; 
Filippini et al., 2009) and decreased (Mondadori et al., 2007) MTL activation 
decades before the onset of age-related alterations in cognition or brain 
morphology (Trachtenberg et al., 2012b). Further, Trachtenberg et al. 
(2012a) argued against a relation to AD pathology by showing increased 
brain activation in both ε4 and ε2 carriers relative to ε3 homozygotes, 
although the ε2 allele is protective towards AD. This effect was seen during 
two different cognitive tasks in relatively young participants. Specifically, 
they observed decreased deactivation of task-irrelevant cortical regions 
during encoding, as well as inappropriate activation of the MTL during a 
task that does not normally activate the MTL (the Stroop task). The authors 
argue that the BOLD signal change is related to an intrinsic effect of APOE 
on brain function rather than to early AD pathology. In line with this 
proposal, we found that the effect of APOE did not increase with increased 
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age, which would be expected if the effect reflects early AD pathology 
(study III).  

Another potential mediator for an impact of APOE on BOLD 
signal change is through a genetic effect on blood flow rather than brain 
activation. APOE has an important role in the physiology of the 
cardiovascular system and is related to altered risk for vascular diseases, 
such as cerebral amyloid angiopathy (Hauser et al., 2011; Verghese et al., 
2011). One study reported an effect of APOE on baseline CBF (Fleisher et 
al., 2009). As changes in BOLD signal are dependent on both cerebral blood 
flow (CBF), cerebral blood volume, and the cerebral metabolic rate of 
oxygen consumption, factors that impact CBF could give rise to differences 
in BOLD signal between groups without differences in brain activation (Han 
et al., 2009). However, as another study found APOE-related alterations in 
the BOLD signal when controlling for CBF (Filippini et al., 2009), this relation 
is unlikely to explain all task-related changes in the BOLD signal related to 
APOE genotype.   
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6.2 From brain activation to memory function 
Imaging genetics studies of memory have revealed both increased and 
decreased brain activation in carriers of an allele associated with better 
memory performance. The former is often interpreted as elevated neural 
functioning in the high-memory associated allele group. The latter is 
instead generally interpreted as compensatory recruitment of additional 
neural resources in order to perform the task equally well. To what extent 
these alternative interpretations make sense is dependent on both the task 
used during scanning and in what brain areas the effect is seen. Therefore, 
to decrease the complexity of this issue, I will delimit this discussion to 
activation difference in the medial temporal lobe during processing of 
memory tasks.  

6.2.1 Relation to memory performance 
In a review of imaging genetics studies of episodic memory, Rasch et al. 
(2010) argued that the interpretation of this kind of studies critically 
depends on whether a difference in brain activation is seen in groups that 
are matched on memory performance or in groups that differ in memory 
performance. They reasoned that if the genotype groups differ significantly 
in memory performance, increased brain activation would be expected in 
the group with better memory. This reasoning makes sense in the light of 
the strong positive relation between successful remembering and the 
magnitude of activation in the MTL seen in many studies (Brewer et al., 
1998; Cabeza and Nyberg, 2000; Eichenbaum et al., 2007; Eldridge et al., 
2000; Wagner et al., 1998), as reviewed in section 2.1.4. Increased brain 
activation in an allele group that do perform significantly better during 
scanning has been seen for both BDNF (Hariri et al., 2003) and COMT 
(Bertolino et al., 2006b) during encoding and immediate recognition of 
scenes. The same was also observed for KIBRA in this thesis (study I), where 
increased hippocampal activation in KIBRA T allele carriers was seen 
together with increased retrieval accuracy at the scanner task.  

Most imaging samples are however not large enough to capture 
differences in performance between the genotype groups. By matching 
genotype groups according to memory performance, one can also avoid 
measuring brain activation changes that are related to differences in 
performance rather than to genotype. Rasch et al. (2010) reasoned that 
when groups are carefully matched on memory performance the opposite 
direction of results would be expected. Here, carriers of a low-memory 
associated allele would be expected to need additional brain activation in 
order to reach the same performance level as carriers of a high-memory 
associated allele. Increased brain activation would then represent neural 
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compensation in the poor-memory associated genotype group. According 
to Rasch et al. (2010) this interpretation can be made in both cortical areas 
and the medial temporal lobe, and both during encoding and retrieval 
processing. Groups matched on a delayed recall task administered outside 
the scanner was used in studies of both KIBRA (Papassotiropoulos et al., 
2006) and CAMTA1 (Huentelman et al., 2007), where increased 
hippocampal activation during retrieval of face-profession associations was 
seen in carriers of a low-memory associated allele, and interpreted as 
neural compensation. Also for the PRNP gene, performance matched 
carriers of the allele associated with poorer memory (Val129) had increased 
MTL activation during verb recognition, both 30 minutes and 24 hours after 
learning (Buchmann et al., 2008). The interpretation from the latter study 
was that PRNP Val129 carriers had to recruit more neurons in their retrieval 
network than noncarriers because of a less efficient use of neuronal 
resources (Buchmann et al., 2008).  

Against the compensatory hypothesis, Egan et al. (Egan et al., 2004) 
found the opposite direction of result in performance matched groups with 
different GRM3 genotypes: Increased encoding-related hippocampal 
activation was seen in carriers of the allele associated with better memory 
(Egan et al., 2004). Here, increased hippocampal activation was instead 
interpreted as a more efficient encoding. Also in another study using a 
matching procedure, increased encoding-related hippocampal activation 
was related to an increased memory-related genetic score consisting of 
seven polymorphisms related to memory performance (de Quervain and 
Papassotiropoulos, 2006).  

Whereas increased brain activation in the frontal cortex might, for 
example, reflect alternative cognitive strategies due to the importance of 
this area for executive functions, the compensatory theory does not map to 
findings that relate the magnitude of brain activation in the medial 
temporal lobe to successful encoding (Brewer et al., 1998; Fernández et al., 
1998; Wagner et al., 1998) and retrieval (Eldridge et al., 2000; Nyberg et al., 
1996b). Thus, it is problematic to simply generalize neural compensation 
models for the prefrontal cortex to the MTL. For example, COMT 158Met 
carriers have been reported to have better working memory as well as 
episodic and semantic memory (de Frias et al., 2004; Dickinson and Elvevåg, 
2009). During both encoding and retrieval, the number of Met alleles has 
been associated with increased brain activation in the hippocampus, but 
decreased prefrontal cortex activation (Bertolino et al., 2006b).  

In order to reveal how the directionality of the effect should be 
interpreted, Rasch et al. (2010) further argued that the same sample would 
ideally be examined both when groups differ in performance and after 
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performance matching. According to the authors, a reversed direction of 
effect after performance matching would support the compensatory theory 
(Rasch et al., 2010). To my knowledge, this procedure has only been applied 
in study I of this thesis. Here, the imaging sample was large enough to first 
capture a performance difference on the scanner task, and the sample 
remained large also after careful post-hoc matching according to 
performance, age, and gender. Thirty-two T carriers and 32 noncarriers 
remained after matching, which is about twice the number of subjects as in 
previous studies that used a matching procedure, as reviewed above 
(Buchmann et al., 2008; Huentelman et al., 2007; Papassotiropoulos et al., 
2006). Our results remained the same after matching; increased 
hippocampal activation in carriers of the allele (T) that has been associated 
with better memory. Thus, the results from study I question the 
compensatory theory by demonstrating that absence or presence of 
performance differences are not critical for the direction of results, and for 
their interpretations. The results rather indicate that other factors must be 
of relevance to the differences in the direction of results among studies, as 
will be discussed in the next section.  

There are aspects of memory ability other than merely retrieval 
accuracy that are related to the magnitude of MTL activity (see section 
2.1.4). Hence, groups matched on recall accuracy might still differ on other 
brain activity-related aspects of memory ability. One example is the 
duration of a memory, where stronger hippocampal activation during 
encoding has been related to more durable memories (Carr et al., 2009). 
Another example is how strong and vivid a memory trace is. Memory 
strength measured with self-reported confidence ratings, as well as 
remembering that is based on recollection rather than familiarity, has also 
been related to increased MTL activation (Eldridge et al., 2000; Wais, 2011, 
2008), as reviewed in section 2.1.4.  

A third category of imaging genetics studies is studies that did not 
match groups according to performance, but still did not detect a significant 
performance difference between genotype groups. Many of these studies 
found increased encoding-related MTL activation in carriers of an allele 
associated with better memory performance. This was for example seen for 
APOE (Adamson et al., 2011; Borghesani et al., 2008; Trivedi et al., 2006), 
BDNF (Hashimoto et al., 2008), and CTNNBL1 (Papassotiropoulos et al., 
2013). In these studies, increased MTL activation was interpreted as 
increased MTL functioning. This direction of results was also seen in study II 
(BDNF) and study III (APOE) of this thesis. However, some reports in 
support of compensatory increases in low-memory associated allele carriers 
have been seen in this category of studies, in particular from studies of 
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APOE (Bondi et al., 2005; Bookheimer et al., 2000), but also in relation to 
BDNF genotype (Dennis et al., 2010b).  

6.2.2 Relation to task difficulty 
The results from this thesis question the neural compensation model 
proposed by Rasch et al. (2010) in which carriers of a low-memory 
associated allele should be expected to have higher brain activation relative 
to noncarriers when groups are matched on memory performance, but 
lower brain activation when the genotype groups differ significantly in 
memory performance. If the results and interpretations are not critically 
related to performance differences, what might the discrepancies in results 
among the studies then represent? I will now present an alternative model 
where task difficulty is a critical factor for the results and interpretations of 
genetic differences in memory-related brain activation in the MTL.  

Patterns of MTL activation that are in line with the neural 
compensation model, i.e. increased MTL activation in carriers of a low-
memory associated allele, has been observed mainly during retrieval in 
relatively easy tasks (Bookheimer et al., 2000; Buchmann et al., 2008; 
Huentelman et al., 2007; Papassotiropoulos et al., 2006). MTL activation 
during more difficult retrieval tasks as well as during encoding processing 
instead generally seems to follow the interpretation of enhanced neural 
functioning in a group with high MTL activity (Bertolino et al., 2006b; de 
Quervain and Papassotiropoulos, 2006; Egan et al., 2004; Hariri et al., 2003; 
Hashimoto et al., 2008; Papassotiropoulos et al., 2013, and study I-III). For 
example, we found increased activation in carriers of high-memory alleles 
during a relatively difficult retrieval task, with an average of about 15/24 
correctly recalled names. The same was seen regardless of whether the 
groups differed on memory performance or not (study I). The opposite 
direction of results was seen for polymorphisms in KIBRA and CAMTA1, 
from the same group using the same scanner paradigm, and seemingly the 
same participants (Huentelman et al., 2007; Papassotiropoulos et al., 2006). 
The scanner paradigm used was a face-profession associative task, similar 
to our face-name task and performance matching was made on the basis of 
an off-line delayed recall task. The authors did not report performance from 
the scanner task, but the material was presented in three learning runs and 
contained 33% fewer study items than our face-name task. Also, there were 
only two choices in the retrieval task (academic/workman) compared to the 
three alternative letters in our cued retrieval task. Thus, their task was 
probably much less demanding. A third study found increased MTL 
activation in low-memory associated allele carriers of the PRNP gene during 
retrieval in performance matched groups (Buchmann et al., 2008). Also 
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here, the retrieval task was an easy verbal recognition task with a mean of 
only 3-4 missed items out of 50 words encoded. Most exceptions to the 
notion that results in favor of the neural compensation model is found 
during less demanding task is to be found in studies of APOE, where factors 
that were discussed in section 6.1 might influence the direction of results 
(Trachtenberg et al., 2012b, but see also Dennis et al., 2010b).  

Bookheimer et al. (2000) explained the increased brain activation 
seen in APOE ε4 carriers in terms of compensation due to increased 
cognitive effort during retrieval in order to perform the task equally well. In 
their imaging study of APOE, they noted that increased activation in ε4 
carriers relative to ε3 homozygotes was more prominent during retrieval 
than during encoding (Bookheimer et al., 2000). The performance of the 
retrieval task used in their study did not include any recording of the 
responses. Instead, participants were silently recalling the study items 
covertly, which makes it difficult to estimate the task demands. According 
to the authors, compensatory increases would represent that participants 
with genetically poorer hippocampal functioning “need to work harder” by 
experiencing the task as being more demanding than participants with 
better hippocampus function (Bookheimer et al., 2000).  

Differences in subjectively experienced task demands is reasonably 
more marked during easy tasks, where all participants reach the maximum 
performance level but might need to work differently hard in order to do 
so. As the magnitude of hippocampal activation during retrieval is more 
related to successful retrieval than to retrieval attempt or effort (Nyberg et 
al., 1996b), it is however difficult to explain compensatory brain activation 
in the hippocampus simply as increased effort. Stronger hippocampal 
activation during retrieval is instead associated with remembering that is 
based on conscious recollection rather than familiarity or knowledge-based 
memory (Eldridge et al., 2000). It is possible that higher subjectively 
experienced retrieval effort elicits remembering that is built on conscious 
recollection of the encoded material to a higher degree than when the task 
is experienced as easier.  

More difficult tasks should allow all participants to recruit their 
individual maximal degree of neural resources in the hippocampal region in 
order to perform the task as well as possible. Increased MTL activation 
would here thus reflect a higher maximal capacity to recruit neural 
resources. 

I therefore suggest that task difficulty is an important factor for the 
expected direction of imaging genetics results of polymorphisms with a role 
in memory that is mediated by hippocampal functioning (as illustrated in 
Figure 7). Increased hippocampal activation in carriers of a low-memory 
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associated allele can be expected during retrieval on easy tasks, due to 
more marked differences in subjectively experienced task demand between 
genotype groups. Increased activation in the high-memory associated allele 
group should instead be expected during encoding, as well as during 
retrieval of more difficult tasks, reflecting their higher capacity to recruit 
hippocampal resources.  

  

 

 
A similar model, although not for the MTL, was proposed by 

Neubauer and Fink (2009) in a review of intelligence and neural efficiency. 
The authors suggested that neural efficiency, i.e. lower activation in more 
intelligent individuals, was seen during easy to moderately difficult tasks, 
whereas the opposite was to be expected during more complex tasks 
(Neubauer and Fink, 2009).  Further, Stern (2009) argues for a similar 
relation for the activation difference between young and older participants 
as a function of task demand. During easier tasks, older participants need to 
recruit more activation than younger individuals, but when task demand 
increases the opposite is seen as old participants have lower brain 
activation capacity (see also Nyberg et al., 2009).  

Figure 7. Model for a relation between task difficulty and MTL activation during 
retrieval. 
During easy tasks, increased MTL activation might reflect higher subjectively 
experienced task demand. During more difficult tasks where all participants are allowed 
to perform at their best, magnitude of MTL activation might instead reflects the maximal 
capacity to recruit neural resources (dotted lines). 
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6.3 The promise of the intermediate phenotype 
approach 
In the aims (section 3), I stated that; “The approach was to use brain 
activation, revealed by fMRI, as an intermediate phenotype between gene 
function and memory performance in order to both validate and extend 
findings from behavioral genetic studies of memory”. In the light of the 
current findings, to what extent has this aim been fulfilled?  

6.3.1 A genetically more proximal phenotype 
The genetic complexity is considered to increase from the protein level to 
the cellular, system, and finally behavioral level of investigation (Figure 2, 
Green et al., 2008; Mattay et al., 2008; Rasetti and Weinberger, 2011). The 
effect size has also shown to be larger for brain imaging phenotypes than 
for behavioral traits (Rasch et al., 2010). The fact that it is more difficult to 
capture an effect at the behavioral level was demonstrated in study II, 
where an effect of BDNF Val66Met was seen on brain activation during 
memory processing but not memory performance – even though the 
behavioral sample was ten times larger. Notably, BDNF Met carriers had 
lower score on most tests, but the effects were too small to reach 
conventional significance. Given the previous findings of decreased memory 
in Met, and a strong relation of Met to impaired LTP, the results are likely 
to reflect the fact that we did not have power enough to capture an effect 
on these particular memory tasks. It is reasonable that different cognitive 
tests are differentially sensitive to capture a given genetic effect. Here, 
brain imaging successfully served as a more sensitive phenotype to 
establish a genetic role in brain processes that are relevant to memory.  

Many behavioral genetic studies report results from several different 
measures, of which some are significant and others not. In study I, KIBRA 
was only significantly related to one out of our five memory measures; 
immediate recall of words. Given that the previous study by 
Papassotiropoulos et al. (2006) observed an effect on delayed but not 
immediate recall, this result was a bit surprising. Once again, this 
discrepancy demonstrates that single reports of a genetic impact on very 
specific aspects of behavior must be considered cautiously. In order to 
establish a role for a certain genes in cognition, it is better to examine the 
results from meta-analyses than from single studies.  
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6.3.2 A mediator of gene-cognition relationships 
What additional information about the genes, other than validating a role 
in memory-related processes, has been attained by using brain imaging 
phenotypes in this thesis?  

First, we have seen that KIBRA, BDNF, and APOE impact hippocampal 
and parahippocampal processing, which might mediate the genetic effect 
on memory performance. Although the hippocampal region is a key area in 
declarative-memory encoding and retrieval, a genetic influence on memory 
performance could as well be mediated through a genetic impact on other 
brain areas that are relevant for declarative memory function, for example 
the inferior frontal gyrus and areas of the parietal lobe (Cabeza and Nyberg, 
2000). Further, genes might be related to memory through an impact on 
brain structure, such as gray matter volume, white matter integrity, or a 
combination of structural and functional alterations (Bueller et al., 2006). 
We found no effect of BDNF on white matter integrity (study II), but 
decreased hippocampal volume in BDNF Met carriers (section 5.2), which 
has also been seen before (Bueller et al., 2006). However, when controlling 
for hippocampal volume, the functional results remained largely the same, 
which indicates independent impacts of BDNF on brain structure and 
function.  

Second, we have been able to examine the genetic impact on 
encoding and retrieval processes separately. Together with molecular 
findings, these results have provided additional indications of which 
underlying processes that are of importance for each gene. Third, the more 
sensitive imaging phenotype was used to examine a putative gene x age 
effect. Sambataro et al. (2010) reported the effect of BDNF genotype on 
brain activation to be larger with increasing age, a finding which could not 
be replicated in the current study (study II). One explanation for this 
discrepancy could be a more narrow age range of the current sample.  

In summary, brain imaging phenotypes have proved to be successful 
in order to establish a genetic impact on memory-related processes, as well 
as to provide important additional information on the precise genetic role 
in these processes.  

6.3.3 Beyond the single polymorphism approach 
A large number of genes are involved in the inheritance of complex 
phenotypes, but not very much is known about their interplay. In the third 
study, we moved beyond examining single polymorphisms to look at the 
combined effect of genetic variation in APOE and BDNF. An additive effect 
of APOE and BDNF was found on brain activation across large parts of the 
hippocampus and parahippocampus, whereas no nonadditive gene-gene 
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interaction was seen (statistical epistasis). Both statistical epistasis and 
additive effects of two genes can be seen in the absence of biological 
epistasis or interactions at the level of protein function (Cordell, 2002). 
Critically, the data showed that a significantly larger amount of variance in 
BOLD signal change could be explained by considering polymorphisms in 
both APOE and BDNF, compared to the effect of either one of the 
polymorphisms. 

Together, APOE and BDNF explained 7-14% of the variance in BOLD 
signal change, whereas twin studies have estimated the total amount of 
variance in task-related brain activation that can be attributed to genetics 
to as much as 65% (Blokland et al., 2012, 2011). For many traits, there is a 
large gap between the amount of variance that is explained by identified 
genetic variations and the heritability estimates derived from twin or 
adoption studies. This phenomenon is referred to as the “missing 
heritability”, and is a heavily debated topic (c.f. Eichler et al., 2010). Leading 
experts in the field argue that the missing heritability might partly consist of 
additive effects of gene variants with very small individual effects that are 
difficult to detect without huge data sets, or even too small effects to ever 
show a significant effect in isolation (Manolio et al., 2009). Although 
polymorphisms with small effects can be identified through GWA studies, 
such SNPs need to be common in the population in order to be detected. 
Thus, the potential influence of rare variants with large individual effects is 
not easily found by GWAS. Other factors are gene-gene interactions, gene-
environmental interactions, structural variants (i.e. other kinds of genetic 
variation than SNPs), heritable epigenetic factors, or a combination of 
several factors (Eichler et al., 2010; Manolio et al., 2009). There might also 
be genetic inheritance patterns that are not yet discovered.  

Theoretically, one could of course examine the combined effect of 
more than two SNPs, although large samples are needed in order to get 
large enough subgroups. One previous study related brain activation in the 
hippocampus to a genetic memory score created from a cluster of seven 
polymorphisms related to memory performance (de Quervain and 
Papassotiropoulos, 2006). Activation in the hippocampus was increased 
with a higher score (i.e. genotypes related to better memory). As genetic 
effects on memory performance are more difficult to replicate than the 
effect on brain activation, a genetic cluster based on a significant effect on 
memory performance can easily miss SNPs with a weak effect on 
performance that would still be significantly related to brain activation. 
Another approach could be to examine the combined effects of many SNPs 
that show individual effects on task-related brain activation in the same 
brain region.  
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6.5 Limitations and future directions 
What limitations of the studies might influence the presented results and 
conclusions drawn from this thesis? In this last section of the discussion, I 
will consider strengths and weaknesses to the studies, and end up glancing 
one interesting future line of research in this field.  

6.5.1 Strengths and weaknesses 
The ImAGen project is a large and ambitious fMRI project designed to fulfill 
several purposes. The total number of subjects, 376, is around ten times 
larger than what is commonly used in imaging studies, although sample 
sizes vary widely and a few recent imaging genetics projects have included 
comparable sample sizes. Genetic data on KIBRA, BDNF, and APOE were 
only available for 293 subjects in the age range of 55-75, and any effect in 
younger age could therefore not be examined. However, as GWA data is 
available for all participants, it is possible for a future study to examine 
SNPs in LD with KIBRA rs17070145 also in 25-50 year olds.  

The participants were recruited from the Betula project, for which 
subjects are randomly sampled from the population registry. Thereby, the 
participants are more likely to be representative to the general population 
than if recruited by announcements. Unfortunately the participant drop-out 
from longitudinal studies is not random. Participants with poorer test 
performance leave the study in higher extent than participants who 
perform well. In addition, individuals who agreed to participate in the fMRI 
examination, and passed all the exclusion criteria, tended to perform better 
on the cognitive tests in Betula than the ones that did not perform fMRI 
(Pudas et al., manuscript in preparation). Thus, the sample of 55-75 year 
olds examined in this thesis reflects a sub-sample of the population with 
more well-preserved cognitive function than the average. This is something 
that is very difficult to fully avoid since one must make sure that the 
participants can complete the task properly in order for the results to be 
meaningful. However, if something, the risk is larger to underestimate the 
genetic effect than to overestimate it as a genetic effect is reasonably more 
difficult to capture in a sample with smaller variance on the trait being 
studied. 

The large number of participants and thorough health examinations 
in Betula allowed for careful exclusion of participants based on diseases and 
poor task performance. However, the participants are in the age of 55 and 
above, and premorbid changes in brain morphology might occur as early as 
15 years prior to the onset of clinical symptoms of dementia. Thus, it is 
difficult to examine whether the genetic effect on brain function reflects 
preclinical pathological processes of dementia or differences in 
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hippocampal processing that is unrelated to pathology. This issue is 
particularly relevant for APOE, given the strong relation of APOE ε4 and AD. 
In an attempt to address this, we examined if there was an interaction 
effect with age. The reasoning was that pathological processes prior to 
onset of clinical symptoms would be more common in older age, and 
thereby manifest as a larger difference between genotypes on the BOLD 
signal as a function of increased age. No interaction effect with age was 
seen. As the sample is not fully representative for the population, as 
discussed in the previous paragraph, the lack of interaction could possibly 
also reflect that the uneven sampling is more pronounced in older age 
(Pudas et al., manuscript in preparation). This issue will be possible to 
address further when the next wave of data collection in Betula is 
performed, allowing a follow-up of the participants regarding  development 
of AD, normal cognitive decline, and brain function.  

Another strength with Betula is that the participants are genetically 
homogeneous, as all participants are born in Sweden and all are citizens of 
Umeå, a rather small city in the northern part of Sweden. A few per cent of 
the population in this region have at least one Finnish parent, which could 
cause some genetic heterogeneity.  

The blocked imaging task used during scanning was designed to elicit 
strong and reliable brain activation in the hippocampal region in both 
young and older age, and during both encoding and retrieval (Persson et al., 
2010). The inter-stimulus interval was jittered to enable examination of 
only successfully remembered items, but as there were only 24 items, too 
few were forgotten to enable the classical subsequent memory contrast 
(remembered – forgotten). Thus, the contrast used (encoding – baseline) 
might involve other cognitive aspects related to encoding and retrieval 
processing, such as effort, attention, and concentration. However, the 
influence of some of those factors was eliminated by the use of an active 
baseline task, in which participants concentrated on pressing a button as 
fast as possible whenever a fixation cross was transiently replaced with a 
circle. An active baseline is preferable compared to resting baselines as it 
contains less rehearsal of the task materials and mind-wandering (Stark and 
Squire, 2001).  

Finally, it is likely that differences in the BOLD signal do not only 
reflect neural activation, but rather other physiological mechanisms such as 
the resting cerebral blood flow (Fleisher et al., 2009; Han et al., 2009). In 
order to control for this, one can measure resting perfusion and use that as 
a covariate of no interest. Such procedure did however not change the 
results of a previous study, where increased activation was seen in young 
APOE ε4 carriers (Filippini et al., 2009). 
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6.5.2 Future directions 
The field of imaging genetics has grown rapidly over the last years and the 
samples have become bigger. One out of several exciting next steps for the 
field is to examine brain activation in relation to genetic variations 
throughout the whole genome. In behavioral genetics studies, GWA studies 
receive great interest (c.f. Davies et al., 2011), although the effect sizes of 
polymorphism identified from GWAS are usually small, and findings have 
not always been able to replicate. In relation to brain structure, large-scale 
multicenter GWAS including more than 21 000 participants have identified 
polymorphisms related to hippocampal volume (Stein et al., 2012). GWAS 
on functional imaging phenotypes are statistically more challenging with 
the large number of potentially activated voxels in the brain. Also, brain 
function cannot easily be compared between different imaging centers with 
different scanner protocols, and not many individual fMRI studies are large 
enough for genome wide examinations. Nevertheless, thanks to the 
exceptionally large imaging sample, such an ambitious project is initiated in 
ImAGen where GWA data is available on all 376 participants. A GWAS on 
speed of processing and white matter integrity is initiated, and the plan is 
to perform a GWAS also on functional brain activation during the face-
name episodic memory task. Thus, novel polymorphisms with an impact on 
memory related brain activation can be detected that might in turn provide 
new biological pathways to memory and memory-related diseases.  
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7 Summary 

In this thesis, genetic variations in three of the strongest candidate genes 
for episodic memory function, KIBRA, BDNF and APOE, were examined in 
relation to memory performance and brain activation in the medial 
temporal lobe. Both the behavioral and the fMRI samples were 
exceptionally large, and provided important contributions to the field given 
the inconsistency among previous studies. The results from these studies 
converge on higher medial temporal lobe activation for carriers of an allele 
shown to be beneficial for memory performance. This result suggests the 
genetic effects on memory to be mediated through enhanced medial 
temporal lobe functioning in carriers of high-memory associated alleles. An 
additive effect of APOE and BDNF was seen on hippocampal activation, 
demonstrating that a larger amount of variance in brain activation can be 
explained by considering the combined effect of two polymorphisms. The 
genetic effects on memory performance were generally more difficult to 
detect than genetic effects on brain activation, which can be expected given 
the higher degree of genetic complexity of behavioral traits.  

By using brain imaging in genetic research, this thesis has confirmed 
a role of genetic variants of KIBRA, BDNF, and APOE in memory-related 
brain processes, as well as provided valuable information about their action 
at the level of neural circuits. The results from this thesis are of importance 
for our understanding of the genetic pathways for normal memory 
functioning, and also for research on diseases with a link to hippocampal 
dysfunction and related genes.  
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