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“Emotion and Cognition are inextricably linked and perhaps never entirely separate,
distinctive nor pure.”
“An impression may be so exciting emotionally as almost to leave a scar upon the
cerebral tissues”
William James, 1890
The principles of psychology

Emotion, Mood & Memory
Humans’ most vivid memories are usually entangled with emotions. Human beings
encode and retrieve information uncountable times throughout every day. Most of
these memories just help us through our day, such as memories about where we put
our keys or parked the car, shopping lists, appointments, and so on. However, we
usually forget this kind of information a minute, a week, a month or a year later and
do not need to remember. On the other hand, whenever a situation evokes (strong)
negative or positive emotions like sadness, disgust, shame, anger, fear, surprise or
happiness, we do remember, even after a long time. Emotional memories are the
ones that make up our life story (autobiographical memories), and even influence the
way we perceive ourselves. We remember birthdays, funerals, holidays, parties,
arguments and fights, our first love and the following breakup. You remember when
you heard that a loved one died or is seriously ill, or when someone treated you badly.
Emotional content vs. emotional state during encoding and retrieval
Emotions interact with memory in two different ways. On one hand, the emotional
content (e.g. negative or positive words, pictures, stories) of information can enhance
memory. This is called the emotional memory enhancement effect (EME) (Hamann,
2001). This phenomenon has been studied extensively. In general, emotionally
charged events or information are better remembered than neutral ones (for review
see, Buchanan, 2007). This is especially true for evolutionary salient items, like faces,
but has also been found for verbal material.
On the other hand, the emotional state (e.g. sad, happy or angry) during encoding
and retrieval also influences memory. In healthy individuals a euthymic or positive
mood usually results in positive stimuli being remembered better than negative ones.
Being in a negative or depressed mood, on the other hand, results in a memory bias
for negative information. This phenomenon is called mood-congruency effect in memory
(MCM): encoding and retrieval is easier whenever the individual’s mood matches the
emotional valence of the material (Blaney, 1986; Eich, Macaulay, & Ryan, 1994).
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In everyday life experiences, effects of emotional content and mood cannot easily be
disentangled, because it is usually a combination of the two. Imagine hearing about
someone’s death: you probably hear negative words like dead, suffering or funeral
and see someone’s sad face, tears and sorrow. Those aspects can be interpreted as
emotional content evoking EME. However, on the other hand you are very likely to
also almost immediately feel sad yourself and get into a negative mood, which will
also promote negative mood-congruent memories. Now imagine a less serious
negative message, like a telephone call that you did not get a job you really wanted.
You also get some negative information and are of course unhappy about the decision.
However, the degree of unhappiness will also be determined by your personality,
your affective style (Davidson, 2000) and your current mood. Being in a positive
mood will usually result in a positive mood-congruent memory bias or optimism bias
(Sharot, Riccardi, Raio, & Phelps, 2007; Viviani et al., 2010); being in a depressive
mood state already will most likely evoke memories about earlier failures.
Mood congruent memory in depression
While it is important to note that mood-congruent memory effects are not per se
related to psychopathology, it has been demonstrated that patients suffering from a
mood disorder, thereby experiencing long periods of sad moods, show extended
forms of mood congruency effects (Bradley, Mogg, & Williams, 1995; Ellwart, Rinck, &
Becker, 2003; Moritz, Glascher, & Brassen, 2005; Ramel et al., 2007; van Wingen et al.,
2010). Mood congruency effects are presumed to play a key role in maintenance and
recurrence of Major depressive disorder (MDD) (Teasdale, 1999). MDD is one of the
most common mental disorders, resulting in severe suffering for the patients, their
families and society as a whole (see Box 1.1 for the associated DSM-IV symptoms).
Depending on the severity of the disorder it can interfere strongly with the patient’s
life, as they might be unable to adequately interact socially or fulfill their duties and
responsibilities. As well as a low mood and loss of interest and motivation, cognitive
functions might be impaired as well, including memory. Over the last decades
numerous studies found that depressive patients show decreased performance in
various memory and learning tests (for a review see for example, Burt, Zembar, &
Niederehe, 1995). In addition to general memory deficits, the depressed mood in
MDD is often associated with a mood congruent memory bias (i.e. greater sensitivity
for negative information or a lower sensivity for positive information), resulting in a
negative memory bias (Bradley et al., 1995; Teasdale, 1983; Watkins, Mathews, Williamson,
& Fuller, 1992).
Understanding the memory biases in MDD might be important for the improvement
of the treatment of a current major depressive episode and the prevention of
depressive relapse (Gotlib & Joormann, 2010). By studying emotional biases in
depression it is possible to explicitly link mood and cognition in a manner that can be
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Box 1.1 Major Depressive Episode (MDE) DSM-IV Criteria (APA, 2000)
A. Five or more of the following symptoms have been present during the same 2-week
period and represent a change from previous functioning; at least one of the symptoms
is either (1) depressed mood or (2) loss of interest or pleasure.
Note: Do not include symptoms that are clearly due to a general medical condition, or
mood-incongruent delusions or hallucinations
1) depressed mood most of the day, nearly every day
2) m
 arkedly diminished interest or pleasure in all, or almost all, activities most of the
day, nearly every day.
3) s ignificant weight loss when not dieting or weight gain (e.g., a change of more than
5% of body weight in a month), or decrease or increase in appetite nearly every day.
4) insomnia or hypersomnia nearly every day
5) p
 sychomotor agitation or retardation nearly every day (observable by others)
6) fatigue or loss of energy nearly every day
7) 
feelings of worthlessness or excessive or inappropriate guilt (which may be
delusional) nearly every day
8) d
 iminished ability to think or concentrate, or indecisiveness, nearly every day
9) r ecurrent thoughts of death (not just fear of dying), recurrent suicidal ideation
without a specific plan, or a suicide attempt or a specific plan for committing suicide
B. The symptoms do not meet criteria for a Mixed Episode.
C. The symptoms cause clinically significant distress or impairment in social, occupational,
or other important areas of functioning.
D. The symptoms are not due to direct physiological effects of substance (e.g., a drug of
abuse, a medication) or a general medical condition (e.g., hypothyroidism).
E. The symptoms are not better accounted for by Bereavement, i.e., after the loss of a
loved one, the symptoms persist for longer than 2 months or are characterized by
marked functional impairment, morbid preoccupation with worthlessness, suicidal
ideation, psychotic symptoms, or psychomotor retardation.
Slightly adjusted from:
DSM-IV-TR: Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text revision. Washington,
DC, American Psychiatric Association, 2000.

related to cognitive-behavioural theories and therapies. A key question remains:
what is the neural basis of the mood-congruent processing biases (Elliott, Rubinsztein,
Sahakian, & Dolan, 2002)? People who have psychological disorders in their families
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and are therefore genetically vulnerable to develop a mood disorder themselves
might demonstrate a negative memory bias. Therapeutic interventions preventing
the development or exacerbation of a negative memory bias might be important in
addressing the suffering of these genetically vulnerable people, but also traumatized
individuals, remitted depressed patients and people in difficult life-circumstances.
Additionally, findings from depression research are increasingly used as an empirical
based method to better understand the working of normative (i.e. healthy) cognitive
systems (Barry, Naus, & Rehm, 2004).

The human memory system
In this thesis, we have investigated how emotional content and current mood influence
memory processes, and which neural correlates are underlying these processes in
both healthy controls and remitted depressed patients. Below, basic theoretical
themes discussed within this thesis are introduced.
Short-term vs. long-term memory
Even though the single word “memory” suggests it, memory is not a single action or
a uniform concept (Tulving, 1972)(see also Box 1.2.). A typical distinction made with
respect to the concept of memory is based on the duration of memory storage, i.e.
short-term and long-term. The capacity of the so-called ‘sensory registers’ is very low
(milliseconds to seconds) and valuable information is moved to short-term memory
through selective attention (Atkinson & Shiffrin, 1968). Therefore, human perception
and memory is very different from data storage in a PC, where everything gets stored
without selection. Human memory is complex, complicated and personal. We filter
incoming information according to our current needs, desires, anxieties, personality
traits and moods.
The short-term memory combines information from both sensory and long-term
memory by assessing incoming sensory information on the basis of earlier experiences.
The short-term memory can be subdivided into an auditory, a visual and an executive
part. Those have been called the phonological loop, the visual-spatial sketchpad and
the central executive mechanism (Baddeley, 1995) or supervisory attentional system
(Norman & Shallice, 1980; Shallice, 1982). The capacity of the short-term memory
system is limited to a few minutes and 5 to 9 items (Miller, 1956; 1994), therefore the
long-term memory system is needed for durable storage.
In contrast to the short-term system, the capacity of the long-term memory system
seems to be almost unlimited in amount and time. Long-term memories may reach
back until our early childhood and can be kept for a whole life-span, especially if
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Box 1.2 The human memory system
Long-term
Memory

Explicit
(Declarative)

Events

(episodic memory)

Short-term Memory
Sensory memory,
working memory

Implicit
(Non-declarative)

Facts

(semantic memory)

Priming

Skills &
Habits

Simple classical
conditioning

Non-associative
memory

Medial temporal
lobe
Adapted from Gazzaniga et al. 2002

those are of emotional content. In long-term memory, a distinction is made between
memories that do or do not reach one’s conscious awareness.
Explicit vs. implicit memory
The memory system typically thought of when talking about memory in everyday life,
is the explicit long-term memory. Whenever we have conscious access to and can
make declarations about memories, those are called declarative or explicit, like
events from our life (episodic memory) or general world knowledge (semantic
memory)(see Box 1.2)(Tulving, 1972).
Other memories sit outside our conscious awareness and are therefore implicit
or non-declarative. These include memories for procedural habits and skills (like
riding a bike or plying piano), associative memories (like classical conditioning, i.e.
Pavlovian conditioning), non-associative memories (like habituation or sensitization)
and priming. Those implicit memories are unconscious and we might not even realize
that we encode or retrieve memories. The unconscious character of implicit memories
becomes very obvious when you try to explain to someone how to ride a bike, which
is almost impossible, but if you ever learnt the movement you probably will never
forget. Priming is a very prominent example to investigate implicit memory processes.
It describes an increased availability of an item when the person has been exposed
to the material earlier (Tulving, Schacter, & Stark, 1982). Priming can either be
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combined with conceptual (e.g. “living or non-living object?”) or perceptual encoding
instructions (e.g. “Does the word contain the letter ‘a’?”) encoding instructions. The
mere exposure, independent of whether it is perceptual, semantic or conceptual, is
sufficient to influence the reaction to a later stimulus. Processing a list of words
including the word “table” will enhance the probability to successfully solve a word
fragment
“t_bl_”
This effect occurs independent of perceptual or conceptual encoding conditions.
Such a word fragment completion (WFC) task is an example for perceptual priming
test, because it depends on the perceptual surface. The closer the perceptual form of
the encoding and testing item, the bigger the priming effect. Cross-modality priming
(auditorily encoded, visually presented word fragment) impairs the perceptual
priming effect. The instructions of an implicit retrieval task do not refer to the earlier
encoding phase, but rather are presented as an independent experiment. Priming
tasks have been used extensively, mostly with respect to non-emotional material
(Gazzaniga, Ivry, & Mangun, 2002).
Encoding vs. retrieval
Besides the distinction on the basis of the duration of a mnemonic process, at least
two (already mentioned) distinct processes are involved in memory and can be
investigated separately: encoding, and retrieval. Encoding refers to the process of
incoming information to be stored, retrieval to the utilization of the stored information
to create a conscious representation or to execute a learned behaviour like a motor
act (Gazzaniga et al., 2002). Within this thesis we focus in particular on long-term
memory encoding processes.

Brain regions involved in memory processing
The brain regions involved in memory processes have been investigated since the 19th
century. Brain damaged patients suffering from amnesia (pathological loss of
memory) gave the first insights into brain regions important for memory. The most
famous of those historical patients is a man named H.M. who suffered from extensive
anterograde amnesia (inability to form new memories) following a surgical medial
temporal lobe (MTL) resection including the hippocampus bilaterally (Scoville &
Milner, 1957). The MTL includes a system of anatomically related structures, i.e. the
hippocampus, perirhinal, entorhinal and parahippocampal cortices and the amygdala.
Other early studies relating behavioural memory deficits to brain damage supported
the prominent role of the MTL in memory.
With the advent of neuroimaging techniques such as Positron Emission Tomography
(PET), Magnetoencephalography (MEG) and Magnetic Resonance Imaging (MRI) (see
Box 1.3) more light was shed on the underlying neuronal correlates of memory. In
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Box 1.3 Functional Magnetic Resonance Imaging (fMRI)

Functional Magnetic Resonance Imaging (fMRI) is one of the most recently developed and most
popular imaging techniques to investigate neural correlates of cognitive functioning. It is a
noninvasive, painless measure of the change in blood oxygenation (hemodynamic response)
related to neural activity. The underling idea is that brain regions which are involved in a given task
show an enhanced glucose and oxygen uptake rate, which makes an increased blood flow
necessary. The blood-oxygen-level dependence (BOLD) was first discovered in 1990 and measures
the magnetic resonance (MR) signal of the blood, which is slightly different depending how much
oxygen is bound to the hemoglobin in the blood (Ogawa, Lee, Nayak, & Glynn, 1990). To determine
brain regions involved in a given task, those slight differences on a great number of repetitions are
processed with the help of statistical software programs, like Statistical Parametric Mapping
(SPM)(Wellcome Department of Imaging Neuroscience, London, UK; www.fil.ion.ucl.ac.uk/spm/).
Due to a high spatial resolution, cerebral localization of fMRI is great (1-3mm). Temporal resolution,
which could reveal information about successive brain region activation, however is low, because
the BOLD response peaks up to 5 seconds after neural firing has started. Nevertheless, temporal
resolution allows for rapid event-related study designs. In contrast to previously used block-designs,
it enables detection of BOLD response to brief stimuli or “events”, post hoc categorization of
events on the basis of the participants behavior (e.g. memory performance, see also Figure 1.3)
and random intermixing of events of different types (e.g. negative, positive and neutral words).
Thus, fMRI is an excellent tool to localize the regions involved in a certain cognitive task in healthy
individuals and patient populations for research purposes.

contrast to lesion studies, a distinction between encoding and retrieval processes
could be shown for the first time. As part of this process, event-related analyzing
techniques are used, which make it possible to classify brain activity to stimuli based
on the behavioral response a participant shows (Josephs, Turner, & Friston, 1997). For
research on memory formation subsequent memory effects were investigated. This is
a event-related analyzing technique where neural activity is measured for lists of
studied items, and the neural encoding activity is compared to items that are
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remembered and those that are forgotten in a subsequent memory test (Fernández
& Tendolkar, 2001) (see Figure 1.3 C on p.25 for a visual presentation). Such neuroimaging memory studies extend findings from lesion studies and strongly support
the involvement of the medial temporal lobe (MTL) in declarative memory encoding.
The hippocampus, in interaction with adjacent subcortical areas and widespread
areas of the cortex, especially prefrontal areas, is envisioned as being critically
involved in the rapid encoding of episodic memories (Eichenbaum, 2004; Fernández
& Tendolkar, 2001).
Neural correlates of emotional memory
Patients showing impaired memory for emotional material and no EME effect were
initially investigated and revealed relatively selective damage to the amygdala (Urbach-
Wiethe syndrome / lipoid proteinosis). The amygdala is an almond-shaped formation of
nuclei (i.e. basolateral complex, the cortical nucleus, the medial nucleus, and the
central nucleus) within the medial temporal lobe (MTL). However, the distinct nuclei of
the amygdala are strongly interconnected and can therefore be considered as one
homogeneous structure. Extensive research, however, was not possible until the
advance of neuroimaging techniques because the selective damage of the amygdala
is very rare and surgical resection in animals almost automatically destroys adjacent
regions of the MTL.
Neuroimaging research supports the key role of the amygdala in social and
emotional processing (Phelps & LeDoux, 2005). The amygdala might be responsible
for the enhancing effect of emotion on memory due to its modulation of mnemonic
processes occurring in the MTL memory structures (amygdala modulation hypothesis,
Dolcos, LaBar, & Cabeza, 2004; McGaugh, Cahill, & Roozendaal, 1996). Amygdala
activation during encoding appeared to be predictive of subsequent memory for
emotional, but not neutral, films (Cahill et al., 1996), pictures (Canli, Zhao, Desmond,
Glover, & Gabrieli, 1999) and words (Tabert et al., 2001). Initially, the common idea was
that the amygdala is involved in the processing of negative information only. However,
the amygdala seems to be involved in all emotional processing, regardless of positive
or negative valence (Cahill & McGaugh, 1998; Dolcos et al., 2004; Hamann, Ely,
Grafton, & Kilts, 1999).
Neural correlates of memory deficits in depression
Based on the function of the hippocampus and amygdala in healthy participants, both
have been thought to be involved in mood disorders. The often observed episodic
memory impairment in MDD has repeatedly been linked to the MTL (for review see,
Brody, Barsom, Bota, & Saxena, 2001). Structural neuroimaging revealed significantly
enlarged amygdala volumes in currently depressed patients correlating with the
severity of the depressive state (e.g. van Eijndhoven et al., 2009). This effect was not
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found in remitted MDD patients (e.g. van Eijndhoven et al., 2009). In accordance with this,
functional neuroimaging studies revealed amygdala hyperactivity in acute MDD
during rest (Drevets, Bogers, & Raichle, 2002), which normalized under antidepressive
medication (Sheline et al., 2001). Hamilton and Gotlib (2008) found increased
functional connectivity from the right amygdala with the hippocampus and caudateputamen system in acute MDD patients compared to healthy controls in response to
successful memory of negative pictures. Remitted patients (vulnerable to depressive
relapse) still revealed hyperactive amygdala activity to negative words following, but
not preceding, a sad mood induction procedure (Ramel et al., 2007). So, compared to
never-depressed controls, patients with acute depression showed an increased
amygdala activity as did those in remission, but only after a negative mood induction.
Whether those functional changes might be based on structural alterations in
remission from depression is important to investigate due to a possible involvement
in depressive relapse. If neural deviations are still present in the absence of symptoms,
two explanations are possible. First, it may be that these are remains from the preceding
depressive episode. Secondly, they might be vulnerability factors or characteristic
traits already present at a premorbid state. In either way, neural alterations in remitted
MDD patients might very well contribute to depressive relapse (Ramel et al., 2007).

Outline of the thesis
This thesis aims to examine emotional memory processes and their neural correlates
in more detail. As emotional stimuli we decided to use verbal material, due to their
important role in human communication. An extended Dutch list of emotional
negative and positive words did not exist; therefore we started by developing our
own Dutch Emotional Word List (DEW). Words within this list were partly selfgenerated, partly translated from the English ANEW list (Affective Norms for English
Words, Bradley & Lang, 1999b). The DEW was extensively pre-tested for the perceived
emotional valence in healthy student populations. Only the 480 most negative, most
positive and non-emotional words were used as stimuli and are reported (see
Appendix).
As a next step, we investigated implicit emotional memory in healthy controls,
with and without mood induction prior to encoding. These studies were motivated by
the fact that 1) until now EME effects had not been found for perceptual implicit
memory and 2) influences of current mood had not yet been investigated. Moreover,
the effect of mood state on implicit memory in general is unclear. Secondly, the
neural correlates of explicit mood-congruent memories were investigated in remitted
MDD patients and in mood-inducted healthy controls. Explicit mood-congruent
memories have been investigated extensively from a behaviourally perspective, the
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neural underpinnings however are still unclear. Eventually, we investigated the
neuronal microstructure in remitted MDD patients compared to healthy controls by
means of diffusion tensor imaging (DTI) (see Box 4). Despite the growing interest in
microstructure alterations associated with MDD, the findings were still equivocal,
and in need of additional research, which we provide with our DTI study.
Investigating implicit emotional memory in healthy controls
First, two behavioural priming experiments in young healthy females are described in
Chapter 2 (see Figure 1.1 A & B for a schematic overview). Perceptual tests are
characterized by the fact that they can be solved merely on the appearance and do
not need semantic appraisal like conceptual tests do (Wimber, Heinze, & RichardsonKlavehn, 2010). A crucial question is whether emotional content can be processed
merely perceptually, in particular if verbal material is used, which is more likely to be
processed conceptually. To compare the influence of emotions on both memory
systems, implicit and explicit memory tests were combined within one single
paradigm. Implicit memory is tested by means of priming and a perceptual word
fragment completion (WFC) task, which have been shown to successfully measure
perceptual implicit memory (Rajaram & Roediger, 1993). A subsequent recognition
task functioned as explicit memory test. To be able to dissociate between implicit and
explicit effects we made use of the fact that both are influenced differently by
cross-modal priming and depth of encoding (shallow/perceptual or deep/conceptual).
Thus, priming tasks were either visual or auditory, and either perceptual or conceptual.
As is illustrated in Figure 1.1.A, in the perceptual condition participants had to answer
whether the current word contained the letter “a”. In the conceptual condition, they
were asked to indicate the emotional valence of the word. With respect to nonemotional material, explicit memory has been shown to profit from deeper encoding,
while implicit memory has been shown to be influenced exclusively by cross-modal
priming (auditory encoding, visual WFC task) but not by conceptual encoding (Craik,
2002; Jacoby & Dallas, 1981). Therefore, a double dissociation for the WFC results
revealing a modality (visual/auditory) but not a depth of processing (perceptual/
conceptual) effect confirms that the test of implicit memory was not contaminated by
an intentional retrieval strategy.
Hypotheses for experiment 1 are that
1. performance on the perceptual implicit task (WFC) will be better following visual
encoding compared to auditory encoding.
2. performance on the explicit recognition task will be better following conceptual
encoding compared to perceptual encoding.
3. emotional words will be better remembered compared to neutral words on the
explicit recognition task.
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4. AND emotional words will be more often filled in compared to neutral words
during the implicit WFC task.

Figure 1.1 Schematic overview of A) experiment 1 and B) experiment 2.
During Day1 participants incidentally encoded list of negative, positive and neutral words either
A) without or B) with a mood induction procedure prior and in-between. The words were either
presented visually (VPE, VCE) or auditory (APE, ACE) and participants had to indicate by pressing
a button whether the words contained the letter “a” (perceptual conditions: VPE, APE) or the
emotional valence (conceptual conditions: VCE, ACE). During experiment 1 all 4 encoding
conditions were used, due to the time demand of the mood induction, only VPE and ACE
conditions were used during experiment 2. During Day 2 all participants received a word fragment
completion (WFC) task and a recognition task composed of all words encoded during Day 1 and
the same number of lure words. The hypotheses were that auditory encoded words receive a
lower completion rate (-) during the implicit task and that conceptually encoded words are better
recognized (+) explicitly than perceptually encoded ones. Abbreviations: VPE: visual perceptual
encoding condition; APE: auditory perceptual encoding condition; VCE: visual conceptual encoding
condition; ACE: auditory conceptual encoding condition; WFC: word fragment completion task.

1
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Investigating the interaction of mood and implicit emotional memory in healthy
controls
The second study described in Chapter 2 aimed to test the effects of acute mood on
implicit and explicit verbal memory in young healthy females (for a schematic
overview see Figure 1.1B). Current mood is known to influence emotional memory by
enhancing explicit memories for mood-congruent in comparison to mood-incongruent items. Whether this is also true for implicit forms of memory is still unclear.
Therefore, current mood was manipulated by means of video clips combined with the
explicit instructions to go into the mood depicted in the movie clips. After extensive
piloting of different mood induction procedures (MIP), video clips appeared to evoke
the most enduring and strongest effects. Video clips are very vivid, contain a lot of
mood supporting music and almost automatically evoke emotion. Carefully chosen
sections of the drama “Sophie’s Choice” were selected as sad mood induction (-MI),
and for the happy mood induction (+MI), scences from the animation movie “Happy
Feet” (Figure 1.2). The sections were chosen for their unipolar and unambiguously
sad, or respectively happy content. A long starting-clip introduced the characters and
general content, which was supposed to promote empathy with the protagonists and
general understanding of the movie plot. Three shorter clips where used to boost the
initially induced mood in between the experiments. This procedure is thought to
enable investigation of everyday occurring mood changes in healthy individuals, but
can also be seen as a model for mood effects in mild depression (Goodwin & Williams,
1982; Robins, 1988; Teasdale & Russell, 1983; Teasdale, Taylor, & Fogarty, 1980). These
procedures were pre-tested extensively and repeatedly revealed robust effects for
positive and even more for negative mood induction.
The hypotheses for experiment 2 are identical to the ones for experiment 1, thus:
1 performance on the perceptual implicit task (WFC) will be better following visual
encoding compared to auditory encoding.
2. performance on the explicit recognition task will be better following conceptual
encoding compared to perceptual encoding.
3. emotional words will be better remembered compared to neutral words on the
explicit recognition task.
4. AND emotional words will be more often filled in compared to neutral words
during the implicit WFC task.
Besides those we additionally expect that
5. mood-congruent words will be better remembered compared to mood-incongruent
words during the explicit recognition task.
6. mood-congruent words will be filled in more often during the implicit WFC task.
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A) Sophie’s Choice (1982)

B) Happy Feet (2006)

Figure 1.2 Video material for (A) negative and (B) positive mood induction (MI).

Investigating neuronal correlates of explicit emotional memory after mood
induction
Even though there has been a lot of research on explicit emotional memory, the
neural correlates of mood-congruent and mood-incongruent memory formation are
not yet resolved. Therefore, the mood induction procedures described in Chapter 2
were also used to investigate the neural correlates of explicit emotional memory
during encoding in healthy participants (Chapter 3). After the first mood induction,
participants were required to learn lists of 12 emotional (negative/positive) and neutral
words. Following a distraction task, participants immediately named all words they
remembered from the previous list (free recall). Following every 5 runs, participants
viewed the three shorter follow-up videos clips as boosts. Functional MRI (fMRI) was
used, because it is by far the best option to investigate the involvement of brain
regions due to its great spatial resolution and its non-invasive, painless character (see
Box 1.3). The encoding activity of the emotional and neutral words was sorted
according to the subsequent memory paradigm into later forgotten and later
remembered (see also Figure 1.3C, p.25).
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We hypothesize to find:
1. a behavioural mood-congruent memory bias.
2. the amygdala to be involved in emotional mood states and mood-congruent
memory (MCM) biases.
3. the frontal cortex (especially orbitofrontal cortex and the lateral PFC) to be
associated with MCM biases due to there involvement in emotion regulation.
Investigating neuronal correlates of explicit emotional memory in remitted
depression
An identical free recall memory paradigm was also used to investigate mood-congruent
and mood-incongruent memories in remitted MDD patients (Chapter 4). The former
patients did not suffer from an acute depressive episode but nevertheless might
carry trait characteristics that could make them vulnerable to depressive relapse or
could have been present already prior to their first depressive episode. We were
interested in mood-congruent and –incongruent memory as a pre-existing vulnerability
or persisting feature of remitted depressive patients. Therefore, contrary to Ramel
and colleagues (2007), we did not challenge the mood of the remitted participants
with a mood induction procedure but assumed that there could also be a neural
processing bias in remission from depression which might cause the heighten
vulnerability for depressive relapse. Therefore negative words should still be interpreted
as mood-congruent and positive words as mood-incongruent.
We aimed to investigate the following hypotheses:
1. Behaviourally we expect no MCM bias due to the remitted state the participants
are in.
2. On the neuronal level we expect a processing bias most probably in response to
the negative emotional material.
3. Brain regions involved might be above-mentioned frontolimbic areas like the
amygdala and the mPFG.
Investigating structural brain changes in remitted depression and health
The last experimental chapter pursues the question whether microstructural alterations
or alterations of structural connectivity are present in remission from MDD (Chapter 5).
Diffusion Tensor Imaging (DTI) and probabilistic tractography were used to investigate
the neuronal microstructure (see Box 1.4). On the basis of earlier research (Hamilton
& Gotlib, 2008; Ramel et al., 2007) we wanted to investigate whether microstructure
and structural connectivity was altered during remission from depression. DTI is an
excellent tool to investigate neural microstructure and white matter tracts in vivo.
We used it to investigate whether structural changes are possibly underlying the
functional alterations found with fMRI in remitted depression.
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A) High-resolution Structural Brain Scan (T1)

B) Event-related T2 encoding scans

C) Subsequent memory effect (on the example of negative words)

Figure 1.3 The fMRI paradigm to investigate declarative memory formation.
Subjects are memorizing emotional and neutral words while lying insight the MRI scanner with an
8-channel head coil surrounding their head. Soft pads fixate the subjects head to minimize head
movements and to remind subjects to lie still, because movements disturb the MRI signal. Words
are presented at a screen placed at the end of the tube which can be viewed through a mirror in
front of the subject’s eyes. Answers are either given using a MRI-compatible button response box
or orally during a given time interval. Speech movements also disturb measurements and
therefore those answer intervals have to be excluded for analyzing. Functional event-related T2
scans from the learning sessions are categorized into later remembered and later forgotten to
distinguish activations in brain regions which are active during successful encoding. In addition to
several runs of fMRI, a high-resolution structural T1 scan was acquired for each subject.

On the basis of earlier research we hypothesize that:
1. structural alterations underlie the functional changes found and
2. that these structural alterations can be found within the same frontolimbic
circuit that is related to mediate memory biases.

1
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Summary
In summary, this thesis discribes five studies in total, two behavioural, two MRI and
one DTI study. The first four studies refer to emotional memories, two of which are
behavoural studies investigating explicit and implicit emotional processing in healthy
students with (chapter 2, exp 2) and without (chapter 2, exp 1) prior mood induction;
the third and fourth study examined the neural correlates of explicit emotional
processing in remitted depressed patients (chapter 4) under mood induction in
healthy volunteers (chapter 3); the last study tries to pinpoint structual alterations
within the frontolimbic area that might underly the neuronal functional differences in
remission of MDD.
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Box 1.4 Diffusion Tensor Imaging (DTI) and Probabilistic Tractography

DTI color map

Tractographic reconstruction of
neural connections via DTI

Diffusion Tensor Imaging (DTI) is a magnetic resonance imaging (MRI) (see Box 1.3) technique
that in vivo can measure the microstructure of white matter (WM) in the human brain. WM
is the brain tissue connecting regions of gray matter (GM) and consists of bundles of
myelinated axons. DTI is sensitive to the diffusion of water and can be used to reveal its 3D
shape. Free diffusion without restrictions occurs equally in all directions and is called
isotropic. In the brain, water diffusion is restricted by tissue structures such as cell
membranes, myelin sheaths and intracellular microtubules (Jones, 2008). In WM, water
diffuses therefore more rapidly in the direction parallel to WM bundles of axons than
perpendicular to them (Basser, 1995; Jones, 2008). This restricted diffusion is termed
anisotropic. Each voxel in a DTI scan is described by the rate of diffusion (called mean
diffusivity or MD) and the amount of directionality within that voxel (fractional anisotropy
or FA) (from sphere-shaped to cigar-shaped). The MD can be seen as a marker of local
cellular density (Basser, 1995; Jones, 2008). Note, that an increase in MD has to be interpreted
as a decrease in cell density. The FA reveals information about the amount of anisotropy
however not about its direction. Voxels with isotropic diffusion are described by a value of
(almost) 0, an ideal linear diffusion would approach a value of 1. By means of so-called
probabilistic tractography DTI can additionally describe the direction of the diffusion and
provide information about neural WM tracts connecting cortical and subcortical brain
regions. DTI can therefore provide unique insight into white matter microstructure and
neural pathways.

1
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Implicit and explicit processing
advantage for emotional words
and its relation to mood
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Abstract
We report on emotional memory enhancement effects for words in implicit perceptual
word fragment completion (WFC) and explicit recognition in natural (Experiment 1)
and experimentally manipulated happy and sad mood (Experiment 2) in young
healthy women. While there was a general processing advantage of emotional words
during the implicit perceptual word fragment completion task, we found no implicit
emotional memory enhancement effect. Hence, under implicit memory conditions,
even non-salient emotional information like words are naturally highlighted already
during a perceptual task where no semantic processing is required. Positive mood
induction resulted in an explicit negative memory bias, but, more importantly, in a
disappearance of the implicit emotional enhancement effect. These results are puzzling
because they do not fit the theory of mood-congruent memory advantage and the
current view on implicit emotional word processing. Negative mood induction revealed
mood-congruent explicit memory and implicit processing effects. The results are
discussed with respect to gender specificity.

Publication in process:
Jennifer F. Arnold, Daniel A. Fitzgerald, Mike Rinck, Eni S. Becker, Paul A.T.M. Eling,
Anne Speckens, Indira Tendolkar (2012). Implicit and explicit processing advantage for
emotional words and its relation to mood. Sumitted.
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Introduction
It is a well-known phenomenon that emotional information processing is enhanced
compared to non-emotional content. For explicit forms of memory, i.e. memories we
can retrieve and access consciously, this effect has been investigated extensively.
This emotional enhancement effect of memory (EEM) has an obvious evolutionary
advantage for the survival and well-being by stressing important stimuli and events
to protect and prepare an organism for similar future occasions (e.g., McGaugh,
2003).
Less is known about implicit emotional processing and memory (e.g. Burton et al.,
2005). Implicit memory refers to tasks where performance is facilitated without
conscious awareness of a prior learning experience. Emotional memory seems to be
less relevant for implicit memory types such as procedural learning, but emotional
valence of stimuli does seem to enhance other implicit tests like classical conditioning
or repetition priming (Kensinger & Schacter, 2008). Priming typically refers to
increased performance in identifying or responding to learned items relative to novel
items, due to its prior exposure. Enhanced priming has been investigated extensively
for non-emotional words, but has also been shown for biologically salient emotional
information, like emotional faces (e.g. Burton et al., 2005).
Emotional enhancement effects are also evident in explicit memory for verbal
material. With respect to implicit memory, priming of emotional words has mainly
been tested with conceptually driven tests (e.g. Thomas & LaBar, 2005). Here,
emotional enhancement of memory can be explained by increased semantic
processing. Conceptually driven tests require subject-initiated effort to process the
meaning of the stimuli; data-driven or perceptual processes are initiated and guided
merely by the superficial appearance of presented information (Schacter, 1987).
It is questionable whether emotional words can also carry emotional content
comparable to evolutionary salient information and show effect on a perceptual
implicit priming task. Moreover, it is ongoing debate even with respect to explicit
memory whether negative information invokes stronger memory biases than positive
information. A so-called negativity bias in healthy subjects would make sense in
evolutionary terms, because withdrawal from negative stimuli is potentially more
critical to survival than approach of positive stimuli. Whether the withdrawal system
is indeed dominant to the approach system is still unclear in both explicit and implicit
memory.
Consequently, the main objective of our first experiment was to investigate the
processing of emotional words in perceptual implicit memory. To directly compare
the emotional enhancement effects for implicit and explicit processing, we used a
within-subject design comparing both tasks with emotional words within one
experiment. The implicit retrieval task was a word fragment completion (WFC) task
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consisting of word fragments associated with earlier learnt (old) and novel (new)
words (Roediger, 1990; Tulving et al., 1982). This task is thought to be perceptual,
because performing the task requires no semantic processing, but merely processing
of perceptual appearance (Roediger, 1990). For explicit retrieval we used a recognition
task. Encoding was incidental and manipulated on Modality and Levels-of-Processing.
During the learning phase, words were presented in visual and auditory modality,
while all words and word fragments were presented visually in both retrieval tasks.
This cross-modal priming, taking place in the auditory encoding modality, typically
results in a severe reduction of the priming effect if the priming task is based on
perceptual implicit processing (e.g. Jacoby & Dallas, 1981). On the other hand, this
manipulation should be of no influence on the conceptual explicit processing. In
order to influence the depth of processing, we used perceptual and conceptual
encoding instructions, either asking for the appearance of the letter or sound “a” or
the personally perceived valence. Depth of processing should not affect performance
on the implicit task, but should, in contrast, affect the subsequent explicit recognition
memory task (Craik & Lockhart, 1972). With the aid of those distinct effects on the
two distinct memory systems, i.e. the implicit and explicit, we are able to determine
whether we indeed measure implicit memory. Finding a memory enhancement effect
for emotional words using a perceptual implicit task would suggest a global influence
of emotion and emotional processing on both forms of memory. In daily life, implicit
forms of memory may even play a greater role than explicit ones because most of our
daily routines are automatic, unconscious processes relaying on implicit memories.
In a second experiment, we were interested in examining the effect of mood on
processing emotional content. Bower’s network theory of affect (1987) offers a useful
theoretical framework in order to examine the influence of mood states on the recall
of emotional material. According to this theory, stimuli of which the emotional
valence matches the person’s emotional state, will provoke greater attention, faster
perception and more elaborate processing, resulting in better memory for those
stimuli than neutral or mood incongruent material. Positive mood-congruent memory
(MCM) biases have been found in healthy individuals and seem to help to maintain a
(sometimes even unrealistic) positive view (the Pollyanna tendency). Bower (1981),
however, does not clearly distinguish between explicit and implicit or conceptual and
perceptual forms of memory. Nevertheless, he hypothesized that all kinds of
memories should work according to the same laws.
To investigate implicit MCM we made use of a shortened version of the paradigm
used in Experiment 1 with additional positive or negative mood induction (MI) during
the implicit learning tasks. We were especially interested whether current mood
would influence implicit and explicit memory differently and would induce a MCM in
either or both implicit or explicit memory retrieval tasks.
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Experiment 1:

Method
Participants
Participants were recruited, using a multi-centre, online participation system at the
Radboud University Nijmegen, the Netherlands. We decided to include only women
in this study. First, because gender effects may be a methodological confound (e.g.
Burton et al., 2004) and second because of possible gender-dependent processing
strategies (e.g. Landis, 2006). Fifty-nine female psychology and educational science
undergraduates took part in the experiment for course credits. All provided informed
consent prior to data collection. Dutch versions of the Beck Depression Inventory
(BDI-II, Beck, Steer, & Brown, 1996) and State-Trait Anxiety Inventory (STAI, Spielberger,
1968) were administered to screen for participants with extreme feelings of
depression and anxiety. Participants exceeding a score of 13 on the BDI (Lasa,
Ayuso-Mateos, Vázquez-Barquero, Díez-Manrique, & Dowrick, 2000) or 55 on the
STAI (Kvaal, Ulstein, Nordhus, & Engedal, 2005) were excluded from the analysis. The
final sample consisted of 51 non-depressed and non-anxious female students. Their
mean age was 20.2 (sd=3.0) years, mean BDI score was 4.6 (sd=3.6) and mean STAI
score was 36.1 (sd=7.4). For the recognition analysis, two participants had to be
excluded due to lack of compliance with the instructions. All participants were native
Dutch speakers and reported no reading or writing difficulties, and did not participate
in one of the earlier pilots (briefly described below).

Materials
Stimuli
We used neutral, positive and negative words taken mainly from the ANEW list
(Affective Norms for English Words, Bradley & Lang, 1999a), varying in length from
five to thirteen letters. Dutch translations of 1050 words were rated by an independent
group of students for their perceived emotional valence with a 15-point Likert scale
(Likert, 1932) varying from ‘very negative’ via ‘neutral’ to ‘very positive’. The number
of ratings per word was on average 15 (sd=5.0). Words were segregated into three
categories: positive (mean rating of 11 or more), negative (mean rating of 5 or less)
and neutral (mean rating between 7 and 9). For the present experiment, we selected
the 160 most negative, the 160 most positive and 160 most emotion-free or neutral
words. All 480 words were divided into 8 sets of 60 words each, with 20 negative, 20
positive and 20 neutral words. The sets were assembled such that they did not differ
significantly in word length, frequency, or type (i.e., adjectives, nouns and verbs). The
8 sets were counterbalanced across participants.

2
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Word fragments
Word fragments were constructed using a simple algorithm, based on the number of
letters in a word, e.g., ‘z . lf . . . rd’ for ‘zelfmoord’ (Engl.: ‘suicide’), ‘bu . . tat . . n’ for
‘busstation’ (Engl.: ‘bus station’) and ‘b . ij . . . d’ for ‘blijheid’ (Engl.: ‘cheerfulness’).
These were in part ambiguous, i.e., could be filled in with more than one word. In
keeping with previous studies, the naïve (i.e., without preceding learning phase)
completion rate was pre-tested by another independent group of students; word
fragments were tested and modulated until all received a naïve completion rate of 5%
to 80% (Kroll, Rocha, Yonelinas, Baynes, & Frederick, 2001). The number of ratings per
word fragment was on average 9 (sd=1.2), modulated words were retested on average 5
(sd=1.0) times.
Computer Setup
All written word and word fragment stimuli were presented on a computer screen in
white, lower case, Arial font on a black background. For auditory presentation, all
words were recorded with a high-quality direct digital sound recording device and
digitally presented via headphones. The speaker was a female, native Dutch without
a dialect or accent. All tasks were programmed with the software program Presentation
(version 10.2, Neurobehavioural Systems, Inc.).

Procedure
The experiment was introduced to the participants as consecutive language processing
experiments for emotional Dutch words. The experiment consisted of a cross-modal
design, with emotional words, either visually or auditorily presented, during the
learning phase. During the test phases, all words were presented visually. On Day 1,
participants completed all four encoding tasks after filling out the BDI and STAI. On
Day 2, participants accomplish the Word Fragment Completion and a subsequent
recognition task. An overview of the experimental setup is given in Figure 2.1.
Encoding
During each learning task, participants were required to study one set of 60 words
(20 negative, 20 neutral, and 20 positive) in either a deep or shallow encoding condition,
while they either heard the words via headphones or saw the words presented in the
middle of the screen. As illustrated in Figure 2.1, during the perceptual encoding
condition, participants were required to answer by button press whether the word
they observed or heard contained the letter or sound ‘a’. For the conceptual encoding
condition, participants were asked to judge by button press the subjective emotional
valence of the words (negative, positive or neutral), which in contrast to the perceptual
conditions required processing the meaning of the words. Thus, each participant received
four learning conditions: visual perceptual encoding (VPE), auditory perceptual encoding
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Figure 2.1 Overview of the experimental design of experiment 1.
During the visual perceptual (VPE) and the auditory perceptual encoding (APE) tasks subjects
were required to answer the shallow question whether the word the saw respectively heard
contained the letter or sound ‘a’. During the deep encoding conditions (visual conceptual, VCE
and auditory conceptual, ACE) they had to indicate their subjective feeling of the emotional
valence of the word they either saw (VCE) or heard (ACE). The implicit perceptual word
fragment completion (WFC) task asked for the first word that subjects had in mind while
passively watching the word fragments. During the recognition (REC) task subjects were first
introduced to the mnemonic character of the task (explicit) and had to indicate by button
press whether they remembered the word from Day 1.

(APE), visual conceptual encoding (VCE) and auditory conceptual encoding (ACE). The
order of the encoding tasks was counterbalanced between participants. The duration
of the stimulus presentation was either the time needed to pronounce the word (less
than 1 second) or 500ms for visual word presentation. The words were presented in
random order and each task was both preceded and succeeded by two dummy words.
Thus participants had time to adjust to the task and it was control for primacy and
recency effects. Each encoding task took approximately six and a half minutes,
depending on the participant’s response times.
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WFC Task
After a 24h-interval, participants completed the word fragment completion task, which
began with a short, supervised practice block. After practice, 240 word fragments that
could be completed with the incidentally learned (old) words, intermixed with 240
fragments of new words, were projected in the middle of the screen in random order
for a maximum of 8 seconds each. Participants were instructed to passively watch the
fragments, to press a button when they had a word in mind, that could correctly
complete it and to name that word aloud. All responses were recorded digitally. The
entire set of 480 was shown in 4 sessions of 120, which took approximately 20 minutes
each, and were separated by minimal 3 minutes rest. The word fragments were randomly
assigned to one of the 4 sessions to avoid order effects.
Recognition
All participants were tested for explicit (conscious) recognition shortly after completion
of the implicit retrieval task. Participants saw 240 words previously seen or heard
(on Day 1), intermixed with 240 never-presented lure words (take-outs form earlier
pilots), consisting of 80 negative, 80 positive and 80 neutral words. Participants had
to indicate by button press whether they remembered that they had perceived each
word the day before during the encoding tasks or not.

Results
In the present experiment, we investigated young healthy women with a 2 (Priming:
learned vs. novel) x 2 (Modality: visual vs. auditory) x 2 (Levels-of-Processing: perceptual
vs. conceptual) x 3 (Valence: negative vs. neutral vs. positive) memory tasks design.
As dependent variables we used completion rates for the WFC task as implicit
measure. For the explicit memory task, measures of sensitivity (d-prime or d’) and
response biases (beta or ß) were calculated from z-scores of the hit and false alarm
(FA) rates according to the signal detection theory (Macmillan & Creelman, 1991;
Macmillan & Kaplan, 1985). For all statistical analyses, a significance level of p<.05
was used. Where appropriate, the degrees of freedom (df) were corrected for
sphericity violation with a Greenhouse-Geisser correction (Winer, 1971).

Manipulation check
First, we tested whether we indeed measure implicit memory with the WFC task, i.e.
whether the task is impaired by cross-modal priming and not influenced by the depth
of encoding (Levels-of-Processing, LOP). Therefore, we analyzed the old words by 2
(Modality: visual vs. auditory) x 2 (LOP: perceptual vs. conceptual) x 3 (Valence:
negative vs. neutral vs. positive) repeated measures analysis of variance (ANOVAs).
With regard to the completion rates to the word fragments, analysis revealed a
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successful Modality manipulation. Word fragments corresponding to earlier visually
encoded words were filled out more often than auditorily presented words
(F(1,50)=4.445, p=.040). Moreover, we did not find a significant main effect for Levelsof-Processing (F(1,50)=.887, p=.351, n.s.), nor any significant interactions between the
factors of Modality, Levels-of-Processing and Valence. With regard to the explicit
recognition task, we found that conceptually encoded words were more often
recognized than perceptually encoded words (LOP: F(1,48)=67.663, p<.001). This
suggests a successful manipulation of Levels-of-Processing. In contrast to the implicit
task, Modality during encoding had no effect on recognition performance (F(1,48)=.956,
p=.333, n.s) and we also did not find any significant interactions between the factors
of Modality, Levels-of-Processing and Valence.

Emotional enhancement effect and valence-specific biases in memory
Implicit memory
The 2 (Priming: learned vs. novel) x 3 (Valence: negative vs. neutral vs. positive)
repeated measures ANOVAs revealed, as expected, that word fragments of old words
were completed more often than those of new words (F(1,50)= 87.0, p<.001). Fragments
of both emotional conditions had also better completion rates than the neutral ones
(Valence: F(2,49)=121.9, p<.001). The two emotional conditions did not significantly
differ from each other (51% negative vs. 53% positive words; negative vs. neutral:
p<.001, negative vs. positive: p=.072, positive vs. neutral: p<.001). The valence effect
was, however, independent from Priming (Priming x Valence: F(2,49)=.754, p=.476, n.s.).
These results suggest that there is no emotional memory enhancement effect for
implicit perceptual memory, but a general processing advantage for both negative
and positive emotional words independent whether they have been primed or not.
See Figure 2.2 for visual presentation of the results.
Explicit memory
A repeated measures ANOVA on the d-prime scores showed significant effects
[F(2,47)=7.712, MSE=.041, p<.005] which resulted from the differences between the two
emotional to the neutral condition [negative vs. neutral: p<.005, negative vs. positive:
p=1.000, positive vs. neutral: p<.05]. Both emotional words types where recognized
more easily (d’negative =0.85, sd=.039; d’positive =0.83, sd=0.042;) than neutral words
(d’neutral =0.70, sd=0.045).
A repeated measures ANOVA on the beta scores showed that the response criterion
was the same for negative, positive and neutral words [F(2,47)=.340, MSE=2.305, p=.713,
n.s.]. Participants showed high mean response criteria to every valence [ß negative =3.15,
sd=2.03, ß neutral =3.38, sd=2.03, ß positive =3.33, sd=2.21], indicating a bias towards
answering ‘novel word’, which corresponds to the task instruction asking to give a
new response in case of doubt.
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Figure 2.2 Completion rate of the implicit perceptual word fragment completion
task in percent correct fill-ins (%).
Abbreviations: WFC= Word fragment completion; WFs= Word fragments; n.s.= not significant
p>.05; *= p<.05; **= p<.005; ***= p<.001.

Taken together, the explicit results reveal an EEM effect without a valence-specific
bias in natural mood states.

Discussion Experiment 1
In Experiment 1, we investigated whether words of either positive or negative
emotional valence produce memory facilitation in a perceptual implicit and an
explicit memory task. To our knowledge this is the first study, which investigates
emotional word processing combining implicit and explicit measures of memory
for emotional words in one within-subject design. We found neither emotional
enhancement effects for memory nor a valence-specific bias for the implicit perceptual
task. However, a general processing advantage for emotional words was observed,
whereby also unprimed emotional words revealed an increased completion rate. At the
same time we replicated earlier findings showing an emotional enhancement effect,
however, also no valence-specific bias for the explicit recognition task.
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As expected, the depth of processing did not change implicit memory, but it did
affect the performance on the explicit recognition task. Hence, the absence of the
Levels-of-Processing effect on the implicit task cannot be simply explained by a failure
of the manipulation, which is further supported by the fact that with regard to the
encoding Modality a reversed pattern was found. Auditorily encoded words were less
facilitated during the WFC task than visually encoded words, whereas Modality did
not influence the recognition performance. Hence, the cross-modality manipulation
was only successful in impairing perceptual priming, while the conceptual or
semantically encoding condition enhanced only explicit recognition. Taken together,
these results are in line with an interpretation that two distinct memory systems
are being measured by implicit and explicit tasks (‘retrieval intentionality criterion’,
Schacter, Bowers, & Booker, 1989). In addition, it indicates that during priming
emotional stimuli are as sensitive to Modality manipulations as non-emotional
information possibly due to the same perceptual processing advantages.
Emotional words revealed a greater sensitivity during the explicit recognition
task than did neutral words. We have to consider, however, that explicit memory may
have been confounded by the fact that subjects may have explicitly remembered the
words from correct fill-in during the word fragment completion task and not from the
Day 1 encoding tasks. The effect of the encoding manipulation on the explicit memory
performance (discussed above) speaks against this confound. Moreover we focus on
implicit emotional memory processes, given that explicit emotional memory
enhancement effects have repeatedly been replicated and seem to be a robust
phenomenon. Therefore, this confound was no threat for validity.
In the perceptual implicit memory task, we found a strong implicit processing
advantage of both primed and unprimed emotional words compared to neutral ones,
suggesting a stable processing advantage for emotional words (emotional word
advantage, EWA, Landis, 2006). It is indeed striking that subjects were only presented
with perceptual letter cues and nevertheless were prone to fill-in more emotional
words. There seems to be a strong unconscious bias to process emotional content
even on the word picture basis, which however does not expand to memory.
In our sample, we did not find a significant valence-specific bias towards either
negative or positive words. We cannot rule out, of course, that we were not able to
find significant valence-specific biases because of the uncontrolled current natural
mood in our female sample. Mentally healthy humans in natural mood states, as our
female sample in Experiment 1, usually show a positive memory bias, a phenomenon
also known as Pollyanna principle (Matlin & Gawron, 1979). Depressive patients,
however, have a negative memory bias or negativity bias, a tendency to remember
negative emotional material better. Those mood-congruent memory effects are
widely accepted despite several studies reporting contradictory findings. It has also
been found that non-depressed individuals, that show a negativity bias, are at
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increased risk to develop depression (Gordon, Barnett, Cooper, Tran, & Williams,
2008; Watkins, Vache, Verney, Muller, & Mathews, 1996). Females in general have a
twice as high prevalence to develop a major depressive disorder (MDD) compared to
men, so that the neutralization of the usually found positive memory bias in our
sample may be related to a larger depressive vulnerability in females. Investigating
the effect of current mood on implicit and explicit emotional processing and memory
could illuminate the underlying principles.
To study the effect of mood states on our implicit and explicit measures, we
subsequently investigated the influence of mood during learning upon implicit and
explicit memory within a second, very similar experiment. The theoretical framework
of mood-congruent memory (Bower, 1987) and evidence from explicit and some
conceptual implicit major depression studies, let us expect a mood-congruent
memory bias, i.e. positive memory bias in happy mood and a negativity memory bias
in sad mood in our healthy control group, at least for the explicit memory task (Denny
& Hunt, 1992; Erickson et al., 2005). The obvious question than is how positive and
negative mood states affect the found emotional word processing advantage and
whether it induces valence-specific biases in either the explicit or implicit tasks.

Experiment 2:

Method
Participants
Forty-seven female psychology and educational science undergraduates took part in
the experiment for course credits. Participation in Experiment 1 or one of the earlier
pilots was an exclusion criterion. All provided informed consent prior to data collection.
After filling-in a battery of questionnaires 24 participants’ received a positive or
happy mood induction (+MI) procedure and 23 a negative or sad (-MI) one. The
groups did not differ significantly on age, or scores on BDI, STAI or the Positive and
Negative Affect Schedule (PANAS, Watson, Clark, & Tellegen, 1988) (see Table 2.1). All
participants were native Dutch speakers and reported no reading or writing difficulties.

Materials
Words, word fragments & the computer setup
The main priming paradigm was essentially identical to the first experiment. However,
since the experimental manipulation of Modality and Levels-of-Processing had proven
to be successful during Experiment 1, we only used the visual perceptual (VPE) and
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Table 2.1 Baseline measures of the happy and sad mood induction group
and outcome of the statistical testing of the differences between
these two groups
Happy
Mood Induction

Sad
Mood Induction

23

24

N

Difference

Mean

(sd)

Mean

(sd)

p-value

Age

18.70

1.43

20.58

5.56

.456

n.s.

BDI

3.87

3.66

5.46

4.62

.197

n.s.

PANAS positive

28.87

9.36

30.58

5.93

.460

n.s.

PANAS negative

11.65

4.71

13.79

4.49

.118

n.s.

STAI

42.00

10.63

40.42

9.26

.590

n.s.

auditory conceptual encoding (ACE) task, 120 incidentally learned (old) words and
240 word fragments.
Mood Induction
For mood induction, we made use of clips from the Holocaust movie “Sophie’s choice”
as a sad, and the animation movie “Happy feet” as happy mood induction. Four movie
clips were shown before and after each of the two encoding tasks. These were
approximately of the same length in the two conditions and fairly long (about 12, 6,
4.5 and 7 minutes), which allowed enough time for the participants to understand the
general content, and to enter and maintain the specified mood. The mood induction
procedures with these movie clips were carefully pre-tested and successful effects
haven been replicated in other studies of our lab (e.g. Fitzgerald et al., 2011). To get
inside into the baseline mood and to control for mood changes, participants were
repeatedly asked to rate their current mood on a +10 (very happy) to -10 (very sad)
visual analogue scale, resulting in one baseline plus seven single numeral mood rating
(MR) scores.

Procedure
The study was introduced to the participants as separate language processing
experiments for emotional Dutch words. On Day 1, participants first filled in the
consent forms and questionnaires (BDI, STAI, and PANAS). Subsequently, participants
rated their current mood from very happy to very sad (MR1: baseline). Afterwards, we
instructed them to enter and maintain the specific mood with aid of the movie clips.
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After movie 1, participants were asked to rate their mood again (MR2). During the
following encoding task either 60 visual words had to be rated for their containment
of the letter ‘a’ (visual perceptual encoding) or 60 auditory words had to be rated for
their subjective valence (auditory conceptual encoding). Task order was counter
balance across subjects. After the first task, a mood rating (MR3) was taken and
movie clip 2 and 3 were shown with a mood rating (MR4) in between and at the end
(MR5). Thereafter, the second encoding task, a subsequent mood rating (MR6), a last
movie and a last mood rating (MR7) followed (see also Figure 2.3). Twenty-four hours
later on Day 2, participants accomplished the shortened word fragment completion
task with 240 word fragments and the subsequent recognition task. The material,
computer setup and all aspects of timing were identical to the procedure in
Experiment 1 and can be found above.

Results
In Experiment 2 we analysed young healthy women with a 2 (Priming: learnt vs. novel)
x 2 (Encoding: VPE vs. ACE) x 3 (Valence: negative vs. neutral vs. positive) repeated
measures ANOVA with mood induction (MI: sad vs. happy)) as a between-subject
variable. As dependent variables we investigated again completion rates for the word
fragment completion task as implicit measure and d-prime and beta scores on the
subsequent recognition task as an explicit measure for sensitivity and response bias.
For all statistical analyses, a significance level of p<.05 was used. If sphericity was
violated we made use of the Greenhouse-Geisser correction (Winer, 1971).

Mood Induction
To test for the effectiveness of the mood induction procedure a repeated measures
ANOVA with the 7 Time points as Within-Subjects Factors and MI group as BetweenSubjects factor was performed. Both Time (F(6,42)=8.871, MSE=5.252, p<.001) and the
interaction of Time x MI group were significant (F(6,42)=33.329, MSE=47.985, p<.001).
In keeping with our expectations, the baseline mood rating (MR1) did not differ
between subjects subsequently undergoing a sad or happy mood induction (t(45)=.804,
p2-tailed =.426). The mean of all follow-up mood ratings (i.e. mean of MR2 to MR7) was
significantly different from the baseline measure for both the sad (t(23)=8.704, p2-tailed
<.001) and happy mood induction (t(22)=-2.991, p2-tailed =.007). For the sad mood, each
single follow-up mood rating (MR) differed significantly from baseline (all p2-tailed
<.000), while for the happy mood all, except +MR3 (t(22)=-.502, p2-tailed =.620) and +MR6
(t(22)=-.482, p2-tailed =.635), which are the measures following the two encoding tasks,
were significantly different from baseline (minimum t(22)=-3.014, p2-tailed =.006). For a
visual presentation of these results see Figure 2.3.
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Figure 2.3 Mean Mood Ratings for the Happy and Sad Mood Induction Group
for every single Mood Rating and the mean of Mood Rating 2 to
Mood Rating 7.
Abbreviation: MR: Mood Rating.p>.05; *= p<.05; **= p<.005; ***= p<.001.

Emotional enhancement effect
Implicit memory
To investigate the memory result, we first left the mood induction manipulation aside.
For completion rate, the 2 (Priming: learnt vs. novel) x 3 (Valence: negative vs. neutral
vs. positive) repeated measures ANOVA revealed, as expected, that participants
completed word fragments to learned words more often than those referring to new
words (Priming: F(1,46)=104.8, p<.001). In contrast to Experiment 1, there was no main
effect of Valence (F(2,45)=.110, p=.896, n.s.). In accordance with Experiment 1, there was
also no Priming x Valence interaction (F(2,45)=.632, p=.536, n.s.).These results suggest
that priming again was effective and no implicit emotional memory enhancement
occurred. Thus, this analysis excluding the MI factor did not reveal the earlier found
general emotional word processing advantage. See Figure 2.4a for a visual presentation.
Explicit memory
A repeated measures ANOVA on the signal detection sensitivity measure d-prime
showed significant effects [F(2,45)=72.85, MSE=.119, p<.001], which resulted from
significant differences between all three emotional conditions [negative vs. neutral:
p<.001, negative vs. positive: p<.001, positive vs. neutral: p<.001]. Negative words where
recognized more easily (d’negative =0.73, sd=0.72) than positive (d’positive =0.43, sd=0.78)
which in turn were more easily recognized than neutral words (d’neutral =-0.15, sd=0.75).
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Figure 2.4 Completion rate results for the a) old and new words and b) also
splits for the sad and happy mood induction (MI) group.
Abbreviations: WFs= word fragments; MI= Mood induction.

The response bias to rate a word as being new was higher for emotional words,
than for neutral words without a valence-specific bias to neither negative nor positive
words [ß negative =2.50, sd=2.80 ß positive =1.90, sd=2.15, ß neutral =1.04, sd=0.60; negative vs.
neutral: p<.001, negative vs. positive: p=.531, positive vs. neutral: p<.05].
Taken together, the explicit results reveal an EME effect with a negativity bias
when not taking current mood states into account.

Mood effects
We investigated the effect of current mood state on the data using 2 (Priming:
unprimed vs primed words) x 3 (Valence: negative vs. neutral vs. positive) x 2 (Mood
Induction: sad vs. happy) repeated measures ANOVAs.
Implicit memory
With respect to completion rate, we found a significant main effect of Priming
[F(1,45)=110.164, MSE=.008, p<.001] and a significant interaction of Valence X MI
[F(2,90)=110.164, MSE=.006, p<.05]. As expected, more primed than unprimed WFs
were filled in correctly. Further, there was a mood-congruent implicit bias for the –MI
(see Figure 2.5). Interestingly, under +MI this effect reversed, i.e. natural words were
preferentially filled in and positive words revealed even the lowest completion rate
and not as expected the highest (see Figure 2.5). Neither MI group [F(1,45)=2.171,
MSE=.057, p=.148] nor the interaction of Priming x Valence x MI reached significance
[F(2,90)=.072, MSE=.006, p=.930].
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Figure 2.5 Completion rate of the implicit perceptual word fragment completion
task in percent correct fill-ins (%) per valence and mood group
averaged over primed and unprimed word fragments.

Explicit memory
D-prime and beta scores were analyzed using 3 (Valence) x 2 (MI) repeated measures
ANOVAs. Even though the sensitivity in general was slightly higher in the sad MI group,
the pattern of sensitivity did not significantly differ with respect to MIP (F(2,44)=.639,
MSE=.120, p=.533, n.s.)(see Figure 2.6). Both mood groups showed increased
sensitivity to negative words than positive words which were in turn easier to
recognize than the neutral words. Hence mood induction led to a negativity bias
during explicit memory.
The response bias was again significant different between emotional and neutral
words (F(2,44)=8.458, MSE=.2.942, p<.001), but without a valence-specific bias to
either negative nor positive information (negative vs. neutral: p<.001, negative vs.
positive: p=.533, positive vs. neutral: p<.05).

Discussion Experiment 2
In Experiment 2, we investigated whether current mood states influenced emotional
perceptual implicit processing and explicit memory performance in a sample of
young healthy women. Experiment 2 was built on the results of Experiment 1, where
the perceptual implicit and explicit tasks have been shown to be valid measures.
Experiment 2 added successful positive and negative mood induction procedures
(MIP) to a shortened WFC and recognition task.
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Figure 2.6 Results of the explicit recognition task per mood induction group.

Both MIPs led to significant subjective mood state changes, which lasted
throughout the experiment. Even though both MIPs were successful, the sad MIP
resulted in greater mood changes (Figure 2.3). There was no evidence that happy or
sad mood in general revealed significant better or worse performance on the explicit
or implicit task in our sample of healthy women.
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The main findings are that the explicit recognition task revealed a negativity bias
for both the negative and the positive MI group (general explicit negativity bias).
Moreover, the implicit perceptual WFC task revealed a negative processing bias only
under sad MI and thus in a mood-congruent manner. During happy mood the
emotional word advantage disappeared fully and even reversed, i.e. emotionally and
especially positive words were less often filled in than neutral words (Figure 2.5).
While this result is not intuitive, visual inspection of the mood-split data suggests that
comparable to Experiment 1 emotional word processing enhancement exists for the
sad mood group for both the primed and un-primed word fragments (see Figure 2.4b,
filled lines). For the positive mood induction group, however, this pattern is reversed
for both the primed as well as un-primed fragments (see Figure 2.4b, open lines).
These reversed patterns for happy and sad mood seem to be responsible for the nonsignificant Valence effect in the implicit memory measure (Figure 2.4a, 2.5). The
results suggest that the current mood influences perceptual implicit processing, but
not implicit memory, whereby a mood-congruent enhancement effect can be found
for implicit processing but only in the sad MI group.
Some researchers distinguish between mood-congruent memory and mood-
dependent memory (Blaney, 1986; Eich et al., 1994). The first refers to better memory
because current mood helps recall of mood-congruent material, regardless of our
mood at the time the material was stored. The second one refers to better memory
due to the congruence of current mood with the mood at the time of memory storage,
i.e. during encoding. Therefore, one may argue that manipulating mood during
encoding may have different influences than manipulating mood during retrieval or
both encoding and retrieval. The study at hand manipulated the participants’ mood
only during the encoding phase. We, however, believe that a reactivation of mood
due to the lab environment occurred. In Figure 2.4b, we see the same pattern per MIP
for both the old words, initially studied under MI, but also the new words, which were
presented as WF the first time during day 2, where no MI took place. Unfortunately
we are not able to investigate the mood on day 2 because no mood ratings were
asked. Therefore, future research should illuminate the influence of MI also during
retrieval and both encoding and retrieval. We additionally want to advise to carefully
investigate current mood of participants, because, as is seen in Figure 2.4a, those can
cancel out effects, which have been evident for the negative MI group.

General Discussion
The aim of the studies at hand was to investigate perceptual implicit and explicit
emotional word memory and its relation to current mood. Implicit emotional memory
processes have been widely neglected, notwithstanding the special influence of
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implicit processes for daily live. With respect to (vulnerability for) MDD, conscious
and unconscious negative biases may play a key role. The implicit perceptual WFC
task requires no semantic processing and thus an emotional enhancement effect
would indicate the very basic influence of emotional content.
Summarizing the results of both studies, the explicit recognition findings reveal
that emotional words are always better remembered than neutral words. In our first
sample, with un-manipulated mood, no valence-specific biases were found. However,
both MI groups in Experiment 2 showed a negativity bias. In other words, independent
of the mood, external MI induced a negativity bias.
With respect to the implicit results we found (1) an implicit emotional word processing
(but not a memory) advantage only evident in natural and sad mood states; which (2)
was unbiased in natural mood; and (3) showed a negative processing bias in sad mood
(mood-congruency); (4) under happy mood induction no emotional word processing
advantage appeared, but the patter was reversed, showing an advantage for natural
words.
Therefore, we can conclude that in general even non-salient emotional information
like words are naturally highlighted. This highlighting or pop-up effect appears
already during a perceptual task where only letter cues are presented and no semantic
processing is required. In opposite to explicit memory, the results suggest that there
is no additional unconscious emotional enhancement due to memory, i.e. priming did
enhance emotional and neutral words equally. The unconscious highlighting effect of
emotional material has been reversed in the happy MI group. Future studies will have
to explore whether a possible evolutionary “danger-sensor” evident under natural
and sad mood is down-regulated in positive or euphoric mood states possibly in
advantage for other functions.
Given that subjects just perceive letter cues during the WFC task, one might
speculate that reading strategies for emotional and non-emotional words differ as
was proposed earlier (for a review see, Landis, 2006) and that this is also true for
incomplete WFs. Those reading strategies have been shown to be gender-specific
and dependent on the brain state prior to stimulus presentation (Mohr et al., 2005).
Mood might be interpreted also as a specific brain state which seems to activate an
associative network. Therefore our findings might be specific to female gender. Note,
that also in un-manipulated mood our sample of female subjects revealed an explicit
negative memory bias. Unfortunately, we did not include male subjects in either
study, thus future studies need to investigate the gender-specificity.
Negative memory biases are thought to be one of the main cognitive risk
and maintenance factors for depression (Teasdale & Dent, 1987). Non-depressed
individuals revealing a negative memory bias are at a greater risk to develop depression
(Gordon et al., 2008; Watkins et al., 1996). Mood disorders are twice as common in
women than in man (Weissman & Olfson, 1995). And under negative mood our female
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sample revealed even an implicit and therefore unconscious negative processing bias.
Therefore, our data suggest that these basic unconscious processing effects are
influenced by current mood states. We speculate that women in general have a
greater chance for an explicit negative emotional memory bias. Under bad mood or
stress, women might develop even a negative implicit perceptual processing bias,
which focus their attention to emotional and especially negative emotional material.
This in turn might heighten the emotional stress and negative biases, wherefore
women have a greater chance to develop a mood disorder. Whether this theory is
reasonable and gender-specific should be investigated in future studies also including
male subjects.
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Abstract
Experimental mood manipulations and functional magnetic resonance imaging (fMRI)
provide a unique opportunity for examining the neural correlates of mood-congruent
memory formation. While prior studies in mood-disorder patients point to the medial
temporal lobe in the genesis of mood-congruent memory (MCM) bias, the interaction
between mood and emotional memory formation has not been investigated in
healthy participants. In particular it remains unclear how regulatory structures in the
pre-frontal cortex may be involved in mediating this phenomenon. In this study,
event-related fMRI was performed on 20 healthy participants using a full-factorial,
within-subjects repeated-measures design to examine how happy and sad moods
impact memory for valenced stimuli (positive, negative and neutral words). Main
effects of mood, stimulus valence and memory were examined as was activity related
to successful memory formation during congruent and in-congruent moods.
Behavioural results confirm an MCM bias while imaging results show amygdala and
hippocampal engagement in a global mood and successful recall, respectively. MCM
formation was characterized by increased activity during mood-congruent encoding
of negative words in the orbito-frontal cortex (OFC) and for mood-incongruent
processing of negative words in medial- and inferior-frontal gyri (MFG/IFG). These
findings indicate that different pre-frontal regions facilitate mood-congruent and
incongruent encoding of successfully recalled negative words at the time of learning,
with OFC enhancing congruency and the left IFG and MFG helping overcome semantic
incongruities between mood and stimulus valence.
Published as:
Fitzgerald, D.A., Arnold, J.F., Becker, E.S., Speckens, A.E., Rinck, M., Rijpkema, M., Fernández,
G., Tendolkar, I., 2011. How mood challenges emotional memory formation: an fMRI
investigation. NeuroImage 56, 1783-1790.

How mood challenges emotional memory formation | 53

Introduction
Memory facilitation for emotional events is a well-recognized phenomenon with
clear advantages to adaptive behaviour (McGaugh, 2004). Memory can be enhanced
when mood state at time of learning or retrieval matches the valence of emotional
stimuli (Blaney, 1986; Leppanen, 2006). Surprisingly, studies that explore the neural
underpinnings of mood-congruent memory biases remain sparse. Neuroimaging
findings come mainly from acutely depressed patients (Hamilton & Gotlib, 2008; van
Wingen et al., 2010) and recovered patients undergoing mood-induction (Ramel et al.,
2007) which point to the amygdala as one mediator of mood congruent memory
(MCM). While these studies impart important information and targets for further
investigation, they are limited in relevance for normal memory function or for
discriminating state versus trait mood effects.
Lewis et al. (2005) found neuroimaging evidence in healthy controls for the
classical idea of associative networks (Bower, 1981) being reactivated when mood at
retrieval matches stimulus-valence at encoding. Activity for mood-congruent stimuli
increased in the subgenual cingulate for positive words and in the orbito-frontal
cortex (OFC) for negative words, independent of recall success. However, the analysis
employed was limited to conjunctions (overlapping activity) between encoding and
retrieval activity, excluding regions involved specifically in MCM formation. Formation
of biased emotional memory in depression has been shown to involve discrete
neuronal regions for encoding and retrieval (van Wingen et al., 2010), indicating that
investigations into MCM should discriminate between the two processes.
We hypothesized that the amygdala was involved in MCM based on its overall
role in emotional memory (Cahill, Babinsky, Markowitsch, & McGaugh, 1995; Canli
et al., 1999), its modulation of hippocampal activity during emotional memory
formation (Dolcos, LaBar, & Cabeza, 2005) and from memory studies examining brain
function in depressed patients (Hamilton & Gotlib, 2008). Other previously implicated
regions include parts of the pre-frontal cortex (PFC) associated with sensations of
mood and emotion regulation (Depue, Curran, & Banich, 2007; Phan et al., 2005).
Specifically, lateral pre-frontal areas may preferentially process mood-congruent
stimuli, having an established role in cognitive control (Ridderinkhof, Ullsperger,
Crone, & Nieuwenhuis, 2004) and for emotional memory for non-arousing
information (Kensinger & Corkin, 2004). Additionally, the OFC has been associated
with MCM formation for emotional words (Lewis et al., 2005), with sensitivity for
stimulus valence (Lewis, Critchley, Rotshtein, & Dolan, 2007). OFC activity has also
been associated with coupled affective odor and faces (Gottfried, Deichmann,
Winston, & Dolan, 2002), pleasant and unpleasant tastes (Small et al., 2003) as well
as responses to positive and negative feedback and reward (Elliott, Friston, & Dolan,
2000; Elliott, Frith, & Dolan, 1997). Thus, with the expectation that regions involved in
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Figure 3.1 Mood-induction and emotional memory paradigm.
a) Mood induction procedure (MIP) included explicit instructions to enter the target mood (sad
or happy), which was counterbalanced between imaging sessions spaced approximately one
week apart. b) Memory cycle made up of study, distraction and test periods in which participants
had to learn a randomized set of 4 positive, 4 negative and 4 neutral words, then count down
from a number between 80 and 99 in steps of three and verbally report which words they were
subsequently able to remember. c) Overall arrangement of study components per study session
showing interspersing of memory cycles with mood-induction booster periods.

emotional learning, valence-appraisal and emotional regulation would be involved in
mediating mood-congruent learning, the above regions (amygdala, lateral PFC, OFC),
subserving various aspects of mood and emotional memory were investigated for
involvement in successful encoding of valenced stimuli under different mood
conditions. The present study investigated MCM formation from the standpoint that
both control and valence-detection regions likely interact during memory formation
and are influenced by mood-congruency and -incongruity.
To test this hypothesis, we employed a full-factorial cross-over design, examining
interactions between Mood (happy/sad), Valence (positive/neutral/negative) and
Subsequent Memory (remembered/forgotten) to dissociate neural correlates of
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mood-congruent and -incongruent memory formation. First, we expected to find a
behavioural MCM bias reflected by increased recall of mood-congruent words.
Activity associated with subsequently remembered words, word valence and general
mood (regardless of mood-congruency) was examined using whole-brain analyses as
well as a region-of-interest approach for the areas mentioned above. Due to the
limited body of neuroimaging literature on mood-congruent memory bias, the
investigation of three-way interactions between Mood, Valence and Subsequent
Memory performance on brain activity was direction-less and more exploratory,
examining activity across the entire brain using an uncorrected threshold.

Methods and materials
Participants
Twenty-four Dutch speaking volunteers (7 males, mean age 22.8 ± 3.7 years) gave
written informed consent in accordance with the local research ethics committee to
participate in this study. Participants reported themselves as physically and mentally
healthy and were free of current DSM-IV disorders as determined by a structured
interview using the Mini International Neuropsychiatric Interview (Sheehan et al.,
1998). To avoid possible confounds due to sub-threshold depressive symptoms,
subjects were screened for depression using the Dutch version of the Beck Depression
Inventory-II (BDI-II) (Beck, Steer, & Brown, 1996) with a cut-off score of less than 10.
Three participants (1 male) dropped out of the study, unable to tolerate scanning due
to the length of the study sessions, with an additional participant excluded from the
final analysis due to technical failure.
Experimental procedures
The memory task was performed on two separate days approximately one week
apart for sad and happy mood induction in a cross-over design with counterbalanced
order. For each experimental session, participants completed the BDI-II and rated
their level of current affect using the 20-item Positive and Negative Affect Schedule
(PANAS)(Watson et al., 1988). They were subsequently given detailed written
information regarding the memory, distraction and mood rating tasks. Participants
were told that they would watch both happy and sad film clips, and were instructed
to use the situations and emotions depicted to put themselves in as strong a mood as
possible. This was to be maintained throughout the session, with repeated probes to
rate their subjective mood using a 20-point visual-analogue scale. Participants
underwent a total of four mood inductions per scanning session, intermixed with 20
study–test cycles, all the while lying in the scanner. Each memory cycle consisted of a
study phase for emotional and neutral words, followed by a serial-subtraction task
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serving as a distraction period and finished by a 30 s free recall period as described
below. The overview of this procedure is illustrated in Figure 3.1.
Mood induction
In keeping with a previous study that had shown to provide robust mood-induction
effects (Urner et al., 2011) four film clips (12, 6, 5 and 7 minutes), chosen for their
unipolar and unambiguously sad content were extracted sequentially from ‘Sophie’s
Choice’, a movie often employed for the induction of a sad mood (Sanna, 1999). A
matched set of sequential clips of the same duration showing unambiguously happy
scenes were selected from the animated video ‘Happy Feet’. Prior to presentation,
subjects were explicitly instructed to use the situation and emotions depicted in each
video clip to enter the target mood, a procedure shown to elicit strong changes in
mood (Westermann, Spies, Stahl, & Hesse, 1996). Each session began with a long
initial mood induction period followed by the first of five memory cycles, this design
was replicated for the three shorter booster clips. Participants rated their mood
before and after each mood induction and memory cycle using a visual-analogue
scale from − 10 (saddest mood ever) to + 10 (happiest mood ever) using the left/right
button presses. Mood ratings were averaged per block in the behavioural analysis to
reflect sustained, rather than initially large changes in mood following each mood
induction.
Stimuli
Neutral, positive and negative Dutch words of five to 13 letters (mean: 8.6 ± 2.2) were
used in the memory task. These were based primarily on the well-validated English
ANEW list (Affective Norms for English Words)(Bradley & Lang, 1999a). In a pilot
experiment conducted prior to the current study, these words were rated by 15
healthy participants for their perceived valence ranging from 1 (very negative) to 15
(very positive) with neutral centered at a score of 8. Positive words had a mean rating
on a scale of 1–15 of 12.34 ± .49, negative words had a mean rating of 3.24 ± .68, and
neutral words had an average rating of 8.42 ± .40. For the current study, words with
more than one response deviating from these ranges were excluded. Thus, the 160
most negative, 160 neutral and 160 most positive words were selected for this study
from an initial list of 977 words. These words were subsequently divided into matched
sets of 12 stimuli each, with four words per emotional category, counterbalanced for
frequency of use (CELEX database)(Baayen, Piepenbrock, & Gulikers, 1995), length
and number of verbs, nouns and adjectives. Forty different sets of words were used
across the two experimental fMRI sessions, with set order counterbalanced between
the first and second session as well as between mood inductions.
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Memory task
Participants performed a free-recall memory task using the emotional and neutral
words described above. While undergoing functional imaging, each mood induction
of 5–12 min duration was followed by five memory cycles, each including a study,
distraction, and free recall phase. In the study phase, participants were instructed to
silently read and remember each of the 12 sequentially presented words in random
order displayed centrally on the screen for 500 ms, with a white font on black
background. The inter-stimulus interval was randomly varied between 4 and 8 s, with
2 ‘null events’ per cycle — i.e. two lengthier ISIs averaging 12 s per cycle. Following
each learning phase, a distraction task was employed wherein a random number
between 80 and 100 was displayed for 25 s, with the instructions to count down in
steps of 3 pressing the left button for each step. After speaking aloud the final number
reached, the cycle finished with the verbal responses in the free-recall phase.
Participants were cued to say aloud each word they could remember, with a
30-second response limit, which was sufficient time in all cases to complete the word
recall. These responses were digitally recorded and transcribed for off-line analysis.
Head motion was restricted via the use of foam padding.
Image acquisition and data analysis
Functional MR imaging was performed on a 1.5 T Siemens Avanto scanner (Erlangen,
Germany) using axial echo-planar imaging (32 slices, 212 mm FOV, 64 × 64 matrix,
2340 ms TR, 35 ms TE) with final voxel dimensions of 3.3 × 3.3 × 3.7 mm. For each
imaging session, data was collected continuously throughout the mood induction
and memory cycles. All fMRI data was processed using SPM5 software (Statistical
Parametric Mapping; Wellcome Department of Cognitive Neurology, London, UK).
Participants were instructed to remain still with foam pads secured against the head
to limit movement. Images were realigned, slice-time corrected and co-registered to
each participant’s high-resolution T1 scan, which was used in normalizing to the
standard Montreal Neurological Institute (MNI) template. Finally, images were
smoothed using an 8x8x8 FWHM Gaussian kernel and entered into a first-level
general linear model analysis. To account for error variance across the large
time-series in this experiment, the parametric analysis contained six main regressors of
interest and two regressors of no interest. The regressors of interest were derived
from each participant’s recall performance for each word valence: positive
remembered/forgotten, neutral remembered/forgotten and negative remembered/
forgotten modeled using the standard SPM delta function convolved with a canonical
hemodynamic response function (HRF). The mood induction and distraction periods
were modeled using a square-wave function convolved with a standard HRF as
regressors of no interest. A high-pass filter (128 s cut off) was used to remove
low-frequency signal drift. Parameter estimates for each contrast of interest were
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calculated and entered into a second-level group analysis with an ANOVA design to
evaluate the main effects of Subsequent Memory, Valence and Mood. These main
effects were examined initially at the whole-brain level corrected for false-discovery
rate (FDR) with a threshold of p < .05. An additional region of interest (ROI) analysis
was conducted on these main contrasts for a-priori regions of interest in the amygdala,
hippocampus, orbito- and lateral pre-frontal cortices using anatomical regions
derived from the AAL database (Tzourio-Mazoyer et al., 2002). Lastly, the three-way
interaction between these variables was examined for activity that corresponded
with mood-congruent memory formation. An exploratory analysis examining these
interactions was run across the entire brain contrasting activity for remembered
versus forgotten words in each category to examine differences between congruent
and incongruent successful versus unsuccessful encoding. Effects in this 3-way
analysis surviving an exploratory threshold of p < .001 uncorrected across the entire
brain are reported and discussed with respect to prior findings in similar regions of
the brain.

Results
Baseline mood scores
No participants reported elevated depression scores prior to the beginning of the
study (mean BDI-II score: 2.4 ± 1.9, range: 0–7). Baseline measures of affect did not
differ prior to the happy and sad mood induction sessions: mean PANAS-positive
scores: 26.5 ± 6.0 vs. 27.7 ± 5.2 respectively, p = .28; mean PANAS-negative score: 12.5
± 2.7 vs. 12.0 ± 3.9, p = .33. Subjective ratings of mood on a visual-analogue scale used
throughout the experiment also did not differ between conditions prior to mood
induction (baseline mood rating for Happy: 3.5 ± 2.14; Sad: 3.7 ± 2.7; p = .60).
Mood induction
Mood induction successfully induced mood changes in the intended direction (see
Figure 3.2b). One-sample t-tests comparing baseline mood with subsequent mood
ratings revealed that participants had higher mood ratings following happy mood
induction (min t(19) = 2.1, all p < .05) and lower mood ratings following sad mood
induction (min t(19) = − 6.45, all p < .001) throughout the entire experiment.
Behavioural results
A mood-congruent memory bias was found in the free-recall data (see Figure 3.2a).
We performed a 2 (Mood) × 3 (Valence) ANOVA on recall rates, which showed both a
main effect of Mood [F(19) = 4.63, p < .04] and an interaction between mood and
valence [F(18) = 3.86, p < .04]. A subsequent 2 × 2 ANOVA excluding neutral words
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Figure 3.2 a) Total number of words recalled during sad and happy mood
induction b) average mood ratings before and after mood induction
and prior to each memory cycle.

revealed no main effect of Mood [F(19) = 2.26, p = .15], but a strengthened interaction
between Mood and Valence on recall rates [F(18) = 7.6, p < .01]. Post-hoc paired-sample
T-tests comparing recall rates between mood conditions and word valence indicated
that this interaction was driven by better recall of positive compared to negative
words during happy mood (54.8 ± 12.7% vs 48.3 ± 11.5%, p < .01). Recall of negative
compared to happy words during sad mood also went in the same direction (50.8 ±
10.8% vs 47.6 ± 10.8%), but this effect did not reach significance (p = .18). The
interaction between mood and recall rates was driven primarily by better recall of
neutral words in the happy compared to sad condition (50.1 ± 15.2% vs 45 ± 13.2%, p
< .03).

fMRI results
Main effect of subsequent recall
The whole-brain analysis (FDR corrected at p < .05) for subsequent memory effects
(all recalled versus forgotten words) gave rise to a main effect of subsequent memory
in the left IFG (− 38, 42, − 14; pFDR < .001), angular gyrus (− 34, − 62, 42; pFDR < .001),
inferior-temporal gyrus (− 60, − 42, − 8; pFDR < .001), superior-frontal gyrus (− 6, 24,
50; pFDR = .003) as well as the left hippocampus (− 28, − 12, − 14; pFDR < .01) (see
Figure 3.3a). This replicates earlier findings on verbal memory formation (Cabeza,
Dolcos, Graham, & Nyberg, 2002).
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Figure 3.3 Main effects of a) recall b) valence and c) mood on the encoding of
affective words.
Activation patterns in images a and b are FDR corrected using a threshold of p < .05, while image c
shows activity for a cluster that was found using our region of interest approach (p < 0.05
small volume corrected).

Distinct effects of mood and valence
Examining the influence of stimulus valence on encoding, regardless of mood or
subsequent recall, we found that processing of affective words (both negative and
positive) was marked by increased activity compared to neutral words in the left
superior medial gyrus (− 6, 54, 36; pFDR < .001), rectal gyrus (− 2, 50, − 18; pFDR <.001)
and posterior cingulate cortex (− 6, − 48, 26; pFDR < .003) (see Figure 3.3b).
Examining the influence of mood (regardless of stimulus valence or subsequent
recall) we did not find any area surviving the corrected whole-brain analysis, but
greater activity was found for the region of interest analysis (small volume corrected)
in the amygdala (36, 4, − 26; pSVC = .009) for sad compared to happy mood (Figure 3.3c).
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Three-way interaction between mood, valence and recall
The exploratory whole-brain examination of the three-way interactions between
mood, valence and subsequent recall revealed activity in three regions: the left IFG
(− 48, 22, 10), left OFC (− 16, 28, − 14) and left middle-frontal gyrus (MFG), which
survived an uncorrected threshold of p < .001 (see Figure 3.4). Paired t-tests conducted on
extracted beta values from peak voxels in these areas comparing activity separately
for each stimulus valence indicated that this interaction is driven primarily by
differential processing of negative and neutral words. Following sad mood induction,
subsequent memory effects for negative words were significantly greater in the left
OFC compared to activity for negative words following happy mood induction.
Conversely, subsequent memory effects were larger for negative words during happy
compared to sad mood in the left IFG and MFG while no such effect was found for
subsequent memory with happy words. To summarize these findings, differential

Figure 3.4 Interactions between mood, valence and recall show differential
activity in the orbito-frontal cortex as well as inferior- and middle-
frontal gyri (p < .001 uncorrected).
Bars graphs indicate extracted beta-estimates for differences in activity between remembered and
forgotten words for each mood and valence condition, with error bars indicating one standard error.
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activity in the left IFG and MFG was associated with mood-incongruent memory
formation while activity in the left OFC showed a pattern of activity associated with
mood-congruent memory formation.

Discussion
To our knowledge, this study provides the first full-factorial, comprehensive neuroimaging investigation on the effects of happy and sad moods for emotional memory
formation using positive, negative and neutral stimuli. The paradigm employed was
designed to produce the maximum impact of mood on subsequent memory via an
effective mood-induction paradigm using relatively lengthy and effective emotional
movie clips followed by an open-ended free recall memory task. Subsequent recall of
both positive and negative words was influenced by mood in the expected direction,
indicating that the underlying brain activity could be probed for patterns reflecting
mood-congruent memory processing. This was accomplished by exploring the three-
way interactions between mood, stimulus valence and subsequent recall. More
general neural processes were probed by looking at the main effects of mood,
stimulus valence and subsequent recall in separate analyses.
While the mood ratings obtained in this study are in line with previous findings
that negative mood inductions have a greater effect than positive mood induction
(Westermann et al., 1996), elevated initial baseline ratings and negative effects on
mood of the scanner environment and task difficulty should be taken into account in
judging the efficacy of the manipulation. The behavioural finding in this study that the
memory bias was statistically more robust for positive words than for negative could
be due to an overall performance increase for cognitive processing associated with
happy mood, rather than a lack of memory bias for negative words. This phenomenon
has been reported previously, particularly for memory for positive and neutral stimuli
(Ashby, Isen, & Turken, 1999). However, the number of recalled negative words also
matched the expected direction, leading to the overall significant findings of
mood-congruent memory bias. The heterogeneous effects of mood induction noted
above may also help account for this finding of unbalanced mood-congruent
processing in that positive and negative words were selected for very high or low
valence, respectively, while the negative mood induction resulted in more intense
changes in ratings.
In line with the growing body of research on episodic memory formation (e.g.
Davachi, Mitchell, & Wagner, 2003; Tendolkar et al., 2007), we found significant
hippocampal involvement in the successful encoding of words with additional
contributions from the left inferior-frontal, angular, inferior-temporal and superiorfrontal gyrus. These later regions are part of a fronto-parietal-cingulate-thalamic
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circuit involved in episodic memory as well as attention and visual perception (see
Cabeza et al., 2002; Cabeza et al., 2003; Naghavi & Nyberg, 2005). In the present
study, only the inferior-frontal gyrus was additionally associated with mood-incongruent memory during encoding (see below), indicating that the general memory
system may remain largely unaffected by mood-congruency. The involvement of the
IFG generally in encoding subsequently recalled stimuli (independent of mood or
stimulus valence) as well as more specific involvement in successful encoding of
mood-incongruent stimuli implies that this region deserves greater attention for both
future studies on, as well as theories on the origins and nature of MCM.
A broad network of frontal structures including the left superior medial as well as
rectal gyrus together with the posterior cingulate was differentially engaged as a
function of biological salience during memory formation independently of subsequent
recall. Both frontal regions involved in the effects of valence showed greater activity
for emotional (both positive and negative) compared to neutral words suggesting a
role in valence-detection and emotional memory (Lewis et al., 2007; Lewis et al.,
2005). The posterior cingulated cortex (PCC) is thought to represent a key junction
between pre-frontal regions and hippocampal-based mnemonic processing, implicated in
episodic memory formation (Maddock, 1999) and mediation of interacting emotional
and mnemonic processes (Maddock, Garrett, & Buonocore, 2003). While we found a
direct relationship with PCC to stimulus valence, this area was not involved in any
subsequent general or mood-congruent recall phenomenon. This finding is in line
with the notion that the PCC is involved in more general processing of emotional
material that may reflect less specific processes such as determination of self-
relevancy and serving as a central hub in the default-mode network (Andrews-Hanna,
Reidler, Sepulcre, Poulin, & Buckner, 2010). An activity increase in the default-mode
network has been found in depressed patients, potentially accounting for disordered
self-referential thoughts that are particularly relevant during an acute phase of
depression (Sheline et al., 2009). Our findings of an activity increase in the PCC under
mood induction may indicate that the down-regulation of the default network is
altered during processing of emotional stimuli in an acute mood state. It was
somewhat surprising that we did not find amygdala involvement in processing
emotional compared to neutral words (Hamann & Mao, 2002) or for amygdala
specificity in processing negative words (see Herbert et al., 2009 for review). However,
it is important to take into account that processing of emotional stimuli may have a
reduced impact on subsequent memory during an induced or chronic negative mood
state, as the amygdala may be maintained at a persistently higher state of activity,
resulting in a lower range of possible responses to valenced stimuli.
In analyzing the main effect of mood on stimulus encoding, we indeed found
overall stronger amygdala activity throughout the sad, compared to the happy mood.
This finding supports a generic role for amygdala in the experience of negative affect
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(see Phan et al., 2005). This general increase in amygdala activity across both valenced
and neutral words during a sad mood indicates that a general priming of the amygdala
may occur under a sustained sad mood, which may overwhelm the ability to detect
mood-congruent activity in subsequent tasks. Findings of sustained amygdala activity
in depressed populations (Siegle, Thompson, Carter, Steinhauer, & Thase, 2007; van
Wingen et al., 2010) indicate that similar effects could counteract or overshadow any
amygdala involvement in mood-congruent stimulus detection. Moreover, our data
are in line with studies using stress-induction in healthy controls (van Marle, Hermans,
Qin, & Fernández, 2009), where there is a shift of amygdala function towards
heightened sensitivity with lower levels of emotional specificity following an
experimental stress-induction procedure, a pattern of results suggestive for a state of
indiscriminate hyper-vigilance. The idea of amygdala hyperactivity during an acute
mood-state that will put more brain systems on alert is very well in line with recent
theories of depression (Whalen, Shin, Somerville, McLean, & Kim, 2002). Our findings
together with those of van Marle et al. (2009) add to that by showing that a
mood-induced indiscriminate hyper-vigilance of amygdala seems to have a general
adaptive value that also applies to the general population.
Most important for our original hypotheses, we analyzed the imaging data for
evidence of modulating effects of a sad versus a happy mood on subsequent recall
rates for congruent and in-congruent stimuli. Three-way interactions between mood,
valence and memory revealed clusters of activity in the IFG, MFG and OFC that
discriminate between remembered and forgotten negative and neutral words in
different mood conditions. The significance of mood-dependent processing of negative
words indicates a potentially important implication for research of MCM in depression
and other mood disorders. In particular, OFC activity increased during encoding of
subsequently recalled negative words during a sad compared to a happy mood, while
inferior- and middle-frontal gyri showed greater activity for subsequently recalled
negative words during a happy, compared to a sad mood. Both of these later two
regions also demonstrated increased activity associated with subsequent recall for
neutral words that was greater in the sad, compared to happy mood condition. These
findings suggest that, in healthy controls, a sad mood may affect the processing of
neutral words. On a related line, we have shown in depressed patients that subsequent
memory effects for neutral stimuli is also altered as a function of a sad mood (van
Wingen et al., 2010). Though this prior effect was mainly found in the amygdala, our
findings may suggest that during a sad mood neutral stimuli are processed in a
mood-congruent way, forming an additional basis for negative memory biases.
Prior research implicates the OFC in memory enhancement for emotionally
salient events, possibly due to increased arousal (Cahill et al., 1995; Hamann et al.,
1999). Our data are also in line with those of Lewis et al., (2007; 2005) who found
that sub-regions of the OFC were involved in memory formation and displayed
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v alence-specific activity for emotional words. Moreover, the OFC is known to be
involved in an emotional network that relies on mood perception as mediated by the
amygdala (Bechara, Damasio, & Damasio, 2000; Phillips, Drevets, Rauch, & Lane, 2003a).
Given that we observed global increases in amygdala activity during a sad mood, this
may have triggered enhanced memory formation observed in OFC specific to negative
words during a sad mood. Links between amygdala activity and OFC function,
especially for aversive material are well-established in the neuroscience literature
(Zald & Pardo, 1997) and can even predict the attenuation of negative affect following
an emotional reappraisal task (Banks, Eddy, Angstadt, Nathan, & Phan, 2007).
Activity of the left IFG has an equally long history of being linked to conceptual
semantic processes during successful memory formation (Gabrieli et al., 1996), in
particular for verbal information (Buckner, Kelley, & Petersen, 1999; Fletcher &
Henson, 2001). Labeling of emotionally valenced stimuli requires the recruitment of
semantic networks in addition to the affective neural network. Our findings of IFG
involvement in successful memory formation for mood-incongruent stimuli suggest
that more conceptual, semantic processes are needed when the mood state does not
match the stimulus valence, violating an obvious semantic association. The semantic
incongruity may be also interpreted as a novelty effect (Dobbins & Wagner, 2005;
Kirchhoff, Wagner, Maril, & Stern, 2000) resulting in a pre-frontal top-down memory
modulation.
Our results suggest that increased activity in the inferior- and middle-frontal gyri
facilitate monitoring and attention for mood-incongruent negative words, acting to
override the default mood-congruent (semantic) processing and directs attention
towards semantically-incongruent stimuli. This idea is supported by prior research
showing IFG involvement in semantic violations (Newman, Pancheva, Ozawa, Neville,
& Ullman, 2001) as well as for processing incongruent semantic verifications (Hoenig
& Scheef, 2009). Similar findings in the MFG, an area associated with information
monitoring in episodic memory (Fletcher & Henson, 2001), is also consistent with
previous findings on mood-congruent memory (Lewis et al., 2005). Both of these
later two regions also demonstrated increased activity associated with subsequent
recall for neutral words that was greater in the sad, compared to happy mood
condition. These findings suggest that, in healthy controls, sad mood may affect the
processing of neutral words. On a related research line, we have previously shown in
depressed patients that subsequent memory effects for neutral stimuli are also
altered as a function of a sad mood (van Wingen et al., 2010). Though this prior effect
was mainly found in the amygdala, our findings may suggest that during a sad mood
neutral stimuli are processed in a mood-congruent way forming the additional basis
for negative memory biases. We would thus like to adopt the view that in-congruency
between mood and valence at the time of learning requires extra cognitive effort,
which is provided by the additional engagement of the left IFG and MFG.
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In sum, this study investigated mood-congruent and mood-incongruent memory
formation and showed that while the amygdala and hippocampus were engaged in
overall mood and recall interactions respectively, different pre-frontal regions
mediate dichotomous processes during successful memory formation. While OFC is
involved in the enhancing effect of congruency between mood and stimulus valence
during successful memory formation, the left IFG and MFG serve semantic control
processes to overcome in-congruency between mood state and emotional valence of
the successful encoded word. While this requires replication by other studies using
additional stimuli modalities, this full-factorial design employing both happy and sad
moods suggests that pre-frontal control mechanisms described seem particularly
relevant for the processing of negative words in healthy controls during transient
mood states. This finding is particularly important for general mood and psychiatric
research as the fixation towards and bias for remembering negative information is
thought to be involved in the onset and maintenance of mood disorders.

Acknowledgments
Funding for this project came from internal funding of the Behavioural Science
Institute. We thank Joyce Croonen for help in pre-testing stimulus materials.

How mood challenges emotional memory formation | 67

3

Chapter 4
Rose or black-coloured glasses?
Altered neural processing of positive events during
memory formation is a trait marker of depression
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Abstract
Valence-specific memory enhancement is one of the core cognitive functions that
causes and maintains Major Depressive Disorder (MDD). While previous neuroimaging
studies have elucidated the neural underpinnings of this emotional enhancement
effect in depressed patients, this study aimed at detecting processing biases that are
maintained throughout remission while patients were euthymic. Fourteen medication-
free women remitted from unipolar MDD and 14 matched controls were scanned
while learning negative, positive, and neutral words, which were subsequently tested
with free recall. The two groups did not differ in memory performance and showed
no neural differences during successful encoding of neutral or negative words.
However, during successful encoding of positive words, patients exhibited a larger
recruitment of a set of areas, comprising cingulate gyrus, right inferior- and left
medial-frontal gyrus as well as the right anterior hippocampus/amygdala. Restriction
to female participants may limit the generalization of the findings. Female MDD
patients in clinical remission exert greater neural recruitment of memory-related
brain regions when successfully encoding positive words, suggesting that neural
biases related to memory formation of positive information do not entirely normalize.
Further research is needed to establish whether this processing bias during successful
memory formation of positive information is predictive for future relapse thereby
offering the possibility to develop more focused therapeutic interventions to specifically
target these processes.
Published as:
Arnold, J.F., Fitzgerald, D.A., Fernández, G., Rijpkema, M., Rinck, M., Eling, P.A., Becker,
E.S., Speckens, A., Tendolkar, I., 2011. Rose or black-coloured glasses? Altered neural
processing of positive events during memory formation is a trait marker of depression.
J Affect Disord 131, 214-223.
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Introduction
Memory facilitation for emotional events is a well-recognized phenomenon with
clear advantages in adaptive behaviour (McGaugh, 2004). While enhancement of
emotional information has been shown for positive information in healthy participants
(Bradley et al., 1995; Denny & Hunt, 1992), depressed individuals have demonstrated an
opposite enhancement of emotional memory for negative information or reduction of
memory for positive information (e.g. Bower, 1981; Ellwart et al., 2003; for a direct
comparision between anxiety an depression see for exampleRinck & Becker, 2005).
This so-called mood-congruent memory bias is thought to be one of the core cognitive
processes that causes and maintains depression (Hasler, Drevets, Manji, & Charney,
2004). Sad mood at time of encoding might be one of the contributing factors for this
memory bias in depressed patients (Teasdale & Dent, 1987). For this reason, previous
behavioural studies investigating mood-congruent memory bias have been conducted
either while patients were acutely depressed or while patients in remission underwent
experimental induction of sad mood (Miranda, Persons, & Byers, 1990; Scher, Ingram,
& Segal, 2005; Teasdale & Dent, 1987).
In recent years, functional magnetic resonance imaging (fMRI) has identified brain
regions involved in mood–congruent memory formation in depression and suggests
abnormal processing during emotional memory encoding in the amygdala, hippocampus,
and certain prefrontal regions (Bremner, Vythilingam, Vermetten, & Charney, 2007;
Bremner, Vythilingam, Vermetten, Vaccarino, & Charney, 2004; Hamilton & Gotlib,
2008; Ramel et al., 2007; Roberson-Nay et al., 2006; van Wingen et al., 2010). The
important role of medial temporal lobe structures in mediating mood-congruent memory
bias is not surprising given their core function in declarative memory and emotion (LaBar
& Cabeza, 2006). Furthermore, structural imaging studies in MDD show enlarged amygdala
volume (e.g. Frodl et al., 2002; van Eijndhoven et al., 2009) and reduced hippocampal
volume (e.g. Lange & Irle, 2004; MacQueen, Galway, Hay, Young, & Joffe, 2002). In line with
behavioural experiments on mood-congruent memory in depressed patients, the role of
the amygdala has mainly been investigated during sad mood (Hamilton & Gotlib, 2008;
Ramel et al., 2007). Hamilton and Gotlib (2008) showed that the right amygdala was
more active and showed greater functional connectivity with the hippocampus and
caudate/putamen in fourteen acutely depressed patients compared to twelve healthy
controls during encoding of subsequently remembered negative but not neutral or positive
stimuli. Moreover, severity of depression was significantly correlated with memory-related
activation of the right amygdala. Along the same lines, Ramel and colleagues (2007)
investigated fourteen participants with remitted depression compared to matched
controls. Following sad mood induction, bilateral amygdala response during encoding of
emotional words predicted increased recall of negative self-referent words for a subset of
remitted participants.
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Recently, van Wingen and colleagues (2010) investigated neural processing
biases during emotional memory formation of positive and neutral faces. In addition
to altered brain activity related to successful memory formation for positive faces in
acute depression, they found altered neural activity following recovery - without an
external mood induction. Though the results of van Wingen and colleagues (2010)
were restricted to positive and neutral facial stimuli, they are in line with more global
findings that neural processing of positive stimuli remains altered during clinical
remission (Teasdale & Dent, 1987), including after treatment with an SSRI (Fu et al.,
2007). Some authors have even suggested that in MDD, memory impairment for
positive information seems to be the main problem (Burt et al., 1995), an effect which
is preserved during recovery (Teasdale & Dent, 1987). Moreover, the results of van
Wingen and colleagues (2010) suggest that even without a negative mood induction,
neural processing deficits during memory formation for positive events are present
in MDD patients.
The findings mentioned above have led to the idea that depressed individuals
over-recruit a neural network involved more generally in enhancing memory for
affective stimuli when activated by a stressor that engenders negative affect (Beck,
1971, 2008). However, the focus of these prior studies was placed on the striatal-
limbic parts of a neural network thought to be involved in depression, leaving aside
the potential role of prefrontal regions. Yet, Okada and colleague shave shown that
during a verbal fluency paradigm, prefrontal activity of patients does not normalize
after remission suggesting a state independent role of this brain region in processes
that underlie verbal memory (Okada et al., 2009). Also general episodic memory
deficits in depression have been linked to prefrontal dysfunction (Fossati, Radtchenko,
& Boyer, 2004), which mediates strategic retrieval attempts and monitors their
outcome (Buckner & Wheeler, 2001). Thus far, most of the previous research on
memory biases was conducted in currently depressed individuals or using a sad mood
induction, leaving it unclear whether patients with remitted depression really exhibit
changes in emotional memory formation in a euthymic state. Should this be the case,
memory biases may be even more important as vulnerability factors for the
development of future episodes of depression distinct from a truly mood-state
related memory bias (e.g. Gotlib & Krasnoperova, 1998) and should therefore receive
special attention during treatment.
Therefore, in the present study we set out to elucidate the role of prefrontal and
medio-temporal regions in emotional memory in remission of MDD. We investigated
fourteen remitted medication-free depressive patients and fourteen matched
healthy controls. Similar to Ramel and colleagues (2007), we used verbal material of
different affective valence Brain activity was measured by means of event-related
functional MR imaging while participants were asked to memorize lists of mixed
emotional and neutral words. In addition to whole-brain analysis, we used small
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volume correction analysis for the amygdala and hippocampus. The doubled
prevalence of mood disorders in women (Kendler, Gardner, & Prescott, 2006; Kendler,
Pedersen, Farahmand, & Persson, 1996) suggests a gender-specific pathophysiology;
we thus included only female participants. In order to control for possible confounding
effects of general neuropsychological deficits often found in depression, we included
a broad neuropsychological assessment.
The setup of the study at hand was primarily intended to investigate neural
activation differences with fMRI so that we took this into account when estimating
the sample size. Therefore, we do not expect to find significant behavioural differences
in any direction. However, we do expect to find altered neural activation patterns to
emotional memory formation in our patient group. We hypothesize that this altered
neural activation can be found not only in limbic but also prefrontal regions related
to emotional memory.

Materials and methods
Participants
Fourteen women in remission from a Major Depressive Disorder (MDD) and 14 neverdepressed women without a history of any psychiatric disorder participated in this
study. Patients were recruited via newspaper advertisements, postings on depression-related websites and from the department of psychiatry of the Radboud
University Nijmegen Medical Center. Control participants were recruited via
advertisement and from an online participation system operated by the university.
For an overview of participants characteristics see Table 4.1. All participants were
right-handed, physically healthy and did not use any medication. Exclusion criteria
were a history of severe somatic diseases, current or past alcohol or substance abuse/
dependency, current psychotropic drug use, and postmenopausal phase. Pregnancy,
claustrophobia, and metal implants were also exclusion criteria. Participants with
psychiatric diagnoses other than MDD as assessed with the Mini International
Neuropsychiatric Interview (M.I.N.I) (Sheehan et al., 1998) were excluded. All remitted
patients met criteria for a DSM-IV-TR (American Psychiatric Association, 2000)
diagnosis of unipolar MDD in the past, but not at the moment of scanning. Diagnoses
were established by use of the revised Structural Clinical Interview for DSM (SCID-I;
mood section) (First, Spitzer, Gibbon Miriam, & Williams, 1996). In addition, former
patients were required to obtain scores in the minimal symptom range (HDRS17< 10)
and consider themselves as fully remitted. To avoid potential confounds of chronicity,
we included only patients with less than three depressive episodes in the past.
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Informed consent was obtained from all participants. They were paid about 50€
and their travel expenses for participation. The study protocol was approved by
the local ethical committee (CMO region Arnhem-Nijmegen, The Netherlands, Nr.
2007/084).
Measures
We assessed psychopathology by Dutch versions of the
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)

The Structured Clinical Interview for DSM-IV Disorders (SCID) (First et al., 1996).
The Mini International Neuropsychiatric Interview (M.I.N.I.) (Sheehan et al., 1998).
Hamilton Depression Rating Scale (HDRS17) (Hamilton, 1960).
Spielberger State and Trait Anxiety Inventory (STAI) (Spielberger, Gorush, Lushene,
Vagg, & Jacobs, 1983).
Participants also filled in the Positive and Negative Affect Scale (PANAS) (Watson
et al., 1988).
Stressful live events questionnaire (LEQ) (Holmes & Rahe, 1967).
Centre-intern general health questionnaire to assess scanner compatibility.
Edinburgh Handedness Inventory (EHI) (Oldfield, 1971).

Further, all participants were also tested with a standard neuropsychological battery:
(1) Dutch Adult Reading Test (DART) (Nelson & Willison, 1991).
(2) Digital symbol substitution test (DSST) and Digit copying test (DCT) of the
Wechsler Adult Intelligence Scale (WAIS) (Wechsler, 1955, 1981).
(3) Dutch version of the Auditory Verbal Learning Test (AVLT) (Saan & Deelman, 1986).
(4) Stroop (Golden, 1978).
(5) Verbal fluency task (Thurstone, 1938).
Procedure
During a first 2-hour meeting, participants filled in several questionnaires (general
health questionnaire, Edinburgh Handedness Inventory, STAI trait, Stressful life-
events questionnaire, PANAS). Subsequently, the clinical interviews (M.I.N.I., mood
section of the SCID, HDRS) were taken to confirm former MDD diagnose or assignment
to the healthy control group. Neuropsychological functioning was assessed using a neuro
psychological test battery. During the second 2-hour appointment, all participants
were given detailed written information regarding the scanning procedure including
the memory and distraction task followed by a practice block inside the scanner,
followed by the experimental task. After scanning, all participants filled in the state
version of the STAI outside the scanner.
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Experimental Task
The experimental paradigm consisted of a free-recall task divided into 20 study-distraction-test cycles of approximately 3 minutes each. Breaks were interleaved after
every five cycles. During the study phase, participants silently read and memorized
lists of 12 sequentially presented words. During distraction, they were asked to count
back in steps of 3 from a given random number between 80 and 100. This distraction
period lasted 40 seconds and aimed at overriding active working memory. Participants
were asked to count back silently, pressing a button for each step and only name the
final number aloud when primed. Immediately following the distraction phase,
participants were asked to report orally all words they could remember from the
previous list within 30 seconds. All responses were digitally recorded and all stimuli
were subsequently transcribed into ‘later remembered’ or ‘later forgotten’. See
Figure 4.1 for schematic overview.

4
Figure 4.1 Schematic overview of a single study run.
Participants learn lists of 12 negative, neutral and positive words, whereby they silently count
back by 3 for 40 seconds (pressing a button for every step and naming the last number aloud) and
finally within 30 seconds name all words the remember from the previous list.

Stimuli
We used neutral, positive and negative Dutch words varying in length from five to
thirteen letters (mean: 8.6 +/- 2.2). They were derived and translated mainly from the
Affective Norms for English Words list (ANEW) (Bradley & Lang, 1999b). Dutch
translations of 1050 words were rated by an independent group of students for their
perceived emotional valence with a 15-point Likert scale varying from ‘very negative’
via ‘neutral’ to ‘very positive’. The minimum number of ratings per word was 11, with
an average of 15 ratings (SD=5). Words were segregated into three categories: positive
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(mean rating of 11 or more), negative (mean rating of 5 or less) and neutral (mean
rating between 7 and 9). For the present study, we selected the 160 most negative,
the 160 most positive and 160 neutral words, previously also used in related
experiments (e.g. D. Fitzgerald et al., 2009). All 480 words were divided into 40 sets
of 12 words each, with 4 negative, 4 positive and 4 neutral words, out of which 20 sets
and therefore 240 words were used per participant in a counterbalanced order.
Moreover, the sets were assembled such that they did not differ significantly in word
length, frequency of use (CELEX database) (Baayen et al., 1995), or type (i.e., adjectives,
nouns and verbs). The stimuli were pseudo-randomly intermixed, such that there
were no more than two consecutive words per valence. Words were presented in
centred position for 500ms with a random inter-stimulus interval (ISI) between 4 and
8 seconds, with 2 ‘null events’ per block – i.e. 2 longer ISIs averaging 12 seconds per
block.
MRI data acquisition
Imaging data were acquired with a 1.5T Siemens AVANTO MR scanner (Siemens,
Erlangen, Germany), equipped with a standard Siemens 8-channel head coil (Phase
Array Head Coil). Functional T2*-weighted blood oxygenation level-dependent (BOLD)
images were acquired using echo-planar imaging (EPI), with each image volume
consisting of 33 axial slices (3.4mm, slice-gap= 0.34mm, FOV= 212mm, TR= 2190ms,
TE= 35ms, FA=90°, final voxel dimension= 3.3x3.3x3.4 and a bandwidth of 1628Hz/Px).
Anatomical MR scans were acquired using a T1-weighted MP-RAGE sequence (176
slices, voxel size: 1.0 x 1.0 x 1.0mm, TR= 2250ms; TE= 2.95ms, FA= 15°).
Data Processing and Statistical Analysis
Functional MRI data were processed using Statistical Parametric Mapping software
(SPM5, Wellcome Department of Imaging Neuroscience, London, UK). The first four
EPI-volumes were discarded to allow for T1 equilibration, the remaining images were
spatially realigned, slice-time corrected and co-registered to the participant’s T1 scan,
which was then used to normalize with the standard MNI template. Resulting images
were smoothed using an 8mm FWHM Gaussian kernel, and high-pass filtering
removed low-frequency noise.
Statistical analysis was performed within the framework of general linear model
(Friston et al., 1995). ‘Later remembered’ and ‘later forgotten’ stimuli were separately
modelled for each of the word types (positive, negative, and neutral). The relevant
parameter images were entered in a random-effects repeated measure ANOVA with
a non-sphericity correction. Given that the purpose of the study was to investigate
valence-specific effects in memory formation between the remitted patients and
controls, we directly focused on the interaction of the factors Group, Recall and
Valence. These statistical tests were investigated at an uncorrected p-value of 0.001
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(if not otherwise stated) and were cluster corrected at the whole brain level
(pcorrected<0.05). Given clear a priori predictions of brain activation differences in the
amygdala and hippocampus, we applied small volume correction (SVC) using
anatomical region of interest (ROI) masks for bilateral amygdala and hippocampus
from Brodman area atlas implemented in the SPM WFU Pickatlas toolbox (version
2.4) (Maldjian, Laurienti, Kraft, & Burdette, 2003) Results in these areas were
considered significant at pSVC<0.05.

Results
Participants Characteristics
As can be seen from Table 4.1, the patients and controls did not differ on any
demographical variable including the number of life events. Both groups did not
show any significant differences on the neuropsychological measures of intelligence
(DART), memory (AVLT), attention (DSST), processing speed (DCT), executive
functioning (STROOP) or verbal fluency suggesting that no global differences in neuropsychological performance could account for differences in neural activity related
to emotional memory formation. Ten of the 14 former patients met the definition
(Frank et al., 1991) for fully remitted depressed patients (HDRS17<7), four had a score
in the minimal symptom range (HDRS17<10). Nevertheless all former patients
considered themselves as fully remitted. As expected, patients reported more anxiety
symptoms (STAI) and revealed less positive mood ratings (positive affect, PA, scale of
the PANAS) compared to controls. To control whether our findings are based only on
these mood differences, we conducted our subsequent analyses with the positive
affect PANAS scores as covariate. Patients experienced their first major depressive
episode (MDE) at 19 years of age. However, the time interval since the last MDE (mean
= 16.67months) did not correlate with either the PANAS scores (PA: p=.306; NA:
p=.439) or the HDRS (p=.831) scores.
Behavioural performance
Participants recalled about 42% of all words they were shown during the learning
phases. An overview of the mean memory performance is given in Figure 4.2. As is
evident from this figure patients recall less positive words. However, a 2 (Recall:
remembered vs. forgotten) x 3 (Valence: negative vs. neutral vs. positive) ANOVA with
Group (remitted patients versus controls) as between subject factor revealed no
significant results. Thus, no general memory impairment, valence-specific facilitation
or general emotional memory enhancement in either group was found.
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Table 4.1 Demographic, Clinical, and Neuropsychological Characteristics of
remitted MDD Patients and Healthy Control Participants
Remitted Patients
N=14

Healthy Controls
N=14

Mean

SD

Mean

SD

28.79

10.03

27.71

8.80

pb

Demographic variables
Age
Sex (male/female)
Handedness (left/right)
Educational level (1-5) c

0/14

0/14

0/14

0/14

4.71

0.73

5.29

3.71

37.57

9.11

5.00

.77
1.00
1.00

0.00

.15

0.64

0.93

**

30.71

6.45

*
**

Clinical variables
HDRS 17-item score
STAI State Mean
Trait Mean

49.14

12.90

29.93

6.89

Total Mean

86.71

16.83

60.64

11.30

**

7.21

5.04

4.64

2.41

.10

25.86

6.10

33.57

4.97

**

15.14

9.23

11.07

2.16

.12

90.64

4.72

91.36

5.29

.71

Life events
PANAS Positive Affect (PA)
Negative Affect (NA)
Neuropsychological variables
Intelligence estimate
DART-IQ
Memory
AVLT immediate recall

58.21

7.02

55.93

5.78

.36

Delayed recall

12.43

1.87

12.57

1.87

.84

Recognition

29.86

0.36

29.64

0.63

.28

DSST Code

85.50

13.77

91.71

14.52

.26

DCT Copy

126.64

8.11

127.29

8.07

.84

STROOP Card 1

45.57

8.22

45.71

8.96

.97

Card 2

53.71

6.14

54.50

12.20

.83

Card 3

75.50

10.91

82.93

37.76

.49

Animals

26.38

5.20

27.71

7.22

.59

Letter N

14.23

3.65

15.93

4.76

.31

Attention and psychomotor speed

Executive functioning

Verbal Fluency

MDD, major depressive disorder; HDRS, Hamilton Rating Scale for Depression; STAI, State Trait Anxiety
Inventory; PANAS, Positive and Negative Affect Scale; DART, Dutch version of the National Adult
Reading Test; AVLT, Dutch version of the Auditory Verbal Learning Test; DSST, Digit Symbol Substitution
Test; DCT, Digit Copying Test. a One way analysis of variance (ANOVA) * p<.05; ** p<.01. c Educational
level is coded level 1 to 5 (5=academic), according to the Dutch education system (Loozen and Post 1991).
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Figure 4.2 Behavioural Results (absolute recall rate and relative recall per
valence in %).
fMRI Results
In an initial whole brain analysis for all participants we found a subsequent memory
effect significant at trend-level, i.e. more activity for later remembered compared to
forgotten words in left inferior frontal gyrus (-38, 40, -12; pcorrected=.07) at an
uncorrected p-value of 0.005. The ROI analysis showed a significant activation of the
left amygdala (-18, -8, -14; pSVC<.05) and a trend-level activation within the left
hippocampus (-28, -12, -18; pSVC=.07). The analysis including the PANAS scores revealed
the same regions and significant levels.
Group X Recall X Valence
Most important with respect to the experimental question, we wanted to investigate
valence-specific effects in memory formation between remitted patients and controls.
We therefore investigated whether there was a significant interaction between the
factors Group, Recall and negative versus neutral stimuli (Valence). This analysis did
not give rise to any significant effects. However, the whole-brain analysis gave rise to
a strong three-way interaction between the factors Group, Recall and positive versus
neutral Valence. This difference in successful memory formation for positive stimuli
between groups was significant in a set of brain regions comprising medial frontal
gyrus left (-40, 52, 8; pcorrected<.05) and right (34, 44, 6; pcorrected<.005), as well as right
anterior cingulate gyrus (6, 10, 28 pcorrected<.05), and right posterior cingulate gyrus (8,
-58, 32; pcorrected<.05), left superior temporal (-42, -34, 12, pcorrected<.001) and left
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fusiform gyrus (-32, -62,-4; pcorrected<.005). For an overview of the significant activations
in this analysis see Figure 4.3. Next, we further explored this interaction by comparing
the subsequent memory effect between controls and patients separately for positive
and neutral stimuli. While the between-group comparison for neutral stimuli did not
give rise to any significant effects, the between-group comparison for the subsequent
memory effects for positive stimuli confirmed that the aforementioned three-way
interaction was based on an inverted subsequent memory effect in the remitted
patient group compared to controls in right anterior (6, 10, 30 pcorrected<.001) and left
posterior cingulate gyrus (0, -54, 20; pcorrected<.05) as well as right inferior frontal (60,
14, 28; pcorrected<.005) and left medial frontal regions (-42, 46, 16; pcorrected<0.02 and -24,
-10, 54; pcorrected<.005). Finally, the ROI analysis of amygdala and hippocampus showed
that the subsequent memory effect related to positive stimuli for remitted patients
was greater in the right amygdale/anterior hippocampus (16, -10, -16 pSVC<.05). All
whole brain and RIO results are comparable on regions and level of significances
when including PANAS score as covariate. Investigation of the mean beta-values
shows that the effect arises due to inverted bar graphs for positive words in the
patient group, probably suggesting more default network activation interfering with
memory. See Figure 4.4a and b for examples of inverted effect in the anterior
cingulate gyrus and the right amygdala.

Figure 4.3 Interactions between group, memory and valence (positive vs. neutral
words). Only clusters significant at pcorrected<0.05 are depicted.
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A

B

Figure 4.4 Interactions between group and memory for positive words for
A) whole brain activation of the right anterior cingulated and
B) the anterior hippocampus/amygdala region of interest (RIO)
with plots of the respective beta values
The two plots show exemplary that the beta-values for remitted patients and controls show an
inverted pattern for subsequently remembered and forgotten positive words. RP: remitted
patients; rem: subsequently remembered words; forg: subsequently forgotten words. Left is left
and right is right.

Discussion
In the present study we investigated whether there is any evidence for altered neural
processing during emotional memory formation in female patients with remitted
depression compared to a group of matched controls. Despite the absence of
behavioural differences, we found altered neural processing during successful
memory for positive words. Given the behavioural results, this effect is probably not
simply related to quantitative but rather qualitative differences present during
remission from depression.
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The neuropsychological results suggest that there was no global difference
between patients and controls supporting the idea that remitted patients early in the
course of depression do not yet show chronic neuropsychological deficits (for a
review see Kessing, 1998), and therefore general neuropsychological deficits are
eliminated as potential confounding factors. Most relevant, the neuropsychological
memory test (AVLT) revealed no memory impairment within the patient group.
Consistently, there was also no difference in general experimental memory
performance between the groups. These findings are in line with most other studies
that investigated memory performance in the early course of MDD (Basso & Bornstein,
1999; Fossati, Harvey et al., 2004; MacQueen et al., 2002). Some behavioural studies
suggested that depressed patients show impaired memory for positive material (Burt
et al., 1995). In remission, a facilitated negative memory is only observed after mood
induction, but impaired memory for positive material remains (Teasdale & Dent,
1987). In the present study, valence-specific behavioural memory biases are absent,
which can be explained by the euthymic mood state and the relatively small sample
size. The remitted patient group still revealed subtle, however not clinically-relevant
changes in mood reporting less positive affect (PANAS), compared to the control
group that may have accounted for the slight decrease in recall for positive words,
which however did not reach significance. In line with this notion, patients still
reported more depressive (HDRS) and anxious (STAI) symptoms than controls. Levels
of negative affect (PANAS) were comparable to healthy controls supporting the
remission state. Given this remission state it is not surprising that they do not show a
negative memory bias as acutely depressed patients often do. The absence of
memory performance differences, however, is advantageous for interpreting the
imaging results, because differences in performance may change the observed neural
effects (Morcom, Li, & Rugg, 2007).
When investigating patients early in the course of MDD, this raises the possible risk
of including subjects that subsequently develop a bipolar rather than an unipolar course
with the confound of a different underlying pathophysiology. Note, that we tried to
detect possible signs of mania with particular care when screening our patients with
the structured interviews (SCID, M.I.N.I.). Moreover, given the relatively small prevalence
of bipolar depression (lifetime women <1%), compared to the great prevalence of
unipolar depression (lifetime women >20%), the possible chance to unintentionally
measure bipolar instead of unipolar patients is relatively small. Therefore, we feel
confident that our results are not crucially confounded by masked bipolar diseases.
During general successful memory formation, our functional MR imaging results
support the well-known engagement of inferior frontal regions as well as amygdala and
hippocampus, which has extensively been discussed elsewhere (for review see LaBar &
Cabeza, 2006). That the activation of inferior frontal gyrus and the hippocampus only
reached trend-level significance is probably due to the relative small sample size.
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However, we were particular interested in investigating the neural underpinnings of
valence-specific differences in successful memory formation between groups. Indeed,
we found in the patient group that successful memory formation for positive words
was associated with altered neural activity in a network comprising medial and inferior
frontal regions, anterior and posterior central gyrus as well as amygdala.
The psychological processes involved in recognition of the emotional significance
of a stimulus and the neural substrates of these processes in healthy individuals are
relatively well defined. After analysis of the visual features in the visual cortex,
emotion recognition and emotional responses take place within the amygdala, insula,
orbitofrontal cortex and ventral striatum (Phillips et al., 2003a). Emotion regulation,
however, is associated with the anterior cingulate, and dorsolateral and dorsomedial
prefrontal cortex, regions that are also relevant for memory formation. Our findings
of prefrontal regions showing differences between patients and controls during
successful memory formation for positive words are in line with other studies of
depression showing abnormal levels of activity in prefrontal regions (Drevets, 2000a;
Phillips, Drevets, Rauch, & Lane, 2003b; van Wingen et al., 2010) suggesting a
difference in prefrontally-mediated monitoring mechanisms. Activity in left inferior
frontal gyrus (IFG) has a long history of being linked to conceptual semantic processes
during successful memory formation (Gabrieli, 1996; Wagner et al., 1998), in particular
for verbal information (Buckner et al., 1999; Fletcher & Henson, 2001). Labelling of
emotionally-valenced stimuli requires the recruitment of semantic networks in
addition to the affective neural network. Our results suggest that additionally medial
frontal regions combined with the anterior cingulate cortex that plays a prominent
role in monitoring affective responses and are more engaged during the successful
formation of positive memories in remitted patients.
The role of the amygdala in depression has been investigated mainly during sad
mood (Hamilton & Gotlib, 2008; Ramel et al., 2007) and has shown an increased
engagement during mood-congruent memory formation. Recently, van Wingen and
colleagues (2010) reported first evidence that patients remitted from depression
exhibit an altered neural processing during memory formation for positive faces
within the amygdala. Using verbal material of positive, negative and neutral valence,
our data provide the additional evidence that even when less biologically salient
stimuli and no mood induction are employed, patients who are clinically remitted
from depression still show evidence for an altered processing of positive information
during successful encoding.
Given the inversion of the neural effect related to successful memory formation
in the patient group, our data do not suggest that remitted patients simply require
more neural activity to process positive words equally successfully. As a speculative
note, positive words may not simply be more difficult to remember but rather induce
task-irrelevant processing which has to be reduced to successfully form a specific
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memory trace (Henckens, Hermans, Pu, Joels, & Fernández, 2009). The lack of
differences in successful memory for negative words supports behavioural findings
that the negative bias present in acute depression, normalizes in remission. Impaired
recall of positive stimuli in acute depression has been demonstrated previously and
does not seem to respond fully to antidepressant treatment (Fu et al., 2007). However
during remission an altered processing for positive events during memory formation
has not been shown yet and should be further investigated. It is commonly accepted
that amygdala activity relates to successful encoding of emotional information (Cahill
et al., 2001; Canli, Zhao, Brewer, Gabrieli, & Cahill, 2000) and that it can modulate
hippocampal activity during successful memory formation (Dolcos et al., 2005).
Hence our data suggest that the decreased sensitivity of amygdala during successful
encoding of positive information could also have a modulatory effect on the
hippocampus, an effect we found to be significant at a trend level. Cognitive biases
have been identified as critical cognitive factors in the etiology not only of depression
but also of other emotional disorders. Earlier theories have suggested that attention,
memory and interpretation biases should be even evident in affective disorders
(Beck, Emery, & Greenberg, 1985 ). However empirical studies did not support this
hypothesis and show that only in depression explicit memory biases can be found
(for a direct comparison between anxiety and depression see for example Rinck &
Becker, 2005). Finally, these results are interesting in the light of our study sample
characteristics. We only included women, which have a much higher risk of developing
a mood disorder (Kendler et al., 2006; Kendler et al., 1996). Our gender-specific
approach was supported by the findings of Ramel and colleagues (2007), showing
that increased bilateral amygdala responses during encoding of valenced words was
only demonstrated by female participants. In addition, older studies on healthy controls
suggest sex differences in the hemispheric distribution of encoding–related amygdala
activity, especially in relation to memory (e.g. Cahill et al., 2001). While previous
functional imaging studies have not paid much attention to gender-specific effects on
emotional memory formation, our results suggest that women who have been
depressed before may remain vulnerable due to an impaired processing of positive
stimuli during encoding. This should be investigated more fully in future studies.
In conclusion, rather than confirming a facilitation of the encoding of negative
stimuli, we found evidence of an altered processing of positive stimuli in remitted
female patients. Our results suggest that the neural activity within a brain circuit of
anterior and posterior regions involved in emotional memory formation is still altered
in remission from depression and therefore may also influence the memory for
personally meaningful positive events. From the clinic one knows that that depressed
patients in remission often underestimate positive aspects of their lives. Here, during
use of non-self-referential positive words within an experimental task, we still see
(Figure 4.2) a non-significant decrease in memory for positive words compared to
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controls. One may speculate that events meaningful to the patient and accompanied
with personal emotions, e.g. a conflict, birthday or vacation, could still reveal memories,
biased towards forgetting the positive. However, the behavioural result following the
found neural differences compared to never-depressed needs further investigation.
This phenomenon might make formerly depressed patients vulnerable to new
depressive episodes, because the in healthy humans investigated, often unrealistic but
nevertheless pervasive optimism bias (Sharot et al., 2007) does not seem to normalize.
We may further speculate on the basis of the inverted effects indicating more default
network activation that former patients have difficulty to suppress self-referent
thoughts, which in turn shifts attention away from relevant information and therefore
results in forgetting (Sheline et al., 2009). In other words, remitted patients do process
task irrelevant information of any kind within the regions demonstrating the reversed
dm-effect when encoding positive words they later do not remember. Activations in
these regions do not help encoding but instate hinder correct encoding. Therefore,
increased activation here decreases the memory encoding success. This default mode
network appears to be overactive in depression and the switching from introspective
thoughts to cognitive tasks seems impaired (Sheline et al., 2009). For non-depressed,
suppression of the default network or the self is possible in favour of get into the flow
of a task. Former patients may fall into rumination reading positive words, maybe
because associating personal shortcomings. When never-depressed controls forget
information this seems to have different reasons, probably motivational differences
between aim group and controls causes that both groups perform evenly well.
Therefore, it might be that maintenance of negative schemas (Beck 2008 & 1987) is not
only the result of a focus on negative but also of a focus away from positive information
during memory formation and could have important implications for prevention of
recurrence of depression. Cognitive therapy (CT) focuses on reduction of symptoms
by weakening or deactivating disorder-related maladaptive schemas and strengthening
alternative, more positive modes of thinking. The neural correlates of CT are
investigated in the recent years and have been found to target at comparable neural
circuits, including anterior cingulated and prefrontal cortex (Clark & Beck, 2010). More
recently developed therapeutic strategies, such as mindfulness based cognitive
therapy (MBCT) (Kabat-Zinn, 1982) or positive psychology techniques might be also
suited to improve the processing of positive stimuli. MBCT has been demonstrated,
for example, to increase autobiographical memory specificity and reduces over-
generalized memories (Heeren, Van Broeck, & Philippot, 2009; Williams, Teasdale,
Segal, & Soulsby, 2000). Thus, it might be possible to influence emotional memory
biases in depression, not only for experimental stimuli, but also with respect to
personally meaningful positive daily-life events, which are probably underestimated
during remission from depression. Therefore, further research is required to shed light
on the clinical relevance of this phenomenon.

4

Chapter 5
Fronto-limbic microstructure and
structural connectivity in remission
from major depression

88 | Chapter 5

Abstract
Previous research has suggested that abnormalities within the amygdala and prefrontal
cortex (PFC) may underlie major depressive disorder (MDD). The contribution of microstructural alterations within these regions in adult MDD is still equivocal. Therefore,
seventeen middle-aged medication-free remitted MDD patients and 21 matched
never-depressed control subjects underwent structural magnetic resonance imaging
(MRI) and diffusion tensor imaging (DTI). Despite comparable amygdala volumes,
remitted MDD patients revealed decreased mean diffusivity (MD) and increased
fractional anisotropy (FA) within the left amygdala, which may be interpreted as
greater cell density and increased number of fibers, respectively. This last notion was
supported by probabilistic tractography results, which revealed increased connectivity
from the left amygdala to the parahippocampal gyrus, the hippocampus and the
putamen. Further, altered microstructure as indicated by increased MD possibly
reflecting decreased cell density within the medial PFC (mPFC) was found. Taken
together, the current DTI study shows that abnormal microstructure and connectivity
of the amygdala and mPFC might be key factors in the pathophysiology of MDD that
may account for functional changes.
Published as:
Jennifer Fee Arnold, Marcel P. Zwiers, Daniel A. Fitzgerald, Philip van Eijndhoven, Eni
S. Becker, Mike Rinck, Guillén Fernández, Anne E.M. Speckens, Indira Tendolkar (2012).
Fronto-limbic microstructure and structural connectivity in remission from major
depression. Psychiatry Research Neuroimaging, 204(1):40-8.
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Introduction
Major depressive disorder (MDD) is the most common psychiatric disorder and one
of the leading causes of disability worldwide (e.g. WHO, 2001 ). Besides depressed
mood, MDD is characterized by motivational and cognitive impairments. Regarding
possible neural circuitry involved in the onset and maintenance of MDD, dysregulation
of frontal-subcortical and especially frontolimbic circuits have been put forward to
account for both affective and cognitive symptoms (Lee et al., 2008; Phillips et al.,
2003b; Seminowicz et al., 2004). In particular interactions between the medial
temporal lobe (MTL) and the prefrontal cortex (PFC) appear to be of importance since
they are critically involved in the neural circuit mediating emotion perception and
mood regulation (Drevets, 1999; Phillips et al., 2003b; Seminowicz et al., 2004). The
medial temporal lobe (MTL) and prefrontal cortex seem to be altered both functionally
and structurally in depression (Drevets, 1999; Murray, Wise, & Drevets, 2011; Phillips
et al., 2003b). In particular, elevated volume and activity of the amygdala (even
during rest) have been reported as key factors in the pathogenesis of MDD (Drevets,
1999; van Eijndhoven et al., 2011; van Eijndhoven et al., 2009). Normalization of the
amygdala hyperactivity has been reported during successful antidepressive drug
treatment and its persistence during remission with higher risk of depressive relapse
(Drevets, 1999). The orbito and medial prefrontal cortical areas (OFC, mPFC) have
been found to show structural impairments, like reduced gray matter volume and gial
cell reduction in MDD. Those and other prefrontal regions like the dorsolateral PFC
(dlPFC) showed hyperactivity in MDD (Drevets, 1999). The PFC and the amygdala are
excessively linked with each other and jointly regulate processing of emotional
material (Phillips et al., 2003a). For emotional memory processing the amygdala
mediates memory operations in other regions, including the hippocampus and prefrontal
cortex (LaBar & Cabeza, 2006). The dysfunction of the PFC areas might functionally
impair the modulation of the amygdala, causing altered emotional processing
(Drevets, 1999) and might be associated with negative memory biases in MDD.
Abnormalities in white matter (WM) may be especially relevant for the dysfunctional
interaction between frontal and subcortical structures (Sexton, Mackay, & Ebmeier,
2009). In vivo, WM microstructural integrity can be investigated by means of diffusion
tensor imaging (DTI). DTI is a unique MR imaging modality that probes the diffusion
profiles of water molecules on the micrometer scale. Two scalar measures are often
compared over populations using voxel-wise whole brain or region-of-interest (ROI)
statistics: mean diffusivity (MD) provides a measure of diffusion and can be used as a
marker of cell or fiber density while fractional anisotropy (FA) measures integrity of
WM fibers and the amount of directionality (Basser, 1995b; Jones, 2008). Often , DTI
is seen as a technique suited for investigation of WM integrity, yet alterations within
gray matter can also be detected with DTI, as for example within the thalamus
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(Behrens, Johansen-Berg et al., 2003; Behrens, Woolrich et al., 2003) or amygdala
(Solano-Castiella et al., 2009; Tomasino et al., 2011). Therefore, DTI might provide a
valuable strategy for in vivo detection of subtle structural deviations within the
amygdala that cannot be visualized by conventional imaging methods (Basser & Jones,
2002; Taylor, Hsu, Krishnan, & MacFall, 2004).
To be able to investigate not only the amount of directionality but estimate the
direction of fiber orientation and investigate anatomical connectivity, additional
diffusion tractography analyses have to be conducted. By tracking the principal
diffusion direction from voxel to voxel, tractography methods can reconstruct the
most probable white matter pathways in-vivo (Mori & van Zijl, 2002). Probabilistic
tractography produces a global probability density map where the value of each
voxel presents the confidence that that voxel is part of the connectional pathway that
originates from the seed ROI (Nucifora, Verma, Lee, & Melhem, 2007). Probabilistic
tractography has been shown to be especially useful to trace pathways not only in
white but also in grey matter (Behrens, Woolrich et al., 2003; Parker, Haroon, &
Wheeler-Kingshott, 2003) and therefore has been used in this study.
Thus far, the majority of DTI studies in MDD have focused on late-life or geriatric
depression and found diverse microstructural alterations (Alexopoulos et al., 1997;
Baldwin & O’Brien, 2002; Dalby et al., 2010; Greenstein et al., 2010; Sexton et al.,
2009; Taylor, Bae et al., 2007; Taylor et al., 2008; Taylor, MacFall, Gerig, & Krishnan,
2007; Taylor, MacFall et al., 2004; Yang, Huang, Hong, & Yu, 2007; Yuan et al., 2007).
Due to aging processes influencing both the healthy and depressed brain it is not
expected though that results from late-life depression research can be generalized to
middle-aged MDD, especially with respect to WM differences. Given that WM is still
in development in adolescence (Barnea-Goraly et al., 2005), results from those
studies can probably also not be generalized to depression in adulthood (Hulvershorn,
Cullen, & Anand, 2011).
DTI studies in young or middle-aged patients with MDD, however, are still scarce.
Though, Li et al. (2007) investigated adult patients, focused exclusively on prefrontal
connectivity and found lower FA values bilaterally in prefrontal WM. Two other
studies investigating treatment-naïve first episode MDD patients (Ma et al., 2007;
Zhu et al., 2010) suggest that WM abnormalities may be present early in the course of
MDD and that they may disrupt emotional mood circuits. In addition, Abe and
colleagues (2010) used a whole brain approach, found increased MD and interpreted
it as reduced cellular density in depressive patients in mediotemporal regions, pons,
cerebellum, bilateral frontal and temporal lobes in the absence of any difference in
FA. A tract-based spatial statistic (TBSS) study showed a trend towards decreased FA
in middle-aged MDD patients within the right cingulate cortex, posterior body of
corpus callosum and the sagittal stratum, a prominent WM fiber bundle connecting
the occipital lobe to the rest of the brain (Kieseppa et al., 2010). Taken together the
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results in adult MDD patients, decreased FA in white matter have been reported early
in the course of MDD, suggesting impaired anatomical connectivity. Reports on
altered MD values and increased FA values are scarce.
None of the studies in middle-aged MDD investigated a drug-free sample in
remission focusing on amygdala-frontal microstructure and connectivity. However,
microstructural changes present during remission from depression might be moodindependent markers, either for a preexisting vulnerability or comparable to a
neuronal ‘scar’, caused by previous major depressive episodes (MDE). Thus, structural
abnormalities during remission from MDD might represent potential risk factors for
depressive symptoms to (re)occur. Investigating pharmacological effects might be of
independent interest; they however might mask disorder effects, which are the focus
of the study at hand.
We therefore set out to measure microstructural integrity and investigate WM
connectivity in medication-free middle-aged patients remitted from MDD. We
performed an exploratory whole-brain analysis and additional hypothesis driven ROI
analyses. Based on the known involvement of the fronto-limbic circuit in MDD as
described beforehand, we used MTL and prefrontal regions as ROIs. Regions revealing
altered microstructure were used as seed regions for probabilistic tractography. To
control for potential confounds of differences in subcortical volumes, volumetric
measures were included. Therefore, this is the first study in unipolar MDD, combining
diffusion tensor FA and MD measures, probabilistic tractography and structural
volumetric analysis in middle-aged patients remitted from MDD without confounding
drug usage. Abnormalities in absence from clinical symptoms would suggest that microstructural changes may play a key role in the pathophysiology of MDD and deserve
special attention in understanding depressive relapses.

Methods
Participants
Seventeen medication-free remitted major depressive disorder (MDD) patients (4 male,
aged between 21-51 years, mean age=30.4 years) and 21 healthy volunteers (7 male,
aged between 18-45 years, mean age= 26.9 years) participated in this study. There
were no significant group differences in age or gender distribution (minimum p=.27).
For an overview of participants characteristics see Table 5.1. All participants were
right-handed, physically healthy and did not use any medication. Exclusion criteria
were a history of severe somatic diseases, current or past alcohol or substance abuse
or dependency, current psychotropic drug use, and postmenopausal phase. Pregnancy,
claustrophobia, and metal implants were MR exclusion criteria. Participants with
psychiatric diagnoses other than MDD as assessed with the Mini International
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Neuropsychiatric Interview (MINI) (Sheehan et al., 1998) were excluded. MDD
diagnoses were established by use of the revised Structural Clinical Interview for
DSM (SCID-I; mood section) (First et al., 1996). All patients did meet criteria for one to
three prior MDEs. Inclusion criteria for the healthy control group (HC) were no lifetime
DSM-IV Axis-I disorder as assessed with the MINI, and no history of psychiatric
disorders in first-degree relatives. We established this last criterion to minimize
heritable trait effects in the control group that might confound comparisons with our
remitted MDD group. The study protocol was approved by the local ethical committee
(CMO region Arnhem-Nijmegen, The Netherlands). All participants gave written
informed consent prior to participation.
Neuropsychological assessments
We assessed psychopathology by a clinical interview, as well as by the MINI, the
mood section of the SCID, the Hamilton Depression Scale (HDRS) (Hamilton, 1960),
and the State and Trait Anxiety Inventory (STAI) (Spielberger et al., 1983). Handedness
was tested with the Edinburgh Handedness Inventory (EHI) (Oldfield, 1971). A standard
neuropsychological test battery was administered to compare neuropsychological
functions between groups: The Dutch version of the National Adult Reading Test
(DART) (Nelson & Willison, 1991) was administered as measure of general intelligence
(note that the DART-IQ estimate is approximately half a standard deviation lower
than the Wechsler Adult Intelligence Scale estimate) (Bouma, Mulder, & Lindeboom,
1998). The Dutch modified version of the Rey Auditory Verbal Learning Test (AVLT)
(Saan & Deelman, 1986) was taken as a measure for immediate and delayed verbal
recall and delayed recognition. Tests for psychomotor speed and attention were the
Digit Symbol Substitution Test (DSST) and Digit copying test (DCT) of the Wechsler
Adult Intelligence Scale (WAIS) (Wechsler, 1955, 1981). Further, the STROOP (Golden,
1978) testing executive functioning and a verbal fluency task (Thurstone, 1938) were
taken. Results are included in Table 5.1.
Procedure
During a first meeting, the clinical interviews (MINI, mood section of the SCID, HDRS)
were conducted in order to establish either a former MDD diagnosis or assignment to
the healthy control group. Subsequently, participants filled in several questionnaires
(Edinburgh Handedness Inventory, STAI trait, Stressful life-events questionnaire) and
underwent the neuropsychological testing. During the second appointment, at the
utmost 2 weeks later, all participants were scanned with the following MR acquisition
protocol after having received detailed written and oral information regarding the
scanning procedure. After scanning, all participants filled in the state version of the
STAI outside the scanner.
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MR acquisition
MR imaging data were acquired with a 1.5T Siemens AVANTO MR scanner (Siemens,
Erlangen, Germany), equipped with a standard Siemens 8-channel head coil (Phase
Array Head Coil). Anatomical MR scans were acquired using a high-resolution
T1-weighted MP-RAGE sequence (FoV=256mm, voxel size: 1.0 x 1.0 x 1.0mm, TR=
2250ms; TE= 2.95ms, TI = 850ms, Flip angle= 15°). Diffusion tensor images were
acquired using an echoplanar imaging sequence [voxel size: 2.5 x 2.5 x 2.5mm, TE=
88ms, TR= 9100ms, 64 slices interleaved acquisition mode]. For each slice, four
images without diffusion weighting (b=0), and 30 images with diffusion weighting
(b=900s/mm2) applied along 30 non-collinear directions were assembled. Subjects
were instructed to lie still and stay awake.

Data analysis
Diffusion data
The raw DTI data was simultaneously realigned and eddy-current corrected using the
diffusion tensor residuals as a cost function (Andersson & Skare, 2002). Next, it was
further processed and inspected using in-house developed robust tensor estimation
software, which effectively eliminates potential biases from head and/or cardiac
motion artifacts using robust tensor estimation that is spatially informed (PATCH,
Zwiers, 2010). Next, the average realigned b0-image was co-registered with the T1
reference scan using the Statistical Parametric Mapping software package (SPM5,
Wellcome Department of Imaging Neuroscience, London, UK; http://www.fil.ion.ucl.
ac.uk/spm/). This image was then non-linearly warped in the phase encode direction
using mutual information as a cost function (Visser, Qin, & Zwiers, 2010) to correct
the susceptibility distortions in the EPI images. The same transformation parameters
were then applied to all diffusion weighted (DW) images. Diffusion measures
fractional anisotropy (FA) and mean diffusivity (MD) were computed from the
estimated diffusion tensors (Basser 1995; Basser 2002). Further, the FA and MD
images, were normalized to the T1 ICBM152 template (MNI space) (Evans et al., 1993),
using the normalization parameters that are computed within the SPM5 unified GM /
WM segmentation of the T1 scan (Ashburner & Friston, 2005).
The normalized FA and MD images were smoothed with a commonly used
isotropic 6mm full-width at half-maximum (FWHM) Gaussian kernel (Edden & Jones,
2011) to overcome the inter-subject anatomical variability that is difficult to overcome
by use of smaller kernels. In line with Li et al. (2007), we used a 6mm kernel which
should increase optimally the signal-to-noise ratio while at the same time preserving
the WM boundaries. These FA and MD images were entered in random effects analyses in
SPM5 in order to generate between-group voxel-wise t-statistics (two-sample t-test).
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For the FA results we applied an average group mask of brain regions with an FA value
greater than 0.15. Age and gender were included as covariates in order to control for
known age and sex differences in former DTI studies (Shin et al., 2005; Sullivan &
Pfefferbaum, 2006). Statistical tests were thresholded at p=0.001, cluster-level
corrected for non-stationary implemented in the voxel-based morphometry toolbox
(VBM5.1) (Worsley, Andermann, Koulis, MacDonald, & Evans, 1999). Resulting clusters
were deemed significant if they passed a threshold corrected for the entire brain
(pcorrected < 0.05)1.
To analyze our a priori hypothesis, ROIs were anatomically defined either
individually using the individual subcortical FIRST segmentation of the FSL software
package (see paragraph 2.5.3. Structural data) as ROIs or by using masks generated
with the WFU pickatlas implemented in SPM5 (Maldjian et al., 2003; Tzourio-Mazoyer
et al., 2002). Relevant prefrontal ROIs were the OFC, dlPFC and mPFC, relevant MTL
regions were the hippocampus and the amygdala. The ROI masks were as described
above normalized to the T1 ICBM152 template (MNI space) (Evans et al., 1993), using
the normalization parameters that are computed within the SPM5 unified GM / WM
segmentation of the T1 scan (Ashburner & Friston, 2005).
The FA and MD values within the ROIs were statistically tested using a threshold
that was corrected for a small volume (SVC) (Worsley et al., 1996) and were interpreted
as significant if voxel-wise FWE correction reached p<0.05. Additionally we made use
of a SVC mask composed of the WFU pickatlas masks for all 5 ROIs, which corrects for
the increased risk of a Type 1 error due to multiple ROI testing.
Tractography
We performed probabilistic tractography on our pre-processed DW images with the
diffusion module of the FSL software package (FSL, Functional Magnetic Resonance
Imaging of the Brain Software Library, www.fmrib.ox.ac.uk/fsl) using the standard
settings and processing steps. First, we ran BedpostX (nr. of fibres modeled per voxel
= 2, multiplicative factor weight = 1, nr. of iterations = 1000) to build sampling
distributions and estimate the diffusion model parameters at each voxel. Subsequently,
ProbtrackX Probabilistic tracking (default settings: number of samples = 5000 and a
curvature threshold = 0.2 which corresponds to a curvature angle of 80 degrees, no
advanced options, i.e. FA threshold) was used to investigate specific connectional
pathways relevant to MDD. Specifically, two of the previously mentioned ROIs that
seemed abnormal in our FA and MD analyses were used as tractography masks, i.e.
the amygdala and the mPFC. The mPFC mask was created with WFU pickatlas and
warped into the diffusion space of the individual subject using the inverse of the
normalization parameters from the unified segmentation. For the amygdala masks
1 Find the results uncorrected on the whole-brain cluster level within the supplementary material.
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we made use of the subjects individual left amygdala mask, based on the below-
mentioned FSL FIRST subcortical segmentation (see also Structural data), which was
also normalized to the diffusion space.
Single seed mask and seed-to-termination mask tractography was used to
delineate the connectivity distribution originating from the amygdala and from the
amygdala to the mPFG, respectively. The resulting streamline maps were divided by
the waytotal, which takes into account the individual size of the FSL masks.
Subsequently, connectivity index maps were normalized to the standard space using
the same normalization parameters as before and were statistically tested for group
difference using the FSL Randomise v2.1 tool (Permutation-based nonparametric
inference, Oxford University, Oxford UK), with variance smoothing of 6 mm (FWHM
Gaussian) (http://www.fmrib.ox.ac.uk/fsl/randomize) and a p-value of P<0.05.
Randomize is a nonparametric approach which accounts for the multiple comparison
problem. Therefore, the rows of the design matrix are repeatedly reordered and the
whole-brain statistical map for each sample is computed, recording the maximum
statistic across the brain for each sample to obtain an empirical null distribution
(Nichols & Holmes, 2002).
Structural data
To account for potential volumetric differences of subcortical structures between the
patient and the control group, an automatic subcortical segmentation method for
structural MRI was performed using FSL 4.1 FIRST v1.2 developed by the Analysis
Group, FMRIB, Oxford, UK (Brian Patenaude, 2007; B. Patenaude, Smith, Kennedy, &
Jenkinson, 2011; Smith et al., 2004; Woolrich et al., 2009). This method is based on
Bayesian statistics for 15 subcortical structures, including the amygdala, hippocampus,
caudate and putamen, from 336 manually labeled T1-weighted MR images. After
automatic registration and segmentation, volume determination were extracted and
subsequently, potential group differences were statistically tested using SPSS v16.0
(SPSSInc., Rel. 16.0.1. 2007).

Results
Clinical characteristics
For an overview of all clinical characteristics, neuropsychological testing results and
significance of the group differences, see Table 5.1. As expected, MDD patients scored
higher on depressive mood (HDRS) and anxiety than healthy individuals (all p < 0.01;
see Table 5.1) even in the absence of clinical depression. However, no significant
differences between the groups were observed on any of the neuropsychological tests,
including measures of IQ, memory, attention, psychomotor speed, and executive
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Table 5.1 Demographic, clinical and neuropsychological subject characteristics
Remitted MDD Patients Healthy Controls
N=17
N=21

Group effecta

df

Mean

SD

Mean

SD

t

pb

Age

36

30.41

11.35

26.90

7.82

1.125

.288

Sex (male/female)

36

4/17

7/21

-.649

.516

Handedness (left/right)

36

0/17

0/21

-

1.00

5.650

.000

Demographic variables

Clinical variables
HDRS 17-item score

36

STAI State Mean

9.18

6.82

0.71

0.85

36

40.18

9.26

30.89

6.09

3.591

.002

Trait Mean

36

52.06

12.18

29.19

5.93

7.580

.000

Total Mean

36

92.24

18.86

57.14

14.56

6.476

.000

91.12

5.28

91.29

4.76

-.103

.919

Neuropsychological variables
Intelligence estimate
DART-IQ

36

Memory
AVLT immediate recall

36

58.18

7.49

56.14

5.53

.963

.359

Delayed recall

36

12.29

1.86

12.43

1.91

-.218

.828

Recognition

36

29.88

0.33

29.57

0.81

1.41

.121

Attention and psychomotor speed
DSST Code

36

84.47

14.68

91.10

12.65

-1.494

.152

DCT Copy

36

124.35

12.51

128.33

7.05

-1.238

.254

STROOP Card 1

36

45.24

8.14

46.81

9.83

-.529

.593

Card 2

36

53.47

8.12

53.19

11.48

.085

.930

Card 3

36

75.88

13.26

77.19

31.82

-.158

.866

Animals

35

26.06

4.52

27.33

6.23

.496

.477

Letter N

35

14.06

4.06

14.24

5.14

.913

.911

Executive functioning

Verbal Fluency

Abbrevations: df= degress of freedom; MDD=Major Depressive Disorder; HDRS=Hamilton Depression
Rating Scale; STAI= State Trait Anxiety Inventory; DART= Dutch version of the National Adult Reading
Test; AVLT= Dutch version of the Auditory Verbal Learning Test; DSST= Digit Symbol Substitution Test;
DCT= Digit Copying Test.
a
One way analysis of variance (ANOVA) ** p<.01; *** p<.001.
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function (all p > 0.1; see Table 5.1). These results show that this medication-free population
of remitted depressed patients had no obvious impairment in neuropsychological
functioning.

Imaging results
Whole brain analysis
Comparing the MDD group with the HC group on the whole-brain-level revealed no
statistical significant increases or decreases corrected at the cluster-level for either
diffusion measure (FA or MD). However, relating to earlier studies (Ma et al., 2007;
Wu et al., 2011) the supplementary material gives an overview of cluster differences
at p=0.001 uncorrected.
ROI analyses
In keeping with our a priori hypothesis of altered fronto-limbic microstructure, we
performed small volume correction (SVC) in SPM5 with the subcortical amygdala and
hippocampus masks. From amygdala ROI we found significantly increased FA
[MeanMDD= 0.267 , MeanHC=0.242, t(38)=4.70, pFWE=0.005 at MNI coordinates (-28,
-2,-26)] and decreased MD [MeanMDD= 0.00085 , MeanHC=0.00090, t(38)= 3.72, pFWE
=0.030 at (-28, -2, -28)] values in the left amygdala (Figure 5.1). Within the right
amygdala a comparable pattern was found that did not reach the level of significance.
The hippocampus ROI did not reveal significant changes in either FA or MD values.

5
Figure 5.1 Findings from amygdala region-of-interest (RIO) (P<0.05, small
volume corrected (SVC)) between medication-free remitted major
depressive disorder (MDD) patients and healthy controls.
Fractional anisotropy (FA) increases in patients are shown in red, while mean diffusivity
(MD) decreases are illustrated in green. Left is left.
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With respect to the a priori defined prefrontal ROIs (i.e. WFU Pickatlas mask of the
OFC, dlPFC and mPFC), the patient group revealed increased MD values within the
mPFC or Brodman area 10 (BA10) (see Figure 5.2) [MeanMDD= 0.0012, MeanHC=0.0010,
t(38)=4.94, voxel level pFWE =0.026 at (6, 56, 6)]. The ROIs of the OFC and dlPFC did not
reveal significant changes in either FA or MD values2.

Figure 5.2 Mean diffusivity (MD) increase within the medial prefrontal cortex
regin-of-interest (RIO) (P<0.05, small volume corrected (SVC))
between medication-free remitted major depressive disorder (MDD)
patients and healthy controls. Left is left.

Tractography
Given that altered diffusional values may be indicative for increased or reduced
directionality within single voxels, we subsequently investigated connectivity by
means of probabilistic tractography. As seed regions we made use of the above
mentioned regions that revealed significant microstructural differences between
groups (individual left amygdala and standard medial PFC).
The ProbtrackX results with the left amygdala as seed region indicated that
streamlines originating or crossing the left amygdala were more abundant in the
MDD group. The recovered MDD patients showed more extended WM streamlines
probably corresponding to the inferior longitudinal fasiculus and uncinate fasciculus,
which may be indicative of an increase in structural connectivity. See Figure 5.3 for a
visual presentation of the probabilistic tractography results with the left amygdala as
seed region.
Statistically testing of the connectivity index maps (that take into account the
individual mask size by dividing the fdt-paths files by the waytotal) with FSL Randomise
revealed three main regions showing significantly higher connectivity distribution
2 See the supplementary material for the mean FA and MD values per subject per significant cluster.
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Figure 5.3 Probabilistic Tractography results with the left amygdala as seed
region show increased WM streamlines to the left hippocampus
(first two slices), left cerebellum (middle slice) and to the brainstem
(last two slices) in remitted major depressive disorder patients.
The uncorrected voxel-wise test statistics are shown in green, the multiple comparisons corrected
test statistics at p<0.05 are shown in red.

values in former MDD patients; Figure 5.3 shows the for multiple comparisons
corrected significant regions (red) superimposed on the uncorrected group
differences (green) in the ProbtrackX data between MDD patients and healthy
controls. The significant clusters (red) indicate increased connectivity from the left
amygdala to the left hippocampus (first 2 slices), the left cerebellum (middle slice) and
the brainstem (last 2 slices) .The statistically testing of the streamline maps for seedto-termination analysis between the amygdala and mPFG revealed comparable
results as the amygdala seed tractography did alone.
Volumetric data
Comparing the volumetric data of the amygdala, hippocampus, caudate and putamen
between the patients and controls revealed no significant differences. See Table 5.2
for an overview.
The found alterations in amygdala and mPFC microstructure might be of special
importance to localize and potentially influence dysfunctional regions in MDD
selectively in the future.
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Table 5.2 Subcortical mean volumes (in mm3)
Remitted
Patients
N=17
Amygdala

Hippocampus
Caudate
Putamen

Healthy
Controls
N=21

Group effecta

hemi

df

Mean

SD

Mean

SD

F-value

pb

Left

36

1528.95

274

1410.43

257

0.236

0.182

Right

36

1425.52

229

1395.10

288

0.394

0.719

Left

36

3864.20

472

3773.81

478

0.052

0.563

Right

36

3899.80

457

3836.19

606

0.944

0.715

Left

36

3723.12

463

3832.62

479

0.030

0.480

Right

36

3602.53

426

3694.62

383

0.119

0.493

Left

36

5073.67

476

5233.81

585

3.011

0.358

Right

36

4960.02

541

5225.14

629

1.366

0.171

Discussion
The aim of the present study was to investigate abnormalities in the microstructure
and connectivity of fronto-limbic circuits in medication-free adult patients remitted
from depression. Given the matched demographic and neuropsychological characteristics of our sample, it is unlikely that group differences in WM integrity could be
explained simply by preexisting variations in the tested domains. However, differences
persisting during remission may be more subtle, and therefore harder to detect than
acute differences might be. Therefore, it may be not surprising that cluster-level
corrected whole-brain differences were not found, although we cannot rule out that
this was due to lack of power from sample size or scanner resolution. Additionally,
one should take into account that prior DTI studies on depression only reported
uncorrected results (e.g. Ma et al., 2007; Wu et al., 2011) and thus to complete the
overall picture on brain structures and organization in depression, we also report
these results and comment on them within the supplementary material accessible
online.
Amygdala
The amygdala has been long identified as a critical node in the emotional fronto-limbic
circuitry as it integrates many interconnecting tracts between components of the
limbic system (Stein et al., 2007). The current ROI and probabilistic tractography analyses
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confirm the hypothesis of altered amygdala-centered connectivity in depression.
Remitted patients exhibited higher FA and lower MD values within the amygdala
compared to the control group, suggesting deviant amygdala microstructure in
depressed individuals even following remission from the disorder. Increased FA values
imply a larger directionality within these voxels (Basser, 1995b). Alternatively, it might
reflect the loss of crossing fibers within this region (see limitations). MD is associated
with altered water motility independent of orientation and therefore might reflect
cellular density (Abe et al., 2010). Thus, the current findings can be interpreted as
subtle changes at the microstructural level within the amygdala such as greater (glia)
cell density and increased number of fibers. The last notion is underlined by the
probabilistic tractography results, where we found increased connectivity from the
amygdala to the hippocampus, the cerebellum and the brainstem in the remitted
patients. It is important to note that this increased connectivity occurred in the
absence of volumetric amygdala differences between both groups.
Even though the current findings contradict earlier studies suggesting a
“disconnection syndrome” (Sexton et al., 2009), they are in line with increased
functional connectivity of the amygdala to other structures observed in MDD studies.
A recent functional magnetic resonance imaging (fMRI) study for example revealed
increased amygdala-centered fronto-limbic connectivity associated with memory
bias (Hamilton & Gotlib, 2008). Acutely depressed patients were investigated during
emotional memory and showed increased amygdala connectivity with the hippocampus and caudate-putamen system during successful negative picture encoding
supporting a negative memory bias in the patients group. Neural alterations with respect
to emotional memory biases have also been found to persist in remission from depression
(e.g. Arnold et al., 2011). Our data additionally suggest that the increased amygdala
centered functional connectivity mediating emotional memory biases may be based
on an altered structural connectivity, which does not normalize (entirely) with
remission. The found extended WM streamlines from the amygdala to the cerebellum
and brainstem are hypothesized to be related mainly to vital and physiological
symptoms in depression. An increased functional resting-state connectivity between
amygdale and brainstem has recently also been found following mild psychological
stress conditions (van Marle, Hermans, Qin, & Fernández, 2011). The cerebellum has
initially been associated with motor control, but has also been shown to be involved
in cognitive functions such as attention and fear/pleasure responses (Wolf, Rapoport,
& Schweizer, 2009).
It is not clear whether the altered structural connectivity is cause or consequence
of the initial and preceding depressive episode(s). It is equivocal whether white
matter can reveal rapid plastic changes due to increased functional activity and how
long those might persist. With respect to gray matter (GM) even very rapid (within 2
hours) volume increases due to functional activation have been reported (Kwok et al.,
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2011). WM microstructure, as indexed by fractional anisotropy (FA), can reflect interindividual behavioural variations (Bengtsson et al., 2005; Johansen-Berg, Della-Maggiore,
Behrens, Smith, & Paus, 2007) and can be altered after intensive motor training
within six weeks, which persisted after a 4-week training break (Scholz, Klein, Behrens,
& Johansen-Berg, 2009). The alterations we find therefore might be interpreted as
residual of a prior acute episode, like a persistent ‘scar’ on the neural tissue.
A recent DTI study found association between the serotonin transporter gene
promoter region polymorphism (5HTTLPR) and frontal-limbic white matter pathways
(Pacheco et al., 2009) suggesting that structural dispositions can cause vulnerability
for depression. Therefore, one might hypothesize further that (genetically) altered
amygdala activation, microstructure and connectivity might be a starting point for
increased stress sensitivity and vulnerability to depression. Each depressive episode
might gradually increases the structural changes in amygdala connectivity, thereby
increasing the chance to develop a new depressive episode, resulting in a chronic
disease course. Structural changes increasing with the course of the disease have
been shown previously, for instance in hippocampal volume (Campbell, Marriott,
Nahmias, & MacQueen, 2004; G. MacQueen & Frodl, 2011; Videbech & Ravnkilde,
2004). Such a mechanism could potentially explain why every depressive episode
increases the likelihood of relapse (for cumulating evidence see, e.g MacQueen &
Frodl, 2011). Future longitudinal studies are needed to investigate potential causal
relationships.
Medial prefrontal cortex
In addition to diffusional changes related to the amygdala, our ROI analysis detected
microstructural changes within the right medial PFC (mPFC) or BA10. In absence of
significant alterations in FA, we found increased MD in the remitted patients. Earlier
DTI reports in MDD (e.g. Abe et al., 2010; Bae et al., 2006) have interpreted increase
in MD as decreased cellular density which may also result in impairment of the
prefrontal circuit. Increased MD might however also be caused by partial voluming
effects (see limitations). The frontal poles are connected with the amygdala via the
uncinate fasiculus and serve social, motivational, emotional processes and mood
regulation (Duncan & Owen, 2000). A decreased cellular density may result in a
decrease of this top-down processes possibly imbalancing the output from the
amygdala. Further, an increase in MD is in line with post-mortem studies, which have
also shown abnormal reductions of glial cells within the PFC in MDD (for a review, see
Drevets, 2000b). The present findings also support the results of prior DTI studies,
where structural changes within the prefrontal cortex were reported in acute
depression (Abe et al., 2010; Li et al., 2007; Ma et al., 2007; Wu et al., 2011). Abe et al.
(2010) found significant gray matter volume reduction in a comparable region.
However, the study at hand extends these findings showing that this deficit remains

Structural changes in remission of MDD | 103

after remission. Taken together previous and current findings, the theory that microstructural alterations in the PFC in general and the mPFC in particular may alter the
frontolimbic circuit involved in mood regulation is supported. Therefore, the micro
structure of the mPFC might play an important role in the neuropathology of MDD.
Limitations
The study at hand comprised a few shortcomings and limitations. First with respect to
the population, it might be that a selection bias is implemented by excluding patients
experiencing comorbidities though these are common in depression. However, to
compare our findings with previous results in the field and to look for specific trait
markers of depression and not depressive co-morbidity we opted for a clean selection
procedure. Next, some patients still exhibit minor mood symptoms, wherefore we
can not be entirely sure to not measure mood effects. Nevertheless, our results of
increased amygdala-centered connectivity and microstructural changes within the
fronto-limbic circuit are of great value due to the very limited knowledge of microstructural alterations underlining MDD in medication-free adults. One might argue
that we might measure chronic depression, however given that the hippocampal
volume is not significantly decreased this is evidence that the patients were
investigated early in the course of MDD (Malykhin, Carter, Seres, & Coupland, 2010).
Following we will discuss some limitations which hold for DTI studies in general. First,
the increased FA within the left amygdala most likely reflects greater directionality or
increased integrity or coherence in patients compared to controls. It is, however,
possible that increased FA represents the opposite, i.e. the loss of crossing fibers in
patients, which would increase FA due to decreased complexity of the white matter
organization (e.g. Pfefferbaum et al., 2000). The single tensor model used may not
perform optimally in estimating FA in regions of fiber crossing and/or bending (Basser,
Pajevic, Pierpaoli, Duda, & Aldroubi, 2000; Behrens, Berg, Jbabdi, Rushworth, &
Woolrich, 2007; Kabasawa, Masutani, Abe, Aoki, & Ohtomo, 2008). Given that the
amygdala is the major in- and output region within the fronto-limbic circuit, crossing
fibers are assumed. Two white matter fiber bundles, the stria terminalis and the
uncinate fasciculus, haven been identified to cross in the human amygdala (ColnatCoulbois et al., 2010). It therefore might be that the greater FA in the amygdala in
patients is the result of loss of fibers of those fasciculi. Missing differences of the
amygdala volume and the clear involvement of the amygdala in MDD, however, speak
against that theory. Either way, alterations in the amygdala microstructure need
further investigation to ascertain that it reflects real microstructural changes and is
jointly responsible for an increased vulnerability to a depressive episode to (re)occur.
Another limitation in DTI and tractography studies in general are the partial voluming
effects (PVEs). PVE reflects the intra-voxel heterogeneity of different tissue
organizations which affect DTI and connectivity measures (Vos, Jones, Viergever, &
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Leemans, 2011). The increase MD values found within the mPFC might therefore be
related to PVE due to contamination with cerebrospinal fluid (CSF). Replication of the
current findings with high-resolution imaging therefore remains necessary.
A statistical concern was that an additional correction for the number of ROIs
may be necessary to avoid Type-I errors. To address this problem we also investigated
the current findings with a small volume mask combining all ROIs (amygdala,
hippocampus, OFC, dlPFC, mPFC). When using this correction criterion, the mPFC MD
increase [MeanMDD= 0.0012, MeanHC=0.0010, t(38)=4.94, voxel level pFWE =0.05 at (6,
56, 6)] does survive. This alteration in remitted MDD therefore seems very stable;
however the amygdala alterations are also of great interest but need to be interpreted
with caution until replication took place.
Replication of our findings in larger samples divided by patient (e.g. age, gender)
and disease characteristics (e.g. age-of-onset, co-morbidities, leading symptoms) is
highly desirable as are whole brain derived methods that provide the possibility of
unbiased exploratory analyses. Also longitudinal studies, preferable starting at a
premorbid state in vulnerable subjects, are needed to investigate causal relationships.
Besides DTI statistics it could also be valuable to investigated connectivity in
remission from MDD by resting state MRI, which has be done in geriatric depression
(Steffens, Taylor, Denny, Bergman, & Wang, 2011). Persistent results between different
methods strongly argue for a reality ground.
Conclusions
First, compared with never-depressed controls microstructure differs in middle-aged
MDD patients within the amygdala and mPFC. Second, limbic white matter tracts
originating from the amygdala seem to be altered. Our results therefore support the
important role of the microstructural organization of the amygdala and mPFC in
remission of MDD and therefore as a trait marker of the disease and possible targets
for therapy.
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Summary and Discussion
The aim of this thesis was to elucidate different aspects of emotional memory and its
relation to current mood and depression. It is a long known fact, that emotional
events are distinct leading to enhanced memories. However, it has been unclear
(1) how implicit memory is influenced by emotional content and especially current mood,
(2) which brain regions are associated with mood-congruent and -incongruent
processing, (3) whether formerly depressed patients show neural alterations in
emotional memory and (4) whether structural alteration may underlie these neural
alterations in the depressive trait. These questions have been addressed within this
thesis. Below you find a short summary of the findings discussed in detail in chapter
2 to 5.

Summary of the findings
Implicit emotional memory
In chapter 2, we investigated implicit and explicit emotional memory for words in
healthy females under natural (experiment 1) and induced happy and sad mood states
(experiment 2). As stimuli, we used a self-generated Dutch Emotional Word list (DEW;
see Appendix). Both studies investigated explicit and perceptual implicit memory
with an elaborated 2-day priming design (see Figure 1.1. for a schematic overview
also). By controlling for the type of processing we addressed two issues in interpreting
findings from implicit memory. First, contamination of implicit memory by explicit
retrieval could often not been ruled out. Secondly, the type of processing (perceptual
or conceptual) required for a task at hand has often been questioned. We therefore
addressed both issues in our study design (see Figure 1.1 for a schematic overview). To
indicate whether uncontaminated implicit memory was measured, the presentation
modality was either visual or auditiory while both tests were visual. The reasoning is
that implicit memory suffers from cross-modality manipulation whereas explicit
memory does not (Schacter, 1992; Schacter & Graf, 1989). Additionally, we
manipulated the depth of processing during the encoding task by letting the
participants focus on the appearance of the perceptual cue (perceptual encoding
condition: “Does the word contain the letter ‘a’?”) or on the semantic meaning
(conceptual encoding condition: “Which valence (negative, positive or neutral) does
the word have for you?”). Depth of encoding should not influence an implicit task
while deeper processing is hypothesized to result in better explicit memory. We
additionally made use of an implicit task which has been found to be merely
perceptual, i.e. a word fragment completion (WFC) task (Roediger, 1990; Roediger,
Weldon, Stadler, & Riegler, 1992).
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Implicit emotional memory without mood induction procedure (‘natural mood’)
In experiment 1 the WFC task was not influenced by conceptual processing during
encoding but impaired by cross-modal priming. This made implicit test contamination
with explicit memory less likely and indicated that we indeed investigated implicit
memory mechanisms by the use of the WFC task. In contrast, performance on the
recognition task was not impaired by cross-modal priming but enhanced by
conceptual compared to perceptual priming. In line with other studies, we assumed
that both tests were processed with different retrieval strategies, i.e. implicit and
explicit. With regard to the explicit task, prior findings were replicated, i.e. an explicit
emotional memory enhancement effect occurred, without a valence-specific bias;
both negative and positive words were better recognized than neutral ones. Emotional
content had also enhancing effects on the implicit WFC, even though the task is
considered purely perceptual (Rajaram & Roediger, 1993). However, not only learnt
but also unlearnt emotional words were more often correctly completed. The
memory aspect, only evident in primed words, resulted, as expected, in an increased
completion rate during the WFC task, however to the same amount for all emotion
conditions (negative, positive and neutral). Therefore, we did not find an implicit
emotional memory enhancement effect but rather an implicit emotional processing
effect independent of prior exposure (priming).
Implicit emotional memory under happy and sad mood induction
Experiment 2 was a shortened version of experiment 1 in addition to negative and
positive mood induction procedures (MIP) prior to the priming tasks during Day 1 (see
also Figure 1.1.). The recognition task in this subject group revealed an explicit negative
memory bias in both the negative but also the positive MI group. Under negative MI,
explicit emotional memory was biased towards remembering negative words (moodcongruent). Surprisingly, we also found a negative explicit memory bias (mood-incongruent explicit bias) under positive mood induction. During the implicit task the sad
mood induction group showed, as expected on the basis of Experiment 1 and prior
literature, an implicit emotional word processing advantage. Under negative mood
induction we also found an implicit (unconscious) mood-congruent negative
processing bias. Under positive mood induction the implicit emotional word
processing advantage reversed, i.e. emotional and especially positive words were
less often completed than neutral ones. Future studies have to investigate whether
this effect can be replicated. In case of a replication, the results would suggest that a
possible unconscious ‘super-sensitive fear detector’ existing in natural and negative
mood states (survival mode) for all emotional material is deactivated in bright mood.
We therefore hypothesize that humans get alerted by emotional content whenever
the organism is in survival mood, only when positive mood states suggest no signs of
threat whatsoever and thus no need for change or development (evolutionary
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pressure) the implicit emotion attention system is down regulated, probable in favor
of other functions.

Neural correlates of explicit mood-congruent memory bias (fMRI studies)
Following, two closely related fMRI studies investigating the neural correlates of
explicit emotional memory enhancement and mood-congruent memory (MCM)
processes are described. In chapter 3, we introduced the straightforward explicit free
recall paradigm for emotional words (DEW list) which is used for a mood induction
experiment in healthy individuals (chapter 3) and, without mood induction, in
remitted major depressive disorder patients (chapter 4). Chapter 3 informs us about
current mood aspects, while chapter 4 provides information about disease aspects
independent of pathological mood states (trait marker of depression).
Explicit emotional and mood-congruent memory in healthy controls
(mood induction study)
In chapter 3 healthy participants underwent the above specified mood induction
procedure in a full factorial design and revealed mood changes in the intended
directions throughout the entire experiment. In addition, they also showed
behavioural mood-congruent memory bias on the free-recall paradigm. The fMRI
results replicated earlier findings by revealing an amygdala involvement in negative
mood and hippocampal engagement in successful memory formation. A new finding
was that mood-congruent and –incongruent successful memory formation effects
were found in different prefrontal regions suggesting a process dissociation.
Activation of inferior (IFG) and middle frontal gyri (MFG) was associated with moodincongruent memory processing, and considered to help overcome semantic
incongruities between current mood and stimulus valence. The orbito frontal cortex
(OFC) however was identified to enhance memory storage due to modulative moodcongruency effects.
Explicit emotional and mood-congruent memory in remitted MDD patients
In chapter 4, the emotional free recall paradigm (introduced in chapter 3) was used
to compare never-depressed healthy controls to remitted MDD patients. The remitted
female patients generated less positive words compared to healthy controls however
this difference did not reach significance. On the neural basis, however, the remitted
patients revealed significant altered neural activation. Those were not associated
with the encoding of negative words as one might expect, but appeared during
successful encoding of positive words. The regions showing increased activations
were a set of memory related areas comprising the cingulate gyri, inferior (IFG) and
medial frontal gyri (MFG) as well as hippocampal-amygdala regions. These differences
have been interpreted as incomplete recovery of an typical optimistic bias present
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in mental health (Sharot et al., 2007). We discuss within the paper that either task-
irrelevant information processing might interfere during emotional processing or
that increased default network activation in response to positive words might be
responsible for the increased brain activation levels found.

Neural microstructure alterations in remitted MDD patients
A disturbed prefrontal- amygdala interaction in MDD might potentially be related to
a disturbed structural connectivity. Those kinds of structural alterations might still be
present in remission from depression, underlie memory biases and be involved in
depressive relapse. This issue was addressed in chapter 5 which describes a DTI study
comparing never-depressed healthy controls to remitted MDD patients. The
microstructure of the amygdala and the medial prefrontal cortex (mPFC) revealed
alterations from never-depressed controls. The mPFC showed increased mean
diffusivity in remitted patients, which is interpreted as lowered cell-density within
this area. Within the left amygdala we found, despite equal amygdala volumetry,
increased factional anisotropy and decreased mean diffusivity, suggesting increased
number of fibers and greater cell density. Probabilistic tractography analysis
underlined the former findings and revealed that the amygdala was stronger
connected to the hippocampus and caudate-putamen system. This result adds to
previous research where a change in functional connectivity has been found (J. P.
Hamilton & Gotlib, 2008) and may indicate that emotional processing deficits in MDD
might be related to changed microstructure and disturbed connectivity within the
front-limbic circuit, which seems to not entirely normalize with remission. Thus, the
disturbed prefrontal-amygdala interactions found in chapter 4 could be based on
structural alterations either because these regions show an abnormal microstructure
or because the connection between those regions might be disturbed.

Strengths and limitations
Even though great care was taken in designing the studies described in this thesis, a few
general shortcomings and limitations will be discussed in the following. Limitations
very specific to a single study have been discussed in the associated chapters.
Words as emotional stimuli
We have chosen to use emotional words instead of more salient stimuli like faces
because of their prominent role in human interaction, communication and memory.
Even though more salient stimuli like faces or pictures are usually preferred and do
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often result in more pronounced results (e.g. Rajaram & Roediger, 1993), the use of
words might provide a closer link to depressive symptomatology, like e.g. rumination.
Since no emotional word list(s) existed in Dutch, we first of al took great care in
developing the first Dutch Emotional Word (DEW) list (see Appendix). Bradley and
Lang (1999a) developed the Affective Norms for English Words (ANEW) list, whereon
we base the DEW. A list of over 1000 Dutch emotional words was extensively
pre-tested in healthy students, who indicated the personally felt valence to every
word. The final DEW list contains only the 480 most negative, most positive as well as
neutral very suitable words (i.e. no words with deviant responses). It includes
emotional words of different intensities, indicated by the mean valence score from 1
(“very negative”) to 15 (very positive”)(see Appendix: Dutch Emotional Word List).
The list does contain negative words that might be interpreted as highly arousing
taboo words, which have been shown to be processed differently than low-arousing
negative words (Thomas & LaBar, 2005). As the DEW does not contain arousal scores
we are however not able to contribute to the arousal discussion. But we will add
arousal scores in the future process of validation of the DEW.
It has been found that especially the familiarity of words is of great influence, e.g
for implicit Word fragment completion tasks (MacLeod & Kampe, 1996); therefore
word frequency scores were added to the list on the basis of the CELEX database
(Baayen et al., 1995). Consequently, all studies were balanced for the valence,
frequency and word type (adjective, verb, substantive) of the used word stimuli.
However, we cannot rule out entirely that our relatively new emotional word list
might be slightly less validated as other more standard sets of stimuli (e.g. ANEW list
of emotional photos by Bradley & Lang, 1999a).
Neural correlates of explicit retrieval
In the fMRI studies we focused on the neural correlates of memory formation leading to
subsequent memory bias during subsequent free recall, which is considered the most
sensitive measure of memory bias in MDD (Gotlib & Joormann, 2010). The free recall
set-up during retrieval, unfortunately does not allow us to analyze brain activity
during the retrieval phase due to sensitivity of the fMRI analyses to head movements
which occur during speech. These movement problems might be overcome in the
future by using different study designs (without active speech production) and/or
less motion-sensitive processing strategies (Birn, Cox, & Bandettini, 2004).
Gender aspects
Another issue that might limit the interpretation and generalisabilty of our results is
the participants’ gender. Both with respect to emotion processing (Landis, 2006) but
also with respect to MDD, gender is an important interactive factor. The prevalence
to develop a mood disorder is doubled in females (Kessler et al., 2006), which might
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indicate that different factors are playing part in the women and men. We therefore
restricted part of our studies to female gender, and are therefore exclusively able to
make conclusions about mechanisms in females. The studies described in Chapter 3
and 5 did also include male subjects, but due to a relative small number, we were not
able to examine gender differences. Due to potential differences in processing it is
advisable to investigate separate groups of either females or males. Another approach
might be, to take gender as between-group factor if sample size allows this.
Major Depressive Disorder
There are two limitations to the studies which include remitted MDD patients. First, it
might be possible that we introduced a selection bias due to exclusion of patients
with co-morbidities. While this is a common selection found in research in an attempt
to identify neural changes related to depression only, co-morbid anxiety is very
common. We also were interested in specific trait markers of depression and not
co-morbid disorders. In addition, we would like to be able to compare our results to
previous literature. We therefore accepted a possible selection bias and excluded
patients with co-morbidities. For future bias research in depression it is however
desirable to additionally investigate at least the most frequent co-morbidities,
especially anxiety disorders.
Even though there are limitations to the experiments described in this thesis, all
of those brought along valuable, new information which will be briefly discussed in
the following section.

Implications and recommendations
The human brain is wired to alert us to possible threats. All information entering our
brains is continually analyzed and evaluated on whether the current situation is good
or bad, use- or harmful, desirable or awkward for the organism. Therefore the current
situation evaluated on the basis of emotional memories of identical or congruent
earlier experiences. To be able to do so, a complex interplay of PFC, amygdala and
autonomic nerve system is necessary to mediate this analysis. Emotional material
gets allocated more processing and memory capacities, consciously and unconsciously.
We do have conscious access only to the explicit part. While this part may be essential
to tell your own history, implicit processing and memory is thought to play an
important and probably even more essential role to our daily behaviour and decision
making (Clark, 2005; Roediger et al., 1992). Due to restricted capacities of the working
memory, explicit memory can only integrate a limited number of arguments for
reasoning (Miller, 1994). Implicit emotional memories on the other hand may
influence reasoning by inducing a gut feeling on the basis of somatic markers for the
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option that promises the most favorable outcome (Damasio, 1996). The key idea of
the somatic marker hypothesis is that ‘marker’ signals influence our reactions to
incoming stimuli, by conscious and unconscious bioregulatory processes (Damasio,
1996). Emotional memories and a resulting intuitive knowledge enable us to evaluate
current situations in a flash and react appropriately even before conscious cortical
processing has started (fight-or-flight response). Therefore emotional processing and
memory is a core function of human survival, at least with respect to evolutionary
development. On the other hand, this dominance of emotions over cognitions can get
us in trouble, because we are not able to greatly influence our emotions by will.
Chapter 2 suggests that even an implicit task with evolutionary young and
therefore less salient stimuli like words, receives enhanced emotional processing and
this is true even in the absence of semantic processing. This illustrates the very basic
principle of emotional enhancement effects. It is striking that the unconscious,
implicit highlighting effect of emotional content appears already during a perceptual
task were only letter cues are presented. Our results further implicate that implicit
memory, in contrast to explicit memory, is not additionally enhanced by emotional
content. We therefore speculate that reading strategies differ for emotional and
non-emotional words (Landis, 2006) and that this is also true for incomplete word
fragments. It has been shown before that reading strategies for emotional words are
gender-specific and might dependent on the “brain state” prior to stimulus presentation
(Landis, 2006). Landis and his collaborators (Mohr et al., 2005) measured functional
brain states at stimulus arrival with EEG and determined two different states, one
with a left anterior-right posterior orientation (LA-RP) and one with a left anterior-right
posterior orientation (RA-LP), which predicted the use or non-use of different reading
strategies for emotional words. We suggest that current mood might induce a specific
mood state able to influence emotional reading strategies. In negative and natural
mood states we found an emotional processing advantage independent from memory.
This emotional processing advantage disappeared only during positive mood. We can
only speculate about the underlying cause. In the human survival mode, i.e. negative
induced and natural mood, we form more somatic markers which are helping us
during later decision making in comparable situations. If circumstances are such that
no threat is detected and mood is positive, (modest) emotional material gets no
longer special automatic attention (no evolutionary pressure). Appearance of more
extreme or more salient emotional material however would result in an immediate
recurrence to survival mode and forming of somatic markers. The same is true if
current mood worsens. Then it might be that even neutral material receives special
attention because the brain and most likely the amygdala might misinterpret those as
threatening.
In explicit emotional memory there was an emotional memory enhancement
effect, emotional words were associated with unproportional greater memory than
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neutral words. Further, current mood did (at least sometimes) induce a valence-specific bias. With respect to the neural correlates to mood-incongruent memory
processing we found similar frontal regions involved in both the mood induction
study (Chapter 4) and in former MDD patients (Chapter 5), suggesting the important
interaction of mediotemporal and frontal regions with respect to memory biases.
Thus our mood induction procedure might be used as model for mild depression. It
might be especially valuable for exploratory depression studies, because it enables
the formulation of hypothesis related to depression in healthy volunteers. The
possibly more burdensome research for pathologically depressed patients can
subsequently be used to verify previous results. This has already been done with
respect to behavioural studies. We however propose to use this methodological
paradigm of MIP in healthy subjects also to explore brain activation patterns.
With respect to emotional memory in depression, it is remarkable that former
female MDD patients did show normal brain activation patterns to processing of
negative (and neutral) material on the one hand. On the other hand, with respect to
positive word processing we found increased activations in regions associated with
emotion processing, successful memory formation and cognitive control. Further,
these effects might be related to structural changes within the amygdala-frontal
circuit found in remission from depression (Chapter 5). It might be that those
structural alterations might be induced by prolonged periods of negative mood states
associated with depressive episode(s), which alter the brain state and therefore
influence applied processing strategies. However, it is also very plausible that depression-vulnerable people show structural alterations already prior to the first depressive
episode. This issue can only be clarified with extensive longitudinal studies, not yet
available. Either way structural alterations probably contribute to relapse vulnerability,
and thus should be added as outcome measure to treatment effect studies.
We showed that even implicit emotional memory can be influenced by current
mood states, and those implicit attentional and processing effects might have even
greater influence than explicit ones on our daily behaviour. We speculate that at least
for anxiety and MDD patients, but also for vulnerable people, e.g. genetically biased,
former MDD patients, persons in difficult life circumstances, etc., a positivity training
might be of value. As becomes evident also from clinical experience, patients
underestimate positive aspects of their lives and this is probably due to biased
attention and memory. Our research shows that this effect influences explicit and
implicit processes and seems to be related to structural and functional alterations
within the (former) depressive brain. A history of depressive episode(s) and thus of
periods of extensive bad mood might function as a kind of cognitive negativity
training. Training and strengthening a more positive focus and interpretation might
help to prevent maintenance, relapse and initiation of a depressive episode.
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Future Directions of Research
The results of the studies reported in this thesis raise a number of questions that
require further investigations. In particular, some open questions that need to be
addressed to understand the full range of influence of mood on emotional processing
and memory will be described.
Research designs
First, the influence of current mood on implicit emotional memory processes revealed
interesting results, especially with respect to positive mood states. Future studies
need to investigate whether those findings can be replicated under similar and
different circumstances. Further, we need to develop suitable fMRI paradigms to
investigate the neural correlates of the implicit emotional processing and memory
effects in healthy controls and mood disorder patients.
A possible approach for future research on implicit memory in general might by
hypnosis and a technique known as posthypnotic amnesia (PHA)(Mendelsohn,
Chalamish, Solomonovich, & Dudai, 2008). Participants have to learn information
(e.g. lists of emotional words) followed by the suggestion under hypnosis that they
will forget that information until getting a cancellation instruction. Mendelsohn and
colleagues (2008) have demonstrated that this approach is feasible for fMRI studies,
however only for highly hypnotizable people and that PHA can be shown on the
neuronal level, suggesting a rapid, early inhibition of memory material due to
heightened activity in the prefrontal cortex. Wheter the PHA might empower us to
investigate pure (not contaminated by explicit retrieval) implicit memory remains to
be seen; therefore, other feasible implicit fMRI paradigms need to be developed
additionally.
Mood induction procedures seem to be an optimal tool to start research in
healthy individuals. On the basis of those findings one could develop new hypothesis
for acute and remitted depression and tests those in pathologically disordered
patients. The studies mentioned within this thesis restricted mood induction to the
encoding phase, however, one should consider applying it during both encoding and
retrieval which might increase the effects.
Treatment effects, strategies and prediction
Also treatment effects should be investigated with respect to their influence on
implicit and explicit emotional processing and microstructural normalization. Our
research showed that structural normalization is not self-evident even in remission;
however there might be dependency between the kind of therapeutic approach and
its influence on brain structure normalization. Special attention should be given to
positive psychology techniques, cognitive behavioural therapies and mindfulnessbased approaches due to their focus on positive emotions, thoughts and experiences
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that might be able to counteract the effects of a negative focus of the patient.
Additionally, we should try to develop concrete positivity trainings, addressing implicit
and explicit emotional processing, i.e. approach-avoidance trainings. It should be
investigated which treatment strategies have the potential to influence the microstructural or emotional bias normalization found in remitted patients. Further, future
treatment studies might investigate whether the described mechanisms, i.e. amount
of emotional neural biases as well as microstructural and connectivity alterations,
might allow specification of a MDD diagnose, give an indication for the treatment
effect and longtime outcome or enable more personalized treatment strategies.
Study populations
With respect to the explicit emotional memory processing, additional experiments in
acute depression and genetically vulnerable subjects are needed. Given that we
found the inferior and medial frontal gyrus involved in the MI study as well as in the
remitted patients during processing of semantic incongruities between mild mood
states and stimulus valences, this indicates that those effects might be even much
more pronounced in more extreme (negative) mood. Therefore, especially emotional
implicit perceptual memory needs to be investigated in acute depression. As already
mentioned, it is eligible for al depression research to also take into account at least
the most prominent co-morbidities.
In general, all the above mentioned future directions of the study of depression,
emotional processing and mood should be investigated with respect to gender-
specificity. In woman, also the hormonal state associated with the menstrual cycle
should additionally be taken into consideration in this respect.
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Dutch Emotional Word list (DEW)
Negative Words
Words

Valence
(mean ± STDV)

doodslag

2.56 ± 1.15

hartaanval

2.59 ± 1.66

wreed

2.64 ± 1.43

massamoord

1.35 ± 0.70

rampgebied

2.69 ± 1.66

slachtpartij

1.38 ± 0.62

vliegtuigramp

2.71 ± 1.26

aanranding

1.75 ± 1.06

psychopaat

2.71 ± 1.31

verkrachting

1.85 ± 1.10

hartstilstand

2.71 ± 1.79

moordaanslag

1.88 ± 1.17

doodsbang

2.73 ± 1.56

oorlog

1.89 ± 1.15

overlijden

2.76 ± 1.71

slachting

1.93 ± 1.27

roofmoord

2.81 ± 1.56

steekpartij

1.94 ± 0.85

leukemie

2.81 ± 1.72

marteling

1.94 ± 0.97

kwaadaardig

2.82 ± 1.33

bomaanslag

2.00 ± 1.32

wapengeweld

2.82 ± 1.63

gewelddadig

2.09 ± 1.22

aardbeving

2.88

± 1.75
± 2.47

mishandeling

2.13 ± 1.26

bommen

2.88

terrorist

2.18 ± 1.08

indringer

2.91 ± 1.04

ontvoering

2.18 ± 1.33

trauma

2.91 ± 1.38

pedofiel

2.19 ± 1.60

deportatie

2.92 ± 2.10

incest

2.27 ± 1.39

verlatenheid

2.94 ± 1.78

doodsangst

2.27 ± 1.19

doodsteek

2.94 ± 3.21

bombardement

2.31 ± 1.35

depressief

3.00 ± 1.39

zelfmoord

2.33 ± 1.36

depressie

3.00 ± 1.48

kanker

2.36 ± 1.25

lijkenhuis

3.00 ± 1.67

executie

2.36 ± 1.39

wanhoop

3.06 ± 1.52

guillotine

2.36 ± 1.29

schuldgevoel

3.06 ± 1.68

moordenaar

2.36 ± 1.36

gezwel

3.06 ± 1.89

ongeluk

2.41 ± 1.70

miskraam

3.06 ± 1.98

keelkanker

2.44 ± 1.31

granaat

3.09 ± 1.70

fataal

2.44 ± 1.93

afvalstof

3.09 ± 1.76

hongersnood

2.50 ± 1.37

tumor

3.09 ± 2.02

dwangarbeid

2.50 ± 1.55

misbruik

3.11 ± 1.80

onveilig

2.55 ± 1.37

hersendood

3.12 ± 1.76
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echtscheiding

3.12 ± 1.90

onzedelijk

3.55 ± 1.97

rampspoed

3.13 ± 1.86

gewelddaad

3.56 ± 1.50

stikken

3.15 ± 1.88

vijandigheid

3.56 ± 1.50

wreedheid

3.18 ± 1.67

hatelijk

3.56 ± 1.59

bloedbad

3.18 ± 1.66

gedeprimeerd

3.56 ± 1.79

agressief

3.19 ± 1.44

lijkwagen

3.56 ± 1.79

armoede

3.22 ± 1.85

sadist

3.56 ± 1.93

begrafenis

3.26 ± 1.58

arrogantie

3.56 ± 2.03

watersnood

3.27 ± 1.27

harteloos

3.59 ± 2.06

corrupt

3.27 ± 1.35

doodskist

3.63 ± 1.82

ellende

3.27 ± 1.42

braaksel

3.63 ± 2.19

verlies

3.27 ± 1.62

vernederen

3.64 ± 0.81

misdadiger

3.30 ± 1.44

slachtoffer

3.64 ± 1.50

syfilis

3.30 ± 1.64

verhongeren

3.64 ± 1.50

longkanker

3.31 ± 1.99

gekweld

3.64 ± 1.63

vuurwapen

3.36 ± 1.86

wapen

3.64 ± 1.86

ongelukkig

3.37 ± 1.80

gemeen

3.64 ± 1.85

slecht

3.37 ± 2.10

angst

3.67 ± 1.44

verdoemenis

3.40 ± 1.76

ontploffing

3.67 ± 2.38

misdaad

3.41 ± 1.28

tandpijn

3.69 ± 1.62

verwaarlozing

3.41 ± 1.87

overbelasting

3.69 ± 1.92

pessimistisch

3.44 ± 1.75

scheiding

3.70 ± 2.11

misvormd

3.45 ± 1.51

overdosis

3.71 ± 1.79

vijand

3.47 ± 1.77

pistool

3.71 ± 1.46

beroving

3.50 ± 1.55

verslaafd

3.73 ± 1.10

ongeval

3.50 ± 1.64

stank

3.73 ± 1.27

pijniging

3.50 ± 2.00

kankeren

3.73 ± 1.79

verslaving

3.53 ± 1.59

verstikking

3.73 ± 2.09

dreiging

3.53 ± 1.66

slapeloosheid

3.75 ± 1.57

noodtoestand

3.53 ± 1.77

prostitutie

3.75 ± 1.73

lepra

3.55 ± 1.57

intimidatie

3.75 ± 1.84

verlamming

3.55 ± 1.63

gedrocht

3.76 ± 1.82

schimmel

3.55 ± 1.69

bedrieglijk

3.76 ± 2.19

eenzaamheid

3.55 ± 1.86

ziekte

3.78 ± 1.50
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verdriet

3.79 ± 1.69

tragisch

3.81 ± 1.87

zwaarmoedig

3.81 ± 2.48

malaria

3.82 ± 1.08

krankzinnig

3.82 ± 1.17

leugen

3.82 ± 1.17

scheurbuik

3.82 ± 1.54

verrader

3.82 ± 1.54

gevaar

3.82 ± 1.60

onmenselijk

3.82 ± 1.78

agressie

3.82 ± 1.88

hulpeloosheid

3.82 ± 1.88

gijzelaar

3.85 ± 1.52

verraad

3.85 ± 1.97

gefrustreerd

3.86 ± 1.60

afstotelijk

3.88

± 1.63

achterdocht

3.88

± 1.96

asociaal

3.88

± 1.90

nachtmerrie

3.88

± 1.84

angstig

3.90 ± 1.45

walgen

3.91 ± 1.51

gestorven

3.91 ± 2.02

killer

3.91 ± 2.30

wonden

4.55 ± 1.57

fraude

4.55 ± 1.75

blaar

4.55 ± 1.86

zondig

4.55 ± 2.02

teleurstellen

4.56 ± 1.42

schuld

4.59 ± 1.58

aanval

4.64 ± 1.86

gebrek

4.69 ± 2.30
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Neutral Words
Words

Valence
(mean ± STDV)

kleurstof

8.06 ± 1.81

patriot

8.10 ± 1.85

schaar

8.11 ± 1.48

aanwrijven

7.27 ± 1.27

kenteken

8.12 ± 1.36

timide

7.38 ± 2.45

streep

8.13 ± 1.59

vingernagel

7.50 ± 2.34

parlement

8.13 ± 1.96

vingernagel

7.50 ± 2.34

gemeente

8.13 ± 2.03

vergelijken

7.59 ± 1.06

aanbesteding

8.18

± 0.60

priester

7.64 ± 1.62

soort

8.18

± 0.60

handelaar

7.65 ± 1.66

toestel

8.18

± 0.98

onderhemd

7.69 ± 2.06

kantoor

8.18

± 1.08

kilogram

7.71 ± 1.72

gebouw

8.18

± 1.54

voetballer

7.71 ± 2.26

snoer

8.18

± 1.54

ratel

7.73 ± 1.35

materiaal

8.18

± 2.14

gereserveerd

7.73 ± 1.62

regen

8.18

± 2.48

golfspeler

7.73 ± 2.00

waterstand

8.19 ± 0.98

gelaten

7.75 ± 2.35

vierkant

8.25 ± 1.24

achterkant

7.76 ± 1.35

frequentie

8.25 ± 1.44

gelei

7.82 ± 1.08

gereedschap

8.25 ± 1.48

controleren

7.82 ± 1.17

advocaat

8.25 ± 2.54

nonchalant

7.82 ± 1.72

maand

8.27 ± 0.79

kabinet

7.82 ± 2.04

gebied

8.27 ± 1.27

havik

7.82 ± 2.09

hamer

8.27 ± 1.35

agentschap

7.88 ± 1.78

inhoud

8.30 ± 2.63

magazijn

7.88 ± 1.62

kilometer

8.31 ± 0.95

stengel

7.90 ± 0.74

geluidsband

8.31 ± 1.66

vreemdeling

7.91 ± 0.94

lettergreep

8.35 ± 1.32

verbaasd

7.91 ± 1.87

gemiddeld

8.35 ± 1.73

wenkbrauw

7.94 ± 1.48

snelweg

8.36 ± 1.29

kwart

8.00 ± 0.82

metaal

8.36 ± 1.43

knoop

8.00 ± 1.18

macht

8.36 ± 1.96

schoenmaat

8.00 ± 1.51

kluis

8.36 ± 2.06

deurknop

8.00 ± 1.75

proces

8.36 ± 3.29

drukknop

8.06 ± 1.65

trapleuning

8.38

± 1.09
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wijnazijn

8.38

± 1.63

gloeilamp

8.60 ± 1.26

bedaard

8.38

± 1.78

hangbrug

8.63 ± 1.67

winkelier

8.38

± 1.78

gerinkel

8.63 ± 2.16

busstation

8.38

± 1.86

betrekkingen

8.64 ± 1.03

tuinslang

8.38

± 1.86

duiker

8.64 ± 1.21

± 2.68

ledematen

8.38

schip

8.64 ± 1.69

ogenblik

8.41 ± 1.12

theorie

8.64 ± 1.69

wijsvinger

8.41 ± 1.33

ijdelheid

8.64 ± 1.75

naambord

8.41 ± 1.42

verbeelden

8.64 ± 1.80

zinsbouw

8.41 ± 2.55

verandering

8.64 ± 2.06

experiment

8.44 ± 2.00

excuus

8.64 ± 2.29

onderdeel

8.44 ± 0.85

kieskeurig

8.67 ± 3.18

wagen

8.45 ± 0.93

strijkplank

8.69 ± 1.74

ketel

8.45 ± 1.04

raadsel

8.71 ± 1.65

werktuig

8.45 ± 1.04

gebeurtenis

8.71 ± 1.58

kolom

8.45 ± 1.13

aanduiden

8.73 ± 1.10

constructie

8.45 ± 1.29

gordijnen

8.73 ± 1.19

weefsel

8.45 ± 1.50

folder

8.73 ± 1.49

eenvoudig

8.45 ± 1.92

context

8.73 ± 2.20

elleboog

8.46 ± 1.84

parkeerplaats

8.75 ± 1.65

voorzetsel

8.50 ± 0.89

nagellak

8.75 ± 1.88

methode

8.50 ± 2.12

smeerkaas

8.75 ± 2.08

bergruimte

8.53 ± 1.37

geslacht

8.78 ± 1.99

paddestoel

8.55 ± 1.44

handdoek

8.81 ± 0.98

casino

8.55 ± 1.57

wachtwoord

8.81 ± 1.91

schedel

8.55 ± 1.69

hagedis

8.81 ± 2.37

volgzaam

8.55 ± 1.75

kordaat

8.81 ± 2.95

wolkenkrabber

8.55 ± 1.75

vloed

8.82 ± 1.08

vulkaan

8.55 ± 2.02

straat

8.82 ± 1.40

stilte

8.55 ± 2.16

koplamp

8.82 ± 1.99

normaal

8.56 ± 1.41

gestalte

8.82 ± 1.13

kassabon

8.56 ± 1.75

trompet

8.85 ± 1.73

instructie

8.56 ± 1.90

tafelkleed

8.88

± 1.09

naaiwerk

8.56 ± 2.71

richting

8.88

± 1.31
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rugleuning

8.88

± 1.41

hoofdstuk

8.88

± 1.54

wasmachine

8.88

± 1.93

elektriciteit

8.88

± 1.76

papier

8.89 ± 1.34

geschiedenis

8.89 ± 2.74

optie

8.91 ± 1.22

tafel

8.91 ± 1.38

vinger

8.91 ± 1.38

inwoner

8.91 ± 1.45

losmaken

8.91 ± 1.45

toren

8.91 ± 1.45

patent

8.91 ± 1.51

kikker

8.91 ± 1.58

schuim

8.91 ± 1.64

thermometer

8.91 ± 1.64

boodschap

8.91 ± 2.17

gletsjer

8.91 ± 2.77

venster

8.94 ± 1.06

achternaam

8.94 ± 1.44

ovenplaat

8.94 ± 1.84

microscoop

8.94 ± 1.88

slaapzaal

8.94 ± 2.11

afbeelding

9.00 ± 1.10

schuifraam

9.00 ± 1.10

koffer

9.00 ± 1.18

gewoonte

9.00 ± 1.34
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Positve words

zonsopgang

12.00 ± 1.34

Valence
(mean ± STDV)

versieren

12.00 ± 1.41

droombeeld

12.00 ± 1.75

gevoelens

11.00 ± 1.31

frisheid

12.00 ± 1.77

parfum

11.00 ± 2.41

felicitatie

12.00 ± 1.79

Words

gejuich

11.08 ± 1.79

getalenteerd

12.00 ± 1.79

prestatie

11.09 ± 1.64

ervarenheid

12.00 ± 1.93

konijn

11.09 ± 2.02

zwangerschap

12.00 ± 1.94

traktatie

11.82 ± 1.33

slimheid

12.00 ± 1.97

beloning

11.82 ± 1.47

huwelijk

12.00 ± 2.00

flirt

11.82 ± 1.72

interessant

12.00 ± 2.00

vader

11.82 ± 1.72

levendigheid

12.00 ± 2.07

natuurtalent

11.82 ± 1.94

euforie

12.00 ± 2.36

zuiver

11.82 ± 2.07

levenslust

12.00 ± 2.45

prettig

11.88

± 1.36

geschenk

12.04 ± 1.72

goedmoedig

11.88

± 1.67

gezondheid

12.07 ± 2.34

dromen

11.88

± 1.75

diploma

12.09 ± 1.92

proper

11.88

± 1.75

zonsondergang

12.09 ± 2.21

vrijgevig

11.88

± 1.75

optimist

12.12 ± 2.20

liefheid

11.88

± 2.03

volmaaktheid

12.13 ± 1.78

geborgenheid

11.88

± 2.50

favoriet

12.13 ± 1.82

prachtstuk

11.88

± 1.80

huwelijksnacht

12.13 ± 2.63

heldendaad

11.88

± 2.23

succes

12.15 ± 1.59

overwinning

11.91 ± 1.04

verrassing

12.18 ± 2.01

bijzonder

11.91 ± 1.70

hartelijkheid

12.18 ± 3.17

melodie

11.91 ± 1.76

natuur

12.18 ± 1.60

erotisch

11.91 ± 1.81

tevreden

12.18 ± 1.72

komedie

11.91 ± 2.21

genezen

12.18 ± 1.83

zelfrespect

11.94 ± 1.77

leven

12.18 ± 1.89

oprecht

11.94 ± 1.56

hereniging

12.18 ± 1.94

aangenaam

11.94 ± 1.64

familie

12.18 ± 2.04

naastenliefde

11.94 ± 1.68

puppy

12.18 ± 2.36

begrijpend

11.94 ± 2.25

actief

12.19 ± 1.91

lente

12.00 ± 1.34

liefdesbrief

12.19 ± 2.29
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waarheid

12.22 ± 1.89

optimistisch

12.41 ± 1.50

fantasie

12.22 ± 2.06

betrouwbaar

12.41 ± 1.70

enthousiasme

12.24 ± 1.56

bruiloft

12.44 ± 1.55

intelligentie

12.24 ± 1.89

wilskracht

12.44 ± 2.13

gezond

12.25 ± 1.73

verrukkelijk

12.45 ± 1.69

voldoening

12.25 ± 1.84

vriendelijk

12.48 ± 1.67

warmhartig

12.25 ± 1.91

levend

12.50 ± 1.08

hemels

12.25 ± 1.95

vredig

12.50 ± 1.59

vertrouwen

12.26 ± 1.68

aardig

12.50 ± 1.71

schattig

12.27 ± 1.56

tederheid

12.50 ± 1.93

stralend

12.27 ± 1.56

vermaak

12.50 ± 1.97

zonlicht

12.27 ± 1.56

wijsheid

12.50 ± 2.19

dankbaar

12.29 ± 1.58

omhelzing

12.52 ± 2.38

vreugde

12.29 ± 2.11

plezierig

12.55 ± 1.37

verloving

12.30 ± 1.92

gezellig

12.55 ± 3.11

regenboog

12.30 ± 2.11

liefkozing

12.56 ± 1.72

feesten

12.30 ± 1.95

optimisme

12.56 ± 1.76

avontuurlijk

12.31 ± 1.62

warmte

12.56 ± 1.85

volmaakt

12.31 ± 1.78

vakantiedag

12.56 ± 1.63

heerlijk

12.31 ± 1.92

vrolijkheid

12.56 ± 1.75

eerlijk

12.32 ± 2.02

enthousiast

12.59 ± 1.91

gelukwens

12.35 ± 1.84

harmonie

12.59 ± 1.94

attent

12.35 ± 1.97

gezelligheid

12.63 ± 1.82

moeder

12.36 ± 2.25

lieveling

12.63 ± 2.06

gelach

12.37 ± 1.64

liefhebben

12.64 ± 1.36

passie

12.37 ± 1.67

compliment

12.65 ± 1.80

plezier

12.37 ± 1.69

oprechtheid

12.67 ± 2.02

ontspanning

12.38

± 1.63

sympathiek

12.69 ± 1.99

sympathie

12.38

± 1.78

orgasme

12.70 ± 2.61

rechtvaardig

12.38

± 1.82

wonder

12.73 ± 1.49

bloemen

12.38

± 2.03

kussen

12.73 ± 2.28

intelligent

12.38

± 2.06

schoonheid

12.74 ± 1.48

ontspannen

12.39 ± 1.59

liefdadigheid

12.75 ± 1.77

hoopvol

12.41 ± 1.60

zonneschijn

12.75 ± 2.05
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dierbaar

12.76 ± 2.02

vrolijk

12.78 ± 1.87

romantisch

12.81 ± 1.47

tevredenheid

12.82 ± 1.51

sociaal

12.86 ± 1.60

trouwdag

12.87 ± 1.77

knuffel

12.89 ± 1.55

lachbui

12.94 ± 1.73

lekker

12.94 ± 1.52

blijheid

12.94 ± 1.89

blijdschap

13.00 ± 1.63

zonnig

13.00 ± 1.71

muziek

13.04 ± 1.53

geboorte

13.06 ± 1.92

vrede

13.09 ± 1.58

paradijs

13.09 ± 1.87

vakantie

13.11 ± 1.55

positief

13.12 ± 1.76

moederliefde

13.19 ± 1.76

levensvreugde

13.31 ± 1.49

vrijheid

13.36 ± 1.36

verliefdheid

13.37 ± 1.39

glimlach

13.44 ± 1.26

vriendschap

13.50 ± 1.55

vriend

13.52 ± 1.55

romantiek

13.53 ± 1.36

liefde

14.11 ± 1.05
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Nederlandse Samenvatting
In dit proefschrift worden belangrijke neurale en gedragsmatige aspecten van het
emotionele geheugen onderzocht. Het is al langer bekend dat emotionele informatie
beter wordt onthouden dan neutrale informatie. Echter, een open vraag is hoe het
komt dat emotionele stemmingen het geheugen voor emotionele informatie versterken,
een verschijnsel dat zowel gevonden wordt bij gezonde mensen als bij personen die
lijden aan een depressie (zie DSM IV criteria voor major depressive episodes in Box 1.1).
Depressie is een van de meest voorkomende psychiatrische ziektes en gaat, behalve
met verstoringen in de ervaring van emoties en motivaties, vaak gepaard met
cognitieve problemen, en met geheugenproblemen in het bijzonder. Het is bekend
dat het voor mensen gemakkelijker is om informatie te onthouden die qua emotionele
lading overeenkomt met de eigen stemming. Deze voorkeur voor stemmingscongruente informatie speelt mogelijk een rol bij het in stand houden van depressies en is
wellicht ook mede verantwoordelijk voor de frequent voorkomende terugval na
herstel.
Een aantal belangrijke vragen op het snijvlak van stemming en geheugen komen aan
de orde in dit proefschrift: (1) hoe worden onbewuste geheugenprocessen beïnvloed
door de emotionele inhoud van informatie, en in het bijzonder door emotionele
stemmingen?, (2) welke gebieden van de hersenen zijn betrokken bij de verwerking van
stemmingscongruente en stemmingsincongruente informatie?, (3) zijn er bij voormalig
depressieve personen veranderingen waar te nemen in hersenactiviteit met betrekking
tot het emotionele geheugen?, en (4) liggen structurele hersenveranderingen deze
eventuele functionele veranderingen ten grondslag? Om deze vragen te beantwoorden
werd gedrags- en hersenonderzoek gedaan bij zowel gezonde personen als bij voormalig depressieve patiënten. Hersenonderzoek werd uitgevoerd middels de beeldvormende hersenscantechniek genaamd fMRI, wat staat voor functional magnetic
resonance imaging.
In hoofdstuk 2 onderzochten we het onbewuste emotionele woordgeheugen met
een word fragment completion (WFC) taak. Hiervoor lieten we gezonde vrouwen woordfragmenten voltooien terwijl zij óf in een neutrale stemming waren (experiment 1) óf
tijdens geïnduceerde vrolijke of sombere stemmingen (experiment 2) (zie figuur 1.1.
voor een schematisch overzicht). Als stimuli diende een zelfgegenereerde Nederlandse
Emotionele Woordenlijst (DEW; zie Appendix) met negatieve, positieve en neutrale
woorden. In de neutrale stemmingsconditie (experiment 1) werden de deelfragmenten
van emotionele woorden vaker correct voltooid dan de deelfragmenten van neutrale
woorden, dit betekend dat de emotionele lading van de woorden invloed heeft op de
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verwerking ervan. Dit resultaat werd echter ook gevonden zonder dat de woorden
eerder geleerd waren, wat betekent dat het effect onafhankelijk is van het geheugen.
Experiment 2 was grotendeels een verkorte versie van experiment 1 maar werd
voorafgegaan door óf een negatieve óf een positieve stemmingsinductie procedure
(MIP) (zie ook figuur 1.1.). Tijdens een sombere stemming bleek het voor de deelnemers
gemakkelijker om negatieve woorden te verwerken. Echter, verrassend was dat
tijdens een vrolijke stemming dit voordeel voor de verwerking van emotionele
informatie wegviel; d.w.z. emotionele en vooral positieve woordfragmenten werden
minder vaak correct voltooid dan neutrale.
In het onderzoek dat beschreven wordt in hoofdstuk 3 namen gezonde personen
deel aan een vrije herinneringstaak in de MRI scanner. In deze vrije herinneringstaak
werd hen gevraagd aan te geven welke woorden zij zich herinnerden van een eerder
getoonde lijst met emotionele woorden (DEW list). Deze taak werd afgenomen nadat
de deelnemers een sombere of vrolijke stemmingsinductie procedure hadden
gevolgd. De fMRI resultaten repliceerden eerdere bevindingen door aan te tonen dat
de amygdala betrokken is bij negatieve stemmingen en door te laten zien dat de
hippocampus een belangrijke rol speelt bij succesvolle geheugenvorming. Een nieuwe
bevinding was dat er verschillende prefrontale hersengebieden betrokken bleken te
zijn bij stemmingscongruente geheugenvorming in tegenstelling tot stemmingsincongruente geheugenvorming. De orbitofrontale cortex (OFC) bleek belangrijk voor de
inprenting van stemmingscongruente informatie. De inferieure en mediale frontale
gyri (respectievelijk de IFG en MFG) waren betrokken bij stemmingsincongruent
geheugen. Dit resultaat laat zien dat de IFG en MFG een rol spelen bij het overwinnen
van semantische ongerijmdheden tussen de valentie van de eigen stemming en die
van relevante stimuli.
In hoofdstuk 4 werd de vrije herinneringstaak (geïntroduceerd in hoofdstuk 3)
gebruikt om eventuele bijzonderheden van voormalig depressieve patiënten te
onderzoeken tijdens de fase van herstel. Ondanks het ontbreken van verschillen op
gedragsniveau, bleken er verschillen te zijn in hersenactiviteit tussen vroegere
patiënten en gezonde controle deelnemers. Een interessante bevinding was dat deze
verschillen niet geassocieerd waren met het leren van emotionele negatieve woorden,
maar dat deze verschillen bleken samen te hangen met het leren van emotionele
positieve woorden. De gebieden waarin voormalige patiënten een ander activiteitspatroon lieten zien, waren geheugengerelateerde gebieden zoals de cingulate gyri,
IFG, MFG en de hippocampus-amygdala regio. Wij concluderen dat de verhoogde
activiteit in dit frontolimbische circuit betekent dat voormalige patiënten mogelijk
meer moeite hebben om positieve informatie te onthouden dan gezonde controle
deelnemers.
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Een veranderde prefrontale-limbische interactie tijdens en na een depressie kan
mogelijk worden gerelateerd aan een verstoorde structurele connectiviteit of aan
microstructurele veranderingen binnen enkele hersengebieden. Hoofdstuk 5 beschrijft
een Diffusion Tensor Imaging (DTI) studie waarin wordt onderzocht of zulke structurele
veranderingen aanwezig zijn bij voormalig depressieve patiënten. De resultaten
hiervan toonden veranderingen in de microstructuur van de amygdala en de mediale
prefrontale cortex (mPFC). De structurele verandering in de mPFC zijn mogelijk
gerelateerd aan celverlies. Echter, de microstructurele veranderingen in de amygdala
lijken te worden veroorzaakt door verhoogde celdichtheid en door een eventueel
verhoogd aantal verbindingen met andere hersengebieden, zoals de hippocampus en
het caudate-putamen systeem. Dit resultaat kan erop wijzen dat het verminderde
geheugen voor positieve informatie in patiënten met MDD verband houdt met een
veranderde microstructuur en met een verstoorde connectiviteit binnen het frontolimbische circuit. Het lijkt erop dat dit netwerk niet compleet normaliseert tijdens het
herstel van een acute depressieve episode.
Het blijkt dat bij mensen, die aanleg hebben om een depressieve episode te ontwikkelen,
het geheugen voor emotioneel positieve stimuli, oftewel stemmingsincongruente
informatie, vermindert. Deze verslechtering van het geheugen voor positieve
informatie zorgt mogelijk voor een verdere vermindering van de stemming, wat er
vervolgens weer toe kan leiden dat deze personen nog slechter stemmingsincongruente
informatie kunnen onthouden. Deze vicieuze cirkel wordt mogelijk veroorzaakt door
veranderingen in werking en structuur van hersengebieden die betrokken zijn bij het
onthouden van stemmingsincongruente informatie. Het streven kan nu zijn om het
hersencircuit dat verantwoordelijk is voor de verwerking van positieve emoties te
stimuleren door middel van trainingen tijdens en na de behandeling van depressieve
patiënten (terugvalpreventie).
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