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GENERAl INTRODUCTION

Cognitive flexibility
Sometimes, things don’t go as expected. When I walk to the coffee machine in the afternoon, 
it sometimes happens that when pressing the button for a coffee with milk, no beverage 
comes out. Further inspection of the machine’s display then tells me that the supply of milk 
has run out. This leaves me with several options (the choice of which may depend on how 
much I actually want the coffee) – I can walk to another building in search of a coffee machine 
that hasn’t run out of milk, I can use this as an opportunity to acquire a taste for black coffee, 
or I can settle for tea instead. 

These types of experiences are a hallmark of everyday life – we pursue certain actions in 
order to get things we desire (and we refrain from acting in order to prevent certain adverse 
or unwanted events). When a certain action no longer gives us the desired outcome, we are 
able to change our behavior. This adaptation of goal-directed behavior in response to chang-
es in the environment is also known as cognitive flexibility. Impaired behavioral adaptation 
to environmental changes can result in behavioral rigidity and maladaptive behavior as ob-
served in various neurological and psychiatric disorders, such as Parkinson’s disease, drug 
addiction and obsessive-compulsive disorder (OCD) (Chamberlain et al., 2006; Cools et al., 
2001b; Ceaser et al., 2008; Yerys et al., 2009; Verdejo-Garcia et al., 2006). These disorders are 
also characterized by altered activity in corticostriatal circuits. Corticostriatal circuits consist 
of reciprocal connections between cortex, striatum and thalamus and are critically involved 
in the regulation of motivational and goal-directed behavior, for example when learning that 
certain actions are associated with wanted outcomes, such as obtaining rewards, or with 
avoiding unwanted outcomes, such as preventing punishments. Thus, studying the under-
lying neurobiological mechanisms underlying cognitive flexibility will not only increase our 
understanding of our everyday functioning, but may also provide an indication of the neuro-
biological changes underlying psychiatric symptoms. 

Integrity of corticostriatal circuits is essential for cognitive flexibility. Studies in rodents, 
non-human primates and humans have shown that both prefrontal and striatal regions 
are important for the regulation of cognitive flexibility (Castane et al., 2010; McAlonan and 
Brown, 2003; Dias et al., 1996; Clarke et al., 2008; Bellebaum et al., 2008). Because there is 
homology in the brain circuits that regulate adaptive behavior between different species, 
we can use certain behavioral paradigms in translational research to investigate the neuro-
biology underlying this type of behavior. The use of rodents as our research subject permits 
direct (and invasive) manipulations and measurements during execution of these behavioral 
paradigms, which can extend and specify findings obtained in human subjects. For example, 
rats are willing to perform certain actions, such as pressing a lever, in order to receive a sugar 
pellet. Thus, we can put rats in a controlled environment (operant chamber) and directly 
monitor their neurotransmitter levels whilst they perform behavioral tasks. 

A variety of behavioral tasks that have been developed to study cognitive flexibility in con-
trolled settings is available (see Chapter 2 for a short description of different tasks available). 
For the experiments described in this thesis we have used a spatial reversal learning task to 
measure cognitive flexibility (De Bruin et al., 2000). In reversal learning, subjects first learn that 
an action results in reward presentation. Subsequently, they learn to discriminate between 
two options – one option is linked to a positive outcome, and the other option is linked to 
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a negative or neutral outcome. For example, a press on the right lever gives subjects a sugar 
pellet, whereas a response on the left side leaves them with nothing. In this discrimination 
phase, subjects learn to associate a certain action (respond on right side) with a corresponding 
outcome (sugar pellet; reward). When subjects have mastered this discrimination, a reversal 
is presented during which the response-reward contingencies are reversed: The originally re-
warded response is no longer rewarded, whereas the previously unrewarded response is now 
rewarded. This means that if the subject wants to keep getting the reward, it has to adapt its 
behavior and start responding to the previously unrewarded site. Successfully adapting behav-
ior in response to these changing task demands requires the ability to use negative feedback to 
switch responding and the use of positive feedback to consolidate the newly rewarded action. 
Therefore, it is important to identify the neural systems that underlie this feedback mechanism. 

Dopamine 
Dopamine (DA) is an important neuromodulator in corticostriatal circuits. The cell bodies of 
DA neurons are located in midbrain regions such as the ventral tegmental area (VTA) and 
substantia nigra (SN). From these two regions, DA neurons send widespread connections to 
cortical (prefrontal cortex) as well as subcortical regions (striatum, amygdala, hippocampus). 
DA neurons show a low frequency baseline firing rate (Hyland et al., 2002; Grace and Bunney, 
1984) that ensures a relatively stable concentration of DA in cortical and limbic projection 
regions. The constant release of DA in projection regions is required for the performance of 
motor actions, but also for cognitive functions such as working memory, decision making and 
motivation (Wise, 2004). The low, baseline frequency firing of DA neurons and the associated 
slower changes in the concentration of DA in projection regions is often referred to as tonic DA. 

Deviations from the basal level of DA occur when DA neurons show a short lasting in-
crease in firing frequency (burst firing) (Freeman et al., 1985). Such burst firing can be ob-
served spontaneously or in response to salient events, such as unexpected food rewards or 
other sensory stimuli (Freeman and Bunney, 1987). Burst firing of DA neurons leads to a rapid, 
but short lasting, increase in the extracellular DA concentration in projection regions, called 
a DA transient. Similar to burst firing of DA neurons, these transients are observed spon-
taneously and in response to salient events (Robinson et al., 2002; Cheer et al., 2004). The 
burst firing of DA neurons and the associated rapid changes in extracellular DA in projection 
regions is referred to as phasic DA. 

The phasic changes in activity of DA neurons are often associated with reward-related 
learning. This idea originated from electrophysiological studies in primates, where the ac-
tivity of DArgic cell bodies was directly measured. DA neurons show increased burst firing 
in response to unexpected reward and reward-predicting stimuli, and decrease firing when 
an unexpected reward is omitted (Schultz et al., 1997), suggesting that phasic DA may serve 
as a teaching signal to guide behavior during learning (Montague et al., 1996; Schultz et al., 
1997; Waelti et al., 2001). Very similar results were more recently obtained in rodents (Pan et 
al., 2005; Steinberg et al., 2013). In human subjects, DA neuronal activity cannot be measured 
directly, but changes in BOLD-levels in striatal and brainstem regions during presentation of 
rewards and punishments have been consistently reported (Pessiglione et al., 2006; O'Do-
herty et al., 2002; McClure et al., 2003). Patients with MDD or OCD show blunted activity to 
rewards and during reward anticipation (Greenberg et al., 2015; Figee et al., 2011; Jung et 
al., 2011; Marsh et al., 2015; Pizzagalli et al., 2009), suggesting that they show impairments in 
phasic DA reward processing. 



503280-L-bw-Klanker503280-L-bw-Klanker503280-L-bw-Klanker503280-L-bw-Klanker

11

G
eneral introduction and thesis outline

1

Deviations from the baseline level of DA may also be important during the reorganization 
of response patterns during adaptive behavior (Frank and Claus, 2006; Hong and Hikosa-
ka, 2011) . The presence or absence of DA may influence the effect of excitatory input from 
cortical or limbic regions to the striatum, which allows restructuring of neuronal networks 
that may be necessary for the reorganization of response patterns (Goto and Grace, 2005; 
Kelley et al., 2003; Hong and Hikosaka, 2011). Although the idea that DA facilitates cogni-
tive flexibility has already been proposed 30 years ago (Cools, 1980; van den Bos and Cools, 
1989; Oades, 1985), only a few reports on the measurement of extracellular levels of DA in the 
brain (reflecting DA release) are available. In addition, it is not well known how DA release in 
different subregions of the striatum alters during adaptive behavior. Ventromedial and dor-
solateral striatum receive input from separate cortical regions (Webster, 1961; McGeorge and 
Faull, 1989) and these parallel corticostriatal circuits are differently involved in the control of 
behavior (Voorn et al., 2004; Yin and Knowlton, 2006). 

Fast-scan cyclic voltammetry 
Studying the relation between release of neurotransmitters and specific behavioral events 
requires a detection method with sufficient time resolution. This enables the direct coupling 
of specific behavioral events or stimuli presented to fluctuations in neurotransmitter release. 
Fast-scan cyclic voltammetry (FSCV) is a neurochemical detection technique with a decent 
time resolution. It uses the redox-properties of molecules to detect changes in neurotrans-
mitters, allowing distinct measurements of release during separate behavioral events. A po-
tential is applied between a carbon fiber electrode (the working electrode) and an Ag/AgCl 
reference electrode. Every 100 ms (10 Hz scan rate), the potential is driven from -0.4 V to 1.3 
V and back in a triangular waveform. Molecules present in close proximity to the surface of 
the electrode will be oxidized and reduced at a specific potential, and plotting the applied 
potential versus the current that is measured will result in a cyclic voltammogram that can be 
used to identify the molecule of interest (Phillips et al., 2003; Millar et al., 1985). Because FSCV 
is a technique that requires background subtraction, it is most suited to track relative chang-
es in neurotransmitter concentration, but less suited to measure the absolute concentrations 
(Phillips et al., 2003; Robinson et al., 2003). 

The first aim of this thesis is to investigate the involvement of phasic DA in the striatum in the 
control of cognitive flexibility.

Deep Brain Stimulation
The studies described in the first part of this thesis investigate the neurobiology of adaptive 
behavior, which may ultimately enhance our understanding of the dysfunctions underlying 
cognitive disturbances in psychiatric disorders. The second part of this thesis explores the 
neurobiological and cognitive effects of a relatively new treatment option in psychiatry: 
Deep Brain Stimulation (DBS). DBS is a reversible neurosurgical intervention technique. One 
or two electrodes are implanted in the brain to deliver electrical pulses. Although it was 
originally developed for movement disorders, in recent years, DBS has been applied to psy-
chiatric disorders as well. Successful trials have been described for OCD and MDD (Denys et 
al., 2010; Greenberg et al., 2010; Mayberg et al., 2005). These studies suggest that DBS shows 
promising treatment effects in a group of patients that does not respond to other available 
treatment options. Although DBS can successfully reduce symptoms in approximately 50% 
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of treatment resistant patients, the working mechanisms of DBS for psychiatric disorders are 
not fully understood. 

For both MDD and OCD, successful remission of symptoms can be achieved with stim-
ulation in different target regions, with similar treatment effects. These target regions have 
in common that they are all part of the corticostriatal circuit. For OCD, targets include: the 
nucleus accumbens, ventral internal capsule/ventral striatum and subthalamic nucleus (De-
nys et al., 2010; Greenberg et al., 2010; Nuttin et al., 1999; Mallet et al., 2008), whereas for 
MDD stimulation of the nucleus accumbens, subgenual cingulate cortex, lateral habenula 
and medial forebrain bundle have resulted in symptom reduction (Malone, Jr. et al., 2009; 
Schlaepfer et al., 2008; Schlaepfer et al., 2013; Mayberg et al., 2005). DBS not only influences 
neural activity in the target region that immediately surrounds the electrode, but can also 
influence activity in distal regions (Mayberg et al., 2005; Figee et al., 2013; McCracken and 
Grace, 2007). These findings suggest that DBS can influence activity throughout a neural net-
work. Thus, it has been hypothesized that DBS may exert its treatment effect by ‘resetting’ 
dysfunctional activity throughout the corticostriatal circuit (Lujan et al., 2008; McIntyre and 
Hahn, 2010; Deniau et al., 2010; Anderson et al., 2012). 

Although we may have a general idea that DBS influences activity within a neural network, 
this still leaves the question of how this activity is modulated. Preclinical animal studies can 
be used to more directly study neurobiological effects of deep brain stimulation. One way 
by which deep brain stimulation may modulate activity within a neural network might be by 
influencing the release of neurotransmitters. 

The second aim of this thesis was to characterize the effect of DBS on phasic DA release by 
combining DBS with FSCV in awake rodents.   
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THESIS OUTlINE

PART I – Dopaminergic control of cognitive flexibility 

The first part of this thesis describes studies that were initiated to increase our insight in the 
neurobiological mechanisms underlying cognitive flexibility. 

Chapter 2 provides a general overview of the involvement of the dopamine system in cogni-
tive flexibility. This chapter summarizes a wealth of human and animal studies that have used 
genetic and pharmacological approaches to study the role of dopamine in adaptive behav-
ior, as well as the influence of these manipulations on neural activity during the execution of 
these tasks. Because cognitive inflexibility has been associated with obsessive-compulsive 
disorder, we examined whether this inflexibility in obsessive-compulsive disorder is associat-
ed with dopamine dysfunction in the second part of this chapter.  

Although studies using pharmacological and genetic techniques can provide a general idea 
of the role of dopamine in the regulation of adaptive behavior, these type of manipulations 
result in long-term changes in the dopamine system and thus cannot delineate fast changes 
in dopamine that occur in response to specific events when adapting an established behav-
ioral response. The two following chapters describe a set of experiments that were initiated 
to investigate the involvement of phasic dopamine in the control of cognitive flexibility. 
Specifically, we used fast-scan cyclic voltammetry to monitor phasic changes in dopamine 
release in the ventromedial and dorsolateral striatum whilst rats performed a reversal learn-
ing task. The use of this detection technique, with its high time resolution, allowed us to 
delineate changes in striatal dopamine release in direct relation to stimuli presented and 
behavioral actions. 

Dopamine in the striatum is central to reward-based learning. Less is known about the 
contribution of dopamine to the ability to adapt previously learned behavior in response to 
changes in the environment, such as a reversal of response-reward contingencies. Chapter 3 
describes how dopamine signaling in the ventral striatum changes when animals adapt their 
behavior in a reversal learning task. Rapid updating of information about response-reward 
contingencies is essential for successful adaptation of behavior during reversal learning. We 
therefore hypothesized that dopamine is involved in the rapid updating of response-reward 
information. Modelling studies propose that fast bidirectional fluctuations in striatal dopa-
mine immediately following positive and negative feedback are important for adaptation of 
behavior (Frank and Claus, 2006; Hong and Hikosaka, 2011). Therefore, we specifically looked 
at whether measurements of extracellular dopamine can indeed reflect the receipt of feed-
back on a trial-by-trial basis. 

A large body of work investigated dopamine release in the ventromedial striatum during 
reward-related learning and motivation, whereas relatively little attention was given to the 
dorsolateral striatum. Although there is evidence that dopamine in the dorsal striatum is also 
involved in the regulation of reward-related learning and cognitive flexibility (Faure et al., 
2005; Amalric and Koob, 1987; Beninger and Ranaldi, 1993; Robbins et al., 1990; Robinson 
et al., 2007; Cools et al., 2001a; Sawamoto et al., 2008; Clarke et al., 2011), it is not clear how 
phasic dopamine in the dorsal striatum is modulated during reward-related learning and 
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adaptation of behavior.  Dopamine release patterns are not uniformly broadcast throughout 
the entire striatum. Instead, there are regional differences in dopamine release in response 
to natural rewards and reward-related stimuli between separate striatal subregions (Willuhn 
et al., 2012; Brown et al., 2011; Shnitko and Robinson, 2015). We therefore expected to see 
different release patterns in the dorsolateral and ventromedial striatum. The study described 
in Chapter 4 describes phasic dopamine characteristics in the dorsolateral striatum during 
reversal learning with a direct comparison to the results of chapter 3. 
 

PART II – Deep brain stimulation in corticostriatal circuits – effects on dopamine and cog-
nition

The second part of this thesis contains two examples of how preclinical studies can be used 
to enhance our understanding of the working mechanism of deep brain stimulation. The first 
chapter investigates if deep brain stimulation can influence neurotransmitter release in the 
striatum. The second chapter investigates cognitive effects of deep brain stimulation in a 
potential novel target region.

Deep brain stimulation in the medial forebrain bundle was recently proposed as a novel target 
for deep brain stimulation in major depressive disorder. This target appears promising, as the 
antidepressant effect occurred rapidly after onset of stimulation and applying a low current 
was sufficient to reach treatment effect. The authors of this clinical report hypothesized that 
recruitment of the dopamine system may contribute to the anti-depressant effect of medial 
forebrain bundle stimulation (Schlaepfer et al., 2013; Schlaepfer et al., 2014). Although older 
studies suggest that brief stimulus trains can induce striatal dopamine release (Gratton et al., 
1988; Nakahara et al., 1989; Young and Michael, 1993; Owesson-White et al., 2008; Hernandez 
et al., 2006; Garris et al., 1997), the effect of continuous stimulation with clinically relevant 
stimulation parameters on striatal dopamine release in freely moving rodents had not been 
described before. Thus, we set up an experiment to directly test if deep brain stimulation of 
the medial forebrain bundle influences dopamine release dynamics in the striatum. Chapter 5 
describes the results of this experiment. 

In Chapter 6, the cognitive effects of deep brain stimulation in the orbitofrontal cortex are 
explored. Patients with obsessive-compulsive disorder show hyperactivity in the orbitofron-
tal cortex in rest and during provocation of symptoms. This hyperactivity is normalized after 
pharmacological or behavioral therapy (Nakao et al., 2005; Saxena et al., 1999) and following 
deep brain stimulation, suggesting that modulation of activity in the orbitofrontal cortex is 
an important component in the successful treatment of obsessive-compulsive disorder. Pre-
liminary results suggests that deep brain stimulation in the orbitofrontal cortex can rescue 
compulsive behavior in a mouse homolog of obsessive compulsive disorder (de Haas, 2012). 
We used a cognitive task that depends on integrity of the orbitofrontal cortex to test the 
cognitive consequences of stimulation in this region. 

In final Chapter 7, the main results of each of the above chapters are summarized, followed 
by a general discussion and suggestions for future research. 
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