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SUMMARy

Dopaminergic control of cognitive flexibility

Chapter 2 provides a general overview of the involvement of the dopamine (DA) system in 
cognitive flexibility. This chapter summarizes how the DAergic system may contribute to the 
regulation of cognitive flexibility in both humans and animals. A range of genetic and phar-
macological studies in humans and animals indeed provide evidence for a role of DA in the 
control of different facets of cognitive flexibility, including reversal learning. These studies 
suggest that behavioral adaptation is facilitated by deactivation of striatal D2 receptors and 
that acquisition of the ‘new’ behavioral response is facilitated by striatal D1 activation. What 
also becomes apparent, however, is that although DA facilitates adaptation of behavior, it may 
not be essential. The ability to successfully shift behavior following changes in reinforcer con-
tingencies is impaired, but not completely absent following manipulations to the DA system. 

Although patients with obsessive-compulsive disorder (OCD) do not always show im-
paired performance (accuracy) on cognitive flexibility tasks, they show altered activity pat-
terns during task execution. Altered DA signaling is a potential contributor to changes in 
corticostriatal activity during cognitive processing in OCD patients. 

In Chapter 3, we described how DA signaling in the ventromedial striatum (VMS), a striatal 
subregion that receives projections from limbic brain regions, changes when animals adapt 
their behavior in a reversal learning task. Successful adaptation of behavior following rever-
sal requires the ability to implement a change in behavioral strategy based on reinforcing 
feedback. We hypothesized that DA would be involved in the rapid updating of response-re-
ward information essential for successful reversal learning. We showed that during the 
modification of an established response preference, DA signaling in the VMS rapidly adapts 
to reversed response-reward contingencies. Phasic DA selectively reflected the receipt of 
positive, but not negative feedback. 

In addition, we showed that individual differences in the performance of task execution 
could be related to differences in striatal DA signaling: Animals that reversed their respond-
ing faster showed an effect of positive feedback on cue-evoked DA release, whereas this 
was absent in animals that did not learn to reverse their behavior. This DA signal following 
positive feedback may support the stabilization of adaptive behavior. Overall, these findings 
suggest that DA is a neural correlate that facilitates the adaptation of established behavior. 
 
In Chapter 4 we extended these findings by reporting DA changes in reversal in a different 
striatal region: The dorsolateral striatum, a striatal subregion that receives projections from 
sensorimotor brain regions. Together with our previous results obtained in the VMS (Chapter 
3), these findings reveal distinct phasic DA release patterns during adaptation of established 
behavior in these striatal subregions. Whereas the VMS DA signal rapidly adapted to a rever-
sal of response-reward contingencies, DLS DA release patterns did not, but instead remained 
stable. The receipt of positive feedback was reflected in the VMS DA signal, whereas trial out-
come was not reflected in the DLS DA signal. These findings suggest that during behavioral 
adaptation in reversal learning, VMS DA may facilitate behavioral adaptation, whereas DLS 
DA reflects a action signal independent of outcome. This DLS signal, may enable initiation 
and execution of previously learned operant responses or the motivation to perform them.
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Effects of deep brain stimulation on dopamine release and cognition

Chapter 5 reports for the first time the feasibility of combining deep brain stimulation (DBS) 
with measurements of phasic DA release in awake, freely moving rodents. We described 
the effect of DBS of in the medial forebrain bundle/ventral tegmental area, a target area for 
DBS in depression, on DA release in the VMS. Onset of deep brain stimulation in this area 
induced an increase in DA release in the striatum that was sustained for at least 40 seconds. 
Next to this immediate effect of DBS onset, we looked at the effect of continued stimulation 
on phasic DA release dynamics. The amplitude and frequency of spontaneous fluctuations 
in striatal DA concentration (transients) were not influenced by ongoing stimulation. MFB 
DBS also did not influence reward-evoked DA release. Together, these findings suggest that 
onset of DBS in the MFB/VTA region with clinically relevant stimulation parameters induces 
DA release, but that continued stimulation in this region does not modify spontaneous or 
reward-induced phasic DA dynamics in the VMS of normal rats. 

In Chapter 6, we investigated the cognitive effects of DBS in the orbitofrontal cortex (OFC). 
The orbitofrontal cortex could be hypothesized as a target for DBS, provided stimulation in 
this area does not induce adverse side effects. Here, we report that DBS of the lateral OFC 
impairs cognitive flexibility in a spatial reversal learning task. After reversal, stimulated rats 
showed (transient) perseverative responding to the previously rewarded lever, suggesting 
that behavioral inflexibility increases after OFC stimulation. These findings showed that DBS 
in the OFC may induce unwanted side effects in disorders with behavioral inflexibility as a 
core symptom. 
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GENERAl DISCUSSION

PART I –Dopaminergic control of cognitive flexibility

Cognitive flexibility is the ability to adapt goal-directed behavior to changes in the environ-
ment. This ability is an important component of everyday life and allows us to adapt our be-
havior when circumstances demand this. This type of behavior requires integrity of corticos-
triatal circuits that consist of reciprocal connections between cortex, striatum and thalamus. 
Several neurological and psychiatric disorders are characterized by dysfunctional activity in 
corticostriatal circuits, resulting in behavioral inflexibility or rigidity (Remijnse et al., 2013; 
Millan et al., 2012; Cools et al., 2001; Chamberlain et al., 2008). Thus, studying the underlying 
neurobiological mechanisms of cognitive flexibility will not only increase our understand-
ing of our everyday functioning, but may also provide an indication of the neurobiological 
changes underlying psychiatric symptoms 

Dopaminergic control of cognitive flexibility
Imaging studies from human subjects and lesioning studies in experimental animals showed 
the importance of connections between prefrontal regions and the striatum in the regula-
tion of adaptive behavior: Connections between orbitofrontal cortex (OFC) and ventral or 
medial parts of the striatum are implicated in reversal learning (Ghahremani et al., 2010; Bel-
lebaum et al., 2008; Castane et al., 2010; Clarke et al., 2008; Dias et al., 1996a; McAlonan and 
Brown, 2003; Divac, 1971; Rogers et al., 2000), whereas the connections between dorsolateral 
prefrontal regions (or the medial PFC in rodents which is in this task functionally equivalent) 
and more dorsal striatal areas are important for set- and task switching performance (Dias et 
al., 1996a; Dias et al., 1996b; Ragozzino, 2007; Graham et al., 2009; Owen et al., 1991; Manes et 
al., 2002; Sohn et al., 2000; Birrell and Brown, 2000). Because these circuits show consistent 
similarities between primates and rodents (Mailly et al., 2013), translational research can pro-
vide more information about the neurobiological substrates of cognitive flexibility. 

Dopamine (DA) is an important neuromodulator that regulates activity in corticostriatal 
circuits.  In Chapter 2 we reviewed the available literature that has investigated the contribu-
tion of DA in regulating cognitive flexibility. The combined evidence from human and animal 
studies suggest that DA is indeed actively involved in the performance of tasks requiring 
cognitive flexibility: task performance is associated with increased DA release and is impaired 
by DA depletion. In addition, pharmacological interference with DA transmission can influ-
ence task performance and activity in corticostriatal circuits. Similarly, human studies sug-
gest the influence of genes affecting DA function on activity in ventral striatal regions and 
connectivity between PFC and ventral striatum during reversal learning. Thus, findings from 
both human and animal studies suggest that DA in ventral regions of the striatum contrib-
utes to reversal learning, whereas DA in more dorsal striatal regions may be more important 
for cognitive flexibility tasks with a higher order complexity, such as attentional set shifting 
and task switching.

Both DA receptor types (D1 and D2 receptors) contribute and appear to be cooperatively 
involved in discrimination learning and the flexible adaptation of behavior. Inactivation of D2 
receptors may allow switching of behavioral patterns whereas disturbed signaling through 
D2 receptors may impair cognitive flexibility by reducing the ability to use negative feedback 
(Frank et al., 2007). Thus, the ability to use negative feedback may support successful adapta-
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tion of behavior by allowing switching of behavioral response patterns. In contrast, whereas 
DA signaling through D1 receptors may not be essential for switching of behavior, animal 
studies suggest that activation of D1 receptors contributes to the acquisition and consoli-
dation of a new response, also when acquisition follows a reversal (e.g. (Yawata et al., 2012)), 
which might be related to the role of D1 receptors in learning from positive feedback (Frank 
et al., 2007). Thus, the ability to use positive feedback may support successful adaptation of 
behavior by consolidating responses to the newly rewarded site. Both facilitation of behav-
ioral adaptation by deactivation of striatal D2 receptors and facilitation of the acquisition of 
the ‘new’ behavioral response by striatal D1 activation suggest the importance of biphasic 
fluctuations in striatal DA levels when adapting response patterns.

Although these findings from human and animal studies suggests that DA in striatal regions 
indeed contributes to the regulation of cognitive flexibility, there are some points requiring 
further attention: 

1. Characterization of phasic DA release patterns during reversal learning
Various manipulations show the involvement of DA in reversal learning, but most use ma-
nipulations that affect the DA system are long-term (i.e., will affect fast and slow changes in 
DA concentration). There have been surprisingly few studies that investigated the release 
during task execution and it is still an outstanding question how phasic DA changes during 
behavioral adaptation, e.g. reversal learning. Thus, we used a detection technique with suffi-
cient time resolution to directly monitor fast changes in DA that occur in response to specific 
events when adapting an established behavioral response. Moreover, this allows direct test-
ing of the hypothesis that biphasic fluctuations in DA might be important during behavioral 
adaptation (i.e. whether the receipt of positive and negative feedback are indeed reflected 
in a biphasic DA signal).  

2. Differences between striatal regions
It is not well known how DA release in different subregions of the striatum alters during adap-
tive behavior. Both ventral and dorsal striatal regions have been linked to cognitive flexibility. 
However, ventromedial and dorsolateral striatum receive input from separate cortical re-
gions (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). 
Moreover, DA release patterns are not uniformly broadcast throughout the entire striatum, 
but show regional differences in response to natural rewards and reward-related stimuli 
(Brown et al., 2011; Cacciapaglia et al., 2012; Shnitko and Robinson, 2015; Willuhn et al., 2012). 
This may be related to differences in origin, synaptic input and intrinsic properties of the DA 
neurons (see below). Comparing DA release patterns in the ventromedial and dorsolateral 
striatum during reversal learning can indicate how DA release in different striatal subregions 
contributes to adaptive behavior. 

3. Relate performance to DA release patterns
Human studies have particularly shown the importance of individual differences in the DA 
system. Individual differences in DA synthesis capacity influence both task performance and 
effects of manipulations to the DA system in different types of flexibility. This type of approach 
can also be used in animal research, for example by investigating if there is a relation between 
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the amount of DA release or the pattern of DA release and performance of reversal learning. 
By linking behavioral performance to DA release patterns, we can use variation within a nor-
mal population to study neurobiological correlates that contribute to reversal learning.

Studying the neurobiology underlying cognitive flexibility 
In the first part of this thesis, we initiated two experiments to further unravel the neurobiology 
underlying cognitive flexibility. In these experiments, we used a spatial reversal learning task 
designed to measure cognitive flexibility (De Bruin et al., 2000). In this task, rats learned that a 
lever press on one side was always rewarded, whereas a lever press on the other side was nev-
er rewarded. The rewarded side was not cued to the animals (cue lights were only presented 
to indicate trial onset), thus the rats had to use feedback to learn which side was rewarded. 
After learning this discrimination, a reversal was presented - the previously rewarded side 
was now unrewarded whereas the previously unrewarded side was rewarded. This reversal 
occurred within a session, and was not cued. Rats thus had to use the change in reinforcing 
feedback to adapt their behavior: Use negative feedback to inhibit a previously rewarded 
response and to use positive feedback to adapt behavior to the newly rewarded side. 

As mentioned previously, performance of reversal learning and execution of other motivat-
ed behavior relies on integrity of corticostriatal circuits. These circuits consist of converging 
input from different cortical areas and midbrain DA neurons to projection neurons in the 
striatum. Although this converging input is a universal organizational principle throughout 
the striatum, there are some distinctions between striatal subregions. Thus, ventromedial 
striatum (VMS) and dorsolateral striatum (DLS) receive input from separate cortical regions 
and distinct DAergic nuclei. Whereas the VMS receives DAergic input from the ventral teg-
mental area (VTA), projections to the DLS originate in the substantia nigra (SN) (Bjorklund 
and Dunnett, 2007; Beckstead et al., 1979). These DA cell groups are differently innervated 
by afferent input from other regions (Watabe-Uchida et al., 2012) and show different intrinsic 
properties (Lammel et al., 2008), which results in heterogeneous responses to rewards and 
reward-predicting stimuli (Bromberg-Martin et al., 2010; Lerner et al., 2015). In addition, the 
projections from cortical regions to the striatum are organized topographically: limbic re-
gions innervate the VMS, whereas sensory and motor regions innervate the DLS (Webster, 
1961; McGeorge and Faull, 1989). These different innervation patterns, as well as other local 
differences (see Chapter 4) can induce different DA release patterns between striatal regions 
during the execution of goal-directed behavior (Brown et al., 2011; Cacciapaglia et al., 2012; 
Shnitko and Robinson, 2015; Willuhn et al., 2012). Thus, to compare DA release patterns in 
different striatal subregions, we performed DA measurements in both VMS and DLS.

Ventromedial striatum
Chapter 3 describes phasic DA release patterns in the VMS during reversal learning. The VMS 
thought to be involved in motivation and reinforcement for natural rewards (Kelley, 2004). 
Receiving input from various brain areas implied in cognition, memory, emotional behavior 
and learning (i.e. prefrontal cortex, hippocampus, amygdala and mediodorsal thalamus) 
(Kelley, 2004), this area seems well positioned to function as a relay station where input from 
different modalities (cognitive, affective and sensory) is put into behavioral actions (Mogen-
son et al., 1980). 
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Phasic DA patterns in the VMS rapidly reflected a reversal of response-reward contingencies. 
During successful responding in the discrimination phase (before reversal), cue presentation 
(indicating trial onset) induced phasic DA release, whereas reward delivery did not. Thus, 
VMS DA did not reflect the receipt of positive or negative feedback (i.e. presence or absence 
of a sucrose pellet). Moreover, the receipt of positive or negative feedback did not influence 
cue-evoked DA signaling on the trial that followed, suggesting that when performing a well 
learned discrimination (i.e. an established behavioral response pattern), the cue-evoked DA 
signal might induce incentive motivation and promote behavioral actions irrespective of trial 
outcome (Flagel et al., 2011; Wise, 2004; Berridge et al., 2009).  

During adaptation of choice behavior following reversal of response-reward contin-
gencies, DA release patterns changed: reward delivery now evoked DA release, whereas 
cue-induced DA was temporarily lower. During reversal learning, we saw a selective effect of 
positive, but not negative feedback on DA release. The selective effect of positive feedback 
on DA release was twofold: 1) direct receipt of positive feedback induced DA release when 
reward was unexpected, and 2) receipt of positive feedback was immediately reflected in the 
cue-evoked signal on subsequent trials. In contrast, absence of reward in the initial incorrect 
trials after reversal (negative feedback) did not induce a decrease in DA signaling and did not 
affect cue-evoked DA on subsequent trials. Such a decrease was only detected across the 
entire reversal session, suggesting that this effect develops slowly or that the decrease in DA 
after reward omission is relatively small, requiring a larger number of trials to be detected. 
Although pauses in DA neuronal firing rate following omission of expected rewards have 
been repeatedly reported in rats and primates (Pan et al., 2005; Schultz et al., 1997), reports of 
corresponding decreases in extracellular DA concentrations have been inconsistent (Owes-
son-White et al., 2008; Stuber et al., 2005; Sunsay and Rebec, 2014; Hart et al., 2014). Although 
studies using aversive stimuli suggest that FSCV can report decreases in DA concentration 
(Roitman et al., 2008; Oleson et al., 2012), this technique may not sensitive enough the record 
a small decrease in extracellular DA that results from a pause in DA neuron firing on a single 
trial basis, whereas such a decrease may be sufficient to change receptor binding and have 
downstream effects. It is also possible that more experience with a non-rewarded outcome is 
necessary to counteract an already established learned association. A final possibility is that 
an independent, non DAergic system codes for negative reward prediction errors (Bayer and 
Glimcher, 2005; Daw et al., 2002). 

An interesting finding was that variation in the cue-evoked DA response exclusively 
following positive feedback predicted individual differences in performance of reversal 
learning: Animals that were faster to reverse their responding showed an effect of positive 
feedback on subsequent cue-evoked DA signal, whereas this was absent in animals that 
were slower to reverse their behavior. Together, this suggests that the modification of es-
tablished behavior is facilitated by updating cue-evoked DA release as a consequence of 
positive feedback. Reward-induced DA release following the first couple of responses on the 
newly rewarded side could drive learning about the newly reinforced response, whereas the 
subsequent feedback-induced increase in cue-evoked DA may help to sustain motivation to 
regularly sample and consolidate responding to the newly rewarded side. It is still an open 
question whether these phasic increases following positive feedback indeed effect behav-
ioral output exclusively through D1 receptor mediated signaling, as proposed by modeling 
studies (Hong and Hikosaka, 2011; Frank and Claus, 2006); see also Chapter 2). 
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Dorsolateral striatum
The dorsolateral striatum (DLS) receives input from sensorimotor cortex and has long been 
associated with stimulus-response learning. The DLS is not just involved in the acquisition and 
performance of operant actions and habit formation (Faure et al., 2005; Amalric and Koob, 1987; 
Beninger and Ranaldi, 1993; Robbins et al., 1990; Robinson et al., 2007), but also in cognitive 
flexibility (Chamberlain et al., 2008; Sawamoto et al., 2008; Clarke et al., 2011; Cools et al., 2001).

In the DLS, DA release was not associated with task-related events, such as a presentation 
of a cue signaling reward availability. Cue-evoked DA release was small, whereas pronounced 
DA release was seen around the time of lever press, both on rewarded and non-rewarded 
trials. This was not an increase associated with motor responses in general, but occurred selec-
tively during a learned operant response initiated to obtain a reward. DA release patterns did 
not change following a reversal of response-reward contingencies: DA to cue presentation re-
mained small, whereas DA release increased around the time of lever press. Increased release 
around the time of lever press may enable initiation and execution of an operant response that 
was previously learned, or provide the motivation to initiate such responses (Howe et al., 2013). 

Together with the results from the VMS, these findings suggest that DA may be a neural 
correlate that facilitates the modification of established behavior. The VMS DA signal, which 
rapidly adapts to reversal response-reward contingencies and is sensitive to positive feed-
back, may provide a teaching signal and represent motivational properties of the stimulus 
to promote reward seeking actions (Flagel et al., 2011; Montague et al., 1996; Schultz et al., 
1997; Steinberg et al., 2013; Waelti et al., 2001; Berridge et al., 2009). In contrast, the stability 
of DLS DA patterns during adaptation of behavior suggests that DLS DA is not consistent 
with a teaching signal, but instead is associated with the execution of operant responses or 
the motivation to perform them (Howe et al., 2013), and may encode the value of an operant 
response (Yin et al., 2008). The observed differences between DLS and VMS DA dynamics 
during the performance of behavior are consistent with the suggested dissociation between 
the involvement of sensorimotor circuits (associated with the DLS) and limbic circuits (asso-
ciated with VMS or medial striatum) in the control of behavior (Voorn et al., 2004; Yin and 
Knowlton, 2006). The DLS and its associated circuitry are essential to initiate an action that 
is driven by a reward-related stimulus, whereas limbic circuitry is associated with learning 
about the relation between expected and received rewards following a certain response and 
the stimuli predicting reward (Corbit and Janak, 2007; Yin et al., 2008). However, these circuits 
do not act in complete isolation. Instead, it is thought that limbic circuitry can influence the 
sensorimotor system through a series of connections between striatal projection neurons 
and the DA system (Haber et al., 2000; Nauta et al., 1978). This serial connectivity enables the 
interaction between striatal subregions, and may be the neural substrate that enables the 
integration of motivation and motor outcomes (Haber et al., 2000).  

Future studies 
One way to extend the type of experiments described in this thesis would be the use of 
chronically implanted recording electrodes (Clark et al., 2010). Chronically implanted record-
ing electrodes allow monitoring of the same animal over an extended period of training 
allowing long term characterization of DA release patterns. This can be used to investigate 
whether individual differences in DA release during early learning stages (e.g. during lever 
press training) can be related to performance (and DA release) during later stages (e.g. during 
multiple reversals). For example, although we did not observe any differences in DA release 
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between learners and non-learners during performance of a well learned discrimination, we 
cannot exclude that they may have shown different DA release patterns during initial lever 
press training. Moreover, long term measurements would allow measurements in multiple 
striatal subregions in the same animal, to investigate if non-learners also show different re-
lease patterns in the DLS. 

Another question apparent from our results is – can we improve reversal learning in ani-
mals that perform poorly? For example, would an additive positive feedback signal help the 
non-learners to adapt behavior faster, and similarly, would inhibition of the positive feedback 
signal impair performance in animals that have learned the reversal? The DA response to pos-
itive feedback appeared to be intact in non-learners: reward-induced DA release on the first 
couple of trial after reversal was similar between learners and non-learners. However, cue-
evoked DA signaling on the trial that followed positive feedback was not updated in these 
animals. Brief electrical stimulation of the VTA induces transient VMS DA elevations and can 
trigger lever press responding (Phillips et al., 2003), and phasic optogenetic activation of DA 
neurons can increase approach behavior (Ilango et al., 2014). Thus, perhaps an artificial boost 
of VMS DA activity during cue presentation may help the non-learners to reverse faster.

Optogenetic studies showed that selective activation of DA neurons (mimicking a posi-
tive feedback signal) is sufficient to sustain operant responding (Kim et al., 2012; Witten et al., 
2011) and mediates reversal of reward-seeking behavior (Adamantidis et al., 2011). However, 
in this group, 25% of animals did not reverse responding, even though they appeared to have 
sampled the newly reinforced side receiving direct activation of DA neurons (Adamantidis et 
al., 2011). Thus, sufficient experience with the newly rewarded response may be needed to 
consolidate responding. Moreover, it is possible that although phasic DA release following 
reward delivery (or induced DA release) is similar between learners and non-learners, the 
downstream effects of this phasic DA increase to reward differs. A phasic increase of DA in stri-
atal regions is thought to selectively strengthen input of particular cortical or limbic afferents 
onto striatal medium spiny neurons, supporting the association between specific sensory 
events and behavioral responses (Kelley et al., 2003; Schultz, 2002) allowing reorganization 
of response patterns during adaptation of behavior (Goto and Grace, 2005; Kelley et al., 2003; 
Hong and Hikosaka, 2011). It is therefore possible that even though learners and non-learners 
show similar DA release to (unexpected) reward delivery in the initial correct trials after rever-
sal presentation, they may different activity in the cortical or limbic afferents to the striatum 
(see also section PFC-DA interactions below), resulting in different response patterns. 

A last line of further research would be the use of cognitive flexibility tasks that reflects 
a higher order level of processing, such as attentional set shifting or task switching (Monsell, 
2003; Sohn et al., 2000; Rogers et al., 2000; Birrell and Brown, 2000). As described in Chapter 
2, these paradigms rely on connections between more dorsal striatal regions and dorsolat-
eral prefrontal cortex DA in striatal subregions may be differently involved in the regulation 
of these types of flexibility. Moreover, OCD patients show impaired performance during task 
execution in these tasks in combination with altered functional activity in more dorsal striatal 
regions and associated cortical regions (Remijnse et al., 2013; Gu et al., 2008; Page et al., 2009); 
see also Chapter 2), thus, studying DA release VMS and DLS in these types of paradigms may 
provide more information on the neurobiological basis of these impairments. Attentional 
set-shifting and task switching can be successfully implemented in rodent research (Haluk 
and Floresco, 2009; Leenaars et al., 2012; Birrell and Brown, 2000). Thus, combining these 
behavioral paradigms with DA measurements in VMS and DLS, as described for reversal 



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

148

7

learning, may enhance understanding of the potential differences in DA regulation in rever-
sal learning versus higher order flexibility tasks.   

PFC-DA interactions and relevance for psychiatric disorders
Both MDD and OCD are characterized by disturbances in prefrontal cortical areas and con-
nected striatal regions (Mayberg, 1997; Menzies et al., 2008; Harrison et al., 2009).  In addition, 
both disorders may be associated with disturbances in the DA system (Kapur and Mann, 
1992; Russo and Nestler, 2013; Denys et al., 2004b), albeit in opposite fashion. Whereas MDD 
(or anhedonia in MDD) is associated with reduced DA function, OCD has been linked to DA 
hyperactivity. In addition, both MDD and OCD patients 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 also show impairments in phasic DA 
reward processing. An open question is whether this dysregulation in DAergic function is a 
primary dysfunction or whether it is secondary to the hyperactivity in cortical regions. More-
over, it is incompletely understood how disturbances in prefrontal activity can influence DA 
signaling, for example in relation to reward-related learning. 

A recent study described that increased excitability of the medial prefrontal cortex (mPFC) 
reduces striatal BOLD responses to stimulation of DA neurons (Ferenczi et al., 2016). Moreover, 
this manipulation of mPFC activity (modeling hyperactivity observed in MDD) induced anhe-
donic behavior and attenuated conditioned place preference that was induced by stimulation 
of DA neurons. These findings suggest that the mPFC may interact with DA input to the stria-
tum, affecting reward-related behavior (Ferenczi et al., 2016). Moreover, Jo & Mizumori (2015) 
recently showed that inactivation of mPFC activity not only reduces spontaneous activity of 
VTA DA neurons, but also enhances phasic DA activity to reward-related cues. Extending these 
types of studies that combine manipulations of mPFC activity with measurements of either 
DA neuronal activity or phasic DA release patterns, may provide more information about the 
relation between mPFC hyperactivity and reward-related DA function relevant for MDD.  

In relation to OCD, it would be interesting to further investigate the link between OFC 
and DA. OCD patients show hyperactivity in the OFC during rest and symptom provocation 
(Nakao et al., 2005; Saxena et al., 1998). The OFC is thought to code the value of expected out-
comes (Schoenbaum et al., 1998; Wallis and Miller, 2003; Tremblay and Schultz, 1999; Taka-
hashi et al., 2009). Thus, disturbed activity in this region may influence the capability to learn 
from differences between actual and expected outcomes (Takahashi et al., 2009), resulting in 
reward dysfunction (Figee et al., 2011) and altered adaptive behavior in OCD patients (Remi-
jnse et al., 2009). Because the OFC innervates both the striatum (Schilman et al., 2008; Haber 
et al., 1995) and the VTA (Watabe-Uchida et al., 2012), it has the potential to interact with the 
DA system both on the level of the cell bodies, and locally in the projection regions. Thus, 
OFC projections to the striatum may provide a top-down influence on response selection 
processes (Frank and Claus, 2006), whereas projections from the OFC to VTA DA neurons 
may influence phasic DA responses related to reward (Schoenbaum et al., 2009). In fact, OFC 
might be one of the afferents that provide VTA DA neurons with information necessary to 
calculate differences between expected and received rewards resulting in the phasic DA 
teaching signals necessary to guide behavior (Schoenbaum et al., 2009). Indeed, lesions and 
temporal activation of the OFC not only influence spontaneous activity of VTA DA neurons, 
but also attenuates phasic DA responses to unexpected rewards and reward-related cues 
(Takahashi et al., 2011; Jo and Mizumori, 2015).  
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Together, these findings suggest that interactions between prefrontal regions and the 
DA system may be important for the regulation of reward-related behavior. Increased un-
derstanding about the interaction between different regions of the corticostriatal circuits 
during reward-related learning and adaptation of response behavior is relevant, not only to 
provide insight into the neural mechanisms underlying maladaptive behavior in psychiatric 
disorders, but also to understand our everyday behavior. 

PART II – Deep Brain Stimulation in corticostriatal circuits – effects on dopamine and cog-
nitive flexibility

Corticostriatal circuits consist of reciprocal connections between cortex, striatum and thala-
mus and regulate motivation and goal-directed behavior. Patients with psychiatric disorders, 
such as major depressive disorder (MDD) and obsessive-compulsive disorder (OCD), show 
structural and functional changes in these circuits, which may underlie the core symptoms of 
these disorders (Mayberg, 1997; Harrison et al., 2009; Menzies et al., 2008). First-line treatment 
of these disorders is the use of behavioral or pharmacological therapies (or a combination 
of both) and successful symptom reduction using these conventional treatments results in 
normalization of dysfunctional activity in corticostriatal circuits (Saxena et al., 1998; Mayberg 
et al., 2000; Nakao et al., 2005). Approximately 30% of MDD (Rush et al., 2006) and 10% of OCD 
patients (Denys, 2006) do not respond to the standard treatment options available. In this 
group of treatment-resistant patients, DBS appears to be a promising approach. Clinical stud-
ies investigating DBS in psychiatry report response rates of 50% (or higher) in MDD and OCD 
patients that were otherwise not responsive to treatment. Successful symptom reduction 
can be achieved with stimulation in different target regions within corticostriatal circuits. 
Such stimulation does not only affect neural activity in the target region immediately sur-
rounding the electrode, but also affects activity in distal regions (Mayberg et al., 2005; Figee 
et al., 2013). Thus, it appears that DBS can modulate activity throughout a neural circuit and 
may exert its treatment effect by normalizing the aberrant network activity underlying MDD 
and OCD symptoms (Anderson et al., 2012; Lujan et al., 2008; Deniau et al., 2010; McIntyre and 
Hahn, 2010). However, it is not yet understood which specific physiological effects of DBS are 
responsible for the changes in network activity and result in successful treatment. Preclinical 
animal studies have been initiated to increase our understanding of the physiological effects 
of DBS. The use of animals permits direct measurement of neural activity and neurotrans-
mitter release following DBS in homologous regions to those used in patient groups. Studies 
reporting the effects of DBS on neurotransmitter release in clinical conditions are rare. Yet, 
some of those studies suggest that DA release may indeed be altered by DBS (Figee et al., 
2014; Nimura et al., 2005; Kuhn et al., 2012). One of the main advantages of animal DBS re-
search is the possibility to perform invasive measurements in both normal and pathological 
conditions (Feenstra and Denys, 2012). Moreover, using these measurements in freely mov-
ing animals allows studying effects of DBS in different cognitive and behavioral paradigms. 

Acute effects of DBS on neurotransmitter release
Stimulation of the superior branch of the medial forebrain bundle (MFB) was recently in-
troduced as a novel target for DBS in MDD (Schlaepfer et al., 2013; Schlaepfer et al., 2014). 
This target appears promising, as the antidepressant effect occurred rapidly after onset of 
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stimulation and applying a low current was sufficient to reach treatment effect. With connec-
tions to all previously described target sites, the MFB is well positioned to influence activity 
throughout corticostriatal networks (Dobrossy et al., 2015; Coenen et al., 2011). The authors of 
this clinical study specifically hypothesized that dopamine (DA) release in the cortex and stria-
tum might contribute to the treatment effect observed. In chapter 5 we directly investigated 
this hypothesis by measuring DA release in the striatum during MFB DBS. Previous preclinical 
studies had already shown that DBS in the MFB/VTA reduces depressive symptoms in animal 
models of depression (Bregman et al., 2015; Furlanetti et al., 2015a; Edemann-Callesen et al., 
2015; Friedman et al., 2009) and that continuous DBS in this region does not have adverse ef-
fects (Furlanetti et al., 2015b). Onset of MFB DBS induced DA release in the striatum that last-
ed for at least 40 seconds. However, our recording equipment did not enable us to measure 
whether DA elevation is sustained beyond these 40 seconds, throughout the stimulation pe-
riod, or gradually diminishes over time. Alternatively, the use of other detection techniques, 
such as microdialysis and fast-scan adsorption voltammetry (Atcherley et al., 2015)not to be 
mistaken for the here used fast-scan cyclic voltammetry) allows monitoring of longer lasting 
changes in DA concentration. However, as the effects of DBS onset might be small, and the 
duration of the increase is unknown, the time resolution of these measurements should be 
sufficiently short (i.e. 1-5 min samples) to be able to detect whether the increase is sustained 
over a longer time period or fluctuates. Because of its better chemical selectivity, the use of 
microdialysis would also allow the monitoring of changes in other neurotransmitters, such 
as serotonin or noradrenaline as well as measuring release in other brain regions, such as the 
prefrontal cortex. Future studies with these techniques will shed light on the more long term 
effects of DBS on DA release. 

Another outstanding question is how DBS causes DA release to be elevated. Electrical 
stimulation can directly influence activity of DA neurons, resulting in DA release in projection 
regions (Garris et al., 1997; Hernandez et al., 2006; Nakahara et al., 1989; Young and Michael, 
1993). However, direct activation of DA axons with the stimulus parameters used in DBS (high 
frequency, low pulse width) may not be the reason for the DBS-induced elevation of DA re-
lease (Yeomans et al., 1988; Yeomans, 1989). Axons of DA neurons are unmyelinated and may 
require longer pulse widths (or higher currents) for direct activation (Yeomans et al., 1988; 
Yeomans, 1989). Because DA neurons encompass only a small fraction of all fibers present in 
the MFB, it is possible that MFB DBS directly activates other fibers which may in turn result in 
indirect activation of the DA system. Schlaepfer et al (2013; 2014) hypothesized that indirect 
activation of the DA system may result from recruitment of glutamatergic fibers that origi-
nate in the PFC and project to DA neurons in the VTA. DA neurons receive direct input from 
PFC regions (Sesack and Pickel, 1992; Frankle et al., 2006; Watabe-Uchida et al., 2012; Beier et 
al., 2015) and manipulating mPFC activity affects both spontaneous and burst firing of VTA 
DA neurons (Lodge, 2011; Jo et al., 2013; Jo and Mizumori, 2015). The idea that modulation of 
PFC activity can induce DA release is particularly attractive as normalization of PFC activity 
is associated with successful treatment effects for MDD (Mayberg et al., 2000). Moreover, a 
recent study reported that increased excitability of the mPFC (modeling hyperactivity ob-
served in MDD) interacts with DA input at the level of the striatum (Ferenczi et al., 2016). 
Thus, a future study may investigate whether modulation of PFC activity during MFB DBS is 
responsible for the increase in DA release to DBS onset. Indeed, pharmacological manipula-
tion of PFC activity can influence striatal DA through the VTA (Karreman and Moghaddam, 
1996) and it was recently shown that selective activation of prefrontal terminals in the VTA 
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can induce a small increase in striatal DA release (Kim et al., 2015). Manipulating activity in 
the PFC long term (by lesion or pharmacological inhibition) may provide a general indication 
of whether the PFC is involved in the induction of DA release following DBS onset. Howev-
er, these manipulations affect all PFC efferents, making it difficult to determine the specific 
projections responsible for any possible effect. Optogenetics or pharmacogenetics may be 
used to specifically silence excitatory input from the prefrontal cortex to DA neurons in the 
ventral tegmental area during the onset of MFB DBS. The benefit of this approach would be 
the superior selectivity of manipulation of the projection of interest.

Does elevated DA contribute to treatment effects of DBS?
As mentioned above, the way in which DBS exerts its treatment effects are incompletely 
understood. Although we showed that MFB DBS acutely elevates DA in the striatum, does 
this also imply that DA contributes to the treatment effect of DBS in MDD (and OCD)? In this 
section, we explore some options to further investigate the contribution of DA to the treat-
ment effect of DBS in psychiatry. 

Chapter 5 described the acute effect of DBS on DA release for a short period after onset of 
stimulation. As already mentioned above, the use of other detection techniques, such as mi-
crodialysis or fast-scan adsorption voltammetry (Atcherley et al., 2015) can be implemented 
to investigate if the increase can sustain over time. Previous studies also showed acute effects 
of DBS in different target regions on neurotransmitter release (Hamani et al., 2010; van Dijk et 
al., 2012; Paek et al., 2013). Interestingly, clinical studies report acute effects of DBS onset on 
mood and anxiety (Denys et al., 2010; Greenberg et al., 2010; Malone, Jr. et al., 2009; Mayberg 
et al., 2005; Schlaepfer et al., 2014) that occur within seconds to minutes after onset of stim-
ulation (Denys et al., 2010; Greenberg et al., 2010). These acute effects are observed in both 
responders and non-responders, suggesting that acute effects do not necessarily predict 
chronic treatment effects (Denys et al., 2010; Malone, Jr. et al., 2009). Thus, one possibility is 
that acute elevation of neurotransmitters following DBS onset ((van Dijk et al., 2012; Hamani 
et al., 2010; Paek et al., 2013); Chapter 5) contributes to these acute effects of DBS onset on 
mood and anxiety reported in the clinic. Whether changes in neurotransmitter levels can 
contribute to longer term treatment effects is currently unknown, as preclinical studies in-
vestigating the effect of chronic stimulation on neurotransmitter release levels are lacking. In 
fact, this is a more general limitation in animal studies used to investigate the effects of DBS. 
Most of these studies only look at acute effects of stimulation, whereas chronic stimulation 
(e.g. over days) is rarely studied. Use of wireless DBS devices can be used to apply DBS in free-
ly moving rodents over longer time periods (Paralikar et al., 2015). Two recent studies report 
time-dependent changes in the effect of DBS, some of which develop over days or weeks, 
illustrating the importance of initiating studies with chronic stimulation to more carefully 
separate acute and chronic effects of DBS (Ewing and Grace, 2013; Chassain et al., 2016). 

The contribution of DA to DBS treatment effects can be further explored in animal mod-
els of depression. By using an animal model, we could study if DBS with stimulation param-
eters than can reduce depressive symptoms is also associated with DA release, and whether 
such release is required for antidepressant efficacy. For example, Hamani et al (2010) showed 
that integrity of the serotonergic system is required for the anti-depressant like effects of 
DBS in the ventromedial PFC, whereas integrity of the noradrenergic system is not. There are 
indications that activity of VTA DA neurons contributes to depressive symptoms in animal 
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models. For example, rats of the Flinders sensitive line, a rodent depression model, show 
altered burst firing which can be restored by direct VTA stimulation, albeit with very specif-
ic stimulation parameters that diverge from commonly used DBS parameters (Friedman et 
al., 2009; Friedman et al., 2012). Long lasting exposure to aversive and stressful stimuli, for 
example during social defeat stress or chronic mild stress, induces depressive symptoms in 
rodents (Willner, 2005; Krishnan et al., 2007). The development of symptoms is accompanied 
by altered VTA burst firing activity and an increase in spontaneous DA transients in the nu-
cleus accumbens (Anstrom et al., 2009), and these changes can be long-lasting (Razzoli et al., 
2011). These studies suggest that phasic DA release patterns in the ventromedial striatum can 
be altered during depressive states in rodents. In Chapter 5, we did not find an effect of MFB 
DBS on the occurrence of spontaneous transients in healthy animals; however, it is possible 
that DBS can modify these characteristics in an altered system, which can be studied with 
these animal models.  

Chronic mild stress and social defeat stress are particularly interesting animal models to 
use in DBS research related to depression, for two reasons. First, not all animals are suscep-
tible to repeated social defeat stress, and resilient animals show different neurobiological 
characteristics than animals that are susceptible (Krishnan et al., 2007). Thus, studying neu-
robiological characteristics of these animals before exposing them to a depression-inducing 
paradigm may provide information about possible biomarkers indicative of a pathological 
state. Second, the group of susceptible animals, that develop depressive symptoms, can 
be separated in responders and non-responders to chronic SSRI treatment (Jayatissa et al., 
2006; Christensen et al., 2011). Thus, there is a group of treatment-resistant animals which 
may more accurately model the patient population relevant for DBS studies. For example, 
Dournes et al (2013) used the chronic mild stress model and showed that DBS in the anterior 
cingulate cortex reduced depressive symptoms in mice that did not respond to chronic fluox-
etine treatment. Extending these types of studies by comparing neurobiological character-
istics of animals that are sensitive to chronic pharmacological treatment and animals that do 
not respond to these treatments may provide clues to the specific neurobiological changes 
related to treatment resistance and the specific working mechanisms of DBS in treatment 
resistant patients. 

The ability to study the effects of DBS on DA release is not just relevant for the mechanisms 
of action of DBS in depression. OCD is also associated with dysfunctions of the DA system. In 
Chapter 2 we reviewed some of the alterations in the DA system described for OCD patients. 
For example, a hyperactive DA system was proposed following the finding that OCD patients 
show reduced binding to D2/3 receptors, in particular in the ventral striatum (Denys et al., 
2004a; Perani et al., 2008; Schneier et al., 2008; Denys et al., 2013), and because of the efficacy 
of DA antagonist as additive treatment to SSRI’s (Dougherty et al., 2004; McDougle et al., 
2000; Denys et al., 2004b). Moreover, OCD patients also show altered activity in the ventral 
striatum during reward-related learning (Figee et al., 2011; Jung et al., 2011; Marsh et al., 2015), 
which may be an indirect indication of altered DA reward-processing. 

A recent study reported changes in D2/3 receptor binding potential following DBS in the 
nucleus accumbens/anterior limb of the internal capsule, suggesting that DBS may increase 
striatal DA (Figee et al., 2014). This may seem counterintuitive in light of the proposed hyper-
activity of the DA system described above. However, these authors suggest that their sample 
of treatment refractory OCD patients (which did not respond to DA antagonist treatment) 
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may have shown an underlying DA deficit, rather than DA hyperactivity (Figee et al., 2014). 
Indeed, the neurobiological correlates separating treatment resistant patients from patients 
that do respond to treatment are incompletely understood and need further investigation.   
Although changes in binding potential to D2/3 receptors may indicate increased DA release, 
they can also result from reduced binding affinity or reduced availability due to receptor 
downregulation. Directly measuring DA release in animals may provide us with more in-
formation. The combination of techniques described in Chapter 5 can be used to directly 
study the effect of stimulation in target regions relevant for treatment of OCD on DA release. 
Studying the effects of DBS in different target regions on DA release may provide insight into 
potential different physiological effects of stimulation between regions.  

The use of an animal model for OCD is somewhat complicated because one of the core symp-
toms of the disorder, the occurrence of unwanted and intrusive thoughts (obsessions), is a 
symptom that is inherently human and impossible to model in animals. Therefore, existing 
animal models of OCD predominantly reflect the compulsive acts (repetitive, excessive and 
inappropriate behaviors) of OCD patients (Wang et al., 2009; Korff and Harvey, 2006; Fineberg 
et al., 2011; Albelda and Joel, 2012b). Manipulations of the DA system have been associat-
ed with compulsive or repetitive behavior in animals (as reviewed in Chapter 2). Different 
types of compulsive behavior (e.g. compulsive checking and grooming) can be induced by 
direct manipulations that result in DA hyperactivation (Berridge et al., 2005; Campbell et al., 
1999; Szechtman et al., 1998), and involvement of DA mechanisms has also been shown for 
other validated OCD models (Joel and Doljansky, 2003; Presti et al., 2003; Albelda and Joel, 
2012a; Moreno and Flores, 2012). Two genetic mouse models, the SAPAP3 and Slitrk knockout 
mouse lines, show specific deficits in corticostriatal circuits inducing compulsive grooming 
behavior and anxiety (Welch et al., 2007; Shmelkov et al., 2010), but DA release in these animal 
models has not been studied. Sesia et al (2013) recently reported altered VTA burst firing ac-
tivity after induction of compulsive behavior with quinpirole. However, for other OCD animal 
models, VTA firing activity and phasic DA release patterns have not been characterized, and 
require further investigation. Future studies can use FSCV to characterize phasic DA release 
patterns in animal models of OCD, such as the SAPAP3 knockout mouse. Moreover, although 
several studies reported a reduction of compulsive behavior following DBS in different target 
regions (Klavir et al., 2009; Winter et al., 2008; Mundt et al., 2009; Klavir et al., 2011), it has not 
yet been investigated whether DA is necessary for such effects. 

Another aspect that needs further attention in animal models for OCD is treatment resist-
ance. To date, there are no studies that report a separation in treatment-responsive and treat-
ment-resistant animals, for example following chronic SSRI treatment. This line of research is 
necessary in order to gain more understanding of the potential underlying neurobiological 
changes related to treatment resistance, which is particularly relevant for studies investigat-
ing DBS effects, which is only used for treatment-resistant patients. 

To summarize, there is still too little evidence to conclude that effects on DA contribute to 
chronic treatment effects of DBS in psychiatry. This section provided some ideas to further 
investigate this relation. Further characterization of DA signaling in animal models for OCD 
is necessary to clarify the role of DA in this disorder. Moreover, the combination of FSCV and 
DBS in freely moving animals (as first described in Chapter 5) can be used to further char-
acterize the effects of DBS in different targets and in different behavioral situations on DA 



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

154

7

release and might ultimately be used to investigate the effects of DBS on DA release in MDD 
and OCD animal models.

Exploring new target regions for DBS – effects of OFC stimulation
Preclinical animal research does not just provide a useful tool to enhance our understanding 
of the working mechanism of DBS by directly studying effects of stimulation on neural activi-
ty or neurotransmitter release, these types of studies can also delineate specific effects of DBS 
on core symptoms of psychiatric disorders (e.g. mood, anxiety, compulsivity) as well possible 
effects on cognition (Hamani and Temel, 2012). For example, van Dijk et al (2013) showed that 
conditioned and unconditioned anxiety can be differentially modulated by stimulation in 
different target regions, and that conditioned anxiety is exclusively reduced by stimulation 
of the internal capsule. Effects of DBS on cognition are important to study; not only because 
DBS in psychiatry may restore normal cognitive functioning when that is disturbed, but also 
to investigate possible cognitive side effects of stimulation in new target regions. 

In Chapter 6, we investigated the cognitive effects of deep brain stimulation in the OFC. OCD 
patients show hyperactivity of the OFC during rest and symptom provocation, and this hy-
peractivity can be reduced by following successful pharmacological and behavioral therapy 
(Nakao et al., 2005; Saxena et al., 1999). OFC hyperactivity is also normalized following DBS 
in the ventral striatum and subthalamic nucleus (Rauch et al., 2006; Le Jeune et al., 2010), 
suggesting that modulation of OFC activity is important for symptom reduction in OCD. 
Therefore, we hypothesized that the OFC could be a potential novel target region for DBS. 
As several studies suggest OFC control of DA activity (Lodge, 2011; Jo and Mizumori, 2015; 
Takahashi et al., 2009; Takahashi et al., 2011), the OFC may also be a putative DBS target to 
restore abnormalities in DA function. 

Preliminary results suggested that DBS in the OFC 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 OFC to test the cognitive consequences of stimulation in 
this region. Direct stimulation of the OFC impaired acquisition of a spatial reversal learning 
task. Initially, stimulated animals showed perseverative behavior: they kept lever pressing on 
the side that was originally rewarded and took longer to switch to the other side, suggesting 
an inability to use negative feedback to switch responding. A recent study shows that OFC 
inactivation may affect learning from both positive and negative feedback during discrimi-
nation and reversal learning (Dalton et al., 2016). Moreover, manipulating OFC activity can 
influence both spontaneous activity of VTA DA neurons and their response to rewards and 
reward-predicting stimuli (Jo and Mizumori, 2015; Takahashi et al., 2011; Lodge, 2011). As we 
reported in Chapter 3, phasic DA dynamics in the striatum are associated with positive, but 
not negative feedback during reversal learning. Further studies may investigate whether 
alterations in phasic DA during reward-related learning and feedback processing may con-
tribute to impaired cognitive flexibility following dysregulation of OFC activity. Moreover, the 
combination of DBS and FSCV during execution of behavioral paradigms, such as reversal 
learning, may be used to investigate whether DBS in different target regions can restore re-
ward processing deficits associated with psychiatric disorders (Figee et al., 2011; Pizzagalli et 
al., 2009; Greenberg et al., 2015). 

The observed impairments following DBS in the OFC resemble deficits in reversal learn-
ing observed following OFC lesions (Boulougouris et al., 2007; Dias et al., 1997; Schoenbaum 
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et al., 2002). This suggest that DBS may inhibit activity in the OFC, or disrupts  OFC output 
to other cortical or subcortical areas, such as the striatum and basolateral amygdala (Stal-
naker et al, 2007; Schoenbaum et al, 2009), resulting in behavioral inflexibility. By using DBS 
to manipulate OFC activity during a behavioral paradigm that depends on OFC integrity, we 
showed that OFC DBS induces unwanted cognitive side effects. Considering that behavioral 
inflexibility is a core symptom of compulsive disorders, the OFC does not appear to be a first 
choice target for DBS in these disorders. However, it is not yet known if the DBS-induced in-
flexibility sustains upon continuous stimulation. Moreover, the effects of OFC DBS in a model 
of OFC hyperactivity, where OFC inhibition may be beneficial, may provide more information 
on the OFC as a potential target region for DBS in compulsive disorders. 

Together, the studies described in this section showed some examples of how preclinical 
studies can be used to enhance our understanding of the working mechanism of DBS for psy-
chiatric disorders and to characterize novel stimulation targets. These types of experiments 
may be used to help increase our understanding of some of the outstanding questions in the 
clinical field. 
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