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CHAPTER ONE 
General introduction 

‘No, no! The adventures first, explanations take such a dreadful time.’ - Gryphon
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IMPULSIVE BEHAVIOUR

Impulsive behaviour is an umbrella term used to describe actions without forethought 
which lead to premature, rash or poorly conceived behaviours (Dalley & Robbins, 2017). 
Evolutionarily, impulsive behaviour can benefit the bold, aggressive, and proactive, by 
instigating them to explore new areas, sample new foods and/or engage mates, despite the 
potential risks (Sih & Del Giudice, 2012). The individual variation in impulse control across 
a species may allow those individuals who act prematurely to exploit resources (e.g. food, 
mates, shelter) before those which are more conservative and behaviourally inhibited. This 
does not come without a cost however, since the unknown harbours risks which can be highly 
detrimental if not fatal for the impulsive individual (e.g. predation, harsh environments, 
toxicity). The risks and benefits of impulsive behaviour are also variable across environments, 
species and life stages. Safer predator-free environments may favour the bold and reactive 
whereas more dangerous environments may favour the shy and reserved; whom despite 
obtaining less resources in the short term may maximize their biological success in the long 
term by minimizing their risks. Alternatively, unpredictable rapidly-changing environments 
may disbenefit the shy and reserved since the long-term gains they aimed to accumulate 
may no longer be available due to rapid changes in their surroundings. 
 Although impulsive behaviour is a natural part of human behaviour, certain 
individuals overexpress this behaviour such that it begins to negatively impact their quality 
of life. This is particularly important when we consider that what may be advantageous 
in an unpredictable wild environment, may not be advantageous in the predictable, 
structured and highly controlled environments most humans are used to. The extent by 
which impulsivity can disrupt an individual's quality of life is evident in disorders such as 
attention-deficit hyperactivity disorder (ADHD), substance addiction, problem gambling 
and eating disorders (Moeller et al., 2001; Dixon et al., 2003; Weller et al., 2008; Dalley et al., 
2011). Unravelling the anatomy and neurochemistry of impulsivity allow us to be better able 
to pharmacologically treat these disorders. 
 Impulsive behaviour is a broad term which encompasses various distinct but related 
forms of behaviour. To better assess the nature of impulsive behaviour, efforts have been 
made to distinguish between different subtypes.  A common distinction between subtypes 
of impulsive behaviour is that of motoric vs decisional impulsivity (Dalley & Robbins, 2017).  
Motoric impulsivity deals with an animal’s inability to withhold prepotent responses. This 
type of impulsivity can be further disentangled into the ability to withhold responding and 
the ability to stop an already initiated response. Decisional impulsivity can be broken down 
into the ability to delay gratification (delay discounting) and the ability to choose larger 
but less certain rewards (probabilistic discounting). Despite their behavioural differences, 
these subtypes of impulsive behaviour still share similar neural circuitry. Particularly, the 
nucleus accumbens and the cortex have been proven to be key regions that modulate both 
types of impulsive behaviour (Winstanley et al., 2006; Pattij & Vanderschuren, 2008; Dalley 
& Robbins, 2017). Similarly, the neuromodulator dopamine (DA) has been shown to play a 
major role in impulsive behaviour within these regions in both subtypes of impulsivity. The 
aim of this chapter is to present the reader with an overview of what we know pertaining 
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the role of DA within the neuronal circuitry of two subtypes of impulsivity: the ability to 
withhold responding and the ability to delay gratification. This introduction will focus on the 
two brain regions which were investigated in this thesis; the nucleus accumbens (NAcb) and 
the prefrontal cortex (PFC). 

MEASURING IMPULSE CONTROL

5-Choice serial reaction time task

One prominent behavioural task in the field of impulsivity is the 5-choice serial reaction 
time task (5-CSRTT) (Carli et al., 1983; Bari et al., 2008). This is a highly translational 
task which gauges an animals ability to wait for an instruction signal before performing 
an instrumental response (Carli et al., 1983).The translational prowess of the 5-CSRTT 
is exemplified by the fact that after being converted from a human task (the continuous 
performance task) (Rosvold et al., 1956), into a task to gauge attention and impulsivity in 
rats, it was then re-translated back into a task for humans (Carli et al., 1983; Bari et al., 
2008; Voon et al., 2014). In the 5-CSRTT, animals are presented with 5 holes and after a 
brief waiting period (typically 5s) one will be illuminated at random. Animals must withhold 
responding until one of the holes is illuminated and must then make a nosepoke response 
into the illuminated hole within a pre-set period to obtain a food reward. Any responses 
made prior to the presentation of the cue (i.e., illuminated hole) are labelled as premature 
responses and are interpreted as a sign of impulsive behaviour. Furthermore, animals must 
pay close attention to the hole wherein the cue is presented since the light is only on for a 
brief period. Responses made after the cue in any of the holes except for the one which was 
illuminated is an incorrect response, this is seen as a sign of inattention. When animals do 
not make a response into any of the holes for a period of 5 seconds from when the cue was 
turned on it is termed a response omission. Omissions can be a sign of either inattention 
or a lack of motivation to perform the task. In 5-CSRTT animals can also be challenged by 
modifying the task parameters, for example by increasing the amount of time they must wait 
before the cue or reducing the amount of time the cue is on. These modifications increase the 
demand for impulse control or attentional control, respectively. 

Delay discounting tasks

Delay discounting tasks have been developed to study the ability of animals to delay 
gratification (Mazur, 1987; Cardinal et al., 2000; Reynolds et al., 2002). These tasks measure 
the relationship between the ability to delay gratification and the rate at which the subjective 
value of a reward declines with delay. To measure this interaction animals are presented 
with two choices; one that leads to a small but immediate reward and the other which leads 
to a larger reward that the animal must wait for. A post-delay, matching the delay to the 
large reward, is usually introduced after the smaller reward option to prevent animals from 
obtaining more rewards by maximizing their response rate for the small reward. During 
traditional delay discounting tasks, animals start with a block of trials (~10-12 trials) at a 
delay of 0s and progress towards blocks with higher delays (i.e. 0,5,10,20,40,60s). The percent 
choice for the larger reward is then plotted across the different delays to approximate the 
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indifference point, i.e., the delay at which animals choose equally for both the small or large 
reward. Another type of delay discounting task, which is used in this thesis, is the adjusting 
delay task. During this task, animals start with a block of trials at a predetermined delay. 
If they more often choose the delayed option, on the subsequent block of trials the delay 
increases by, for example, 2s; whereas if they choose more often for the smaller reward, the 
delay is decreased in the subsequent blocks by 2s. This allows animals to titrate towards 
their desired mean delay, thereby reaching their indifference point, as they progress through 
the session. 

DOPAMINE AND IMPULSE CONTROL

Dopamine (DA) is involved in a wide variety of cognitive and emotional processes ranging 
from motivation, learning, attention, aversion and saliency to impulsivity, time perception, 
and decision making (Seamans & Yang, 2004; Berridge, 2007; Lammel et al., 2011; Salamone 
& Correa, 2012; Schultz, 2016; Dalley & Robbins, 2017; Verharen et al., 2019). DA neurons 
originate in the hypothalamus and the midbrain. Within the midbrain you find the ventral 
tegmental area (VTA) and the substantia nigra pars compacta (SN); regions which robustly 
innervate the forebrain. The VTA densely innervates the ventral striatum and the cortex, 
amongst other areas, and its projections to these regions have been strongly implicated in 
reward and goal directed behaviours (Seamans & Yang, 2004; Lammel et al., 2011; Salamone 
& Correa, 2012). DA neurons make up approximately 65% of the neurons in this region, 
the rest being GABAergic (30%) and glutamatergic (5%) (Margolis et al., 2006; Yamaguchi 
et al., 2011). The SN densely innervates the dorsal striatum and this projection is strongly 
linked to voluntary motor control (Kalia & Lang, 2015). As mentioned earlier, DA has also 
been shown to be heavily implicated in impulsive behaviour (Pattij & Vanderschuren, 2008; 
Dalley & Robbins, 2017). For example, the indirect DA agonist amphetamine and the DA 
and noradrenaline (NE) reuptake inhibitor methylphenidate are common treatments for 
ADHD. This has led to various studies on the role of DA in impulsive behaviour. Interestingly, 
amphetamine has been shown to increase preference for the delayed reward in rats while it 
increases premature responses in the 5-CSRTT. These findings serve to highlight that these 
two subtypes of impulsive behaviour are distinctly affected by DA. Moreover, the selective 
DA reuptake inhibitor GBR12909 has also been shown to increase premature responses and 
reduce impulsive choice, which indicates that the effects of amphetamine are driven by a 
DAergic mechanism of action (Baarendse & Vanderschuren, 2012). The involvement of DA 
in impulse control is further exemplified by the effects of indirect agonists and selective 
dopamine type-1 (D1) and dopamine type-2 (D2) receptor antagonists and agonists in the 
NAcb (Pattij et al., 2007; Pezze et al., 2007; Besson et al., 2010, Economidou et al., 2012; 
Moreno et al., 2013). The increase in premature responses mediated by amphetamine is 
thought to be mediated by D2 but not D1 receptors (Pattij et al., 2007). Moreover, infusion of 
a D1 agonist in the NAcb increased premature responses but only at high doses (Pezze et al., 
2007). Similarly, infusion of a D1 but not a D2 antagonist was shown to modulate impulsivity 
in the 5-CSRTT (Pattij et al., 2007). However, D2/3 agonist infusions in the NAcb have also 
been shown to increase impulsivity (Moreno et al., 2013).
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THE PREFRONTAL CORTEX AND THE NUCLEUS ACCUMBENS 

The PFC, which is thought to play a major role in higher cognitive, so-called executive 
functions (Muir et al., 1996; Robbins, 1996; Granon et al., 2000; Passetti et al., 2002; Uylings 
et al., 2003), receives innervation from many cortical and subcortical structures, including 
a substantial DA innervation from the VTA. ’Executive functions’ is a term used to describe 
processes which assimilate different cognitive processes to flexibly execute appropriate 
behavioural responses (Robbins, 1996). As such, it is not surprising to find that the PFC 
is a part of the neuronal circuitry of impulse control since external and internal cues need 
to be assimilated to prevent inappropriate premature responses (Dalley & Robbins, 2017). 
Indeed, lesions of the infralimbic cortex, a subregion of the PFC, have been shown to increase 
premature responses in the 5-CSRTT (Chudasama et al., 2002). In addition, optogenetic 
inactivation of glutamatergic neurons in the ventromedial PFC (vmPFC) have also been 
shown to increase premature responding (Luchicchi et al., 2016). However, the role of 
DA within the vmPFC in impulsivity is less clear; local infusions of methylphenidate into 
the infralimbic and prelimbic regions of the PFC did not induce any changes in impulsive 
behaviour (Economidou et al., 2012). Also, a study by Granon et al. (2000) did not report any 
changes in impulsive behaviour although they found that attention in the 5-CSRTT depended 
on D1 DA receptor activity in the PFC. Additionally, the indirect DA agonist methylphenidate 
(a first line drug used to treat impulsivity) has been shown to improve PFC function through 
DA stimulation of D1 receptors (Arnsten, 1997; Arnsten & Dudley, 2005). Altogether, these 
studies strongly suggest a role for the PFC in motoric impulsivity but highlight a need to 
further establish the role of DA in this regard. Within the PFC, the orbitofrontal cortex 
(OFC) has been shown to play an important role in impulsive choice (Mobini et al., 2002; 
Winstanley et al., 2004; Zeeb et al., 2010). Interestingly, the effects of lesions in the OFC have 
been shown to be dependent on the baseline performance levels as well as the presence of a 
cue during the delay (Zeeb et al., 2010). 
 The NAcb is part of the ventral striatum and it is strongly innervated by glutamatergic 
projections from the PFC and DA projections from the VTA (Voorn et al., 2004; Basar et al., 
2010). It is a site of integration for emotional, motivational and more complex cognitive 
functions which converge to drive goal directed behaviours, including but not limited to, 
drinking and feeding (Mogenson et al., 1980; Voorn et al., 2004; Basar et al., 2010; Floresco, 
2015). It is well known that DA acts in the NAcb to modulate impulsive behaviour (Cole 
& Robbins, 1987; Cole & Robbins, 1989; Pattij et al., 2007; Pezze et al., 2007; Dalley et al., 
2008; Besson et al., 2010; Economidou et al., 2012). For instance, DA depletion in the NAcb 
decreases premature responding in the 5-CSRTT (Cole & Robbins, 1989), whereas local 
infusions of amphetamine increase it (Cole & Robbins, 1987; Pattij et al., 2007). The role 
of DA in the NAcb in impulsive behaviour has been further dissociated by its actions in its 
two subregions, the shell (NAcbS) and the core (NAcbC) (Pattij & Vanderschuren, 2008). 
In the 5-CSRTT, NAcbC lesions increases the number of premature responses induced by 
amphetamine, whereas lesions to the shell attenuate them (Murphy et al., 2008).  Moreover, 
infusions of a D2 receptor antagonist into the core blocked the increasing effects of 
amphetamine on premature responses whereas infusions into the shell only attenuated 
them (Pattij et al., 2007). However, Besson et al. (2010) found that a D2 receptor antagonist 
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increased premature responses when infused into the shell but decreased them when infused 
into the core of highly impulsive animals. The role of the NAcbC in impulsive behaviour in 
the 5-CSRTT was further emphasized by a study that demonstrated an increase in premature 
responses by infusion of methylphenidate into the NAcbC but not the NAcbS (Economidou 
et al., 2012). Although these studies suggest that impulsive behaviour is mediated most 
prominently by DA acting in the NAcbC, it has also been shown that deep brain stimulation 
of the NAcbS, but not the NAcbC, increases premature responding in the 5-CSRTT (Sesia et 
al., 2008).  Taken together, these studies do not necessarily provide evidence for opposing 
roles but rather suggest different mechanisms by which DA acts in the NAcbS and NAcbC to 
modulate impulsive behaviour in the 5-CSRTT. 
 With regards to impulsive choice, NAcbC lesions induce preference for a larger 
delayed reward whereas lesions to the NAcbS do not (Cardinal et al., 2001; Pothuizen et al., 
2005; Steele et al., 2018). In contrast to the lesion effects, partial inactivation of the NAcbC 
increased delay discounting, although these effects were shown to be independent of delay 
sensitivity (Moschak & Mitchell, 2014). That is, when the magnitude of the reward was kept 
equal between both choices and, only the delay was adjusted between the two contingencies, 
partial inactivation did not have any effects on delay discounting (Moschak & Mitchell, 2014). 
Furthermore, low D2/3 receptor binding in the core has been associated with increased 
preference for a smaller immediate reward (Barlow et al., 2018). Surprisingly, no studies 
have investigated the effect of infusing DA agonists and antagonists into the NAcbC or NAcbS 
(Dalley & Robbins, 2017).

TECHNIQUES FOR DISSECTING THE NEURAL CIRCUITRY OF IMPULSIVE 
BEHAVIOUR

Lesion and pharmacological studies have thus far paved the entry into understanding the 
neural circuitry of impulsive behaviour. In order to expand our knowledge of the circuitry of 
impulse control, it is necessary to investigate the regions that have been highlighted by these 
studies with more temporal and projection specificity. 
 Optogenetics is a technique by which neurons are genetically modified to express 
light sensitive membrane proteins which can evoke or inhibit action potentials when shone 
upon by light with a specific wavelength. Channelrhodopsins (ChR2) are a kind of opsin which 
depolarizes neurons by allowing Na+ ions to flow into the cell. In contrast, halorhodopsins 
(NpHr) inhibit neuronal firing by actively pumping Cl- ions into the cell when shone upon, 
thereby hyperpolarizing the cell. Optogenetic techniques enable various projection-specific 
neuronal manipulations in living systems with high spatiotemporal control (Mattis et al., 
2011; Wiegert et al., 2017). The projection specificity can be achieved by stimulating the 
axon terminals of cells expressing the opsins since the receptors are carried anterogradely. 
Alternatively, a retrograde virus, such as the canine adenotype virus 2 (Cav-2) (Junyent 
& Kremer, 2015), carrying a Cre recombinase enzyme can be used in conjunction with an 
adeno-associated virus (AAV) carrying a floxed-ChR2 or NpHR to specifically target neural 
projections (Zalocusky & Deisseroth, 2013). The temporal specificity of optogenetics is 
achieved thanks to the millisecond range on-off kinetics of opsin receptors and the ability 
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to control activation via laser stimulation (Yizhar et al., 2011). This approach is therefore 
highly applicable to investigate the role of specific neuronal populations with time-locked 
precision in the 5-CSRTT. Furthermore, through the application of advanced viral techniques 
it is also possible to express these opsins with projection or neurotransmitter specificity 
(Boender et al., 2014, Boekhoudt et al., 2017).
 Although lacking the temporal specificity of optogenetics; chemogenetics is a 
technique developed by Bryan Roth (University of North Carolina, Chapel Hill, USA) which 
also enables the manipulation of specific neuronal populations (Rogan & Roth, 2011). 
DREADD (Designer Receptors Exclusively Activated by Designer Drugs) is a chemogenetic 
technology which uses receptors that have been modified to become selectively activated by 
the compound Clozapine-N-oxide (CNO). These modified receptors are G-protein-coupled-
receptors (GPCRs) which can either facilitate (hm3Dq) or inhibit (Hm4Di) neuronal firing. 
Their ability to facilitate or reduce firing is based on whether the GPCRs are coupled to Gq 
or Gi, respectively (Sternson & Roth, 2014). Gq and Gi are signalling molecules that carry 
out signal transduction cascades that can either excite or inhibit neurons, respectively. Thus, 
by genetically modifying neurons via transgenic or viral means it is possible to express 
these designer receptors in specific neuronal populations. When CNO is administered to 
the animals, this compound will selectively bind to the designer receptors without any 
discernible constitutive activity. However, recent work suggests that CNO is unable to cross 
the blood-brain barrier and the observed effects of DREADD receptors are caused by the 
back-conversion of CNO into clozapine (Gomez et al., 2017). These studies suggest that 
DREADDS are not activated by the selective actions of CNO but rather by subthreshold 
levels of clozapine, which emphasizes the need for proper negative controls in these types 
of experiments. These controls are achieved simply by administering CNO to animals not 
expressing DREADD receptors.
 Whereas optogenetics and chemogenetics are used to manipulate neuronal activity; 
fibre photometry enables sensitive recordings of cell type-specific neuronal populations of 
deep brain structures in behaving animals (Lütcke et al., 2010; Adelsberger et al., 2014; Cui 
et al., 2014).  Fibre photometry relies on genetically modifying neurons to express GCaMP, 
which is a calcium indicator containing an enhanced green fluorescent protein (EGFP), along 
with a calcium-binding protein calmodulin and a calmodulin-binding peptide M13. When 
neurons fire action potentials, calcium ions are released within the neurons. These calcium 
ions bind to the calmodulin region of GCaMP which enables it to bind to the M13 peptide. 
Calcium-calmodulin-M13 interactions result in a conformational change within the EGFP 
environment, leading to an increase in the emitted fluorescence (Grienberger and Konnerth, 
2012). Fibre photometry allows for in-vivo recording of neuronal activity at the population 
level. As in optogenetics and chemogenetics, viral techniques enable us to express GCaMp 
with projection or cell-type specificity. This technique therefore allows us to glimpse into the 
activity of specific neuronal populations in live behaving animals; making it a powerful tool 
for enhancing our understanding of the neural circuitry of various behaviours.
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THESIS OVERVIEW AND APPROACH

The overall aim of this thesis is to expand our current understanding of the role of the 
VTA, and its projections to cortical and ventral striatal regions, in impulsive behaviour. In 
Chapter 2 we used optogenetics to stimulate VTA DA neurons and fibre photometry to 
record from these neurons during performance in the 5-CSRTT. This chapter is amongst the 
first to elucidate the role of VTA DA neurons in impulsive and attentive behaviour and the 
first to look at the activity of these neurons during the 5-CSRTT at a population level with DA 
specificity. In Chapter 3 we used optogenetics to stimulate VTA projections to the NAcbS, the 
NAcbC and the vmPFC during the 5-CSRTT in order to understand the roles of these distinct 
projections in attention and impulse control. Additionally, it unravels the importance of the 
temporal framework of impulsive actions and attention. The projection specific approach 
utilized in this chapter is novel to the field of impulsive behaviour and as such it broadens the 
field by answering lingering questions and providing new roads of inquiry with regards to 
the role of DA in impulse control. In Chapter 4, we further expand on the findings of Chapter 
3 VTA-NAcbS stimulation, by instead inhibiting this projection. This chapter dissociates the 
attentional and impulsive mechanics of VTA-NAcbS projections. Lastly, in Chapter 5 we delve 
into the neural circuitry of impulsive choice by chemogenetically activating VTA projections 
towards the NAcbC in a modified adjusting delay task. Here we also explore the ability of the 
adjusting delay task to gauge delay sensitivity. This study is the first to look at the role VTA 
projections to the NAcbC in impulsive choice. Altogether, the findings in these chapters bring 
to light the role of the VTA in two distinct subtypes of impulsive behavior. Furthermore, our 
findings are the first to explore VTA projections towards the NAcbC, NAcbS and vmPFC with 
time-locked precision.

REFERENCES

Adelsberger, H., Grienberger, C., Stroh, A., & Konnerth, A. (2014). In vivo calcium recordings and 
channelrhodopsin-2 activation through an optical fiber. Cold Spring Harbor Protocols, 2014(10), 
pdb.prot084145. https://doi.org/10.1101/pdb.prot084145

Arnsten, A. F. T. (1997). Catecholamine regulation of the prefrontal cortex. Journal of Psychopharmacology, 
11(2), 151–162. https://doi.org/10.1177/026988119701100208

Arnsten, A. F., & Dudley, A. G. (2005). Methylphenidate improves prefrontal cortical cognitive function 
through α2 adrenoceptor and dopamine D1 receptor actions: Relevance to therapeutic effects in 
Attention Deficit Hyperactivity Disorder. Behavioral and Brain Functions, 1(1), 2. https://doi.
org/10.1186/1744-9081-1-2

Baarendse, P. J. J., & Vanderschuren, L. J. M. J. (2012). Dissociable effects of monoamine reuptake inhibitors 
on distinct forms of impulsive behavior in rats. Psychopharmacology, 219(2), 313–326. https://doi.
org/10.1007/s00213-011-2576-x

Bari, A., Dalley, J. W., & Robbins, T. W. (2008). The application of the 5-choice serial reaction time task for 
the assessment of visual attentional processes and impulse control in rats. Nature Protocols, 3(5), 
759–767. https://doi.org/10.1038/nprot.2008.41

Basar, K., Sesia, T., Groenewegen, H., Steinbusch, H. W. M., Visser-Vandewalle, V., & Temel, Y. (2010). Nucleus 
accumbens and impulsivity. Progress in Neurobiology, 92(4), 533–557. https://doi.org/10.1016/J.
PNEUROBIO.2010.08.007

Berridge, K. C. (2007). The debate over dopamine’s role in reward: the case for incentive salience. 
Psychopharmacology, 191(3), 391–431. https://doi.org/10.1007/s00213-006-0578-x



 GENERAL INTRODUCTION

17 

1

Besson, M., Belin, D., McNamara, R., Theobald, D. E., Castel, A., Beckett, V. L., … Dalley, J. W. (2010). Dissociable 
Control of Impulsivity in Rats by Dopamine D2/3 Receptors in the Core and Shell Subregions of 
the Nucleus Accumbens. Neuropsychopharmacology, 35(2), 560–569. https://doi.org/10.1038/
npp.2009.162

Boekhoudt, L., Voets, E. S., Flores-Dourojeanni, J. P., Luijendijk, M. C., Vanderschuren, L. J., & Adan, R. A. (2017). 
Chemogenetic Activation of Midbrain Dopamine Neurons Affects Attention, but not Impulsivity, in 
the Five-Choice Serial Reaction Time Task in Rats. Neuropsychopharmacology, 42(6). https://doi.
org/10.1038/npp.2016.235

Boender, A. J., de Jong, J. W., Boekhoudt, L., Luijendijk, M. C. M., van der Plasse, G., & Adan, R. A. H. (2014). 
Combined Use of the Canine Adenovirus-2 and DREADD-Technology to Activate Specific Neural 
Pathways In Vivo. PLoS ONE, 9(4), e95392. https://doi.org/10.1371/journal.pone.0095392

Cardinal, R. N., Pennicott, D. R., Sugathapala, C. L., Robbins, T. W., Everitt, B. J., & Everitt, B. J. (2001). Impulsive 
choice induced in rats by lesions of the nucleus accumbens core. Science (New York, N.Y.), 292(5526), 
2499–2501. https://doi.org/10.1126/science.1060818

Cardinal, R. N., Robbins, T. W., & Everitt, B. J. (2000). The effects of d -amphetamine, chlordiazepoxide, 
α-flupenthixol and behavioural manipulations on choice of signalled and unsignalled delayed 
reinforcement in rats. Psychopharmacology, 152(4), 362–375. https://doi.org/10.1007/
s002130000536

Carli, M., Robbins, T. W., Evenden, J. L., & Everitt, B. J. (1983). Effects of lesions to ascending noradrenergic 
neurones on performance of a 5-choice serial reaction task in rats; implications for theories of 
dorsal noradrenergic bundle function based on selective attention and arousal. Behavioural Brain 
Research, 9(3), 361–380. https://doi.org/https://doi.org/10.1016/0166-4328(83)90138-9

Chudasama, Y., Passetti, F., Rhodes, S. E. V, Lopian, D., Desai, A., & Robbins, T. W. (2003). Dissociable aspects 
of performance on the 5-choice serial reaction time task following lesions of the dorsal anterior 
cingulate, infralimbic and orbitofrontal cortex in the rat: differential effects on selectivity, impulsivity 
and compulsivity. Behavioural Brain Research, 146(1–2), 105–119. Retrieved from http://www.
ncbi.nlm.nih.gov/pubmed/14643464

Cole, B. J., & Robbins, T. W. (1989). Effects of 6-hydroxydopamine lesions of the nucleus accumbens septi on 
performance of a 5-choice serial reaction time task in rats: implications for theories of selective 
attention and arousal. Behavioural Brain Research, 33(2), 165–179. Retrieved from http://www.
ncbi.nlm.nih.gov/pubmed/2504222

Cole, B. J., & Robbins, T. W. (1987). Amphetamine impairs the discriminative performance of rats with dorsal 
noradrenergic bundle lesions on a 5-choice serial reaction time task: New evidence for central 
dopaminergic-noradrenergic interactions. Psychopharmacology, 91(4), 458–466. https://doi.
org/10.1007/BF00216011

Cui, G., Jun, S. B., Jin, X., Luo, G., Pham, M. D., Lovinger, D. M., … Costa, R. M. (2014). Deep brain optical 
measurements of cell type–specific neural activity in behaving mice. Nature Protocols, 9(6), 1213–
1228. https://doi.org/10.1038/nprot.2014.080

Dalley, J. W., Mar, A. C., Economidou, D., & Robbins, T. W. (2008). Neurobehavioral mechanisms of impulsivity: 
Fronto-striatal systems and functional neurochemistry. Pharmacology Biochemistry and Behavior, 
90(2), 250–260. https://doi.org/10.1016/J.PBB.2007.12.021

Dalley, J. W., & Robbins, T. W. (2017). Fractionating impulsivity: neuropsychiatric implications. Nature Reviews 
Neuroscience, 18(3), 158–171. https://doi.org/10.1038/nrn.2017.8

Dalley, J. W., Everitt, B. J., & Robbins, T. W. (2011). Impulsivity, Compulsivity, and Top-Down Cognitive Control. 
Neuron, 69(4), 680–694. https://doi.org/https://doi.org/10.1016/j.neuron.2011.01.020

Dixon, M. R., Marley, J., & Jacobs, E. A. (2003). Delay discounting by pathological gamblers. Journal of Applied 
Behavior Analysis, 36(4), 449–458. https://doi.org/10.1901/jaba.2003.36-449

Economidou, D., Theobald, D. E., Robbins, T. W., Everitt, B. J., & Dalley, J. W. (2012). Norepinephrine and 
Dopamine Modulate Impulsivity on the Five-Choice Serial Reaction Time Task Through Opponent 
Actions in the Shell and Core Sub-Regions of the Nucleus Accumbens. Neuropsychopharmacology, 
37(9), 2057–2066. https://doi.org/10.1038/npp.2012.53

Floresco, S. B. (2015). The Nucleus Accumbens: An Interface Between Cognition, Emotion, and Action. Annual 



CHAPTER 1

 18

Review of Psychology, 66(1), 25–52. https://doi.org/10.1146/annurev-psych-010213-115159
Gomez, J. L., Bonaventura, J., Lesniak, W., Mathews, W. B., Sysa-Shah, P., Rodriguez, L. A., … Michaelides, M. 

(2017). Chemogenetics revealed: DREADD occupancy and activation via converted clozapine. 
Science (New York, N.Y.), 357(6350), 503–507. https://doi.org/10.1126/science.aan2475

Granon, S., Passetti, F., Thomas, K. L., Dalley, J. W., Everitt, B. J., & Robbins, T. W. (2000). Enhanced and impaired 
attentional performance after infusion of D1 dopaminergic receptor agents into rat prefrontal 
cortex. The Journal of Neuroscience : The Official Journal of the Society for Neuroscience, 20(3), 
1208–1215. https://doi.org/10.1523/JNEUROSCI.20-03-01208.2000

Grienberger, C., & Konnerth, A. (2012). Imaging Calcium in Neurons. Neuron, 73(5), 862–885. https://doi.
org/https://doi.org/10.1016/j.neuron.2012.02.011

Junyent, F., & Kremer, E. J. (2015). CAV-2—why a canine virus is a neurobiologist’s best friend. Current Opinion 
in Pharmacology, 24, 86–93. https://doi.org/https://doi.org/10.1016/j.coph.2015.08.004

Kalia, L. V., Kalia, S. K., & Lang, A. E. (2015). Disease-modifying strategies for Parkinson’s disease. Movement 
Disorders, 30(11), 1442–1450. https://doi.org/10.1002/mds.26354

Lammel, S., Ion, D. I., Roeper, J., & Malenka, R. C. (2011). Projection-specific modulation of dopamine neuron 
synapses by aversive and rewarding stimuli. Neuron, 70(5), 855–862. https://doi.org/10.1016/j.
neuron.2011.03.025

Luchicchi, A., Mnie-Filali, O., Terra, H., Bruinsma, B., de Kloet, S. F., Obermayer, J., … Mansvelder, H. D. (2016). 
Sustained Attentional States Require Distinct Temporal Involvement of the Dorsal and Ventral Medial 
Prefrontal Cortex. Frontiers in Neural Circuits, 10, 70. https://doi.org/10.3389/fncir.2016.00070

Lütcke, H., Murayama, M., Hahn, T., Margolis, D. J., Astori, S., Meyer, S., … Hasan, M. T. (2010). Optical recording 
of neuronal activity with a genetically-encoded calcium indicator in anesthetized and freely moving 
mice. Frontiers in Neural Circuits, 4, 9. https://doi.org/10.3389/fncir.2010.00009

Margolis, E. B., Lock, H., Hjelmstad, G. O., & Fields, H. L. (2006). The ventral tegmental area revisited: is there 
an electrophysiological marker for dopaminergic neurons? The Journal of Physiology, 577(3), 907–
924. https://doi.org/10.1113/jphysiol.2006.117069

Mattis, J., Tye, K. M., Ferenczi, E. A., Ramakrishnan, C., O’Shea, D. J., Prakash, R., … Deisseroth, K. (2012). 
Principles for applying optogenetic tools derived from direct comparative analysis of microbial 
opsins. Nature Methods, 9(2), 159–172. https://doi.org/10.1038/nmeth.1808

Mazur, J. E., Stellar, J. R., & Waraczynski, M. (1987). Self-control choice with electrical stimulation of the 
brain as a reinforcer. Behavioural Processes, 15(2), 143–153. https://doi.org/https://doi.
org/10.1016/0376-6357(87)90003-9

Moeller, F. G., Barratt, E. S., Dougherty, D. M., Schmitz, J. M., & Swann, A. C. (2001). Psychiatric Aspects of 
Impulsivity. American Journal of Psychiatry, 158(11), 1783–1793. https://doi.org/10.1176/appi.
ajp.158.11.1783

Mogenson, G. J., Jones, D. L., & Yim, C. Y. (1980). From motivation to action: functional interface between 
the limbic system and the motor system. Progress in Neurobiology, 14(2–3), 69–97. Retrieved from 
http://www.ncbi.nlm.nih.gov/pubmed/6999537

Moreno, M., Economidou, D., Mar, A. C., López-Granero, C., Caprioli, D., Theobald, D. E., … Dalley, J. W. (2013). 
Divergent effects of D2/3 receptor activation in the nucleus accumbens core and shell on impulsivity 
and locomotor activity in high and low impulsive rats. Psychopharmacology, 228(1), 19–30. https://
doi.org/10.1007/s00213-013-3010-3

Moschak, T. M., & Mitchell, S. H. (2014). Partial inactivation of nucleus accumbens core decreases delay 
discounting in rats without affecting sensitivity to delay or magnitude. Behavioural Brain Research, 
268, 159–168. https://doi.org/10.1016/J.BBR.2014.03.044

Muir, J. L., Bussey, T. J., Everitt, B. J., & Robbins, T. W. (1996). Dissociable effects of AMPA-induced lesions of 
the vertical limb diagonal band of Broca on performance of the 5-choice serial reaction time task 
and on acquisition of a conditional visual discrimination. Behavioural Brain Research, 82(1), 31–44. 
https://doi.org/10.1016/S0166-4328(97)81106-0

Murphy, E. R., Robinson, E. S. J., Theobald, D. E. H., Dalley, J. W., & Robbins, T. W. (2008). Contrasting effects 
of selective lesions of nucleus accumbens core or shell on inhibitory control and amphetamine-
induced impulsive behaviour. European Journal of Neuroscience, 28(2), 353–363. https://doi.



 GENERAL INTRODUCTION

19 

1

org/10.1111/j.1460-9568.2008.06309.x
Passetti, F., Chudasama, Y., & Robbins, T. W. (2002). The frontal cortex of the rat and visual attentional 

performance: dissociable functions of distinct medial prefrontal subregions. Cerebral Cortex 
(New York, N.Y. : 1991), 12(12), 1254–1268. Retrieved from http://www.ncbi.nlm.nih.gov/
pubmed/12427677

Pattij, T., Janssen, M. C. W., Vanderschuren, L. J. M. J., Schoffelmeer, A. N. M., & van Gaalen, M. M. (2007). 
Involvement of dopamine D1 and D2 receptors in the nucleus accumbens core and shell in inhibitory 
response control. Psychopharmacology, 191(3), 587–598. https://doi.org/10.1007/s00213-006-
0533-x

Pattij, T., & Vanderschuren, L. J. M. J. (2008). The neuropharmacology of impulsive behaviour. Trends in 
Pharmacological Sciences, 29(4), 192–199. https://doi.org/10.1016/J.TIPS.2008.01.002

Pezze, M.-A., Dalley, J. W., & Robbins, T. W. (2007). Differential roles of dopamine D1 and D2 receptors 
in the nucleus accumbens in attentional performance on the five-choice serial reaction 
time task. Neuropsychopharmacology : Official Publication of the American College of 
Neuropsychopharmacology, 32(2), 273–283. https://doi.org/10.1038/sj.npp.1301073

Pothuizen, H. H. J., Jongen-Rêlo, A. L., Feldon, J., & Yee, B. K. (2005). Double dissociation of the effects of 
selective nucleus accumbens core and shell lesions on impulsive-choice behaviour and salience 
learning in rats. European Journal of Neuroscience, 22(10), 2605–2616. https://doi.org/10.1111/
j.1460-9568.2005.04388.x

Reynolds, B., de Wit, H., & Richards, J. B. (2002). Delay of gratification and delay discounting in rats. Behavioural 
Processes, 59(3), 157–168. https://doi.org/https://doi.org/10.1016/S0376-6357(02)00088-8

Rogan, S. C., & Roth, B. L. (2011). Remote Control of Neuronal Signaling. Pharmacological Reviews, 63(2), 291 
LP-315. https://doi.org/10.1124/pr.110.003020

Rosvold, H. E., Mirsky, A. F., Sarason, I., Bransome, E. D. . J., & Beck, L. H. (1956). A continuous performance 
test of brain damage. Journal of Consulting Psychology, 20(5), 343–350. https://doi.org/10.1037/
h0043220

Mobini, S., Body, S., Ho, M.-Y., Bradshaw, C., Szabadi, E., Deakin, J., & Anderson, I. (2002). Effects of lesions of the 
orbitofrontal cortex on sensitivity to delayed and probabilistic reinforcement. Psychopharmacology, 
160(3), 290–298. https://doi.org/10.1007/s00213-001-0983-0

Salamone, J. D., & Correa, M. (2012). The Mysterious Motivational Functions of Mesolimbic Dopamine. Neuron, 
76(3), 470–485. https://doi.org/10.1016/j.neuron.2012.10.021

Schultz, W. (2016). Dopamine reward prediction-error signalling: a two-component response. Nature Reviews 
Neuroscience, 17(3), 183–195. https://doi.org/10.1038/nrn.2015.26

Seamans, J. K., & Yang, C. R. (2004). The principal features and mechanisms of dopamine modulation 
in the prefrontal cortex. Progress in Neurobiology, 74(1), 1–58. https://doi.org/10.1016/j.
pneurobio.2004.05.006

Sesia, T., Temel, Y., Lim, L. W., Blokland, A., Steinbusch, H. W. M., & Visser-Vandewalle, V. (2008). Deep 
brain stimulation of the nucleus accumbens core and shell: Opposite effects on impulsive action. 
Experimental Neurology, 214(1), 135–139. Retrieved from http://www.ncbi.nlm.nih.gov/
pubmed/18762185

Sih, A., & Del Giudice, M. (2012). Linking behavioural syndromes and cognition: a behavioural ecology 
perspective. Philosophical Transactions of the Royal Society B: Biological Sciences, 367(1603), 
2762–2772. https://doi.org/10.1098/rstb.2012.0216

Steele, C. C., Peterson, J. R., Marshall, A. T., Stuebing, S. L., & Kirkpatrick, K. (2018). Nucleus accumbens core 
lesions induce sub-optimal choice and reduce sensitivity to magnitude and delay in impulsive choice 
tasks. Behavioural Brain Research, 339, 28–38. https://doi.org/10.1016/J.BBR.2017.11.013

Sternson, S. M., & Roth, B. L. (2014). Chemogenetic Tools to Interrogate Brain Functions. Annual Review of 
Neuroscience, 37(1), 387–407. https://doi.org/10.1146/annurev-neuro-071013-014048

T.W. Robbins. (1996). Dissociating executive functions of the prefrontal cortex. Philosophical Transactions 
of the Royal Society of London. Series B: Biological Sciences, 351(1346), 1463–1471. https://doi.
org/10.1098/rstb.1996.0131



CHAPTER 1

 20

Uylings, H. B. M., Groenewegen, H. J., & Kolb, B. (2003). Do rats have a prefrontal cortex? Behavioural Brain 
Research, 146(1–2), 3–17. https://doi.org/10.1016/J.BBR.2003.09.028

Verharen, J. P. H., de Jong, J. W., Roelofs, T. J. M., Huffels, C. F. M., van Zessen, R., Luijendijk, M. C. M., … 
Vanderschuren, L. J. M. J. (2018). A neuronal mechanism underlying decision-making deficits during 
hyperdopaminergic states. Nature Communications, 9(1), 731. https://doi.org/10.1038/s41467-
018-03087-1

Voon, V., Irvine, M. A., Derbyshire, K., Worbe, Y., Lange, I., Abbott, S., … Robbins, T. W. (2014). Measuring 
“waiting” impulsivity in substance addictions and binge eating disorder in a novel analogue of 
rodent serial reaction time task. Biological Psychiatry, 75(2), 148–155. https://doi.org/10.1016/j.
biopsych.2013.05.013

Voorn, P., Vanderschuren, L. J. M. J., Groenewegen, H. J., Robbins, T. W., & Pennartz, C. M. A. (2004). Putting a 
spin on the dorsal–ventral divide of the striatum. Trends in Neurosciences, 27(8), 468–474. https://
doi.org/https://doi.org/10.1016/j.tins.2004.06.006

Weller, R. E., Cook, E. W., Avsar, K. B., & Cox, J. E. (2008). Obese women show greater delay discounting than 
healthy-weight women. Appetite, 51(3), 563–569. https://doi.org/https://doi.org/10.1016/j.
appet.2008.04.010

Wiegert, J. S., Mahn, M., Prigge, M., Printz, Y., & Yizhar, O. (2017). Silencing Neurons: Tools, Applications, and 
Experimental Constraints. Neuron, 95(3), 504–529. https://doi.org/https://doi.org/10.1016/j.
neuron.2017.06.050

Winstanley, C. A., Eagle, D. M., & Robbins, T. W. (2006). Behavioral models of impulsivity in relation to ADHD: 
Translation between clinical and preclinical studies. Clinical Psychology Review, 26(4), 379–395. 
https://doi.org/10.1016/j.cpr.2006.01.001

Winstanley, C. A., Theobald, D. E. H., Cardinal, R. N., & Robbins, T. W. (2004). Contrasting Roles of Basolateral 
Amygdala and Orbitofrontal Cortex in Impulsive Choice. The Journal of Neuroscience, 24(20), 4718 
LP-4722. https://doi.org/10.1523/JNEUROSCI.5606-03.2004

Yamaguchi, T., Wang, H.-L., Li, X., Ng, T. H., & Morales, M. (2011). Mesocorticolimbic Glutamatergic Pathway. The 
Journal of Neuroscience, 31(23), 8476 LP-8490. https://doi.org/10.1523/JNEUROSCI.1598-11.2011

Yizhar, O., Fenno, L. E., Davidson, T. J., Mogri, M., & Deisseroth, K. (2011). Optogenetics in Neural Systems. 
Neuron, 71(1), 9–34. https://doi.org/https://doi.org/10.1016/j.neuron.2011.06.004

Zalocusky, K., & Deisseroth, K. (2013). OptOgenetics Authenticated | deissero@stanford.edu author ’ s copy 
ChR NpHR BR / PR Natronomonas Authenticated | deissero@stanford.edu author ’ s copy. Optogene

Zeeb, F. D., Floresco, S. B., & Winstanley, C. A. (2010). Contributions of the orbitofrontal cortex to impulsive 
choice: interactions with basal levels of impulsivity, dopamine signalling, and reward-related cues. 
Psychopharmacology, 211(1), 87–98. https://doi.org/10.1007/s00213-010-1871-2



 GENERAL INTRODUCTION

21 

1





Authors & Affilations

Jacques P. Flores-Dourojeanni, Msc1,2,  Emilie van der Sande, BSc1, Mieneke C. M. Luijendijk1, 
Louk J. M. J. Vanderschuren, PhD2,4, Roger A. H. Adan, PhD1,3,4 

1 Brain Center Rudolf Magnus, Department of Translational Neuroscience, University Medical Center Utrecht, 

Utrecht, The Netherlands 

2 Department of Animals in Science and Society, Division of Behavioural Neuroscience, Faculty of Veterinary 

Medicine, Utrecht University, Utrecht, The Netherlands 

3 Institute of Neuroscience and Physiology, The Sahlgrenska Academy at the University of Gothenburg, Sweden

4 These senior authors contributed equally

CHAPTER TWO 
Ventral tegmental area dopamine neurons play 
a role in attentive but not impulsive behaviour 
in the 5-choice serial reaction time task

‘It would be so nice if something made sense for a change.’ - Alice 
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ABSTRACT

Impulsive behaviour can become maladaptive in disorders such as attention deficit 
hyperactivity disorder (ADHD), the manic phase of bipolar disorder, and substance addiction. 
Understanding the neural circuitry of impulsive actions is important for the development 
of treatments for such disorders.  Dopamine (DA) is known to play an important role 
in impulsivity but we still do not know the role of the ventral tegmental area (VTA), the 
main DAergic centre of the brain, within the neural circuitry of impulsive behaviour. The 
present study sought to unravel the role of VTA DA neurons in modulating impulsive action 
during the 5-choice serial reaction time task (5-CSRTT). Increasing activity of VTA DAergic 
neurons through optogenetic stimulation elicited an increase in omissions but did not affect 
premature responses. By recording from VTA DA neurons using fibre photometry during 
the 5-CSRTT we were able to show similar pre-stimulus population level activity patterns 
between correct, incorrect and omission trials. These findings highlight the role of VTA 
DA neurons in cue expectation and saliency. However, we observed no discernible activity 
during premature responses, suggesting that VTA DA neuron activity is not necessary to 
induce premature responses.
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INTRODUCTION

Impulse control and attention are cognitive traits necessary for goal directed behaviour. 
Impulsivity is broadly defined as the inability to withhold actions despite negative 
consequences whereas inattention is the inability to maintain focus on a given task. 
Exaggerated displays of these behaviours can be detrimental and form part of the 
symptomatology of various disorders such as attention deficit hyperactivity disorder 
(ADHD), the manic phase of bipolar disorder, and substance addiction (Moeller et al., 
2001; Finerberg et al., 2014; Dalley & Robbins, 2017). Increasing our understanding of the 
underlying circuitry of these behaviours can help us improve treatments for these disorders. 
 The 5-choice serial reaction time task (5-CSRTT) is a robust translational task used 
to study the neural correlates of impulsive action and attention (Robbins, 2002; Voon et 
al., 2014). The 5-CSRTT presents animals with a cue light in one of five possible orifices 
and rewards trials wherein animals nosepoke on the correct hole. In this task animals must 
refrain from nosepoking during the inter-trial interval (ITI) before the stimulus light goes 
on. Responses made prior to the cue are unrewarded and classified as premature responses 
and they are a measure of impulsive action. Incorrect responses in non-illuminated holes 
are a measure of inattention whereas omissions monitor an animal’s attention or lack of 
motivation.
 Dopamine (DA) is a neuromodulator known to play a key role in impulsive 
behaviour. Notably, systemic injections of amphetamine or the selective DA reuptake inhibitor 
GBR12909 increases the number of premature responses in the 5-CSRTT (Baarendse & 
Vanderschuren, 2012). Similarly, infusions of indirect DA agonists, such as methylphenidate 
and amphetamine, into the nucleus accumbens have been shown to increase premature 
responding (Cole & Robbins, 1987; Economidou et al., 2012). DA’s involvement in impulse 
control and attention is further solidified by studies showing decreased dopamine 
transporter expression in the nucleus accumbens shell region of impulsive rats (Jupp et al., 
2013). Furthermore, microinfusions of D1 or D2 antagonists in the NAcb have been shown 
to alter both impulsive and attentive behaviour (Pattij et al., 2007; Besson et al., 2010; 
Moreno et al., 2010). Yet despite DA’s clear involvement, few studies have explored the role 
of DAergic neurons in striatal and cortical regions. 
 The ventral tegmental area is a highly heterogeneous midbrain region known to 
be the main DAergic input towards the striatal and cortical regions wherein DA is known to 
affect impulsivity and attention (Winstanley et al., 2006; Pattij & Vanderschuren, 2008; Dalley 
& Robbins, 2017). This region is made up of mostly DAergic neurons (65%) with a smaller 
population of GABAergic (30%) and glutamatergic (5%) neurons (Margolis et al., 2006; 
Yamaguchi et al., 2011). The VTA is known to be involved in motivation, aversion and saliency 
(Berridge, 2007; Bromberg-Martin et al., 2010; Morales & Margolis, 2017). Nevertheless, 
its involvement in impulsive behaviour is still not well understood. Previous studies have 
shown that chemogenetic activation of VTA DA neurons disrupts attentive performance 
but does not elicit impulsive behaviour (Boekhoudt et al., 2017). Chemogenetics however, 
lacks temporal specificity whereas the ‘timing’ of neuronal activation within the VTA has 
been shown to be crucial when it comes to reward motivated behaviours (Schultz et al., 
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1997; Morris et al., 2006; van Zessen et al., 2012). Therefore, to better understand the role 
of VTA DA neurons in impulsive behaviour, we optogenetically stimulated VTA DA neurons in 
TH::Cre rats with time-locked precision during the 5-CSRTT. We hypothesized that activating 
DA neurons with time-locked precision would increase omissions and increase impulsive 
behaviour.  
 Moreover, whereas various studies have investigated the effect of lesions and 
pharmacological interventions, very few have explored the activity of neurons during the 
5-CSRTT.  One such study performed by Donnelly et al. (2015) found that single unit activity 
in the ventral striatum showed early ramping activity during premature responses. However, 
a similar study that recorded single unit activity in the VTA found no increments in firing rate 
during premature responses in a 3-choice reaction time task (Totah & Moghaddam, 2013). 
However, the analysis on premature responses was not specific to DAergic neurons. Thus, 
even though it has been shown that DA is able to alter impulsive behaviour we still do not 
have clear evidence showing increased DAergic neuron activity during premature responses. 
In this study we used fibre photometry to specifically visualize the population activity of VTA 
DA neurons in TH::Cre transgenic animals performing the 5-CSRTT.  Specifically, we analysed 
the population level activity of these neurons during correct, incorrect, and premature 
responses as well as during omissions trials.

MATERIALS AND METHODS

Animals

Adult in-house bred Long Evans TH::Cre (Witten et al., 2012; 3.1 line) rats were socially 
housed in type III Macrolon cages, in a temperature (20-22˚C) and humidity controlled (60-
70%) room. Animals were food restricted to 90% of their free-feeding weight and were kept 
in a 12-hour reverse day-night cycle. After surgery, animals were individually housed to 
prevent chronic fibre displacement. All experiments were approved by the Animal Ethics 
committee of Utrecht University and were conducted in accordance with Dutch Laws and 
European regulations. 

Optogenetics

A total of 8 TH::Cre animals were trained in the 5-CSRTT. After training completion all 
animals underwent stereotactic surgery for viral expression and optic fibre implantation.  
After recovery, the animals were placed back on the task and were given approximately two 
weeks to habituate to the fibre optic patch chords. Stimulation only took place once animals 
had regained pre-surgery performance in the task (>70% correct responses). Animals were 
first tested under mock conditions wherein the laser would go off on their heads but was 
prevented from entering the brain. This was achieved by placing a small piece of grey mesh 
between the patch chord and the implanted optic fibres. The day after mock stimulation the 
animals were again tested but with the grey mesh removed. Stimulation took place during 
the last 3 seconds of the ITI, starting at 1.5 seconds and finishing 0.5 seconds prior to the 
stimulus cue. 
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Optogenetics equipment and set-up

Lasers (472nm wavelength; Changchun New Industries Optoelectronics TECH. CO) were 
attached to rotatory joints (DORIC) using a mono fibre-optic patch chord (200µm, 0.22 NA, 
DORIC). The rotatory join split the laser light and channelled it through two patch chords 
(127-130µm, 0.22NA, THORLABS) which were connected to the animal’s implanted optic 
fibres via a connecting sleeve (1.5mm, Precision Fiber Products). To minimize light leakage 
from the optogenetic lasers, a small piece of black tape was placed around the implanted 
ferrules and the connected patch chord. All stimulations were done at a frequency of 20Hz 
in 0.05s on-off blocks for 3 seconds. Laser intensity was maintained at approximately 10mW 
and was measured before and after stimulation.

Fibre photometry

Fibre Photometry was carried in order to measure VTA DA activity during the 5-CSRTT. A 
total of 6 TH::Cre animals were initially trained in the 5-CSRTT. After training completion all 
animals underwent stereotactic surgery for viral expression and optic fibre implantation.  
After recovery, the animals were placed back on the task and were given approximately two 
weeks to habituate to the fibre optic patch chords. Recordings only took place once animals 
had regained pre-surgery performance in the task (>70% correct responses). Animals were 
recorded during a 7s ITI challenge in which the ITI was increased from 5s to 7s, this was 
done to increase the number of premature response events (Dalley et al., 2007; Baarendse 
and Vanderschuren, 2012).

Fibre photometry equipment and set-up

The fibre photometry set-up and equipment used was the same as that described in Verharen 
et al., 2018 (Figure 2A). Briefly, a blue LED excitation light (M490F2, Thorlabs), driven by a 
lock-in amplifier (SR810, Stanford Research Systems), was connected to an excitation filter 
(FF02-472/30-25, Semrock), via a 400µm core fibre optic patch cable (M76L01, Thorlabs). 
The excitation filter was coupled to a dichroic mirror (FF495/605-Di01-25x36, Semrock) 
which reflected the light unto a 400µm core patch cable (0.49 NA, Thorlabs) that then 
attached to the animal’s implanted chronic fibre via a connector sleeve (2.5mm, Precision 
Fibre Products). Incoming light was received back through the same patch chord and 
dichroic mirror. Light would then go through a second dichroic mirror (Di02-R594-25x36, 
Semrock) as well as an emission filter (FF01-535/50-25, Semrock) which then led to a 
photoreceiver (Newport corporation). The voltage converted signal was then amplified and 
passed on to a lock-in amplifier (SR810, Stanford Research Systems). The lock-in amplifier 
was set to a frequency of 233-400Hz, a 12dB/oct bandwidth roll-off and a 100ms time 
constant. The amplified lock-in signal was then sent to a digitizer (Digidata 1550a Digitizer, 
Molecular Devices) and captured at 100 Hz – 10 kHz, using a 50Hz low pass filter. Other TTL 
signals representing behavioural events during the task were also sent and processed by 
the digitizer. Fibre photometry recordings took place only once animals had re-attained pre-
surgery performance in the task (>70% correct responses). 
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Surgery

DA neuron specificity was obtained using TH::Cre transgenic animals which expressed the 
Cre recombinase enzyme in tyrosine hydroxylase (TH) positive neurons. TH is a marker for 
DA neurons in the VTA and this was used along with viral vectors carrying either a Cre-
dependent channelrhodopsin (ChR2; optogenetics) or a Cre-dependent calcium marker 
(Gcamp6s; fibre photometry) to obtain DA specific expression. To inject the viruses and 
implant the optic fibres, animals were first anesthetised by an intramuscular injection 
of fentanyl/fluanisone (0.315 mg/kg fentanyl, 10mg/kg fluanisone; Hypnorm, Janssen 
Pharmaceutica) and placed in a stereotactic frame (David Kopf). Xylocaine (Lidocaine 100 
mg/ml, AstraZeneca BV) was then applied to the skull as a local anaesthetic. A total of 8 
animals received a 1µl bilateral injection of AAV5-Ef1a-DIO-hChR2-(H134R)-EYFP (3X1012 
molecules/ml; UNC Vector Core) in the VTA (-5.80 AP, +1.60 ML, -8.40 DV; 5o angle) along 
with a chronic optic fibre (210-240µm, 0.22 NA; PFP) inserted 0.5mm above injection site 
(-7.90 DV) (Figure 1A). For the fibre photometry experiment, 5 animals received a 1µl 
injection of AAV5-DIO-hSyn-GCaMP6s (1X1012 molecules/ml; UNC Vector Core) unilaterally 
into the VTA (same as previous coordinates) (Figure 2B). A chronic fibre (400µm, 0.49 NA; 
PFP) was then implanted 0.1mm above the injection site and secured with dental cement. 

Behavioural task

Training and testing of the 5-CSRTT took place in operant conditioning chambers (MED 
Associates). The chambers were equipped on one side with a tall magazine wherein 45mg 
sucrose pellets (Sandown Scientific, UK) were delivered. The magazine was equipped with 
an infrared emitter/sensor pair that detected nosepoke entries into the magazine. On the 
same side of the magazine wall there was also a houselight. The opposite wall was curved 
and contained 5 equally spaced nosepoke holes, also equipped with infrared emitter/sensor 
pairs to record entries. The nosepoke holes were equipped with LED lights. The chambers 
were enclosed inside sound attenuating boxes equipped with a fan that provided a low level 
of white noise. All inputs and outputs were recorded and controlled via MED-PC software 
and hardware.
 Animals were trained in the task as previously described (Baarendse & 
Vanderschuren, 2012; Boekhoudt et al., 2017). Briefly, animals were habituated for 20 
minutes to the chambers by putting them inside with 2 pellets on each of the nosepoke holes 
and in the magazine. Following habituation (2 sessions), all nosepoke holes were illuminated 
and nosepokes in any of the holes were rewarded with a 45mg pellet. Animals would have 
to wait 5s before the lights would turn on again, but premature responses (responses prior 
to cue illumination) were not punished nor rewarded. Once animals began completing 
upwards of 80 trials in this stage, the task was modified to only have 1 of the nosepoke holes 
be illuminated at a time at random. Correct responses were rewarded whereas incorrect 
and premature responses were recorded but not punished. Once animals reached 80% trial 
completion in this task, they were moved to the final stage wherein only one light would 
be illuminated at random for 16s (limited hold). If they did not respond within the limited 
hold time period, the trial was recorded as an omission. At this stage incorrect responses 
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as well as premature responses were punished with a 5s time-out. From then onwards 
animals were moved towards shorter stimulus light and limited hold periods (16s, 8s, 4s, 
2s, and 1s). When the stimulus light was 4s, 2s, and 1s the limited hold was kept at 5s. Once 
all animals had 70% correct responses at 1s stimulus light they underwent surgery. After 
surgery they were re-trained in the task and habituated to having optical fibres attached for 
approximately 2 weeks. Figure 1B shows a schematic of the 5-CSRTT.

Immunohistochemistry

Immunohistochemistry was performed as previously described (Boekhoudt et al., 2017). 
Briefly, animals were anaesthetized using a lethal dose of pentobarbital (0.1ml/100g 
bodyweight; Euthanimal, Alfasan BV, The Netherlands). They then underwent transcardial 
perfusion with phosphate buffered saline (PBS) and thereafter with 4% paraformaldehyde 
(PFA) dissolved in PBS. Brains were stored in PFA overnight at 4o C and then transferred unto 
a 30% sucrose solution for a minimum of 2 days prior to slicing. 40 µm brain slices were 
made using a Leica cryostat and subsequently stained for tyrosine hydroxylase (TH) and 
EYFP using mouse anti-TH (EMD Millipore, 1:500) and chicken anti-EYFP (Abcam, 1:500).

Data analysis

Data from the optogenetic stimulation experiment was analysed using GraphPad PRISM 7.  
A paired student’s t-test was performed between the mock session and the laser stimulation 
session. Data from the fibre photometry experiment was processed using a custom-made 
python script. Raw voltage data was normalized by the formula (F(t)-F0)/F0 where the 
moving average F0 is the average of the last 10seconds before time point F(t). The resulting 
ΔF/F0 signal was then time-locked to the relevant behavioural events and the data was 
plotted using the python package matplotlib. Maximum peak and peak onset data were 
analysed using a one-way ANOVA. In case of a significant difference in the one-way ANOVA 
analysis; a post-hoc Tukey’s multiple comparisons test was used to determine statistical 
significance between each group.

RESULTS

Optogenetic activation of VTA DA neurons 

Optogenetic activation of VTA DA neurons did not alter the number of premature responses 
(Figure 1C, t=0.45, P=0.66), incorrect responses (Figure 1D, t=0.34, P=0.75) or accuracy 
(Figure 1E, t=1.06, P=0.32). However, there was a decrease in the number of correct 
responses (Figure 1F, t=2.94, P=0.022) along with an increase in the number of omissions 
(Figure 1G, t=3.58, P=0.009). There were also no changes in the latency to retrieve the 
reward (Figure 1H, t=0.83, P=0.43).
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Figure 1. Activating VTA DA neurons using optogenetics in the 5-CSRTT. A) Virus and fiber 
optic placement (left) Immunohistochemistry image showing TH+ neuron ins red and ChR2-EYFP 
expression in green (right). B) Schematic of the 5-CSRTT optogenetic stimulation parameters. C-H) 
Premature responses, incorrect responses, accuracy, correct responses, omissions and latency to 
reward between mock and laser stimulation sessions (n=8). Data are presented as mean ±SEM; * p< 
0.05 when compared to mock stimulation (Paired sample student’s t-test).
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VTA DA neuron activity time-locked to behavioural responses

Fibre photometry was used to detect changes in calcium signalling in VTA DA neurons while 
animals performed the 5-CSRTT. During correct response trials (Figure 2C) VTA DA cells 
showed ramping activity beginning approximately 1 second prior to the response. The 
signal increased until it reached its peak (0.055 ΔF/F) approximately 0.7 seconds after the 
response. This was followed by a slow decline that returned to baseline approximately 2 
seconds after the response. The heatmap on Figure 2C, depicting the signal strength for each 
animal during correct response trials, shows how the signal peaks shortly after the correct 
nosepoke response has been made (dotted line). During incorrect response trials (Figure 
2D) DA cells also showed an increase in activity starting before the nosepoke response. The 
VTA DA signal then increased until the nosepoke was made at which point the signal began 
to decline until it returns to baseline approximately 1 second after the nosepoke. One animal 
showed no discernible activity during incorrect responses as seen in the heatmap in Figure 
2D. Conversely, during premature responses DA cells showed no response-related increase 
in signal (Figure 2E).
 Since no discernible peak was detected during premature response trials, signal 
comparisons were only made between incorrect and correct responses. There was no 
significant difference in the peak onset between correct and incorrect trials (Figure 2F, 
t=2.35, P= 0.0513). Nevertheless, during correct trials DA cells had a higher maximum peak 
signal (Figure 2G, t=9.78, P=0.0006) and a greater area under the curve (AUC) score than 
during incorrect trials (Figure 2H, t=8.085, P=0.0013).

VTA DA neuron activity time-locked to the stimulus cue

In addition to synchronizing the signal to the behavioural responses we also analysed the 
VTA DA signal time-locked to the stimulus cue.  During correct trials VTA DA activity begins 
ramping prior to the stimulus cue (Figure 3A). The signal then reaches its peak upon stimulus 
cue presentation and falls back to baseline approximately 2 seconds after the cue. Incorrect 
and omission trials also show ramping activity beginning approximately 0.8 seconds prior to 
the stimulus cue (Figure 3B; Figure 3D, respectively).  The signal on incorrect trials however 
begins to recede and falls back to baseline earlier around 1 second after the stimulus cue 
(Figure 3B). Omission trials show a similar signal pattern as those of incorrect trials (Figure 
3D). No activity was seen during premature response trials (Figure 3C).
 Furthermore, no significant differences were found in peak-onset between correct, 
incorrect or omission trials (Figure 3E). A one-way ANOVA indicated a difference in maximum 
peak signal (Figure F, F(2,8) =7.059, P=0.017) and AUC (Figure G, F(2,8)= 8.78, P=0.01). For 
the maximum peak signal a Tukey’s post hoc multiple comparisons test analysis revealed 
a significant difference between correct and omission trials (Figure G, q= 5.27, P=0.014) 
but not between correct and incorrect (Figure G, q= 3.2, P=0.11) or incorrect and omission 
trials (Figure G, q=2.0, P=0.36). AUC scores were significantly different between correct 
and omissions trials (Figure G, q=4.98, P=0.02) and correct and incorrect trials (Figure G, 
q=5.3, P=0.01). There was no difference in AUC scores between omission and incorrect trials 
(Figure G, q=0.28, P=0.97). 
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Figure 2. VTA DA population activity time-locked to instrumental responses in the 5-CSRTT. A) 
Schematic of the fiber photometry set-up. B) Immunohistochemistry image depicting TH+ neurons 
in red and Gcamp6s expression in green in the VTA. C-E) Fiber photometry recordings (left) of VTA 
DA neurons population activity during correct, incorrect and premature trials, respectively (n=5). 
Also, VTA DA neurons activity heatmap (right) for each rat for correct, incorrect and premature trials, 
respectively. F) Onset of VTA DA rising activity for correct and incorrect trials, prior to the instrumental 
response. G) Maximum peak signal for correct and incorrect trials. H) Area under the curve for correct 
and incorrect trials. Data are presented as mean ±SEM; * p< 0.05 (Paired sample student’s t-test).
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DISCUSSION

The present study investigated the involvement of VTA DA neurons in impulsive and attentive 
behaviour. Optogenetic activation of VTA DA neurons during the ITI increased omissions but 
had no effect on premature responses. Accordingly, we found no population level activity 
of DA neurons during premature response trials but did observe rising activity preceding 
the cue during correct, incorrect, and omission trials. Our experiments are the first to 

Figure 3. VTA DA population activity time-locked to the stimulus cue in the 5-CSRTT. A-D) 
Fiber photometry recordings of VTA DA population activity during correct, incorrect, premature 
and omission trials, respectively (n=5). Also, VTA DA neurons activity heatmap (right) for each 
rat for correct, incorrect, premature and omission trials, respectively. E) Onset of VTA DA rising 
activity for correct, incorrect and omission trials, prior to the stimulus cue. F) Maximum peak 
signal for correct, incorrect and omission trials. G) Area under the curve for correct, incorrect and 
omission trials. Data are presented as mean ±SEM; * p< 0.05 (Paired sample student’s t-test).
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manipulate VTA DA neuron activity with time-locked precision during the 5-CSRTT and the 
first to selectively monitor DA neuron activity in the VTA. Although our results increase our 
understanding of VTA DA neurons in attention it questions their involvement in impulsive 
behaviour.
 In agreement with our previous chemogenetic study (Boekhoudt et al., 2017), 
optogenetic activation of VTA DAergic neurons led to a substantial increase in the number of 
omissions, which in turn led to a reduction in the number of correct responses. Additionally, 
stimulation had no effect on the latency to retrieve the reward, suggesting the increase in 
omissions was not driven by the motivational state of the animal but rather by their ability 
to pay attention to the task (Bari et al., 2008). Also, in concordance with our previous study 
(Boekhoudt et al., 2017) there was no increase in the number of premature responses 
after VTA DA neuron stimulation. This is surprising since it is well established that DA 
plays a prominent role in impulsive behaviour; especially within the nucleus accumbens 
(Cole & Robbins, 1987; Cole & Robbins, 1989; Pattij et al., 2007; Pezze et al., 2007; Dalley 
et al., 2008; Besson et al., 2010; Economidou et al., 2012), a region vastly innervated by 
the VTA. This discrepancy may be explained by opposing actions of the shell and core sub 
regions of the nucleus accumbens being simultaneously stimulated during broad VTA DA 
activation (Sesia et al., 2008; Besson et al., 2010; Dalley & Robbins, 2017). If DA acts on 
the shell to increase impulsive actions but acts on the core to decrease it, stimulating both 
pathways simultaneously may lead to no net effect (Dalley & Robbins, 2017). Additionally, by 
disrupting attentive behaviour with time locked precision; we may be disengaging animals 
from the task when they would normally make premature responses (shortly before the end 
of the ITI). Thus, to better understand the role of the VTA it may be necessary to focus on 
projection specific stimulation. This may allow us to disassociate attentive and impulsive 
behaviour at the projection level thereby unmasking the role of the VTA in impulse control.
 Interestingly, we also found no increased VTA DA neuron activity during premature 
responses. Our findings corroborate a single-unit activity recording experiment showing no 
increased firing rate prior to premature responses in the VTA (Totah & Moghaddam, 2013). 
Together, these results suggest that although DA can pharmacologically affect impulsive 
behaviour (Van Gaalen et al., 2006; Pattij et al., 2007; Pezze et al., 2007; Baarendse & 
Vanderschuren, 2012; Economidou et al., 2012), increased DAergic activity stemming from 
the VTA is not physiologically necessary to provoke premature responses. This is peculiar, 
especially given the role the VTA plays in stimulus expectation, a role exemplified by our 
observations that DA activity preceded the stimulus cue during correct, incorrect and even 
omission trials. Furthermore, studies by Donelly et al. (2015) showed that early ramping 
activity in the ventral striatum, a region heavily innervated by the VTA, predicted premature 
responses in the 5-CSRTT. Given DA’s role in timing (Soares et al., 2016) cue anticipation 
(Totah & Moghaddam, 2013) and impulsive behaviour (Van Gaalen et al., 2006; Pattij et al., 
2007; Pezze et al., 2007; Baarendse & Vanderschuren, 2012; Economidou et al., 2012) it 
was believed that this early ramping activity could have been initiated by VTA DA neurons. 
Nevertheless, our results suggest otherwise. Our results challenge the common thoughts 
about the role of DA in premature responses and warrant further investigation of the precise 
role of DA and timing of DA action.
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 Additionally, we found DA neuron activity prior to the stimulus cue during correct, 
incorrect and even omission trials. These findings are in-line with the work of Totah and 
Moghaddam (2013) who showed that single unit firing rate activity preceding the stimulus 
cue in a 3-choice serial reaction time task was similarly increased in the VTA in all three 
trial types (correct, incorrect and omission trials). However, a limitation of their study 
was the use of waveform duration as a means of DA neuron characterization which lacks 
accuracy and is variable across DA neurons (Cohen et al., 2012). By using TH::Cre rats as 
our means of DA neuron classification we were able to further support their claim that DA 
neurons show cue anticipatory activity. Together, these findings are in line with the role of 
VTA DA neurons in reward-prediction error which dictates that VTA DA neurons fire to a 
conditioned stimulus (CS) (Schultz et al., 1997; Schultz, 1998). Additionally, these results 
further highlight the importance of DA in attentive behaviour and explain the effects of 
our optogenetic manipulation. Namely, by activating these neurons we are disrupting VTA 
neuron activity prior to the cue and thereby causing animals to lose focus on the task at 
hand.
 Although there were similarities in anticipatory activity prior to the cue, peak DA 
neuron activity was different between correct, incorrect, and omission trials. The reduced 
peak activity during incorrect and omission trials may be due to a lack of detection of 
the anticipated stimulus cue (Totah and Moghaddam, 2013). Alternatively, the reduced 
activity may reflect the expected reward. This is because the moment an animal makes an 
instrumental response is when they become aware of whether they will receive a reward. 
This inference is supported by the fact that DA activity begins to decline when animal 
makes a nosepoke response during incorrect but not during correct trials. Lastly, we must 
consider that VTA DA neurons are also known to show increased activity prior to a self-
initiated movement (Romo & Schultz, 1990). However, since we found no increased activity 
prior to premature responses but did find them during omission trials (where there is no 
goal directed movement) we can conclude that the DA activity observed herein reflected 
attentional and motivational rather than motoric processes.
 In conclusion, we have shown that activating VTA DA neurons prior to the stimulus 
cue during the ITI in the 5-CSRTT is able to disrupt attention but does not affect impulsive 
behaviour. Moreover, using fiber photometry we showed that DA neurons show no activity 
prior to, or during, premature responses. We also show that DA activity precedes the stimulus 
cue, indicating a role in cue anticipation. Lastly, the lack of effects of stimulation and lack 
of activity during premature response begs further inquiry. We must emphasize that our 
observations reflect premature responses in a healthy rat. That is, we cannot discount VTA 
DA neurons being a cause for premature responses in individuals with dysregulations in 
midbrain DA function (Swanson et al., 2000; Sergeant et al., 2003). Particularly important, 
a more targeted approach looking into the diverse projections of the VTA separately would 
increase our understanding of the role of this region in impulsive behaviour and expand on 
the results herein.
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CHAPTER THREE 
Temporally specific roles of ventral tegmental 
area projections to the nucleus accumbens 
and prefrontal cortex in attention and impulse 
control

‘The Queen had only one way of settling all difficulties, great or small. 'Off with his head!' she 
said, without even looking round.’
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ABSTRACT

Deficits in impulse control and attention are major symptoms in mental disorders such 
as ADHD, substance addiction, schizophrenia and the manic phase of bipolar disorder, 
yet the underlying mechanisms are incompletely understood. Previously, frontostriatal 
circuits, in particular the nucleus accumbens (NAcb) and the ventromedial prefrontal 
cortex (vmPFC), and their dopaminergic innervation from the ventral tegmental area (VTA) 
have been implicated in impulse control and attention. What remains unclear, however, is 
how temporally-precise activity of VTA projections to these regions contributes to these 
processes. Therefore, here we optogenetically stimulated VTA dopamine cells, as well 
as VTA projections to the nucleus accumbens core (NAcbC) and shell (NAcbS) and to the 
vmPFC during the 5-choice serial reaction time task (5-CSRTT) in rats. Our data show that 
stimulation prior to the cue of VTA DA neurons, as well as stimulation of VTA projections to 
the NAcbC and the vmPFC, impaired attention but did not affect impulsivity in the 5-CSRTT.  
In contrast, activation of VTA projections towards the NAcbS increased impulsivity and 
reduced attention. When tested under a longer intertrial interval (ITI), to provoke an increase 
in premature responses, stimulation of VTA-NAcbS and VTA-NAcbC projections increased 
impulsive responding, whereas stimulation of VTA DA cells and the VTA-vmPFC projection 
increased errors of omission.  Stimulation at the beginning of the ITI only partially replicated 
these effects. Thus, neuronal activity in different ascending output pathways from the VTA 
modulates attention and impulsivity. Together, this demonstrates how different parts of the 
mesocorticolimbic circuit play distinct but complementary roles in cognition.
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INTRODUCTION

Impulse control and attention are cognitive processes which are essential for adaptive 
behaviour. Impulse control is the ability of an individual to withhold, postpone or cancel an 
action when appropriate, whereas attention pertains to an individuals ability to purposefully 
devote cognitive resources to a given stimulus or task. Together, these allow an individual to 
integrate information from the environment and use it to adequately guide behaviour. Deficits 
in these processes contribute to the symptomatology of a variety of mental disorders such 
as schizophrenia, the manic phase of bipolar disorder, substance addiction and attention-
deficit/hyperactivity disorder (ADHD) [1-4]. A better understanding of the precise neural 
underpinnings of attention and impulse control would therefore open new avenues to treat 
these psychiatric disorders. 
 The 5-choice serial reaction time task (5-CSRTT) is a highly translational task, 
originally derived from the human continuous performance task, which is widely used to 
study the neural circuitry of impulse control and attention [5-8]. In this task, animals are 
trained to respond to a visual stimulus, which is briefly and pseudo-randomly presented in 
one of five nose-poke holes. Attention is assessed by measuring how often and accurate an 
animal responds, whereas impulse control is evaluated by testing how well an animal can 
withhold from responding until the cue is presented, thus assessing motor impulsivity. 
 Impulse control and attention in the 5-CSRTT are modulated by fronto-striatal 
circuits and their monoaminergic innervation, of which dopamine (DA) has been most 
widely investigated in this task [1, 9-11]. Within the ventral striatum, the core and shell sub-
regions of the nucleus accumbens (NAcb) have been shown to have diverse, perhaps even 
opposing, roles in modulating impulsive behaviour [12-16]. Remarkably, we have previously 
found that chemogenetically facilitating the activity of DA neurons in the ventral tegmental 
area (VTA), the main DAergic input to the NAcb, greatly increased the number of omitted 
responses [17], without altering impulsive behaviour. This latter finding is inconsistent with 
previous work implicating NAcb DA in impulsive behaviour in the 5-CSRTT [12, 13, 16, 18-
20]. Interestingly, infusion of DA D1 or D2 receptor antagonists into the NAcb has previously 
been found to also increase the number of omissions [12,20]. However, infusions of direct 
DA agonists did not [13,20], whereas intra-NAcb treatment with indirect DA agonists 
such as amphetamine or methylphenidate yielded mixed effects [16-18].  Other work has 
explored the role of the vmPFC in attention and impulsivity in the 5-CSRTT [16, 21-23]. In 
these studies, lesions of the vmPFC increased premature responses and omissions [21] and 
decreased response accuracy [23] whereas infusions of methylphenidate into the vmPFC 
only marginally affected omissions [16]. These distinctions further highlight the need to 
assess the role of dopamine (DA) innervation of these areas in depth.
 Despite the wealth of evidence implicating frontostriatal regions and their DA 
innervation in impulsivity and attention, the temporal dynamics by which dopaminergic 
transmission impacts attention and impulsivity has not been explored, because previous 
studies have mostly relied on techniques that lacked the necessary temporal resolution.  
Therefore, in the present study we stimulated DAergic neurons in the VTA and then 
specifically targeted the projections from the VTA towards the vmPFC, the NAcbC and the 
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NAcbS separately, using optogenetics. This projection selectivity enabled us to assess changes 
in 5-CSRTT performance that may have been obscured during broad VTA stimulation [17], 
with superior temporal precision. On the basis of previous studies, we hypothesized that 
broad VTA DA activation decreases attentive but not impulsive behaviour whereas activation 
of VTA-NAcbC and VTA-NAcbS projections disrupts both. Lastly, we hypothesized that 
activating VTA projections towards the vmPFC decreases attention, but not impulsivity.

MATERIALS AND METHODS

Animals

All animals were bred in-house by crossing heterozygote male rats expressing the Cre 
enzyme in tyrosine hydroxylase expressing neurons (TH::Cre+/-; 3.1 line) [24] with wild-
type female Long Evans rats (Charles River). Twenty-one TH::Cre +/- males and 36 male 
wildtype littermates were used in this study. The animals were socially housed in type III 
Macrolon cages until surgery, after which they were individually housed to prevent damage 
to the chronic fibres. They were housed under a 12-hour reverse day-night cycle (lights on at 
19:00) in a temperature (20-22˚C) and humidity (60-70%) controlled room. All animals were 
approximately 3 months old and weighed 250-300g when 5CSRTT training commenced. 
They were food restricted to 90% of the free feeding weight throughout the experiment. All 
experiments were approved by the Animal Ethics committee of Utrecht University and were 
conducted in accordance with Dutch Laws (Wet op de Dierproeven, 1996) and European 
guidelines (86/609/EEC).

Surgery

 Animals were anesthetised by intramuscular injection of Hypnorm (0.315 mg/kg fentanyl, 
10mg/kg fluanisone; Janssen Pharmaceutica) and placed in a stereotaxic frame (Kopf 
Instruments). Xylocaine (Lidocaine 100 mg/ml, AstraZeneca BV) was applied to the skull 
as a local analgesic. All animals (except for the control group, see below) received a 1µl 
bilateral injection of AAV5-Ef1a-DIO-hChR2-(H134R)-EYFP (7.4X1012 molecules/ml; UNC 
Vector Core) into the VTA (-5.80 AP, +1.60 ML, -8.40 DV; 5o angle) along with a chronic optic 
fibre (210-240µm, 0.22 NA; Precision Fibre Products) inserted slightly above the injection 
site (-7.90 DV). TH::Cre -/- animals received 0.5µl bilateral injections of Cav2-Cre (1.0X1012 
molecules/ml) into either the NAcbC (+1.20 AP, +1.60 ML, -6.80 DV; 0o angle), the NAcbS 
(+1.20 AP, +2.70 ML, -7.50 DV; 10o angle) or the vmPFC (+2.70 AP, +1.20 ML, -5.70 DV; 10o 
angle). The control group consisted of TH::CRE rats that received infusion of an inactive virus 
(AAV5-Ef1a-DIO-EYFP, 3X1012 molecules/ml; UNC Vector Core)  virus into the VTA. Animals 
were given Carprofen (5.0mg/kg Carporal, AST Farma BV) for pain relief, immediately after 
surgery and for two consecutive days thereafter.

Behavioural set-up 

5-CSRTT training and testing was carried out as previously described [10, 17]. In brief, 
the rats were trained to respond into one of five nose-poke holes, that pseudo-randomly 
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illuminated for 1 sec (5 sec limited hold), to earn sucrose pellets. Once all animals performed 
at criterion (i.e. >70% correct responses) they underwent surgery. After surgery, all animals 
were re-trained and habituated to the being attached by optic fibers and to the laser light 
until performance levels (correct responses) returned to pre-surgery levels, which took 
approximately 2-3 weeks. A nose-poke in the illuminated hole within the limited hold period 
was counted as a correct response, rewarded by delivery of a sucrose pellet. A response in 
one of the other holes was recorded as an incorrect response, a failure to respond within 
the limited hold period as an omission, and a nose-poke during the ITI as a premature 
response. Incorrect responses, omissions, and premature responses were punished with 
a 5 sec time-out. Repeated responses in one of the nose-poke holes were recorded as 
perseverative responses but had no programmed consequences. Accuracy was defined as 
percentage of correct responses relative to total responses (correct / [correct+incorrect] * 
100%). Latencies to respond (premature, correct, incorrect, and food magazine entry) were 
recorded as well. Sessions lasted for 100 trials or 30 minutes, whichever occurred first. 

Experiments

Five groups of rats were tested. The first group consisted of TH-Cre +/- animals (n=15), 
used to target DAergic neurons in the VTA. Wildtype TH-Cre -/- littermates were subdivided 
further into 3 groups, to target projections from the VTA to the NAcbC (n=11); projections 
from the VTA to the NAcbS (n=9); to target projections from the VTA to the vmPFC (n=13). 
The fifth group (n=6) consisted of TH::CRE rats that received infusion of a control virus 
(AAV5-Ef1a-DIO-EYFP) virus into the VTA. The effects of optogenetic stimulation were tested 
under 3 conditions: 1. baseline conditions; 2. under a longer ITI (i.e., 7s instead of 5s), to 
provoke premature responding [10,15,17]; 3. under baseline conditions with a stimulation 
time-point starting at the onset of the ITI, instead of prior to the cue. 

Optogenetics

Lasers (Changchun New Industries Optoelectronics) were attached to rotary joints (DORIC) 
via a mono fiber-optic patch cord (NA 0.22, 200um core diameter, DORIC). The rotary joint 
was connected to chronic fibres implanted in the animal’s brain via 2 patch cords (NA 
0.22, 127-130um, THORLABS). During testing and training, a small piece of black tape was 
wrapped around the chronic optic fibres to prevent light leakage from the laser. During 
“mock” stimulations, a small piece of grey foam was inserted inside the sleeve connecting 
the patch cords to the chronic optic fibres to prevent light from entering the brain but 
allowing the laser to shine on the head mount.  All stimulations were done at a frequency of 
20Hz with 5ms pulse width to maximize dopamine release [25]. During baseline sessions, 
the laser would turn on at 1.5s into the ITI and turn off 3s later, 0.5s prior to the onset of the 
cue. During the 7s ITI challenge sessions, the laser would turn on 3.5s and turn off 3s later, 
0.5s prior to the cue. During the 3s ITI onset sessions, the laser would turn on immediately at 
the onset of the ITI and turn off 3s later, 2s prior to cue onset. Laser intensity was maintained 
at approximately 10mW, which was measured before and after stimulation. Animals only 
underwent optogenetic stimulation if they had shown stable performance (<10% variation 
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in accuracy and omissions) over the previous two days. Animals were removed from the 
experiment if they lost their chronic fibre headcaps.

Immunohistochemistry

Immunohistochemistry was performed as previously described [17]. Briefly, animals 
were anaesthetized using a lethal dose of pentobarbital (0.1ml/100g; Euthanimal, Alfasan 
BV, The Netherlands) and transcardially perfused with 0.9% saline followed by 4% 
paraformaldehyde (PFA) in phosphate buffered saline. Brain slices (40µm thick) were made 
using a Leica cryostat and subsequently stained for tyrosine hydroxylase (TH) and EYFP 
using mouse anti-TH (EMD Millipore, 1:500) and chicken anti-EYFP (Sigma-Aldrich, 1:500). 
Animals that showed no ChR2 expression in the VTA were removed from the analysis (13 
animals in total across all groups). 

Data analysis

All statistical analyses were performed using GraphPad Prism (GraphPad Software, Inc.). For 
tests under baseline conditions, mock and stimulation sessions were compared. For the long 
ITI session, we compared laser and no laser trials within a session, to prevent habituation to 
this challenge condition. Comparisons between sessions or trials were done using a Paired 
student’s t-test. When data was not normally distributed (as checked using a Shapiro-Wilk 
test), a Wilcoxon matched-pairs signed rank test was performed instead. 

RESULTS

Activating VTA dopaminergic neurons decreases attention

We stimulated VTA DA neurons in TH::Cre rats in-vivo to determine how time-locked 
increments in DA neurotransmission prior to stimulus cue presentation affects 5-CSRTT 
performance (Figure 1). Stimulation of VTA DA neurons reduced the number of correct 
responses (Figure 1B, t=5.4, P<0.0001) and increased errors of omission (Figure 1E, t=5.11, 
P<0.0002). Incorrect responses, accuracy and premature responses were not affected (Figure 
1C, t=0.23, P=0.81; Figure 1D, t=1.47, P=0.16; Figure 1F, t=0.33, P=0.75, respectively). In 
addition, latency to correct (Table S1, t=4.05, P=0.0012) and incorrect responses (Table S1, 
t=2.35, P=0.03) were increased whereas latency to retrieve the reward (Figure 1G, t=0.06, 
P=0.95), latency to premature responses and perseverative responses remained unaffected 
(Table S1, t=0.06, P=0.95; t=0.32, P=0.7, respectively). Optogenetic stimulation in control 
animals did not alter any of the parameters in the 5-CSRTT (Figure S1). 

Stimulating VTA-NAcbS projections increases impulsivity and reduces attention

Stimulation of VTA projections to the NAcbS (Figure 2A) significantly reduced the number 
of correct responses, and increased omissions as well as premature responses (Figure 
2B, t=3.86, P=0.005; 2E, t=3.26, P=0.01; 2F, t=2.49, P=0.037, respectively). Stimulation of 
this pathway had no effect on the number of incorrect responses, accuracy or the latency 
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to retrieve the reward (Figure 2C, t=1.31, P=0.29; 2D, t=1.44, P=0.19; 2G, t=1.42, P=0.19, 
respectively). Incorrect responses were made significantly sooner during stimulation (Table 
S1, t=3.97, P=0.004), but the latency to correct responses, premature responses and the 
number of perseverative responses remained unaltered (Table S1, t=0.4, P=0.7; t=1.57, 
P=0.15; t=1.13, P=0.29, respectively).

Figure 1. Stimulation of VTA DA neurons during the 5-CSRTT in TH::Cre rats. A) Infusion 
of the Cre-dependant AAV5-Ef1a-DIO-hChR2-(H134R)-EYFP viral vector into the VTA of 
TH::Cre rats (left). Immunofluorescence of TH (red) and ChR2-EYFP (green) in the VTA 
(right). B) C), D), E), F), G); correct responses, incorrect responses, accuracy, omissions, 
premature responses and latency to retrieve the reward during mock and stimulation sessions, 
respectively (n=15). H) Diagram depicting the 5-CSRTT with an ITI of 5s and a stimulus cue 
light of 1s. Stimulation took place in the last 3 seconds of the ITI at 20Hz. Data are presented 
as mean ±SEM; * p< 0.05 when compared to mock stimulation (Paired sample student’s t-test).

A

B C D

E F G
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Stimulating VTA-NAcbC projections impairs attention

Stimulation of VTA projections to the NAcbC (Figure 3A) decreased the number of correct 
responses (Figure 3B, t=3.56, P=0.005) and increased errors of omission (Figure 3E, t=3.81, 
P=0.003). Incorrect responses, accuracy and premature responses remained unchanged 
(Figure 3C, t=1.01, P=0.3; 3D, t=1.28, P=0.2; 3F t=0.73, P=0.5, respectively). Latency to 
retrieve the reward was decreased by the stimulation (Figure 3G, t=2.25, P=0.05) whereas 
perseverative responses, latency to correct, premature and incorrect responses were not 
affected by stimulation of the VTA-NAcbC pathway (Table S1, t=1.15, P=0.27; t=0.63, P=0.55; 
t=0.82, P=0.44, respectively).

Figure 2. Stimulation of VTA to NAcbS projections in the 5-CSRTT. A) Infusion of the Cre-
dependant AAV5-Ef1a-DIO-hChR2-(H134R)-EYFP viral vector into the VTA and infusion of the 
retrograde viral vector Cav2-Cre into the NAcbS (left). Immunofluorescence of TH (red) and ChR2-
EYFP (green) in the VTA (right). B) C), D), E), F), G); correct responses, incorrect responses, accuracy, 
omissions, premature responses and latency to retrieve the reward during mock and stimulation 
sessions, respectively (n=9). H) Diagram depicting the 5-CSRTT with an ITI of 5s and a stimulus 
cue light of 1s. Stimulation took place in the last 3 seconds of the ITI at 20Hz. Data are presented 
as mean ±SEM; * p< 0.05 when compared to mock stimulation (Paired sample student’s t-test).
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Stimulating VTA-vmPFC projections decreases attention

Stimulating the VTA projection to the vmPFC (Figure 4A) evoked a decrease in correct 
responses (Figure 4B, t=2.2, P=0.046) and accuracy (Figure 4D, t=4.6, P=0.0005) and 
increased the number of incorrect responses (Figure 4C, t=4.85, P=0.0004). Errors of 
omission (Figure 4E, t=0.23, P=0.82) and premature responses (Figure 4F, t=0.4, P=0.7) 
were not affected by stimulation. Additionally, latency to reward as well as perseverative 
responses, and correct, premature and incorrect latencies were also not affected by 
stimulation (Figure 4G, t=0.04, P=0.9719; Table S1, t=1.09, P=0.30; t=0.88, P=0.40; t=1.16, 
P=0.27; t=0.5, P=0.62, respectively).

Figure 3. Stimulation of VTA to NAcbC projections in the 5-CSRTT. A) Infusion of the Cre-
dependant AAV5-Ef1a-DIO-hChR2-(H134R)-EYFP viral vector into the VTA and infusion of the 
retrograde viral vector Cav2-Cre into the NAcbC (left). Immunofluorescence of TH (red) and ChR2-
EYFP (green) in the VTA (right). B) C), D), E), F), G); correct responses, incorrect responses, accuracy, 
omissions, premature responses and latency to retrieve the reward during mock and stimulation 
sessions, respectively (n=11). H) Diagram depicting the 5-CSRTT with an ITI of 5s and a stimulus 
cue light of 1s. Stimulation took place in the last 3 seconds of the ITI at 20Hz. Data are presented 
as mean ±SEM; * p< 0.05 when compared to mock stimulation (Paired sample student’s t-test).
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Effect of VTA DA, VTA-NAcbS, VTA-NAcbC, and VTA-vmPFC stimulation during a long 
ITI challenge

Increasing the ITI to 7s increased the number of premature responses in all groups (Figure 
S5A, t=3.1, P=0.02; S5B, t=2.9, P=0.02; S5C, t=3.7, P=0.01; S5D t=3.9, P=0.004). Stimulation 
of VTA DA neurons during a 7s ITI (Figure 5A) reduced the number of correct responses 
(Figure S2A, t=3.4, P=0.01), increased the number of omissions (Figure 5D, t=3.2, P=0.012) 
but did not alter premature responses (Figure 5B, t=0.32, P=0.75), incorrect responses 
(Figure S2B, t=1.31, P=0.23) or accuracy (Figure 5C, t=1.7, P=0.13).  Perseverative responses, 

Figure 4. Stimulation of VTA to vmPFC projections in the 5-CSRTT. A) Infusion of the Cre-dependant 
AAV5-Ef1a-DIO-hChR2-(H134R)-EYFP viral vector into the VTA and infusion of the retrograde 
viral vector Cav2-Cre into the vmPFC (left). Immunofluorescence of TH (red) and ChR2-EYFP 
(green) in the VTA (right). B) C), D), E), F) and G); correct responses, incorrect responses, accuracy, 
omissions, premature responses and latency to retrieve the reward during mock and stimulation 
sessions, respectively (n=13). H) Diagram depicting the 5-CSRTT with an ITI of 5s and a stimulus 
cue light of 1s. Stimulation took place in the last 3 seconds of the ITI at 20Hz. Data are presented 
as mean ±SEM; * p< 0.05 when compared to mock stimulation (Paired sample student’s t-test).
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Figure 5. Stimulation of VTA DA neurons and VTA projections to the NAcbS, the NAcbC or the vmPFC 
during a 7s ITI challenge in the 5-CSRTT. A) Diagram depicting the 7s ITI challenge of the 5-CSRTT (left). 
Schematic showing the division of laser and no-laser trials within a session during a 7sITI challenge (right). 
B) C) and D); premature responses, accuracy and omissions during mock and stimulation trials for the 
VTA DA group (n= 9). E) F) and G); as previous for the VTA to NAcbS group (n=9). H), I), and J); as previous 
for the NAcbC group (n=8). K) L), and M) as previous for the VT to vmPFC group (n=9). Data are presented 
as mean ±SEM; * p< 0.05 when compared to mock stimulation trials (Paired samples student’s t-test).
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and the latencies to reward, correct, incorrect and premature responses were not affected by 
stimulation (Table S1, all P> 0.05).
 Stimulation of VTA-NAcbS projections increased the number of premature 
responses (Figure 5E, t=3.16,  P=0.014) and omissions (Figure 5G, t=2.9, P=0.02), decreased 
the number of correct responses (Figure S2C, t=4.8, P=0.001) but did not alter accuracy 
(Figure 5F, t=1.1, P=0.31) or the number of incorrect responses (Figure S2D, t=1.8, P=0.12). 
Perseverative responses, and the latencies to reward, correct, incorrect and premature 
responses were not affected by stimulation (Table S1, all P>0.05). Perseverative responses, 
and the latencies to reward, correct, incorrect and premature responses were not affected 
by stimulation (Table S1., all P>0.05). 
 Stimulation of VTA-NAcbC projections increased the number of premature 
responses (Figure 5H, t=3.6, P=0.03), but correct responses (Figure S2E, t=0.74, P=0.9), 
omissions (Figure 5J, t=0.91, P=0.4), incorrect responses (Figure S2F, t=0.10, P=0.9) and 
accuracy (Figure 5I, t=0.18, P=0.8) were not affected by stimulation. Perseverative responses, 
and the latencies to reward, correct, incorrect and premature responses were not affected by 
stimulation (Table S1, all P>0.05). 
 Lastly, activating VTA-vmPFC projections did not alter correct responses, incorrect 
responses, premature responses or accuracy (Figure S2G, t=1.3, P=0.25; Figure S2H, t=1.4, 
P=0.213; Figure 5K, t=1.6, P=0.15; Figure 5L, t=1.2, P=0.26, respectively) but increased the 
number of omissions (Figure 5M, t=2.9, P=0.018). Perseverative responses, and the latencies 
to reward, correct, incorrect and premature responses were not affected by stimulation 
(Table S1, P>0.05). 

Effect of VTA DA, VTA-NAcbS, VTA-NAcbC, and VTA-vmPFC stimulation during the ITI 
onset

Lastly, we sought to test the time-locked nature of our manipulations by stimulating at the 
onset, instead of the end of the ITI (Figures S3 & S4). Stimulation of VTA DA neurons at the 
start of the ITI increased the number of omissions (Figure S3C, t=4.4, P=0.0005), decreased 
correct responses (Figure S4A, t=4.9, P=0.0002), but did not affect any of the other 
parameters (Figure S3A-B, Figure S4B, Table S1). In contrast to stimulation at the end of the 
ITI, activating VTA projections towards the NAcbS during the onset of the ITI did not any 
of the parameters measured (Figure S3D-FFigure S4C-DTable S1). Activation of VTA-NAcbC 
projections increased the number of omissions (Figure S3I, t=3.0, P=0.02) and decreased 
correct responses (Figure S4E, t=2.5, P=0.045) but did not alter any other parameter (Figure 
S3G-H, Figure S4F, Table S1). Lastly, stimulation of VTA projections to the vmPFC during 
the ITI onset, had no effect on any parameter of 5-CSRTT performance (Figure S3J-LFigure 
S4G-H, Table S1).

DISCUSSION

In the present study, we determined how, and when, activation of VTA DA neurons and 
three ascending VTA projections affects attention and impulse control. Our findings show 
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that time-locked optogenetic stimulation of VTA DA neurons during the end of the ITI 
period of the 5-CSRTT (i.e., immediately before cue onset) induces attentional impairments, 
by reducing the number of correct responses and increasing omissions. Stimulating VTA 
projections towards the NAcbC and the NAcbS reproduced these attentional deficits, whereby 
activating VTA projections towards the NAcbS also increased impulsive behaviour. When the 
animals were tested under a longer ITI, stimulation of both the VTA-NAcbS and VTA-NAcbC 
pathways increased premature responding. Finally, stimulating VTA projections towards the 
vmPFC impaired attention by reducing accuracy. These effects strongly depended on when 
stimulation was applied within the ITI, since only the effects of VTA DA and VTA-NAcbC 
stimulation on omitted responses were also found when stimulation was applied at the 
start of the ITI. Altogether, these results clearly dissociate the role of different VTA output 
projections in distinct aspects of attention and impulsive action with time-locked precision.
 In this study we found that VTA DA neuron stimulation time-locked to the end of 
the ITI impairs an animal’s attention but does not alter impulsive behaviour in the 5-CSRTT. 
This is in line with our previous chemogenetic experiments [17], as well as pharmacological 
studies using DA D2 receptor antagonists, D1 agonists, and DA-reuptake inhibitors (i.e., 
amphetamine and methylphenidate) [12-13, 19-20, 26-27]. Several of these studies however 
also found deficits in reward collection latency indicating that the errors of omissions were 
driven by the motivational state of the animal [6]. In contrast, we observed increments solely 
in response latencies suggesting that the errors of omissions were indicative of deficits in 
sustained attention. DA is known to modulate motivation [28-29] and its role in reward-
prediction error is known to be temporally precise [30]. Together, this suggests that by 
restricting our manipulation to timepoints outside of presentation of the cue and the reward, 
we were able to leave task motivation intact.
 Stimulating either NAcbC or NAcbS projections showed similar attentional deficits 
as those seen during broad VTA DA activation. These results are also in line with previous 
studies showing increases in omissions after intra-NAcb amphetamine injections [19]. 
However, another study [12] did not show any effect on omissions after intra-NAcbC or 
NAcbS infusion of amphetamine but did show an increase in omissions after infusion of 
D1 and D2 antagonists into both areas. In contrast, infusion of a D1 agonist at low doses 
has been shown to decrease omissions [20] whereas infusion of a D2 receptor agonist had 
no effect [20, 31]. The fact that D1 receptor antagonists decreases omissions but only at 
low doses suggest that a fine balance of DAergic activity is necessary for optimal attentive 
performance. Thus, it is quite possible that the increase in omissions observed during VTA-
NAcbC and NAcbS stimulation were driven by overstimulation of D1 receptors. Furthermore, 
our results suggest the NAcbC and NAcbS play comparable roles in attentive behaviour in the 
5-CSRTT.
 Although stimulation of the VTA-NAcb pathway is not specific for DA neurons, we 
have shown that approximately 79% of neurons targeted are TH+ [32-33]. Therefore, although 
we cannot discount a possible role of non-DA (GABAergic and glutamatergic) projections 
in our findings, it is likely that the observed effects are mostly caused by stimulation of 
DAergic cells. For example, it has been previously shown that stimulation of VTA GABA 
neurons, in a simple cue-reward conditioning task, did not elicit any changes in anticipatory 
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licking, suggesting that there were no attentional impairments [34]. Furthermore, although 
muscimol infusions into the NAcbC and the NAcbS have been shown to increase omissions 
in the 5-CSRTT [35], these effects were accompanied by dramatic increases in reward 
collection and correct response latencies. In contrast, we found an increase in omissions 
in the absence of latency deficiencies, suggesting a different mechanism at play. Lastly, 
stimulation of glutamatergic VTA-NAcb fibers has been reported to cause aversive responses 
[36], which likely would have led to a general disruption of 5-CSRTT performance.
 Previous studies have shown that DA in the NAcb plays a prominent role in 
increasing premature responses in the 5-CSRTT [ 12, 16, 18-19, 26, 31]. Indeed, we managed 
to increase impulsive behaviour during baseline and 7sITI sessions when stimulating the 
VTA to NAcbS pathway but not during VTA DA neuron stimulation. These results are in 
accordance with a previous study showing that DA release in the NAcbS is increased in 
high impulsive animals [37] and with studies showing that intra-NAcb amphetamine or 
DA agonist infusions increase impulsive behaviour in the 5-CSRTT [18, 20]. Stimulation 
of this pathway at the onset of the ITI, however, did not trigger an increase in premature 
responses further demonstrating the temporally precise modulation of impulsive behaviour 
in the NAcbS. Previously, single-unit recordings in the NAcb have suggested that premature 
responding occurs due to early ramping activity leading to a maximum of activity prior to the 
cue in the 5-CSRTT [38]. This may indicate that by stimulating neurons at the end of the ITI 
we are mimicking the activity maxima observed in the NAcb during premature responses. 
The lack of effects during ITI onset stimulation then suggest that activity has only just begun 
to ramp up and thus the increased activity from stimulation is not high enough to induce 
premature responding. 
 Our results also suggest a role for VTA-NAcbC projections as evidenced by the 
effects during 7s ITI sessions. Although this effect was not as pronounced as that of VTA-
NAcbS stimulation it does fall in line with a study showing that infusions of methylphenidate 
into the NAcbC increase premature responses [16]. Additionally, antagonizing D2 receptors 
in the NAcbC has been shown to fully block the effects of amphetamine-driven impulsivity 
[12]. Our results therefore provide evidence for a differential effect of NAcbC and NAcbS 
activation on impulse control. Although instead of showing opposing roles [1] we suggest a 
stronger involvement of the NAcbS, at least regarding VTA innervation. 
 The vmPFC involvement in attention and impulsivity has been explored in the 
past [5, 39-40]. Our results found no increases in premature responses when targeting 
this projection. This falls in line with previous studies that found no effect on premature 
responding in 5-CSRTT when infusing methylphenidate into the IL and PrL cortices [16]. 
This suggests that even though the vmPFC is evidently involved in governing inhibitory 
control, this process is not driven by activity stemming from the VTA. In contrast, attentional 
performance was significantly reduced when VTA-vmPFC projections were stimulated. 
This reduction in attention was driven by a decrease in accuracy; unlike the attentional 
reductions observed during VTA DA and VTA-NAcb stimulations, which were driven by an 
increase in omissions. This suggests that although stimulation of VTA-NAcb and stimulation 
of VTA-vmPFC both prevent the animal from attending to the cue, the latter also increases 
the propensity of animals to make an incorrect guess. We were able to further differentiate 
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the role of these projections in attention by showing that attentive deficits could only be 
elicited when VTA-vmPFC projections were stimulated at the end of the ITI. 
 In conclusion, by manipulating ascending VTA neurons with projection and time-
locked precision we demonstrate deficits in attention and impulsivity at specific time-
points in the 5-CSRTT. This study therefore provides a detailed insight into the modulation 
of dissociable cognitive processes in frontostriatal circuits. Our findings increase our 
understanding of the neural underpinnings of cognition and may ultimately contribute to 
the development of more refined treatments for mental disorders. 
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SUPPLEMENTAL INFORMATION

Figure S1. Stimulation of VTA DA neurons in YFP control animals during the 5-CSRTT. A) to 
F) correct responses, omissions, premature responses, accuracy, latency to correct and latency 
to reward during mock and laser sessions (respectively). n = 5. Data are presented as mean 
±SEM; * p< 0.05 when compared to mock stimulation session (Paired samples student’s t-test).
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Figure S2. Stimulation of VTA DA neurons and VTA projections to the NAcbS, the NAcbC, or the 
vmPFC during a 7s ITI challenge in the 5-CSRTT. A) and B); correct and incorrect responses during 
mock and laser trials for the VTA DA group. C) and D); as previous for the VTA to NAcbS group. E) and F); as 
previous for the VTA to NAcbC group. G) and H); as previous for the VTA to vmPFC group. Data are presented 
as mean ±SEM; * p< 0.05 when compared to mock stimulation session (Paired samples student’s t-test).
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Figure S3. Stimulation at ITI onset of VTA DA neurons and VTA projections to the 
NAcbS, the NAcbC, or the vmPFC in the 5-CSRTT. A) and B); correct and incorrect responses 
during mock and laser sessions for the VTA DA group (n=16). C) and D); as previous for 
the VTA to NAcbS group (n=9). E) and F); as previous for the VTA to NAcbC group (n=7). G) 
and H); as previous for the VTA to vmPFC group (n=7). Data are presented as mean ±SEM; 
* p< 0.05 when compared to mock stimulation session (Paired samples student’s t-test).
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Figure S4. Stimulation at ITI onset of VTA DA neurons and VTA projections to the NAcbS, 
the NAcbC, or the vmPFC in the 5-CSRTT. A) B) and C); premature responses, accuracy and 
omissions during mock and stimulation sessions for the VTA DA group (n= 16). D) E) and F); 
as previous for the VTA to NAcbS group (n=9). G), H), and I); as previous for the NAcbC group 
(n=7). J) K), and L) as previous for the VTA to vmPFC group (n=7). Data are presented as mean 
±SEM; * p< 0.05 when compared to mock stimulation session (Paired samples student’s t-test).
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Figure S5. Increasing ITI from 5s to 7s in the 5-CSRTT. A) to D); premature responses 
during baseline 5s ITI sessions and 7s ITI challenge sessions for the VTA (n=8), NAcbS (n=10), 
NAcbC (n =7) and vmPFC (n=10) groups. Only no-laser trials from the 7s ITI challenge 
sessions were used; 5s ITI premature responses were then corrected for the number of trials. 
Data is presented for each individual animal, * p< 0.05 (Paired samples student’s t-test).
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Table S1. Summary of perseverative and latency results in the 5-CSRTT during. This table presents 
the mean number of perseverative responses, the latency to make a correct response, the latency to collect 
the reward, the latency to make a premature response and the latency to make an incorrect response for 
mock and laser stimulation sessions. The values are presented for the stimulation of: VTA DA neurons, 
VTA projections to the NAcbS, VTA projections to the NAcbC and VTA projections to the vmPFC. The 
three tasks parameters shown here are baseline sessions 5s ITI sessions where stimulation took place at 
the end of the ITI (Before cue), baseline 5s ITI session where stimulation took place at beginning of the 
ITI (ITI onset) and challenge sessions where the ITI was increased to 7s and stimulation took place at 
the end of the ITI. * P<0.05 when compared to mock stimulation trials (Paired samples student’s t-test).
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CHAPTER FOUR 
Inhibition of ventral tegmental area projections 
to the nucleus accumbens shell increases 
premature responding in the 5-Choice serial 
reaction time task in rats

'Well, I'll eat it,' said Alice, 'and if it makes me grow larger, I can reach the key; and if it makes 
me grow smaller, I can creep under the door; so either way I'll get into the garden, and I don't 
care which happens!' 
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ABSTRACT

Exaggerated impulsivity and attentional impairments are hallmarks of certain disorders of 
behavioural control such as attention-deficit/hyperactivity disorder (ADHD), schizophrenia, 
and addiction. Pharmacological studies have implicated elevated dopamine (DA) levels in 
the nucleus accumbens shell (NAcbS) in impulsive actions. The NAcbS receives its DA input 
from the ventral tegmental area (VTA), and we have previously shown that optogenetic 
activation of VTA-NAcbS projections impaired impulse control and attention in the five-
choice serial reaction time task (5-CSRTT) in rats. To better understand the role of VTA-NAcbS 
projections in impulsivity and attention, the present study sought to inhibit this projection 
using optogenetics. We demonstrate that inhibiting VTA-NAcbS efferents during the last 
seconds of the inter-trial interval (i.e., immediately before presentation of the instructive 
cue) induces exaggerated impulsive action, in the absence of changes in attentional or 
motivational parameters in the 5-CSRTT. Together with our earlier observations, this 
suggests that impulse control in the 5-CSRTT is tightly controlled by VTA-NAcbS activity, 
with deviations in both directions resulting in increased impulsivity.
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INTRODUCTION

The ability to regulate impulses, withhold from inappropriate behaviour and maintain 
attention is crucial for adaptive, goal directed behaviour. Deficits in impulse control and 
attentional performance can seriously impair daily functioning, and as such they feature 
in the symptomatology of certain mental disorders, among which are attention-deficit/
hyperactivity disorder (ADHD), substance addiction, and schizophrenia (Moeller et al., 
2001; de Wit, 2009; Fineberg et al., 2014).
 The five-choice serial reaction time task (5-CSRTT; Carli et al., 1983) is widely used 
to study the neural and chemical substrates underlying impulse control and attention in rats 
(Bari et al., 2008). In the 5-CSRTT, rats are trained to correctly await and identify a light cue 
that is briefly presented in one of five nose-poke holes to obtain a food reward. Successful 
performance in this paradigm requires response inhibition and sustained visuospatial 
attention. Impulsive action is assessed by measuring premature responses (i.e. responding 
before the onset of the stimulus cue). Additionally, incorrect responses are a measure of 
impaired attention whereas response omissions are indicative of reduced attention and/
or motivation. The cross-species translational significance of the 5-CSRTT is highlighted by 
comparable studies performed in both rats and humans; the latter using human analogues 
of the abovementioned rodent 5-CSRTT (Voon et al., 2014; Worbe et al., 2014). 
 Dopamine (DA) is well known to be involved in the modulation of impulsive and 
attentional behaviours (Nieoullon, 2002; Pattij & Vanderschuren, 2008; Dalley & Roiser, 
2012). Indeed, drugs that increase brain DA transmission, such as amphetamine and 
methylphenidate, are used to normalize impulsivity and attention in the treatment of ADHD 
(Sharma & Couture, 2014). Yet, the specific brain mechanisms through which DA acts to 
regulate impulse control and attention are not well understood. Previous studies have shown 
that impulsive and attentional parameters of 5-CSRTT performance are regulated by distinct 
DAergic cortico-striatal circuits. Incorrect responses and omissions are mostly impacted 
by DA manipulations in the medial prefrontal cortex (mPFC) and dorsal striatum (Baunez 
& Robbins, 1999; Agnoli et al., 2013), whereas DA manipulations in the ventral striatum 
have a profound effect on premature responding (Cole & Robbins, 1989). Thus, impulsive 
behaviour is generally exacerbated by drugs that enhance DA transmission in the NAcb, such 
as amphetamine and methylphenidate (Pattij & Vanderschuren, 2008; Economidou et al., 
2012; Dalley & Robbins, 2017; Robbins, 2018).
 However, accumulating evidence indicates that the association between 
elevated DA transmission in the NAcb and impaired impulse control in the 5-CSRTT is 
not as straightforward as previously assumed. Importantly, the NAcb is not a functionally 
homogenic structure. It comprises two functionally distinct areas, i.e., the core (NAcbC) 
and shell (NAcbS) subregions (Zaborszky et al., 1985; Zahm and Brog, 1992), and it has 
been suggested that DA acts through opponent actions in the NAcbC and NAcbS to modulate 
impulsivity in the 5-CSRTT. For instance, the DA D2/3 receptor antagonist nafadotride 
significantly increases premature responding when infused into the NAcbS region but 
decreases premature responding when infused into the NAcbC of highly impulsive rats 
(Besson et al., 2010). Moreover, lesions to the NAcbC potentiate amphetamine induced 
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increased impulsivity, whereas lesions to the shell attenuate this effect (Murphy et al., 2008). 
 Although it is well known that the NAcb receives its DA input from the VTA, most 
previous studies have focused on local mechanisms in the NAcb. Remarkably, Boekhoudt 
et al. (2017) did not find any effects on premature responses when chemogenetically 
stimulating the VTA. However, that study did not distinguish between NAcbC and the NAcbS. 
Whereas, by specifically targeting VTA projections towards the NAcbS with time-locked 
precision, we found a pronounced increase in the number of premature responses (Flores-
Doroujeanni et al., manuscript in preparation). In this study, we sought to optogenetically 
silence NAcbS projecting VTA neurons in rats to examine their role in both impulsive action 
and attention. Given our previous results we hypothesize that inhibiting this projection 
will result in decreased impulsivity and increased attentional performance in the 5-CSRTT. 
However, the effects of nafadotride suggest inhibition of the NAcbS may increase premature 
responses.

MATERIALS AND METHODS

Animals

 A total of 10 house-bred Long Evans rats were used in this experiment. The rats were 
socially housed in Macrolon type IV cages until surgery, after which animals were housed 
individually in Macrolon III cages to prevent damage to the implanted chronic fibres. All 
cages contained saw dust as bedding and a wood block was provided for cage enrichment. 
To enable behavioural testing during the animals’ active phase, the animals were housed 
under a reversed 12-hour day-night cycle (lights off at 07:00) in a temperature- and 
humidity-controlled room (20-21˚C; 60-70%). Throughout behavioural training and testing, 
the rats were food restricted to 15g of chow per day (Special Diet Services, Essex, UK), in 
order to maintain around 90% of their free-feeding body weight. At all times, the animals 
had ad libitum access to water in their home cage. All the experiments were approved by the 
Animal Ethics Committee of Utrecht University and were conducted in accordance with the 
European Directive (2016/63/EU).

Surgery

Anaesthesia was induced by an intramuscular injection of fentanyl/fluanisone (0.315mg/kg 
fentanyl, 10mg/kg fluanisone, Hypnorm, Janssen Pharmaceutica) after which animals were 
subsequently placed in a stereotaxic apparatus (Kopf Instruments). Xylocaine (Lidocaine 
100mg/mL, AstraZeneca BV) was sprayed on the skull as a local analgesic. In order to 
obtain projection specific targeting of VTA projections towards the NAcbS, we combined a 
retrograde canine adeno-associated virus (Cav2) delivering the Cre-recombinase enzyme 
(Cav2-Cre; Montpellier Vector Core) with an adeno-associated (AAV) viral vector containing 
a Cre-dependent halorhodopsin (NpHR). All the animals were bilaterally injected with 0.4 
μL of Cav2-Cre (1.0x1012 molecules/mL) into the NAcbS at AP: +1.20, ML: +2.70, DV: -7.50 
under a 10˚ angle. The animals also received a bilateral injection of 1.0 μL AAV5-hsyn-DIO-
NpHR3.0-eYFP (1.0x1012 molecules/mL; UNC vector Core) into the VTA at AP: -5.60, ML: 
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+1.30, DV: -8.20 under a 5˚ angle. Lastly, chronic optic fibres (127-131μm core diameter, 
0.22 NA, Precision Fiber Products) were placed into the VTA slightly above the injection site 
(DV: -7.70) and fixed to the skull with self-adhesive cement (RelyXTM Unicem Aplicap kit, 
3M, USA). All viruses were injected at a rate of 0.2μL/min, where after the needle was left 
in place for 10 min to maximize diffusion. After surgery, animals received a subcutaneous 
injection of 1.0mL saline to prevent dehydration and a second subcutaneous injection of 
1.0mL/kg Carprofen (5.0mg/kg, Carporal, AST Farma BV) for pain relief. Carprofen was 
also given daily for the two following days. During recovery, rats had ad libitum access to 
food and water, and were housed individually. There was a minimum of 2 weeks in between 
surgery and behavioural training.

5-CSRTT apparatus and training

Training and testing in the 5-CSRTT took place in operant conditioning chambers (30.5 x 24 
x 21 cm, Med-Associates, Georgia, USA). The chambers were equipped with five horizontally 
spaced nosepoke holes in a curved wall, each of which contained a yellow light emitting 
diode (LED) stimulus light. In the opposite wall there was a sucrose pellet dispensing 
magazine (45mg, TestDiet, USA). The nosepoke holes and pellet magazine contained an 
infrared detector to report nosepokes or head entries. A houselight was placed above the 
pellet magazine and the floor consisted of a metal grid with saw dust below. The operant 
conditioning chambers were placed in sound attenuated boxes, which were equipped with 
a fan to provide ventilation and a low level of white noise. All inputs and outputs in the 
chambers were controlled by MED-PC version 4.2 (Med-Associates). 
 After a short period of habituation to the chamber, the rats were trained over 
different stages (see Van Gaalen et al., 2006; Baarendse & Vanderschuren, 2012; Boekhoudt 
et al., 2017) until reaching typical 5-CSRTT baseline. During such baseline conditions, the 
intertrial interval (ITI) is set at 5s, the stimulus light cue at 1s, the limited hold at 5s, and the 
time-out at 5s. Training sessions in the standard 5-CSRTT took place daily. Training sessions 
consisted of 100 trials or 30 min, whichever occurred first. Every session started with the 
delivery of one free pellet, after which the first trial was initiated by a head entry into the food 
magazine. Each trial hereafter started with a 5s ITI, followed by a 1s stimulus light cue that 
was presented in a pseudo-random order in one of the five nosepoke apertures. A correct 
response was counted when a rat responded into the illuminated hole within the limited 
hold of 5s, which was immediately rewarded with a sucrose pellet. A nosepoke made during 
the ITI was recorded as a premature response and a nosepoke during the limited hold into 
the wrong hole was recorded as an incorrect response. When the animal failed to respond 
within the limited hold, this was recorded as an omission. Premature responses, incorrect 
responses and omissions were punished with a 5s time-out, during which the stimulus light 
and the houselight were both switched off. The next trial started either automatically after 
this time-out or, in case of a previous correct response, when the animal made a head entry 
into the food magazine. All responses and their latencies were recorded with Med-Associates 
apparatus. 
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Optogenetic set-up and experimental procedure

Optogenetic manipulations were performed as follows. Lasers (Changchun New Industries, 
Optoelectronics TECH. CO.) were attached to a rotary joint (Doric Lenses, Quebec, CA) via 
a mono fibre-optic patch cord (200μm core diameter, 0.22 NA, Doric Lenses). The rotary 
joint was in turn connected to two patch cords (made in-house, 127-131μm core diameter, 
0.22 NA, THORLABS), which were bilaterally attached to the implanted chronic fibres of 
an animal located in the operant chamber. The animals were able to move freely whilst 
being attached to the patch cords. Laser light with a wavelength of 532nm was used for 
optogenetic inhibition. Lasers were continuously on during inhibition and laser intensity 
was maintained between 10 and 15 mW, which was measured before and after every test 
session. To minimize light leakage around the attachment of the patch cords to the chronic 
optic fibres, the cement cap was coloured black and black tape was wrapped around the 
attachment site during testing. To control for any possible side-effects of the remaining light 
pollution, mock stimulation sessions were performed. These mock sessions were identical 
to test sessions, but the rostral ends of the patch cords were blocked such that no light 
entered the animals’ brains.
 To examine at what time during 5-CSRTT performance VTA to NAcbS signalling is 
most important, time-locked optogenetic manipulation was applied at two different time 
frames during the ITI: 3s prior to cue presentation (Figure 1B) and 3s at the onset of the ITI 
(Figure 2A). Test sessions in the standard 5-CSRTT consisted of 100 laser trials and were 
identical to the training sessions apart from the laser stimulation. Moreover, the effect of our 
optogenetic manipulation was tested in two distinct 5-CSRTT challenges. In these challenges, 
ITI and cue parameters slightly deviated from the baseline conditions in which the animals 
had been trained, in order to assess the animals’ capability to cope with increased cognitive 
demands and changes in task contingencies. Here, we tested an extended ITI challenge, in 
which the ITI was extended from 5 to 7s (Figure 3A) and a shortened cue challenge (Figure 
4A), in which the cue was shortened from 1 to 0.5s. To prevent habituation bias to the altered 
parameters in these challenges, challenge sessions were only executed once for every animal. 
Every challenge test session consisted of blocks of 10 laser trials that were alternated with 
blocks of 10 no-laser trials for a total duration of 200 trials. In each laser trial, the laser was 
switched on for a duration of 3s prior to cue presentation.

Tissue preparation and immunofluorescence

Upon completion of the experiments, the rats received a lethal dose of sodium pentobarbital 
(0.2 mL/100g bodyweight i.p., Euthanimal, Alfasan BV, The Netherlands). After extinction 
of their withdrawal reflex, the animals were transcardially perfused with 0.01M phosphate-
buffered saline (PBS) followed by 4% paraformaldehyde (PFA) in PBS. The brains were 
removed and post-fixed in PFA at 4˚ C for a minimum of 24 hours, after which they were 
transferred to a 30% sucrose solution for at least two days before being sliced into 40μm 
coronal sections (cryostat, Leica CM 1950). The brain sections were stored in phosphate 
buffer (PB) with 0.05% sodium azide up until staining for tyrosine hydroxylase (TH) and 
eYFP with Mouse anti-TH (EMD Millipore, 1:500) and Chicken anti-eYFP (Sigma-Aldrich, 
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1:1000), respectively. The sections were incubated overnight at 4˚ C with these antibodies, 
where after they were incubated for two hours with the secondary antibodies Goat anti-
Mouse 488 (Molecular Probes, 1:500) and Goat anti-Chicken 568 (Molecular Probes, 1:500). 
All antibodies were dissolved in a buffer solution, containing 92% PBS, 5% Triton, and 3% 
Normal Goat Serum (NGS). Afterwards, the sections were mounted using FluorSave (EMD 
Millipore) and examined with a fluorescence microscope (AxioCam MRm, Zeiss). Brain 
sections were checked for expression of halorhodopsin (NpHR) in the VTA.

Data analysis

No animals were excluded from the behavioural analysis based on NpHR expression. 
However, one animal lost its chronic implants before testing, leaving a total of 9 rats for the 
analysis. Behavioural results are presented as means (±SEM) for each variable. Accuracy 
was defined as the percentage of correct responses relative to the total amount of responses 
(correct / [correct + incorrect] x 100%). Other parameters were analysed as absolute values. 
Laser inhibition sessions during baseline 5s ITI sessions were compared to mock sessions. 
Whilst in the challenge test sessions, the laser trials were compared to no-laser trials within 
the same session. The differences between laser and mock/no laser session/trials were 
tested using a paired student’s t-test, after checking for normal distribution with a Shapiro-
Wilk test. Statistical significance was set at p < 0.05. Statistical tests and graphs were made 
using GraphPad Prism 6.

RESULTS

Inhibition of VTA-NAcbS projections increases premature responses

In the present study, we sought to inhibit projections from the VTA to the NAcbS using 
optogenetic inhibition with halorhodopsin (NpHr). We found that inhibition of VTA efferents 
towards the NAcbS immediately before cue presentation (i.e. during the last 3s of the ITI) 
did not induce changes in the number of correct (Figure 1D; t=1.1, P=0.31) or incorrect 
responses (Figure 1E; t=1.5, P=0.16), accuracy (Figure  1F; t=1.21, P=0.26) or omissions 
(Figure 1G; t=1.5, P=0.18). In contrast, it greatly increased the number of premature 
responses (Figure 1H; t=3.5, P=0.009). This effect was present in the absence of changes in 
reward collection (Figure 1I; t=0.97, P=0.36), correct response (Table 1; t=0.96, P=0.36), or 
premature response latencies (Table 1; t=0.36, P=0.72) or in the number of perseverative 
responses (Table 1; t=0.16, P=0.87).

Premature responses are only increased when VTA-NAcbS inhibition occurs at the end 
of the ITI period

To assess whether the effects of optogenetic VTA-NAcbS inhibition were restricted to a 
specific timepoint during the ITI, we inhibited these neurons at the onset of the ITI rather 
than at the end (Figure 2A). Our results showed no changes in the number of correct (Figure 
2B; t=0.52, P=0.61) or incorrect responses (Figure 2C; t=0.30, P=0.77), accuracy (Figure 2D; 
t=0.59, P=0.57), or omissions (Figure 2E; t=0.56, P=0.59). In addition, there was no increase 
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in the number of premature responses (Figure 2F; t=0.14, P=0.88). There were also no effects 
on reward collection latency (Figure 2G; t=1.1, P=0.29), correct response latency (Table 1; 
t=0.64, P=0.54), premature response latency (Table 1; t=0.14, P=0.88), or in the number of 
perseverative responses (Table 1; t=0.35, P=0.73).

Figure 1. Inhibition of VTA projections towards the NAcbS in the 5-CSRTT. A) Infusion of the 
Cre-dependent AAV5-hsyn-DIO-NpHR3.0-eYFP viral vector into the VTA; TH (red) and NpHR3-EYFP 
(green). B) Schematic of the 5-CSRTT depicting time point of inhibition in green. Inhibition took place 
in the last 3 seconds of the ITI.  C) Schematic of the in-vivo optogenetics set up. D) E), F), G), H), I); 
correct responses, incorrect responses, accuracy, omissions, premature responses and latency to 
retrieve the reward during mock and laser stimulation sessions (respectively, n=9). Data are presented 
as mean ±SEM; * p< 0.05 when compared to mock stimulation (Paired sample student’s t-test).
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The effects of inhibiting of VTA-NAcbS projections on premature responding remain 
during task challenges

Increasing the ITI from 5s to 7s is known to increase premature responses in rats (Dalley et 
al., 2007; Baarendse & Vanderschuren, 2012; Boekhoudt et al., 2017). We therefore, tested 
the effects of inhibiting VTA projections to the NAcbS during this long ITI challenge. We found 
no effects of VTA-NAcbS inhibition on the number of correct (Figure 3B; t=0.71, P=0.49) 
or incorrect (Figure 3C; t=0.28, P=0.78) responses, accuracy (Figure 3D; t=0.28, P=0.78) or 
omissions (Figure 3E; t=0.98, P=0.35). Premature responses (Figure 3F; t=4.7, P=0.0014), 
however, were significantly increased in laser trials. There was no effect on the latencies to 
collect the reward (Figure 3G; t=0.05, P=0.95), or the latencies to correct (Table 1; t=0.77, 
P=0.46) and premature (Table 1; t=1.57, P=0.15) responses. Perseverative (Table 1; t=0.41, 
P=0.69) responses were also not affected by inhibition.
 Last, we sought to test whether inhibiting VTA to NAcbS projections could alter 
attention or impulsivity in the 5-CSRTT when the attentional demand was increased, by 
reducing the duration of the stimulus cue (Figure 4A) (Winstanley et al., 2003; Baarendse 

Figure 2. Inhibition of VTA projections towards the NAcbS in the 5-CSRTT at the onset 
of the ITI. A) Schematic of the 5-CSRTT depicting time point of inhibition in green. Inhibition 
took place in the first 3 seconds of the ITI. B) C), D), E), F), G); correct responses, incorrect 
responses, accuracy, omissions, premature responses and latency to retrieve the reward 
during mock and laser stimulation sessions (respectively, n=9). Data are presented as mean 
±SEM; * p< 0.05 when compared to mock stimulation (Paired sample student’s t-test).
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& Vanderschuren, 2012; Boekhoudt et al., 2017). We found no changes in correct (Figure 
4B; t=0.27, P=0.79) or incorrect (Figure 4C; t=0.45, P=0.66) responses, accuracy (Figure 
4D; t=0.75, P=0.47) or omissions (Figure 4E; t=0.52, P=0.61) between laser and no laser 
trials. Nevertheless, premature responses (Figure 4F; t=3.72, P=0.0056)  were significantly 
increased by VTA-NAcbS inhibition. There was no effect on reward collection latency (Figure 
4G; t=1.2, P=0.27), correct response latency (Table 1; t=1.23, P=0.25) or perseverative 
responses (Table 1; t=0.40, P=0.69). However, there was a significant decrease in premature 
response latency (Table 1; t=3.63, P=0.0067).

DISCUSSION

In this study, we used time-locked optogenetic inhibition to silence VTA projections towards 
the NAcbS during 5-CSRTT performance in rats. We found that reducing activity of these 
projections resulted in exaggerated premature responding. This effect was only present 
when inhibition took place near the end of the ITI, highlighting the temporal importance of 
this projection. Furthermore, these effects were selective for premature responding since 

Figure 3. Inhibition of VTA projections towards the NAcbS in the 5-CSRTT during a 7s 
extended ITI challenge. A) Schematic of the 5-CSRTT depicting time point of inhibition in 
green. Inhibition took place in the last 3 seconds of the ITI. B) C), D), E), F), G); correct responses, 
incorrect responses, accuracy, omissions, premature responses and latency to retrieve the 
reward during no-laser and laser trials within a session (respectively, n=9). Data are presented 
as mean ±SEM; * p< 0.05 when compared to no-laser trials (Paired sample student’s t-test).
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they did not affect attentional or motivational performance. Demonstrating that inhibition 
of VTA inputs to the NAcbS, in a timing-specific manner, increases impulsive action. 
 Earlier studies have provided substantial evidence for the involvement of DAergic 
transmission in the NAcbS in  impulsivity in the 5-CSRTT (Pezze et al., 2007; Murphy et al., 
2008; Besson et al., 2010; Economidou et al., 2012; Moreno et al., 2013; Dalley & Robbins, 
2017). Pharmacological studies have demonstrated that premature responding is associated 
with high levels of DA in this region (Diergaarde et al., 2008; Murphy et al., 2008; Jupp et al., 
2013; Dalley & Robbins, 2017; Robbins, 2018), which is in line with the exacerbating effect 
of VTA-NAcbS activation on premature responses we found previously (Flores-Dourojeanni 
et al., manuscript in preparation).
 Nevertheless, the relationship between DA and impulsivity is not entirely clear. As 
demonstrated by our previous studies wherein stimulating VTA DA neurons did not increase 
premature responding (Boekhoudt et al., 2017; Flores-Dourojeanni et al., manuscript 
in preparation). The complexity of DA’s role in impulse control may be a result of the 
different DA receptor subtypes within the NAcb. The principal cell types in the NAcb are 

Figure 4. Inhibition of VTA projections towards the NAcbS in the 5-CSRTT during a 0.5s 
shortened stimulus cue challenge. A) Schematic of the 5-CSRTT depicting time point of 
inhibition in green. Inhibition took place in the last 3 seconds of the ITI. B) C), D), E), F), G); correct 
responses, incorrect responses, accuracy, omissions, premature responses and latency to retrieve 
the reward during no-laser and laser trials within a session (respectively, n=9). Data are presented 
as mean ±SEM; * p< 0.05 when compared to no-laser trials (Paired sample student’s t-test).
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GABAergic medium spiny neurons (MSNs), which can be categorized into two functionally 
distinct populations based on their expression of either the D1 or D2/3-type DA receptor. 
Pharmacological studies have found differential effects of DA D1 and D2/3 receptor 
inactivation on 5-CSRTT performance. Local infusion of a DA D1 receptor antagonist into the 
NAcbS of rats reduced impulsivity on the 5-CSRTT (Pattij & Vanderschuren, 2008), whereas 
infusions of a DA D2/3 receptor antagonist increased impulsive premature responding 
(Besson et al., 2010). Furthermore, trait-like impulsivity in rats is linked to decreased DA 
D2/3 receptor availability in the NAcbS (Besson et al., 2010; Jupp et al., 2013; Dalley & 
Robbins, 2017). Oral administration of methylphenidate has been found to alleviate this 
exaggerated premature responding in highly impulsive rats, while also upregulating DA 
D2/3 receptor availability in the ventral striatum (Caprioli et al., 2015). This suggest that 
optogenetic inhibition of NAcbS projecting VTA neurons causes an increase in premature 
responding by decreasing the activity of DA D2/3 receptors. Moreover, it is possible that the 
increase in premature responding previously observed during optogenetic stimulation may 
be driven by changes in D1 receptor signalling, although this remains to be tested.  Taken 
together, our findings imply that impulse control in the 5-CSRTT requires a balance of DA 
levels in the NAcbS during the critical time-point preceding the cue. Disrupting this balance 
by changing VTA to NAcbS signalling induces exaggerated impulsive premature responding.  
 Previously we found that chemogenetic activation of VTA DA neurons increases the 
number of omissions (Boekhoudt et al., 2017). Similarly, we also showed that activating VTA 
efferents towards the NAcbS or the NAcbC provide the same effect (Flores-Doroujeanni et al., 
manuscript in preparation).  In this study, however, we show that inhibition of VTA-NAcbS 
projections does not alter the number of omissions. To date, the role of DA transmission 
on errors of omission in the 5-CSRTT is not entirely clear. Region specific studies that have 
investigated the role of D1 and D2/3 DA receptors in the NAcbS have found that infusion of 

Perservative responses

Latencies

Task 
parameters

Correct Premature

No-laser Laser No-laser Laser No-laser Laser

5s ITI 3.2 ± 0.7 1.8 ± 1.1 0.62 ± 0.04 0.65 ± 0.05 3.6 ± 0.29 3.5 ± 0.16

5s ITI, ITI onset 3.6 ± 0.9 3.2 ± 1.0 0.68 ± 0.06 0.66 ± 0.06 3.7 ± 0.12 3.7 ± 0.14

7s ITI 2.0 ± 0.6 2.5 ± 0.8 0.65 ± 0.06 0.69 ± 0.05 5.5 ± 0.22 5.2 ± 0.15

5sITI, 0.5s cue 2.3 ± 0.9 2.1 ± 1.2 0.56 ± 0.05 0.63 ± 0.1 3.8 ± 0.16 3.5 ± 0.13*

Table 1. Summary of perseverative and latency results in the 5-CSRTT. This table presents 
the mean number of perseverative responses, the latency to make a correct response and the 
latency to premature responses for laser and no-laser/mock trials. The four tasks parameters 
shown here are baseline 5s ITI sessions where stimulation took place at the end of the ITI, 
baseline 5s ITI session where stimulation took place at beginning of the ITI (ITI onset) and 
challenge sessions where the ITI was increased to 7s or the stimulus cue was reduced to 
0.5s. * P<0.05 when compared to mock stimulation trials (Paired samples student’s t-test).
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both D1 and D2/3 antagonists increase the number of omissions in the 5-CSRTT (Pattij et 
al., 2007; Pezze et al., 2007; Besson et al., 2010). In contrast, inactivation of the NAcbS via 
infusions of the GABA agonist muscimol does not alter the number of omissions (Feja et al., 
2014).  The lack of attentional effects in this experiment may indicate that impulse control 
is more sensitive to fluctuations in NAcb DA than attention. After all, optogenetic silencing 
is partial (not all projecting neurons will express NpHr) and time-locked (restricted to a 
portion of the ITI). These aspects can allow for enough signalling to pass through and enable 
proper attentional behaviour. Alternatively, VTA projections to the NAcbC may compensate 
for the inhibition of NAcbS efferents since both regions have been shown to play a role in 
attentive behaviour.
 Our optogenetic manipulations targeted VTA neurons that innervate the NAcbS.  
Although  this projection also comprises non-DA neurons (Yamaguchi et al., 2011; Morales 
& Margolis, 2017), it is well-established that over 80% of the VTA projections to the NAcb 
emerge from DA neurons (Swanson, 1982). Indeed, previous studies in our lab, using the 
same two-viral approach in this pathway, have found a similar proportion of infected VTA-
NAcb neurons to be DAergic (Boender et al., 2014; Verharen et al., 2018). Moreover, using in-
vivo microdialysis, we have shown increased baseline levels of DA and its metabolites in the 
NAcb after chemogenetic activation of this projection (Verharen et al., 2018). Nevertheless, 
a contribution from GABAergic and glutamatergic neurons may still play an important role 
in mediating the observed behaviours. For instance, muscimol infusions into the NAcbS has 
been shown to increase premature responses in the 5-CSRTT (Feja et al., 2014). However, 
GABA infusions in that study also greatly increased all response latencies whereas we found 
an increase in premature responses in the absence of any latency changes. This may indicate 
that our manipulation is driven by a different mechanism. Also, inhibition of GABAergic 
neurons in the VTA would cause a disinhibition of neurons in the NAcbS which would 
contrast the effects of a GABA agonist in the NAcbS. However, since we’ve demonstrated that 
both inhibition and stimulation of VTA-NAcbS efferents disrupts impulse control, the idea 
that a fine balance of stimulation and inhibition is necessary to maintain proper impulse 
control, may still hold true for either DAergic or GABAergic transmission. Concerning 
glutamatergic neurons, optogenetic inhibition of VTA Vglut2+ neurons projecting to the 
NAcb have been shown to prevent foot-shock driven increased immobility in a forced swim 
test (Qi et al., 2016). These results suggest glutamatergic neurons in the VTA may play a role 
in behavioural inhibition within the NAcb.
 Lastly, it is important to emphasize that halorhodopsin has been previously known 
to induce a post-inhibitory excitation of neurons upon termination of laser stimulation 
(Mattingly et al., 2018). This is thought to be a result of a lowered threshold of firing caused 
by alterations in the ionic gradient. However, the effects observed on premature responses 
occurred within the time period of inhibition (Mattingly et al., 2018). Since the post-
inhibitory effects of halorhodopsin occur after inhibition (after the laser has been turned 
off) we can safely discount this as an alternative explanation of our results.
 Altogether this study complements our previous findings showcasing the 
importance of VTA projections towards the NAcbS. By inhibiting cells with time-locked 
precision during the last seconds of the ITI of the 5-CSRTT we were able to increase 
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premature responding without altering any other parameters. We show, together with our 
previous findings, that a fine balance of activity emerging from the VTA towards the NAcbS 
is essential for maintaining proper inhibitory control. 
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CHAPTER FIVE 
Mesoaccumbens dopamine modulates impulsive 
choice in an adjusting delay task

‘How puzzling all these changes are! I'm never sure what I'm going to be, from one minute to 
another.’ - Alice
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ABSTRACT

The inability to delay gratification has been associated with a wide variety of mental 
disorders such as ADHD, obesity, problem gambling and substance addiction. Unraveling 
the neural substrates underlying this process is important for designing novel therapeutic 
approaches for these disorders. Previous work has implicated dopamine (DA) and the 
nucleus accumbens core (NAcbC) in impulsive choice. The ventral tegmental area (VTA) is 
the main DAergic projection to the NAcbC, but its role in delay discounting is unknown. Here, 
an adjusting delay task was used, to study the role of the VTA-NAcbC pathway in impulsive 
choice. To that aim, we chemogenetically manipulated VTA projections towards the NAcbC, 
and found that activating this projection increased the mean delay of reward, i.e. reduced 
impulsive choice. Interestingly, systemic amphetamine treatment had a comparable effect. 
Importantly, these effects were dependent on the starting delay of the task, suggesting 
that delay sensitivity per se was not affected. Rather, VTA-NAcbC DA signaling may alter 
impulsive choice by modulating the balance between the subjective value of choice options. 
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INTRODUCTION

Delay discounting is a natural cognitive phenomenon by which the subjective value of 
rewards declines as a function of the delay until they are obtained. The degree by which this 
subjective value decreases greatly influences the ability of individuals to delay gratification. 
In fact, the inability to delay gratification, also called impulsive choice, is a feature of several 
mental disorders such as attention-deficit hyperactivity disorder (ADHD) (Barkley et al., 
2001; Solanto et al., 2001), obesity (Weller et al., 2008), problem gambling (Dixon et al., 
2003), and substance addiction (Kirby et al., 2004; Perry et al., 2008). Understanding the 
underlying neural circuitry governing impulsive choice can help us discover new treatments 
for mental disorders characterized by poor impulse control.
 Dopamine (DA) neurotransmission has been implicated in delay discounting 
(Cardinal et al., 2000; Baarendse & Vanderschuren, 2012). Moreover, the role of nucleus 
accumbens core (NAcbC) in impulsive choice has also been heavily explored (Cardinal et al., 
2001; Basar et al., 2010; Moschak & Mitchel 2014; Barlow et al., 2018; Steele et al., 2018;). 
Despite this, the role of DA within the NAcbC in impulsive choice is unknown but given 
the effects of treatment with systemic DA agonists, it is likely that DA acts in the NAcbC 
to decrease impulsive choice. The ventral tegmental area (VTA) provides DA input into the 
NAcC, but VTA DA neurons have also been implicated in other functions that could influence 
behaviour in an impulsive choice task such as reward prediction, incentive motivation, 
salience, and behavioral flexibility (Schultz, 1997; Bromberg-Martin et al., 2010; Lammel et 
al., 2013; Verharen et al., 2018). All of these could influence behavior in an impulsive choice 
task. Thus, it is possible that the effect of DA on one or more of these processes skews the 
animal’s choices, without truly affecting their delay sensitivity. 
 In order to grasp the neural correlates of impulsive choice, various delay discounting 
paradigms have been used. These delayed reward tasks require thoroughly trained animals 
to choose between a small immediate (SI) reward and a large delayed (LD) reward. DRTs 
are typically set up such that choosing the LD reward is more beneficial. Moreover, during 
DRT sessions, the delay to the large reward increases over the session to probe an animal’s 
indifference point (i.e. the delay at which the SI and LD rewards have an equal subjective 
value to the animal). However, choice for the large delayed reward may not always indicate 
reduced impulsivity but can also indicate reduced flexibility or perseverative behavior 
(Tanno et al., 2014). This is exemplified in a study which found that amphetamine and 
methylphenidate, which increase preference for the LD reward under increasing delay 
conditions (Cardinal et al., 2000), can also increase preference for the SI reward if rats are 
trained with a delay that decreases throughout a session (Tanno et al., 2014). 
 One DRT approach which is thought to circumvent this issue is the adjusting-delay 
task (Mazur 1985; Cardinal et al., 2002; Peterson et al., 2015). The adjusting-delay task 
allows the delay to increase or decrease throughout a session depending on the animal’s 
choices in the preceding trials. Eventually, the animals are thought to titrate towards their 
preferred delay as the session culminates. Nevertheless, a study by Cardinal et al. (2002) 
postulated that delay-independent processes may be driving animals towards one of the 
choice alternatives in the adjusting delay task, as their study found that an unchanging 
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relative preference for either choice was contributing to the animals’ behavior. Thus, it is 
possible that the starting delay in the adjusting delay task is a crucial contributor to the 
animal’s choice behavior since it establishes the relative value of each alternative.
 In this study, we sought to chemogenetically stimulate ventral tegmental area (VTA) 
projections towards the NAcbC and compare them to systemic amphetamine injections 
in the adjusting-delay task. We hypothesized that since the VTA is the main dopaminergic 
projection towards the NAcbC we would be able to increase a rat’s preference for the LD 
reward. Secondly, we sought to compare the effects of both systemic amphetamine injections, 
and VTA to NAcbC projection stimulation, across different starting delays. This was done to 
gauge the relative importance of the starting reward value of both choices against delay 
sensitivity.
 
MATERIALS AND METHODS

Animals

House bred, male adult Long Evans rats were socially housed (in pairs) in type III Macrolon 
cages (42*26.5*15.5cm). All animals (n = 19) were housed under a reversed day-night cycle 
(12h, lights off 7:00am to 7:00pm) and kept in a temperature (20-22˚C) and humidity-
controlled room (60-70%). Animals were food restricted to 5g of chow per 100g of weight 
throughout training and experiments.  This ensured appropriate motivation for food reward 
in the task, and it was enough to ensure weight gain, stabilizing at approximately 400g. The 
experiments were approved by the Animal Ethics committee of Utrecht University and was 
conducted in accordance with Dutch Laws (Wet op de Dierproeven, 1996) and European 
guidelines (86/609/EEC).

Surgery

Prior to behavioral training, the animals (weighing approximately 250-300g) underwent 
intracranial surgery. Anesthesia (0.315mg/kg fentanyl, 10mg/kg fluanisone; Hypnorm, 
Janssen Pharmaceutica) was given 20 minutes before surgery. A local anesthetic (Lidocaine 
100mg/mL, AstraZeneca BV) was applied to the skull once animals were placed in a 
stereotactic frame (Kopf Instruments). All 19 animals received a 0.4µL/side injection of 
Cav2-Cre (1.0*E12 molecules/mL) into the nucleus accumbens core (+1.20 AP, +1.60 ML, 
-6.80 DV; 0˚ angle). A total of 10 of those animals also received a 1µl/side injection of AAV-
hSyn-DIO-hM3Dq-mCherry virus (1.0*E12 molecules/mL; UNC Vector Core) into the VTA 
(-5.60 AP, +1.30 ML, -8.20 DV; 5o angle). The other 9 animals received a 1µL/side injection of 
the control virus AAV-Ef1a-DIO-hChR2-eYFP (1.0*E12 molecules/mL; UNC Vector Core). All 
viruses were infused at a rate of 0.2µL/min with a post-infusion diffusion interval of 10min. 
All animals were given carprofen (5.0mg/kg Carporal, AST Farma BV) for pain relief directly 
after surgery, and on the next two days after surgery.

Behavioral set-up and training
Animals were trained and tested in operant conditioning chambers (Med-Associates, USA) 
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situated within ventilated sound-attenuating boxes. The chambers were equipped with 5 
nosepoke holes on one side, a magazine tray and a houselight on the opposite side. Each 
nosepoke hole and the magazine tray were equipped with infrared sensors to detect head 
entries. The nosepoke holes had individual cue LED lights. The entire set-up was controlled 
by software from MED-PC (Med-Associates, USA).
 Two weeks after surgery, the animals were trained to respond to illumination of the 
LED lights in the 5 nosepoke holes. The nosepoke holes were kept illuminated and whenever 
animals made a response in any of the holes, they were rewarded with a 45mg sugar pellet. 
Once animals were able to make at least 30 rewarded responses, they were moved to the 
next stage of training. In this stage, the animals learned to first respond in the illuminated 
center hole in order to activate the two adjacent holes. Responses in the adjacent holes were 
then rewarded with 1 sucrose pellet. Once animals were able to make at least 30 rewarded 
responses, they were moved to the final stage of training. This stage of training incorporated 
the delays and the differently sized rewards. Animals still began every trial with a response 
in the center hole, this would illuminate the adjacent holes but now the contingencies for 
each hole were different. Responding in one hole (the ‘LD hole’) would give them 4 pellets 
whereas responding in the other, SI hole yielded only 1 pellet. The position of the LD and 
SI holes were counterbalanced between animals.  The first two trials in every block were 
forced trials, in which the animal would be presented with only one of the two options and 
they would have to make a response in order to move on to the next trial. If animals failed to 
make a response within 10 seconds after initiating a trial, this would count as an omission. In 
the case of omissions during forced trials, the same option would be presented until animals 
sampled the forced choice. After the animals had sampled both forced choices (the order of 
the forced choice was random), they would then have 3 free-choice trials. Their choices in 
the 3 free-choice trials would then determine the delay for the subsequent block of 5 trials 
(2 forced, 3 free-choice). All sessions began with a delay of 0s. If animals chose the large 
reward option at least 2 times, the delay would then be increased to 5s. If the LD choice was 
chosen at least two out of three times during the free choice trials, the subsequent block’s 
delay would be increased by 2s. In the case where the SI reward was chosen at least two out 
of three times, the subsequent block’s delay would be decreased by 2s (Figure 1A). Failure 
to respond during the free choice trials was counted as an omission and would re-initiate the 
trial until a choice was made. Animals were kept on this 5s starting delay until their mean 
delay (the average delay of all for all the blocks) stabilized (<15% variation across three 
days). After all treatments had been tested in the 5s starting delay sessions, the animals 
were retrained with a starting delay of 10s until they reached stability (15% variation in 
mean delay, across 3 days). This starting delay was chosen since it was approximately the 
average delay animals reached during 5s starting-delay sessions. Furthermore, a delay of 
10s was within the realm of experience for all animals. This was done as a control to observe 
whether the effects seen during the 5s sessions were indicative of a decrease in delay 
sensitivity. Finally, they were retrained in sessions wherein the starting delay was set to 15s, 
until reaching stability (15% variation in mean delay, across 3 days).  This starting delay 
was chosen since it was approximately the delay towards which animals titrated towards 
after amphetamine (5 and 10s delay start) and CNO treatments (5s delay start).  The 10s 
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and 15s sessions held the same structure as the 5s sessions. All trials began with a block of 
0s, if animals responded twice for the large reward the delay would then jump to 10 or 15s. 
Thereafter, blocks would increase or decrease in delay by 2s. All sessions lasted for 1 hour. A 
schematic of the adjusting delay task is presented in Figure 1A.

Drug treatments

 CNO (University of North Carolina, Chapel Hill NC, USA) and d-amphetamine sulphate (OPG 
Utrecht, the Netherlands) were both dissolved in a 0.9% saline solution. Animals were 
injected intraperitoneally (1mL/kg) 30 minutes prior to being placed in the conditioning 
chambers. Animals were given a 0.9% saline injection as a control for each dose. Since the 
saline treatments for each dose of CNO did not differ, they were averaged and combined 
for analysis.  Saline and CNO injections were administered in a counterbalanced fashion, 
injections were given 2 days apart. CNO doses were chosen based on previous work in 
our lab (Boender et al., 2016; Boekhoudt et al., 2017; Verharen et al., 2018). Animals were 
first tested at a starting delay of 5s with a dose of 0.3mg/kg of CNO (Figure 1B). They were 
then tested with a dose of 1.0mg/kg (Saline and CNO) and with d-amphetamine at a dose 
of 0.5mg/kg (Saline and Amphetamine), based on previous by work in our lab (Baarendse 
& Vanderschuren, 2012). Animals were given one week between treatments, during which 
training continued. Since 0.3mg/kg and 1.0mg/kg CNO treatments gave comparable effects 
in the first set of tests, only the 1.0mg/kg dose was used for the remainder of the experiment. 
After animals underwent the 1.0mg/kg CNO and 0.5mg/kg d-amphetamine treatments with 
a 10s delay start, they were retrained with a 15s delay start, and tested after treatment with 
1.0mg/kg CNO and 0.5mg/kg amphetamine. The experimental timeline is depicted in Figure 
1B.

Immunohistochemistry

Animals were euthanized with a lethal dose of pentobarbital (0.2mL/100 g bodyweight, 
Euthanimal, Alfasan BV, The Netherlands). Once animals lost consciousness and showed 
no reflexes, they underwent transcardial perfusion with phosphate buffered saline (PBS) 
followed by 4% paraformaldehyde (PFA) (dissolved in PBS). Brains were stored in PFA 
overnight at 4˚C and thereafter hM3Dq-mCherry with Rabbit anti-dsRed (Clontech, 1:500). 
The next day the slices were washed for 2-hours with the secondary antibodies Goat anti-
Rabbit 568 (Molecular Probes, 1:500). The primary and secondary antibodies were dissolved 
in PBS (with 0.05% Tween). Expression of the DREADD receptor hm3dq-mCherry in VTA 
neurons is depicted in Figure 1C.

Data analysis

Delay progression - Not all animals finished the same number of delay blocks, since the 
session time was fixed at 1 hr. To make a statistical comparison between treatments across 
delay blocks it was necessary to have the same number of animals complete the same 
number of blocks. Therefore, the minimum number of blocks was adjusted for the 5s, 10s 
and 15s starting delay sessions. The minimum number of blocks used for the Gq group were 
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10, 7, and 9 blocks and the YFP group was adjusted to 10, 8 and 9 blocks, respectively. The 
minimum number of blocks needed were chosen to maximize the number of animals in each 

Figure 1. The Adjusting delay reward task. A) Schematic drawing detailing the adjusting delay 
task parameter used in this study. B) Order of experimental procedures carried out in this study. 
C) Immunofluorescence of hM3dq-mCherry in DA (TH-immunoreactive) neurons in the VTA.
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group, and animals who did not finish the minimum number of blocks were removed from 
the analysis. For the amphetamine treatments, the minimum number of blocks for the 5, 
10 and 15s (starting delay sessions) were set 10, 5 and 5 blocks, respectively. A two-way 
repeated measures ANOVA was then performed to compared differences within animals 
across block delay and treatments. The significance level was adjusted to p<0.0125 to 
control for repeated testing.
 Mean delay - The mean delay for each animal was calculated as the average delay for 
the last 3 trial blocks. These only included the minimum number of blocks explained above. 
A one-way repeated measures ANOVA was performed on the 5s starting delay sessions for 
both the GQ and YFP groups across the saline, 0.3mg/kg CNO and 1.0mg/kg treatments. A 
paired Student’s t-test was performed on the CNO treatments for the 10 and 15s starting 
delay sessions and on the amphetamine treatments for the 5, 10 and 15s starting delay 
sessions.
 % Choice LD - The % choice for the LD reward was normalized using an arcsine 
transformation. A one-way repeated measures ANOVA was performed on the 5s (starting 
delay sessions) for both the GQ and YFP groups across the saline, 0.3mg/kg CNO and 1.0mg/
kg treatments. A paired Student’s t-test was performed on the 10 and 15s starting delay 
sessions in the CNO treatments and on the 5, 10 and 15s starting delay session for the 
amphetamine treatments.
 Pellets earned and trials completed - These parameters were calculated using the 
number of pellets earned and trials completed across the entire session. A one-way repeated 
measures ANOVA was performed on the 5s starting delay sessions for both the GQ and YFP 
groups across the saline, 0.3mg/kg CNO and 1.0mg/kg treatments. A paired student’s t-test 
was performed on the CNO treatments for the 10 and 15s starting delay sessions and on 
the amphetamine treatments for the 5, 10 and 15s starting delay sessions. All statistical 
analyses were performed using GraphPad Prism (GraphPad Software, Inc.). 

RESULTS

Activation of VTA projections to the NAcbC reduces impulsive choice

Analysis of the effect of CNO (0.3 and 1.0 mg/kg) treatment with a 5s starting delay showed 
a significant interaction between Delay Blocks X Treatment in the Gq animals (Figure 2A; F 
(2,14) = 3.371), P=0.0008). A Dunnett’s multiple comparisons post-hoc test then identified 
a significant difference between the saline and 0.3mg/kg CNO treatment (P=0.044) and 
between the saline and 1.0mg/kg CNO treatment (P=0.0195). The mean delay was also 
significantly different between treatments (Figure 2B; F (1.8, 12.87) =4.6, P=0.03). A 
Dunnett’s multiple comparisons post-hoc test showed a significant increase in mean delay 
by 1.0mg/kg CNO compared to saline treatment (P=0.04) but not between the saline and 
0.3mg/kg CNO treatment (P=0.11). There was no significant difference in the percent choice 
for the LD reward (Figure 2C; F (1.4,10.1) = 0.12, P=0.82), the number of pellets obtained 
(Figure 2D; F (1.5, 10.2) =0.12, P=0.82) or the number of trials completed (Figure S2A; F(1.2, 
11) = 0.27, P=0.65). CNO treatment did not induce any effects on delay progression in the 
YFP control animals (Figure 2E; Delay Blocks X Treatment, F (2,16) =0.3108, P=0.7372), 
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Figure 2. Chemogenetic activation of VTA projections towards the NAcbC and systemic 
amphetamine injections during 5s delay start sessions. A) Progression through the Adjusting delay 
task for Saline, 0.3mg/kg CNO and 1.0mg/kg CNO treatments in the Gq group (n=8). * represents P<0.05 
in a two-way repeated measures ANOVA. B) C) D) Group average mean delay, % choice for the LD reward 
and number of rewards obtained for the Gq group (n=8), respectively. * represents P<0.05 using a 
Dunnett’s multiple comparisons post-hoc test. E) Progression through the Adjusting delay task for Saline, 
0.3mg/kg CNO and 1.0mg/kg CNO treatments in the YFP group (n=9). F) G) H) Group average mean 
delay, % choice for the LD reward and number of rewards obtained for the YFP group (n=9), respectively. 
I) Progression through the Adjusting delay task for Saline and d-amphetamine treatments (n=12). * 
represents P<0.05 in a two-way repeated measures ANOVA. J) K) L) Group average mean delay, % choice 
for the LD reward and number of rewards obtained during d-amphetamine treatment (n=12), compared 
to saline. * represents P<0.05 using a paired student’s t-test. All values are presented as mean ±SEM.
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mean delay (Figure 2F; F (1.5, 11.9) = 2.7, P=0.11), % choice for the LD reward (Figure 2G; 
F (1.4, 11.3) = 1.3, P=0.27), the number of pellets obtained (Figure 2H; F (1.9, 15.3) = 1.1, P 
=0.37) or the number of trials completed (Figure S2B; F(2, 15) = 0.63, P=0.54).
 Amphetamine treatment significantly increased the animal’s delay progression 
through the task (Figure 2I; Delay blocks X Treatment, F (9,99) = 7.969, P<0.0001). This 
was accompanied by a significant increase in mean delay (Figure 2J; t=3.5, P=0.004) and % 
choice for the LD reward (Figure 2K; t=4.2, P=0.0005) as well as a significant decrease in the 
number of pellets obtained (Figure 2L; t=2.9, P=0.01) and in the number of trials completed 
(Figure S2C; t=3.6, P=0.002).

Divergent effects of amphetamine and VTA-NAcbC activation on impulsive choice 
under a 10 s starting delay 

A repeated measures two-way ANOVA showed no difference in delay progression between 
saline and CNO treatment in the Gq group during the 10s delay start sessions (Figure 3A, 
Delay Blocks X Treatment, F (6,36) = 0.86, P =0.53). No effects were found on mean delay 
(Figure 3B, t=0.7, P=0.47), % choice for LD reward (Figure 3C, t=2, P=0.09), pellets obtained 
(Figure 3D, t=0.04, P=0.96) or the number of trials completed (Figure S2 D; t=1.3, P=0.21). 
CNO treatment did not alter delay progression in the YFP control group during the 10s 
starting delay sessions (Figure 3E, Delay Blocks X Treatment, F (7,35) = 0.34, P=0.93). Mean 
delay (Figure 3F, t=0.89, P=0.41), % choice for the LD reward (Figure 3F, t=0.12, P=0.90), 
the number of pellets obtained (Figure 3G, t=0.26, P=0.80) and the number of completed 
trials (Figure S2E; t=0.01, P=0.98) were also not affected by CNO treatment. Amphetamine 
treatment significantly increased the delay progression through the task during the 10s 
delay start sessions (Figure 3I; Delay blocks X Treatment, F (4,36) = 12.7, P<0.0001). This 
was accompanied by a significant increase in mean delay (Figure 3J; t=2.9, P=0.016) and % 
choice for the LD reward (Figure 3K; t=7.4, P<0.0001), a significant decrease in the number 
of pellets obtained (Figure 3L; t=6.5, P<0.0001) and number of completed trials (Figure S2F; 
t=8.1, P<0.0001).

No effects of VTA-NAcbC stimulation or amphetamine treatment on delay discounting 
under a 15s starting delay 

CNO treatment had no effect on the delay progression in the Gq group (Figure 4A, Delay 
Blocks X Treatment, F (8,40) = 0.18, P=0.99). No effects were found on mean delay (Figure 
4B, t=0.22, P=0.83), % choice for LD reward (Figure 4C, t=0.36, P=0.73), pellets obtained 
(Figure 4D, t=1.2, P=0.29) or number of completed trials (Figure S2G; t=0.45, P=0.66). In the 
YFP group, CNO had no effects on delay progression (Figure 4E, Delay Blocks X Treatment, 
F(8,40)= 0.89, P=0.52), mean delay (Figure 4F, t=1.6, P=0.16), % choice for LD reward 
(Figure 4G, t=0.66, P=0.53), number of pellets obtained (Figure 4H, t=0.36, P=0.72) or the 
number of completed trials (Figure S2H; t=0.69, P=0.51). Amphetamine treatment did not 
alter task progression (Figure 4I, Delay Blocks X Treatment F(4,28) = 0.78, P=0.55) mean 
delay (Figure 4J, t=0.12, P=0.90) or % choice for the LD reward (Figure 4K, t=2.0, P=0.09) 
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Figure 3. Chemogenetic activation of VTA projections towards the NAcbC and systemic 
amphetamine injections during 10s delay start sessions. A) Progression through the Adjusting 
delay task for Saline and 1.0mg/kg CNO treatments in the Gq group (n=7). B) C) D) Group average 
mean delay, % choice for the LD reward and number of rewards obtained for the Gq group (n=6), 
respectively. E) Progression through the Adjusting delay task for Saline and 1.0mg/kg CNO 
treatments in the YFP group (n=6). F) G) H) Group average mean delay, % choice for the LD 
reward and number of rewards obtained for the YFP group, respectively. I) Progression through 
the Adjusting delay task for Saline and d-amphetamine treatments (n=10). *represents P<0.05 
in a two-way repeated measures ANOVA. J) K) L) Group average mean delay, % choice for the LD 
reward and number of rewards obtained during d-amphetamine treatment, compared to saline 
(n=10). * represents P<0.05 using a paired student’s t-test. All values are presented as mean ±SEM.
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when the starting delay was set to 15s. It did however still reduce the number of pellets 
obtained (Figure 4L, t=2.8, P=0.015) and the number of completed trials (Figure S2I; t=3,36, 
P=0.006).

Baseline sessions 

Task progression was measured during baseline sessions for both groups to assess whether 
the animals were changing their mean delay across the session. These measurements are 
the average of the last 5 sessions prior to undergoing chemogenetic and amphetamine 
manipulations. During the 5s delay start there was a clear difference in trial blocks delays 
across the session (Figure S1, Delay Blocks F (9,62) = 19.71, P<0.0001). In contrast, this 
effect was not present during the 10 (Figure S2, Delay Blocks F (9,63) = 1.16, P=0.33) and 
15s sessions (Figure S3, Delay Blocks F (10,60) =1.8, P=0.07).

DISCUSSION

The present study determined the role of VTA projections to the NAcbC in impulsive choice. 
We found that chemogenetic activation of VTA projections towards the NAcbC increased 
choice for a delayed reward as a function of the starting delay in the task. Our results suggest 
that the VTA-NAcbC pathway influences impulsive choice by modulating the balance between 
the starting subjective value of choice options, rather than by altering delay sensitivity per 
se. 
 Our chemogenetic results are in accordance with previous studies highlighting the 
importance of the NAcbC in delay discounting (Cardinal, 2001; Pothuizen et al., 2005; Bezzina 
et al., 2007; Costa Araujo et al., 2009; Steele et al., 2018). Here, we show that the involvement 
of the NAcbC in impulsive choice depends on the starting delay in the session. When animals 
started the task with a delay to the LD reward of 5s, this was below their indifference point 
and thus their behavior was driven to select the LD reward until they achieved this point, 
approximately around a delay of 10s. After VTA-NAcbC pathway stimulation, their preferred 
delay was increased to approximately 13s. We therefore expected to find an increase in 
the chosen delay to be present after VTA-NAcbC stimulation also when the starting delay 
was set to 10s. However, under these circumstances, animals showed no change in choice 
behavior. One explanation for this is that the effects of chemogenetic VTA-NAcbC activation 
are dependent on the subjective value of the preferred option at the start of the session. At a 
starting delay of 5s, the subjective value of the LD reward is higher than the SI reward. Thus, 
animals choose the LD reward until the value of the SI reward matches it (~ 10s). Activating 
this projection therefore enhances the subjective value of the preferred LD reward, thus 
increasing the delay at which the value of the SI reward matches that of the LD reward. 
When the starting delay is set close to the indifference point however, both the SI and LD 
rewards have approximately the same subjective value at the beginning of the task. At this 
point, stimulation of the VTA-NAcbC pathway would not increase the choice for either value 
since both have relatively similar values; that is, both choice cues are equally strengthened. 
This explanation is in line with previous studies showing that VTA DA neurons encode the 
relative value of immediate and delayed rewards (Roesch et al., 2007) or the relative value 
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Figure 4. Chemogenetic activation of VTA projections towards the NAcbC and systemic 
amphetamine injections during 15s delay start sessions. A) Progression through the Adjusting 
delay task for Saline and 1.0mg/kg CNO treatments in the Gq group. B) C) D) Group average mean 
delay, % choice for the LD reward and number of rewards obtained for the Gq group (n=6), respectively. 
E) Progression through the Adjusting delay task for Saline and 1.0mg/kg CNO treatments in the YFP 
group (n=6). F) G) H) Group average mean delay, % choice for the LD reward and number of rewards 
obtained for the YFP group (n=6), respectively. I) Progression through the Adjusting delay task for 
Saline and d-amphetamine treatments (n=8). J) K) L) Group average mean delay, % choice for the 
LD reward and number of rewards obtained during d-amphetamine treatment, compared to saline 
(n=8). * represents P<0.05 using a paired student’s t-test. All values are presented as mean ±SEM.
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of uncertain rewards (Tobler et al., 2005). Similarly, lesions to the NAcb have been shown to 
decrease sensitivity to rapid changes in delay during the delay reward task (Acheson et al., 
2006). Together, this may explain why animals are not able to properly update the subjective 
value of the LD and SI rewards as the session progresses. During the 15s delay start sessions, 
the relative value of the SI reward is higher than the LD reward at the start of the session. 
Therefore, the VTA-NAcbC stimulation could have driven animals to choose a lower mean 
delay than normal, but this was not observed, as the animals’ choice behavior remained 
at approximately the same delay. This suggests that the 15s delay start sessions were not 
perceptively different than the 10s delay start sessions in terms of the subjective value of the 
SI and LD options.
 We also replicated previous findings showing that amphetamine increases animals’ 
choice for the LD reward (Cardinal, 2000; Winstanley et al., 2003; van Gaalen et al., 2006; 
Baarendse & Vanderschuren, 2012). Although amphetamine treatment and chemogenetic 
activation of the VTA-NAcbC pathway both increased the animals mean delay and progression 
through the task, there were some important differences in other parameters. That is, 
amphetamine greatly reduced the number of pellets earned and increased the percentage 
choice for the large reward. The decrease in pellets earned may be driven by the anorectic 
effects of amphetamine, consistent with the decreases in the number of trials achieved. 
The anorectic properties of amphetamine are largely mediated by its increasing effects on 
noradrenergic neurotransmission (Rowland et al., 1996; Borsini et al., 1979), which explains 
why we did not see these effects during VTA-NAcbC pathway activation. More interesting 
however, was that only amphetamine was able to significantly alter the percentage choice 
for the LD reward. Importantly, in the adjusting delay task, the percent choice for the 
large reward does not necessarily increase along with the chosen delay. This is because 
once animals reach their indifference point, they stabilize at that delay by choosing the SI 
option approximately as often as the LD option. In contrast, especially in the 10s starting 
delay session, amphetamine treatment drove animals to choose for the LD options but also 
affected the animals’ ability to stabilize their behavior once they had reached their point of 
indifference. Thus, upon reaching longer delays, animals under the effect of amphetamine no 
longer chose for the SI reward but quit responding altogether. This, in combination with the 
anorectic effects mentioned earlier, further explains why amphetamine greatly decreased 
the number of trials completed and reduced the number of pellets earned.
 In summary, our findings show that stimulation of VTA projections towards the 
NAcbC can increase choice for an LD reward, but only when the delay to the LD at the start 
of the session is short.  Therefore, we conclude that these effects were not a prime result of 
changes in delay sensitivity. Rather, the observed effects are likely driven by the motivational 
functions of VTA-NAcbC projections (Salomone & Correa, 2012), whereby activation of 
the VTA-NAcbC pathway animals overvalue whichever choice was more beneficial at the 
beginning of the task. 
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SUPPLEMENTAL INFORMATION

Figure S1. Baseline sessions task progression. A-C) Progression of animals through the adjusting 
delay task during the 5, 10, and 15s delay start sessions, respectively. Values represent the average delay 
of the last 5 sessions for the YFP (green) and Gq (blue) groups. Only A) showed a significant effect across 
delay block trials using a repeated measures two-way ANOVA. All values are presented as mean ±SEM.
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Figure S2. Number of trials completed for 5, 10, and 15s delay start sessions. A-B) 5s delay 
start: average number of trials completed during saline, 0.3mg/kg CNO, and 1.0mg/kg CNO 
treatments for the Gq (n=10) and YFP (n=9) groups. C) 5s delay start: average number of trials 
completed during saline and d-amphetamine treatments (n=18). ** represents P<0.01 using a 
paired student’s t-test. D-E) 10s delay start: average number of trials completed during saline and 
1.0mg/kg CNO treatments for the Gq (n=10) and YFP (n=7) groups. F) 10s delay start: average 
number of trials completed during saline and d-amphetamine treatments (n=18). *** represents 
P<0.001 using a paired student’s t-test. G-H) 15s delay start: average number of trials completed 
during saline and 1.0mg/kg CNO treatments for the Gq (n=9) and YFP (n=7) groups. I) 15s delay 
start: average number of trials completed during saline and d-amphetamine treatments (n=18). 
** represents P<0.01 using a paired student’s t-test. All values are presented as mean ±SEM.
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CHAPTER SIX 
Appendix I: Activating ventral tegmental area 
dopamine neurons projecting to the NAcbC 
decreases incorrect responses in the 5-CSRTT

‘That's the reason they're called lessons,’ the Gryphon remarked: ‘because they lessen from day 
to day.’
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BACKGROUND

In Chapters 2 and 3 of this thesis we used optogenetics to activate ventral tegmental area 
(VTA) dopamine (DA) neurons during the 5-choice serial reaction time task (5-CSRTT). 
Our result showed that activating these neurons disrupted attentive behaviour but did 
not affect impulsive behaviour. Furthermore, in Chapter 3 we stimulated VTA projections 
towards the nucleus accumbens core (NAcbC), the nucleus accumbens shell (NAcbS) and 
the ventromedial prefrontal cortex (vmPFC). However, our projection specific manipulation 
of VTA neurons was no longer selective for DA neurons. The aim of this experiment was to 
stimulate the terminals of VTA DA neurons expressing ChR2 in TH::Cre rats so as to retain 
both projection and DA specificity. 

METHODS

To obtain DA and projection specificity we used TH::Cre rats as in Chapter 2 and 3  but 
instead of implanting the optic fibers in the VTA, we implanted them at the terminal location 
of the projections we sought to stimulate. 23 TH::Cre rats were used in this experiment. 
All animals received a 1µL bilateral injection of AAV5-Ef1a-DIO-hChR2-(H134R)-EYFP 
(7.4X1012 molecules/mL; UNC Vector Core) into the VTA (-5.80 AP, +1.60 ML, -8.40 DV; 5o 

angle). One group (n=13) was implanted with chronic optic fibers in the NAcbC (+1.20 AP, 
+1.60 ML, -6.30 DV; 0o angle). The other group (n=10) was implanted with chronic optic 
fibers in the vmPFC (+2.70 AP, +1.20 ML, -5.20 DV; 10o angle). 
 All animals underwent the exact same training, behavioral set-up and experimental 
procedures as described in Chapter 3. Except for animals only did the baseline 5s ITI 
sessions due to the loss of chronic optic fibers and head caps shortly into the experiment.
 Immunohistochemistry and data analysis was performed as detailed in Chapter 3.

RESULTS & DISCUSSION

Activating VTA DA neurons projecting to the NAcbC did not reduce the number of correct 
responses (Figure 1A; t= 1.5, P=0.17) but did show a trend in the number of omissions 
(Figure 1B; t= 2.2, P =0.054). This agrees with the results from Chapter 3 wherein VTA DA 
neuron stimulation and VTA-NAcbC projection specific stimulation increased the number 
of omissions. Although there were no significant changes in accuracy (Figure 1C; t=2.0, 
P= 0.068) there was an increase in the number of incorrect responses (Figure 1D; t= 2.3, 
P=0.038). This is an effect we did not observe during our projection specific stimulation 
in Chapter 3. Nevertheless, it agrees with a previous study which found a significant 
increase in accuracy after D1 agonist infusion in the NAcbC (Pezze et al., 2007). However, 
this study only found an increase in accuracy at low doses and not during high doses. Thus, 
it is possible that our terminal, DA specific manipulation elevated DA levels comparably to 
the effects of low doses of D1 agonist. The idea that DA levels were less elevated during 
terminal DA stimulation as opposed to projection specific stimulation is further supported 
by the lessened increase in omissions. Lastly, no effects were found on premature responses 
(Figure 1E; t=0.22; P=0.82) or reward collection latency (Figure 1F; t= 0.25, P=0.81).
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Activating DA neurons towards the vmPFC did not induce any changes in correct responses 
(Figure 2A; t= 0.67, P=0.52), omissions (Figure 2B; t=1.2, P=0.23), accuracy (Figure 2C: t= 
0.22, P=0.83), incorrect responses (Figure 2D; t=0.31, P=0.75), premature responses (Figure 
2E; t=0.31, P=0.75) or reward collection latency (Figure 2F; t=0.31, P=0.76). In Chapter 3 
we reported that stimulating this projection (without DA specificity) decreased accuracy. 
The lack of effects in the terminal experiment may be a result of the sheer size of the vmPFC 
compared to the VTA. Optogenetics stimulation is limited by the light dispersion of the optic 
fiber. During both terminal and soma stimulation this radius remains approximately the same 
(roughly 1 mm2). However, stimulating soma can generate a stronger effect than targeting 
terminals. This is because during soma stimulation axons belonging to the cell bodies may 
branch out over larger regions whereas during terminal stimulation one is strictly limited to 
the light dispersion at the target region. This becomes more prominent when dealing with 
large regions such as the vmPFC. 
 Lastly, an unfortunate difficulty that arose throughout this experiment was the loss 
of optic fibers and head caps. The combination of frontally located optic fibers and attached 
fiber patch chords would make animals get stuck in the magazine tray. This would disrupt 
behavior in the task and in a handful of cases it led to the loss of optic fibers or head caps 
altogether. When this occurred, it entailed a great deal of discomfort for the animal and 
prevented further testing.

Figure 1. Ventral tegmental area dopamine neuron terminal stimulation in the nucleus 
accumbens core during the 5-choice serial reaction time task. A-F) correct responses, 
omissions, accuracy, incorrect responses, premature responses, and latency to retrieve the 
reward during mock and laser stimulation sessions (respectively, n=13). Stimulation took place 
in the last 3 seconds of the intertrial interval at 20HZ, with 0.05ms trains. Data are presented 
as mean ±SEM; * p< 0.05 when compared to mock stimulation (Paired sample student’s t-test).
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Figure 2. Ventral tegmental area dopamine neuron terminal stimulation in the ventromedial 
prefrontal cortex during the 5-choice serial reaction time task. A-F) correct responses, 
omissions, accuracy, incorrect responses, premature responses, and latency to retrieve the 
reward during mock and laser stimulation sessions (respectively, n=13). Stimulation took place 
in the last 3 seconds of the intertrial interval at 20HZ, with 0.05ms trains. Data are presented 
as mean ±SEM; * p< 0.05 when compared to mock stimulation (Paired sample student’s t-test).

REFERENCES

Pezze, M.-A., Dalley, J. W., & Robbins, T. W. (2007). Differential roles of dopamine D1 and D2 receptors 
in the nucleus accumbens in attentional performance on the five-choice serial reaction 
time task. Neuropsychopharmacology : Official Publication of the American College of 
Neuropsychopharmacology, 32(2), 273–283. https://doi.org/10.1038/sj.npp.1301073

A B C

D E F



APPENDIX I: ACTIVATING VTA DA NEURONS PROJECTING TO THE NAcbC DECREASES ATTENTION IN THE 5-CSRTT

107 

6





Authors & Affilations

Jacques P. Flores-Dourojeanni, Msc1,2

1 Brain Center Rudolf Magnus, Department of Translational Neuroscience, University Medical Center Utrecht, 

Utrecht, The Netherlands 

2 Department of Animals in Science and Society, Division of Behavioural Neuroscience, Faculty of Veterinary 

Medicine, Utrecht University, Utrecht, The Netherlands 

CHAPTER SEVEN 
General discussion

`Begin at the beginning,' the King said gravely, `and go on till you come to the end: then stop.' 
- The King
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EXPERIMENTAL SUMMARY

This thesis explored the involvement of the ventral tegmental area (VTA) in impulsive 
and attentive behavior. Using optogenetics, chemogenetics, fibre photometry, transgenic 
animals and viral vectors we were able to either selectively target dopaminergic (DAergic) 
populations within the VTA or selectively target projections from the VTA towards the 
nucleus accumbens core (NAcbC), nucleus accumbens shell (NAcbS) or the ventromedial 
prefrontal cortex (vmPFC). The research herein is amongst the first to use time-locked 
manipulations to decipher the temporal importance of neural activity during attentive and 
impulsive behaviors. Furthermore, it also the first to explore the role of the VTA in impulsive 
and attentive behavior with projection specificity.
 Altogether, the findings summarized below have increased our understanding of 
the neural circuitry of both impulse control and attention. Importantly, this thesis also has 
certain limitations which will serve to sow the seeds for future experiments. The aim of 
this chapter is to present a summary of the relevant findings presented in this thesis and 
compare results across them. Furthermore, we will also discuss the implications of our 
findings as well as delineate the steps that can be taken to further deepen our understanding 
of the neural circuitry of impulsivity. 
 In Chapter 2 we first explored the role of VTA dopamine (DA) activation in attentive 
and impulsive behavior in the 5-choice serial reaction time task (5-CSRTT). Time-locked 
activation did not increase impulsive behavior but did affect attentive behavior as shown 
by a reduction in omissions in the absence of effects to motivational parameters. Secondly, 
we recorded VTA DA activity during the 5-CSRTT using fibre photometry and found no 
discernible population level activity during premature responses. In contrast, substantial 
activity was recorded during correct and incorrect responses, as well as during omissions. 
Interestingly, we found the onset of activity would precede the cue indicating that VTA DA 
neurons encoded cue prediction. This suggests that task-related activity of DA neurons is 
limited to the detection of salient stimuli but is not necessary to drive impulsive behavior.
 In Chapter 3, we replicated our findings on VTA DA neuron activation during 
impulsive and attentive behavior and showed that attentive deficits could be elicited even 
if activation took place at the beginning, instead of at the end, of the intertrial interval 
(ITI). This further expanded our understanding of the temporal dynamics of VTA activity 
in attention. This chapter also delved deeper into the role of three distinct projections 
stemming from the VTA. Activation of NAcbC projections induced attentional impairments 
in line with those observed during broad VTA DA neuron stimulation. Similarly, these effects 
were also present when activation took place at the onset of the ITI, further suggesting the 
effects of VTA DA neurons were largely driven by DAergic projections towards the NAcbC. 
This chapter also shows that activating projections towards the NAcbS increases premature 
responses; an effect which was only found during NAcbC stimulation when the need 
for behavioral inhibition was increased by augmenting the ITI duration. Our results also 
showed that unlike the attentional impairments, the increase in premature responses was 
only present when stimulation took place at the end of the ITI. Although this region had 
already been well involved in impulsive behavior; this study was the first to delineate the 
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temporal and projection particulars of impulsive behavior in the NAcbS. Lastly, this chapter 
also delved into the role of vmPFC and found that activation of VTA projections towards 
this region also impaired attention. However, we found that attentional impairments were 
driven by an increase in the number of incorrect responses thereby differentiating it from 
the attentional effects of NAcbC stimulation which only increased the number of omissions.
 Chapter 4 developed on the findings of VTA projections towards the NAcbS by 
optogenetically inhibiting these projections using halorhodopsin. Surprisingly, we found 
that inhibition had the same effects as activation with regards to impulsive behaviour but 
not attentive behaviour. Furthermore, the effects of inhibition were also temporally locked to 
the end of the ITI. This chapter indicates that optimal task performance requires a balanced 
level of activity stemming from the VTA. Moreover, we show that this “balance of activity” 
does not apply equally to the attentive processes since these were not altered by inhibition.
 Lastly, Chapter 5 focused on VTA projections to the NAcbC but gauged its role 
in impulsive choice, as opposed to impulsive action, using an adjusting delay task. In this 
chapter we took a chemogenetic approach and found that activating VTA-NAcbC projections 
increased the mean delay of animals in the adjusting delay task, as did systemic amphetamine 
injections. This suggests that VTA DA projections to the NAcbC mediate impulsive choice. 
Pertinently, the effects of VTA-NAcbC manipulation, and to a lesser degree those of 
amphetamine, were dependent on the starting delay conditions of the task. Therefore, 
suggesting that other cognitive processes, beyond the animal’s ability to delay gratification 
over changing delay contingencies, were inducing the observed effects.

INSIGHTS, LIMITATIONS, AND FUTURE DIRECTIONS

Population level activity of VTA DA does not reflect projection specific stimulation of 
the VTA-NAcbS pathway

The results of Chapter 2 indicate that VTA DA neurons do not show increased levels of 
activity during premature responses. This was surprising given the known involvement 
of DA in impulsive behavior (Dalley & Robbins, 2017; Winstanley et al., 2006; Pattij & 
Vanderschuren, 2008). Nevertheless, these observations were in line with the results that 
activation of VTA DA neurons does not induce an increase in premature responses, either 
chemogenetically (Boekhoudt et al., 2017) or optogenetically as shown in Chapters 2 and 
3. One explanation for the lack of observed effects during fibre photometry is that we are 
looking at neurons at a population level. Thus, it is possible that VTA activity during premature 
responses, is not sufficiently strong to overcome the baseline background activity of VTA DA 
neurons, or our equipment is not sensitive enough to detect it. Although it is also possible 
that DA activity stemming from the VTA does not normally induce premature responses in 
healthy individuals. However, it may be that in individuals suffering from impulsivity related 
disorders, DA disturbances in this region are the cause of their impulsive behaviour (Volkow 
et al., 2009; Swanson et al., 2000; Li et al., 2006; Smith et al., 2018). However, if this is the 
case it is striking to observe no alterations in impulsive behaviour during broad VTA DA 
stimulation. Originally, we thought this was a result of opposing actions of the NAcbC and 
the NAcbS cancelling each other out; however, the results in Chapter 3 suggest otherwise. 
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Instead it is possible that the attentive disruptions that arise from VTA DA stimulation 
were disengaging animals from the task at a timepoint when they would normally perform 
premature responses. The effects of VTA DA activation on omissions was much stronger than 
that observed during the activation of specific projections towards the NAcbC or the NAcbS. 
Thus, it is possible that during projection specific stimulation to the NAcbC and NAcbS the 
animals are not as disengaged from the task as during broad VTA DA neurons stimulation, 
thereby allowing the effects on impulsive action to be displayed. This is also corroborated 
by the fact that stimulation at the onset of the ITI did not increase premature responses. 
During this timepoint animals are not yet in a vigilant state over the 5-holes (in the 5-CSRTT) 
and thus simulating during this time point does not induce premature responses since the 
animals are not yet fully engaged on the task. Future studies should make use of micro-
cameras recording the position of animals throughout the 5-CSRTT (Bari et al., 2008). If a 
reliable live analysis of the vigilant state of the animals can be obtained; this can be used to 
trigger the optogenetic stimulation and thereby test the necessity of such a state to induce 
premature responses.

VTA DA neuron stimulation did not elicit changes in premature responding in contrast 
to stimulation of the VTA-NAcbS pathway

DA specific stimulation of VTA neurons did not increase impulsive behaviour, whereas 
projection specific stimulation (without DA specificity) of the NAcbS did show an increase 
in impulsive behaviour. This suggests that VTA DA neurons may not be responsible for the 
observed effects on impulsive behaviour. However, such a hypothesis needs to be thoroughly 
explored considering all the previous literature showing a clear role of DA in impulsive 
behaviour (Dalley & Robbins, 2017; Winstanley et al., 2006; Pattij & Vanderschuren, 2008) 
specially within the ventral striatum (Pattij et al., 2007; Pezze et al., 2007; Besson et al., 
2010; Economidou et al., 2012; Moreno et al., 2013), a region which is heavily innervated 
by VTA DA neurons (Lammel et al., 2011). Previously it has been shown that injections of 
a GABA agonist into the NAcbS but not the core was able to induce premature responses 
(Feja et al., 2014). Similarly, we only see stimulation effects during baseline (5s ITI sessions) 
in the VTA-NAcbS group and not in the VTA-NAcbC group. The latter exhibiting effects only 
when the need for inhibitory controlled is increased by a prolonging the ITI to 7s. Future 
experiments should therefore attempt to target GABAergic or DAergic projections with 
projection and temporal specificity. Appendix 1 in this thesis was an attempt to address 
this question. In that experiment we used TH::Cre animals and floxed Channelrhodopsin as 
described in Chapter 2, but we stimulated chronic optic fibres inserted into the NAcbC or 
vmPFC instead of the VTA. Thereby, allowing us to stimulate the axon terminals of VTA DA 
neurons. Here we found no significant change (P=0.054) in omissions and a small increase 
in accuracy when stimulating NAcbC terminals although we did not find any effects when 
stimulating VTA-vmPFC axon terminals. Unfortunately, this experiment had to be terminated 
since animals would often get their chronic fibres stuck on the food magazine leading to a 
large proportion of them losing their headcaps, creating a great deal of discomfort for the 
animal as well as preventing further testing. Future experiments may refine this technique 
by using CavFlexFLp (Kakava-Giorgiadou et al., 2019). This technique uses a double 
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conditional system to deliver viral vectors with neurotransmitter and projection specificity 
in transgenic animals. It does so by inserting a Cre-dependent flippase recombinase within 
a Cav2-cre viral vector which is delivered into the terminal region of interest. In our case, 
this CavFlexFlp can be injected into the NAcbS of TH::Cre rats. The Cav2-Cre would then only 
be expressed in TH positive cells due to the presence of the Cre recombinase. Afterwards, 
injecting a Flp-dependent AVV-Flp-ChR2 into the VTA would make it so that only VTA cells 
projecting towards the NAcbS would be able to express ChR2. Chronic optic fibers could 
then be inserted into the VTA. Together, this would allow us to specifically target only TH+ 
positive cells in the VTA which project to the NAcbS.

Activation and inhibition of VTA projections to the shell induce premature responses

In Chapters 3 and 4 we discovered that both inhibition and stimulation of VTA projections 
towards the NAcbS induces an increase in premature responses. These results are in line with 
the baseline dependent effects of drugs on impulsive behaviour in the 5-CSRTT (Moreno et 
al., 2013, Besson et al., 2010). These studies together with our results, suggest that NAcbS 
activity must be within certain margins to maintain proper impulse control. Interestingly, 
the effects observed during stimulation on attentive performance were not seen during 
optogenetic inhibition. The findings in these two chapters thereby begin to dissociate 
attentive an impulsive behaviour mechanistically within the NAcbS. Further experiments 
should aim to separately activate/inhibit GABAergic, glutamatergic and DAergic neurons 
in the VTA projecting to the NAcbS using CavFlexFlp or similar techniques. Additionally, 
using optogenetics in conjunction with local microinfusions of D1 and D2 antagonists 
can help understand whether the attentive and impulsive effects observed by optogenetic 
stimulation are dependent on a receptor subtype. These procedures should also be carried 
out on projections towards the NAcbC and the vmPFC.

Chemogenetic vs optogenetic manipulations

In Chapter 5 we used chemogenetics instead of optogenetics to probe the role of VTA 
projections towards the NAcbC in impulsive choice. This was a decision based on the 
methodological difficulties of training animals in complex behavioural paradigms and 
using optogenetics. Whereas sessions in the 5-CSRTT were 20-30min long, sessions in the 
adjusting delay task were approximately 50-60min long. This was challenging since animals 
needed to be attached by optic fibre patch chords from their implanted chronic fibers to the 
laser throughout the entire sessions in order to drive light into the brain. Animals need to 
be trained thoroughly to not bite the fibres and the longer a session lasts the more chances 
they have of biting through the optic fibres thereby nulling the session. Additionally, unlike 
the 5-CSRTT, delay rewards tasks by definition have long periods wherein the animal must 
simply wait. These periods of inaction require neither vigilance nor attention and thus the 
animals are more likely to attempt to damage the optogenetic equipment. 
 A downfall of using chemogenetics instead of optogenetics is the complete loss 
of temporal specificity. Time-locked activation of neuronal populations is still poorly 
explored in various behaviours thereby making optogenetics a more appealing technique. 
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A benefit of chemogenetics, beyond being less technically demanding, is that it facilitates 
neuronal activation instead of directly activating it. During our optogenetic experiments in 
Chapters 2 and 3, we chose a pattern of stimulation (3s trains, 5ms pulse, 20HZ) based on 
what had been reported to increase DA levels in the striatum (Adamantidis et al., 2011). 
This frequency of activation has also been previously used in TH::Cre rats as it attempts to 
resemble endogenous phasic VTA DA activity (Steinberg et al., 2013). Even so, this pattern 
is still artificial and generated by the experimenter as means to increase DA levels. When 
using chemogenetics you facilitate the level of activation of neurons thereby recreating a 
more physiologically accurate pattern of activation. However, the actual relevance of this 
distinction (facilitation vs activation) is difficult to assess. Lastly, optogenetics makes use 
of a laser light to stimulate neurons. Often the light from the laser will spill out into the 
environment and may disturb animals as they perform the task. In Chapters 2, 3, and 4 we 
controlled for laser light spillage by training animals with the laser light on and the cables 
attached. To prevent the light from entering the brain we inserted an opaque foam between 
the implanted optic fibers and patch chords connecting them to the laser. We also greatly 
reduced the amount of light spilled by placing black tape around the head mount before 
every session.

IMPLICATIONS

Animal model for impulse control and attention

Throughout this thesis, temporal and projection specific neural manipulations were shown 
to alter impulsive and attentive behaviour in-vivo. In the past, various animal models have 
been used and developed to test the efficacy of drugs in treating impulse related disorders 
(David et al., 2003). Similarly, it is possible to use optogenetics, as employed in this thesis, 
to induce impulsive behaviour to test current and novel drugs. Such a model would induce 
premature responses in wild-type animals, by activating or inhibiting VTA projections to 
the NAcbS, in conjunction with pharmacological interventions to blunt or attenuate these 
increases.  Due to the precise temporal and local specificity of our manipulation, this peculiar 
form of animal modelling has robust construct validity. Since in this type of model we know 
the regions inducing the behaviour by default, any attenuating effects caused by the drug 
that is being tested can be attributed to actions (direct or indirect) on that region. This would 
still require proper controls, and would not provide a clear causal relation, but it would 
nevertheless enhance our understanding of the method of action of certain pharmacological 
treatments with greater precision than current animal models.

Optogenetics and chemogenetics as clinical treatments

Optogenetics is still far away from being implemented in a clinical setting. The invasive 
nature and technical demands of optogenetics may be too severe or demanding to be applied 
on humans. Currently, deep-brain stimulation (DBS) is an invasive and unspecific technique 
(with regards to targeted cell type) currently used in humans for severe forms of obsessive-
compulsive disorder (OCD), depression, dystonia, essential tremor and Parkinson’s disorder 
(Benabid, 2003; Sturm et al., 2005; Mayberg et al., 2005; Creed et al., 2015). The use of 
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DBS has even been explored as a treatment for some impulse control related disorders 
such as obesity (Halperm et al., 2008), drug addiction (Luigjes et al., 2012) and self-
aggressive behaviour (Kuhn et al., 2008). But although loosely comparable to DBS in terms 
of discomfort (head gear and attached equipment); the application of optogenetics as well 
as chemogenetics requires the use of viral vectors to induce opsin or DREADD expression. 
Unfortunately, much is still unknown about the long-term effects of using viral vectors, 
especially in humans (Glover et al., 2005; Kantor et al., 2014). Although pre-clinical studies 
have shown promise for DREADD (Roth 2016), much research is still needed to ensure the 
use of viral vectors in humans remains safe. Most importantly, the potential risks of immune 
responses to the viral vector and to the expressed protein, and the long-term efficacy of 
expression, must be thoroughly analyzed (Hocquemiller et al., 2016).

The role of ventral tegmental area dopamine in ADHD

A prominent theory regarding the etiopathology of ADHD suggests that this disorder is 
caused by DA dysregulation within cortical and striatal circuits (Sagvolden et al., 2005). 
Our results in Chapters 2 and 3 corroborate this idea by showing attentional impairments 
when stimulating either VTA DA neurons or VTA projections to the NAcbC, the NAcbS 
and the vmPFC. These findings also provide causal evidence to structural and functional 
connectivity studies showing correlational irregularities in fronto-striatal circuits in ADHD 
subjects (Konrad & Eickhoff, 2010; Cao et al., 2006; Casey et al., 2007).  Moreover, although 
there is evidence for a genetic basis for ADHD, no single gene has yet been discovered to play 
a major role in its pathophysiology. Instead it is believed that many genes play moderate 
roles in ADHD (Tripp & Wickens 2009). Notably, the most commonly studied genes in ADHD 
have been the DA D4 receptor and the dopamine transporter (DAT) gene (Swanson et al., 
2000; Volkow et al., 2007; van Dyck et al., 2002, Jucaite et al., 2005; Krause et al., 2000; 
Cheon et al., 2003; Larisch et al., 2006).  Nevertheless, neither of these genes by themselves 
are sufficient or necessary to cause ADHD (Tripp & Wickens, 2009). The pathophysiology 
of ADHD is therefore widely believed to encompass not just genetic but also environmental 
and developmental factors. Understanding the neurobiology of the different symptoms 
that form part of ADHD can therefore help us bridge these distinct factors and in turn 
help us understand how they may come together to give rise to this disorder. For example, 
imaging studies in ADHD subjects have also found increases in the density of the dopamine 
transporters (DAT) within the striatum (Krause et al., 2000; Cheon et al., 2003; Larisch et 
al., 2006). However, other studies have found either no changes (Volkow et al., 2007; van 
Dyck et al., 2002; Jucaite et al., 2005) or a decrease in striatal DAT density (Hesse et al., 
2006) in ADHD subjects. The heterogenous and complex nature of ADHD can be elucidated 
by understanding the mechanics of the neurobiological circuits that underlie its symptoms. 
For example, the discrepancies in these studies may be explained by our results in Chapters 
3 and 4 which suggest that both activation and inactivation of VTA-NAcbS projections can 
elicit changes in impulsive behaviour. This may also explain why some ADHD subjects are 
resistant to treatment. The underlying cause of ADHD symptoms may in some cases be 
lower DAergic activity, whereas in others it may be increased activity. Therefore, whereas 
normalizing DAergic activity using stimulants (such as methylphenidate or amphetamine) 
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may work on individuals suffering from the former it would lead to no effects on the latter. 
Instead, treatment resistant ADHD subjects may benefit from pharmacological treatments 
that decrease DAergic activity rather than increasing it.

CONCLUDING REMARKS

The main goal of this thesis was to contribute to the understanding of the circuitry of 
impulsive behaviour. With robust behavioral models and precise state of the art technologies 
we were able to expand on the known circuitry by unravelling the role of VTA projections 
in not only impulse control but also attentive behaviour. The results found herein have laid 
a foundation for further research whose aim should be to further disentangle the role of DA 
in the VTA with regards to their involvement in impulsive behaviour. Though too soon to 
tell, the temporal, neurotransmitter and projection specificity of our approach may one day 
serve as means of treatment. Until then, our results may serve to test new pharmacological 
treatments.
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LAYMAN'S SUMMARY

Animals, including humans, display a range of impulsive behaviours. For example, sometimes 
we are unable to withhold ourselves from carrying out certain actions, even though 
we are aware that such actions will incur negative consequences. This type of impulsive 
behaviour is attributed to the alcoholic whom is perfectly aware that drinking is leading 
him down a path of self-destruction, but he is nevertheless incapable to withhold himself 
from engaging in such a behaviour. This type of behaviour is called “impulsive action” as 
it pertains to an individual’s inability to control their own imminent actions. Another type 
of impulsive behaviour is named “impulsive choice”. This type of behaviour pertains to an 
individual’s predisposition to overvalue and choose immediate but smaller rewards, over 
larger but delayed rewards. An example of this is the marshmallow test; wherein a child 
is presented with a marshmallow and told that if he does not eat it, he will later obtain 
more marshmallows. Impulsive children would rather eat one marshmallow now, than 
wait to obtain a larger reward later. It is important to understand that displaying impulsive 
behaviour is natural and it is only when it is overly expressed that it becomes detrimental 
to the individual. ADHD, drug addiction, bipolar disorder, problem gambling, and eating 
disorders are disorders wherein impulsive behaviour is no longer being properly controlled.
 To explore the neurobiology of impulsive behaviour, animal tasks have been 
developed which enable us to gauge impulsive action or impulsive choice. The 5-choice serial 
reaction time task (5-CSRTT) is a task which measures impulsive action by making animals 
wait for a light to appear in one of 5 potential holes. If animals properly wait for the light 
to appear, they must then make a nosepoke inside of the lit hole to receive a sucrose pellet. 
However, sometimes animals make premature responses by making a nosepoke before 
the light has switched on. These responses are not rewarded, and they are an indication of 
impulsive behaviour. The 5-CSRTT also gauges an animal’s attention since they must pay 
close attention to when the light comes on and must scan the 5 available holes since only one 
will be lit at random. To measure impulsive choice, animals are trained to choose between 
a small (1 sucrose pellet) but immediate reward and a large (4 sucrose pellets) but delayed 
reward.  The propensity for animals to choose the smaller immediate reward over the large 
delayed reward is an indication of impulsive choice. Both tasks enable us to investigate the 
neural substrates of impulsive behaviour.
 Dopamine (DA) is a molecule found in the brain, which is known to play a major 
role in various behaviours such as motivation, attention and aversion. Additionally, this 
molecule has also been shown to play a role in impulsive behaviour. Currently one of 
the main treatments for ADHD is a DA and noradrenaline reuptake inhibitor. DA’s role in 
impulsive behaviour has been further cemented by studies that have infused DA agonists 
and antagonists (drugs that mimic or block the effects of DA, respectively) directly into the 
brain. Notable regions where infusions of DA agonists and antagonists have had a profound 
effect on impulsive behaviour are the striatum and the prefrontal cortex.
 The ventral tegmental area (VTA) is a region in the brain that is well known for 
having neurons that release DA when activated. The neurons within this region project 
to other areas in the brain such as the striatum and the prefrontal cortex. Therefore, we 
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understand that DA-like agents can have effects on impulsive behaviour when artificially 
infused into striatal and cortical (cortex) regions and we understand that DA neurons that 
emerge from the VTA also project to these regions. However, we have yet to test whether VTA 
DA neuron stimulation is able to reproduce the effects observed during infusion of DA-like 
agents. We’ve also yet to test whether stimulation of VTA projections to striatal and cortical 
regions can induce impulsive behaviour.
 Previous studies in the field of impulsive behaviour have also relied on techniques 
with low temporal and spatial resolution. For example, infusions studies can target specific 
brain regions (via direct injections into the brain) but the effects of these drugs (DA agonists/ 
antagonists) are long lasting and therefore differ as to how DA would normally act in the 
brain. Lesions studies, wherein damage is caused to a specific brain region, cause permanent 
damage and are similarly not well suited for reproducing the neurochemical dynamics that 
occur in the brain during impulsive behaviours. Additionally, neither of these techniques can 
target specific neuronal pathways within the brain. The brain works as a circuit of neurons 
interconnected with each other through different pathways. Although much information 
can be obtained by targeting region A, B or C; we need to also understand what occurs 
when one targets the neurons in region A that project towards region B or C. This type of 
projection specificity is difficult to achieve with the abovementioned techniques. Lastly, 
these techniques also often lack neuronal population specificity. Within the brain not all 
neurons are the same. Some neurons communicate with other neurons using glutamate or 
GABA as their neurotransmitter, whereas others use different neurotransmitters such as 
DA (-the variety of neuron subtypes is indeed very large even when just considering the 
neurotransmitters involved; other characteristics make almost every single neuron a unique 
cell). These different types of neurons are often found next to one another in the brain and 
when we target a brain region with a lesion or an infusion we are doing so indiscriminately 
of the neuronal type. Being able to target only a certain kind of neuron, or a certain pathway, 
greatly enhances our ability to understand the way the brain functions.
 Thankfully new techniques such as optogenetics and chemogenetics have been 
developed to tackle the issues of specificity. Optogenetics is a technique which allows 
neurons to be activated by light. This is often done by using viral vectors which infect 
neurons and then express receptors on the cell membranes of the neurons. These receptors 
will in turn activate (or in some case inhibit) the neuron when shun upon (by laser light). 
Viral vectors can also be engineered so that they only infect a certain kind of cell, such as DA 
neurons, thereby giving us cell type specificity. Viral technologies also enable us to target 
specific pathways using conditional expression enzymes (i.e. Cre enzyme). Since optogenetic 
stimulation activates neurons via laser light, it is possible to control the duration during 
which neurons are activated. This is achieved by simply changing the duration of the laser 
light, giving us temporal resolution in the milliseconds scale. Chemogenetics is another 
technique which enable us to obtain great projection and/or neuron type specificity. Unlike 
optogenetics it does not have a good temporal specificity. This technique works by using 
modified neuron receptors (designer receptors). These receptors are altered such that only 
very specific chemical compounds can activate them. These compounds normally would 
have no effect on neurons but if the designer receptors are expressed in these neurons 



ADDENDUM

124

then the compounds can cause these neurons to fire. Thus, by expressing these designer 
receptors in the brain via viral techniques (such as those explained earlier) we can use these 
specific compounds to only activate the cells which are expressing the designer receptors. 
 The aim of this thesis was to use state of the art methodologies (such as optogenetics 
and chemogenetics) to enhance our understanding of the neural substrates of impulsive 
behaviour. Particularly, we sought to investigate the role of the VTA and its projections 
towards the striatum and the prefrontal cortex in this type of behaviour. In Chapter 2 we 
found that optogenetic activation of VTA DA neurons did not increase impulsive behaviour. 
However, we did find a notable reduction in attention. Here we also used a technique 
called fiber photometry, to record the activity of VTA DA neurons while they performed 
the 5-CSRTT. We found no discernible activity in these neurons when animals carried out 
impulsive actions. In Chapter 3, we investigated the role of VTA projections towards two 
sub compartments of the striatum, the nucleus accumbens shell (NAcbS) and the nucleus 
accumbens core (NAcbC). This chapter also explored the role of VTA projections towards 
the ventromedial part of the prefrontal cortex (vmPFC). Here we found that activating the 
VTA to NAcbS pathway increased impulsive behaviour, whereas activating the VTA to NAcbC 
pathway decreased attention. Lastly, we also found that activating the VTA to vmPFC pathway 
decreased attention, albeit in a different fashion than VTA-NAcbC stimulation. In Chapter 4 
we built on the findings of VTA projections towards the NAcbS by optogenetically inhibiting 
(preventing the cells from firing instead of activating them) this projection. Surprisingly, we 
found that inhibition had the same effects as activation with regards to impulsive behaviour 
but not attentive behaviour. Importantly, this chapter showed us that impulsive behaviour 
in the NAcbS is modulated by a careful balance of DA activity. That is, too little or too much 
activity is capable of inducing impulsive behaviour. Lastly, Chapter 5 focused on VTA 
projections to the NAcbC but gauged its role in impulsive choice, as opposed to impulsive 
action, using an adjusting delay reward task. This chapter took a chemogenetic approach 
and found that activating VTA-NAcbC projections increased the mean delay of animals in the 
adjusting delay task as did systemic amphetamine injections. That is by activating neurons 
in the VTA projecting towards the NAcbC we were able to make rats choose less impulsively.
 Altogether, our findings have highlighted the role of the VTA into the field of 
impulsive behaviour. Through careful manipulations we were able to tease apart separate 
projections and determined their distinct roles in impulse control as well as in attention with 
high temporal specificity. The results found herein have laid a foundation for further research 
whose aim should be to further disentangle the role of DA in the VTA with regards to their 
involvement in impulsive behaviour. Though too soon to tell, the temporal, neurotransmitter 
and projection specificity of our approach may one day serve as means of treatment. Until 
then, our findings may contribute to the testing of new pharmacological treatments.
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Impulsief gedrag is een natuurlijk onderdeel van het gedrag van dieren, waarbinnen 
twee verschillende types te onderscheiden zijn. Het eerste type betreft impulsieve acties, 
die worden gedefinieerd als overhaaste, voorbarige acties die worden uitgevoerd zonder 
voorbedachtheid. Daarnaast zijn er impulsieve keuzes, gekenmerkt door de neiging om te 
kiezen voor kleine maar onmiddellijke beloningen boven grote maar uitgestelde beloningen. 
Ongepaste uiting van impulsief gedrag kan schadelijk zijn voor een individu en is een 
kernsymptoom van stoornissen, zoals ADHD, drugsverslaving en bipolaire stoornis. 
 Om de neurobiologische grondslag van impulsief gedrag te onderzoeken, zijn er 
taken voor dieren ontwikkeld die het mogelijk maken om impulsieve acties en impulsieve 
keuzes te bestuderen. De 5-keuze seriële reactietijd taak  (“5-choice serial reaction time 
task”, 5-CSRTT) is een taak die impulsieve acties meet door dieren te laten wachten op een 
lichtsignaal in 1 van de 5 potentiele gaten. Als een dier naar behoren wacht op het schijnen 
van het licht, moet het dier vervolgens met de neus in het verlichte gat porren om een 
sucrose (suiker) pellet te ontvangen. Soms maken dieren echter voorbarige reacties door 
met de neus te porren voordat het licht is aangegaan. Deze reacties worden niet beloond en 
zijn een indicatie van impulsief gedrag. De 5-CSRTT meet tegelijkertijd de aandacht van een 
dier aangezien dieren moeten opletten wanneer het licht aan gaat en alle 5 mogelijke gaten 
in de gaten moeten houden gezien er slechts 1 willekeurig zal oplichten. Om impulsieve 
keuzes te meten, worden dieren getraind om te kiezen tussen een kleine (1 sucrose pellet) 
maar onmiddellijke beloning en een grote (4 sucrose pellets) maar vertraagde beloning. De 
neiging om te kiezen voor de kleine onmiddellijke beloning is een indicatie van impulsief 
keuzegedrag. Deze twee taken maken het mogelijk om de neurale substraten van impulsief 
gedrag te onderzoeken. 
 Dopamine (DA) is een molecuul dat in het brein voorkomt en waarvan bekend 
is dat dit een belangrijke rol speelt in verschillende type gedragingen, zoals motivatie, 
aandacht en afkeer. Daarnaast is gebleken dat dit molecuul ook een rol speelt in impulsief 
gedrag. Een van de meest gangbare behandelingen voor ADHD is een DA en noradrenaline 
heropnameremmer. De rol van DA in impulsief gedrag is verder bevestigd door studies die 
DA agonisten en antagonisten (drugs die respectievelijk de effecten van DA nabootsen of 
blokkeren) toedienden in het brein. Gebieden waar DA agonisten en antagonisten sterke 
effecten hadden op impulsief gedrag waren het striatum en de prefrontale cortex.
 Het ventraal tegmentaal gebied (“ventral tegmental area”, VTA) is een gebied in het 
brein dat bekend staat vanwege de aanwezigheid van neuronen die DA afgeven als deze 
worden geactiveerd. De neuronen binnen dit gebied projecteren naar andere gebieden 
in het brein, zoals het striatum en de prefrontale cortex. Hierdoor begrijpen wij dat DA-
achtige middelen effecten kunnen hebben op impulsief gedrag als deze artificieel in striatale 
of corticale gebieden worden toegediend en dat DA neuronen vanuit de VTA naar deze 
gebieden projecteren. Het is echter nog onbekend of stimulatie van VTA DA neuronen de 
effecten van toediening van DA-achtige middelen kan nabootsen. Ook moet nog onderzocht 
worden of stimulatie van VTA projecties naar striatale of corticale gebieden kan leiden tot 
impulsief gedrag. 
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 Eerdere studies in het veld van impulsief gedrag hebben vertrouwd op technieken 
met lage temporele en ruimtelijke resolutie. Bijvoorbeeld, bij toediening van middelen kun 
je dit in specifieke gebieden van het brein doen (directe injecties in het brein) maar de 
effecten van de middelen (DA agonist/antagonisten) zijn langdurig en verschillen daardoor 
met de normale werking van DA in het brein. Laesiestudies, waar schade wordt veroorzaakt 
in een specifiek gebied van het brein, leiden tot permanente schade en zijn eveneens niet 
geschikt voor het reproduceren van de neurochemische dynamica die voorkomen in het 
brein tijdens impulsief gedrag. Bovendien kan geen van beide technieken zich richten op 
specifieke neuronale paden. Het brein werkt als een circuit van neuronen die met elkaar 
verbonden zijn door verschillende neuronale paden. Hoewel veel informatie opgehaald kan 
worden door regio A, B of C te onderzoeken, moeten we ook begrijpen wat er gebeurt als 
men zicht richt op een neuron in regio A dat projecteert naar gebied B of juist gebied C. 
Deze projectie specificiteit is moeilijk te behalen met bovenstaande technieken. Als laatste 
missen deze technieken ook de mogelijkheid om zich op specifieke neuronale populaties te 
richten. In het brein zijn niet alle neuronen hetzelfde. Sommige neuronen communiceren 
met andere neuronen door gebruik te maken van glutamaat of GABA als neurotransmitter, 
terwijl andere neuronen andere neurotransmitters gebruiken zoals DA (de verscheidenheid 
van neuronen is inderdaad heel groot zelfs als je alleen de betrokken neurotransmitters 
overweegt; andere karakteristieken maken dat bijna elk neuron een unieke cel is).  Deze 
verschillende types neuronen worden vaak naast elkaar gevonden in het brein en als wij 
een laesie of infusie richten op een specifiek gebied van het brein, dan doen wij dit zonder 
rekening te houden met het type neuron dat wij raken. De mogelijkheid om te richten op een 
bepaald type neuron of een specifieke projectie vergroot het vermogen om te begrijpen hoe 
het brein functioneert. 
 Nieuwe technieken, zoals optogenetica of chemogenetica, zijn ontwikkeld om 
deze kwesties rondom specificiteit aan te pakken. Optogenetica is een techniek waarbij 
neuronen kunnen worden geactiveerd door licht. Dit wordt vaak gedaan door gebruik van 
virale vectoren die neuronen infecteren en dan receptoren tot expressie brengen op de 
celmembraan van deze neuronen. Deze receptoren zullen de neuronen activeren (of juist 
inhiberen) wanneer er licht op wordt geschenen (door een laser). Virale vectoren kunnen 
ook gemanipuleerd worden zodat zij slechts een bepaald type cel kunnen infecteren, zoals 
DA neuronen, waardoor we celtype specificiteit genereren. Virale technologieën maken 
het ook mogelijk om op specifieke neuronale paden te richten door gebruik te maken van 
voorwaardelijk tot expressie gebrachte enzymen (i.e. Cre enzyme). Aangezien optogenetische 
stimulatie neuronen activeert middels laserlicht, is het mogelijk om de tijdschaal waarop 
neuronen worden geactiveerd te controleren. Dit wordt bewerkstelligd door eenvoudigweg 
de tijd dat het laserlicht wordt aangezet aan te passen, waardoor een temporele resolutie 
van milliseconden kan worden bereikt. Chemogenetica is een andere techniek, die ons in 
staat stelt projectie en/of celtype specificiteit te verkrijgen.  In tegenstelling tot optogenetica 
heeft het geen goede temporele resolutie. Deze techniek werkt via gemodificeerde neuronale 
receptoren (“designer receptoren”). Deze receptoren zijn zodanig gemodificeerd dat slechts 
zeer specifieke chemische bestanddelen (“designer drugs”) ze kunnen activeren. Deze 
designer drugs hebben normaal gesproken geen effect op neuronen, maar als designer 
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receptoren tot expressie zijn gebracht kunnen de designer drugs leiden tot het vuren van 
neuronen. Door designer receptoren tot expressie te brengen in het brein met behulp van 
virale technieken (zoals eerder uitgelegd) kunnen we designer drugs gebruiken om alleen 
die cellen te activeren die de designer receptoren tot expressie brengen.
 Het doel van dit proefschrift was om met behulp van state of the art technieken 
(zoals optogenetica en chemogenetica) ons begrip van de neuronale substraten van 
impulsief gedrag te vergroten. We wilden in het bijzonder de rol van de VTA en de projecties 
naar het striatum en de prefrontale cortex in impulsief gedrag onderzoeken. In Hoofdstuk 2 
vonden wij dat optogenetische activatie van VTA DA neuronen niet leidde tot een verhoging 
van impulsief gedrag. Wij vonden echter wel een vermindering van de aandacht. Hier 
gebruikten wij ook een techniek, waarbij wij de activiteit van VTA DA neuronen konden 
meten terwijl dieren de 5-CSRTT uitvoerden. Wij vonden geen waarneembare activiteit in 
deze neuronen terwijl dieren impulsieve acties maakten. In Hoofdstuk 3 onderzochten wij 
de rol van VTA projecties naar twee onderdelen van het striatum, de nucleus accumbens 
shell (NAcbS) en de nucleus accumbens core (NAcbC), maar ook de rol van projecties naar 
het ventromediaal gebied van de prefrontale cortex (vmPFC). Wij vonden dat het activeren 
van VTA neuronen die projecteren naar NAcbS impulsief gedrag verhoogden, terwijl activatie 
van VTA neuronen die projecteren naar NAcbC aandacht verlaagden. Tenslotte vonden 
wij ook dat activatie van VTA neuronen die naar vmPFC projecteren eveneens aandacht 
verlaagden, zij het op een andere manier dan VTA-NAcbC stimulatie. In Hoofdstuk 4 
bouwden we voort op de bevindingen van VTA projecties naar de NAcbS door deze projectie 
met behulp van optogenetica te inhiberen. Verrassend genoeg vonden wij dat inhibitie van 
deze projectie hetzelfde effect had als activatie met betrekking tot impulsief gedrag, maar 
niet aandacht. Belangrijk is dat dit hoofdstuk ons liet zien dat impulsief gedrag in de NAcbS 
gemoduleerd wordt door een zorgvuldig balans van DA activiteit. Dat wil zeggen dat te 
veel of te weinig activiteit impulsief gedrag kan induceren. Tenslotte richtte Hoofdstuk 5 
zich op VTA projecties naar de NAcbC, maar in plaats van impulsieve acties onderzocht dit 
hoofdstuk impulsieve keuzes door gebruik te maken van een delay reward task (vertraagd 
beloningstaak). In dit hoofdstuk maakten wij gebruik van chemogenetica en vonden wij 
dat activatie van VTA-NAcbC projecties leidde tot een toename in de gemiddelde lengte van 
vertraging in de delay reward task, zoals systemische amfetamine injecties dat ook deden. 
Door het activeren van neuronen in de VTA die projecteren naar de NAcbC was het mogelijk 
om ratten minder impulsief keuzes te laten maken. 
 Samengevat benadrukken onze bevindingen de rol van de VTA op het gebied van 
impulsief gedrag. Door zorgvuldige aanpassingen waren wij in staat om verschillende 
projecties van elkaar te scheiden en de specifieke rol van deze projecties in impulsiviteit 
en aandacht te bepalen met hoge temporele specificiteit. De gevonden resultaten vormen 
een basis voor verder onderzoek, wat gericht zou moeten worden op het verder ontrafelen 
van de rol van DA in de VTA met betrekking tot impulsief gedrag. De specificiteit op zowel 
temporeel, neurotransmitter en projectie niveau van onze aanpak zou in de toekomst 
kunnen dienen als behandelingsmethode. Tot die tijd kunnen onze bevindingen bijdragen 
aan het testen van nieuwe farmacologische behandelingen. 
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Ye golden hours of Life’s young spring,

Of innocence, of love and truth!

Bright, beyond all imagining,

Thou fairy-dream of youth!

I’d give all wealth that years have piled,

The slow result of Life’s decay,

To be once more a little child

For one bright summer-day.

- Lewis Carroll
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