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The ability to make choices based on available information is a critical function 

of the brain. How people make decisions is of major interest for business and eco-

nomics (O’Fallon & Butterfield, 2005), and is also a central topic in human cognitive 

neuroscience (Fellows, 2004) and in neurophysiology (Gold & Shadlen, 2007). 

A merger of these interests can be found in the field of neuroeconomics (Sanfey et 

al. 2006; Summerfield & Tsetsos, 2012).

In this chapter, we look into the role of the collection of brain regions referred to 

as the basal ganglia (BG), and the neurotransmitter dopamine (DA), in decision 

making, and especially in speed accuracy trade-off (SAT). In order to examine that 

role, we necessarily take a more narrow view on decision making. We will focus 

solely on simple experimental decision making tasks, and will mainly discuss per-

ceptual decision making. 

Perceptual decision making is studied using paradigms such as the random-dot 

motion discrimination task. This task was first developed for use with non-human 

primates, but has since also been applied to human participants. The stimulus con-

sists of a circular visual display of a cloud of dots, which move across the screen. 

A percentage of these dots moves in a fixed direction, whereas the others move in 

random directions. The participant’s task is to discern the direction of the coherent 

motion, and to report this direction, often using a saccadic eye movement (Britten 

et al., 1992).

Mathematical models of decision making

While the decision process itself is usually not directly observable from behavior, 



17

Chapter 2

a popular method to investigate it is through psychophysics. This realm of psychol-

ogy uses mathematical analysis of the frequency with which different responses are 

made to particular stimuli, often including analysis of the corresponding reaction 

time distributions.

Perhaps the best-known example of psychophysics is signal detection theory 

(SDT), which is an analysis of the likelihood of correctly detecting the presence or 

absence of some kind of signal (Tanner & Swets, 1954). SDT is a mathematical con-

struct that converts the likelihood of a hit, a miss, a false alarm, or a correct rejec-

tion to two variables: the sensitivity, and the bias. Here, the sensitivity can be 

thought of as a combination of the clarity of the external signal and the ability of the 

decision maker to receive the signal, resulting in the ability to detect signal from 

noise. The bias is a measure of how conservatively the decision is made. Thus, a high 

sensitivity will result in more hits, relative to misses, while a bias towards a positive 

response will increase the likelihood of both hits and false alarms, while decreasing 

the likelihood of misses and correct rejections. For any single response, it is impos-

sible to determine the contribution of sensitivity or bias. However, the bias and 

sensitivity can be computed based on the overall relative likelihood of hits, misses, 

false alarms and correct rejections. This allows experimenters to dissociate between 

the ability of participants to discern the stimulus, and their general tendency to re-

spond yes or no.

While informative, signal detection theory is very limited, because it does not 

take into account the time course of a decision at all. It effectively turns two sets of 

two complementary likelihoods into two psychological variables, thus providing no 

dimensional reduction. It does, however, provide parameters that represent an un-

derlying psychological construct, which correspond more closely to the effects of 

task instructions, or individual differences.

A major advance over SDT came with the introduction of accumulation models 

of decision making. The best-known accumulation model is the drift diffusion mod-
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el, or DDM (Ratcliff, 1978). This model describes the evolution of a decision process 

over time, as illustrated in Figure 1. Although it is mathematically more complex 

than SDT, it is easy to understand intuitively. Importantly, the DDM explains a much 

larger set of data, thus offering great dimensional reduction.

In the DDM, a decision is modeled as the accumulation of evidence towards ei-

ther of two competing alternatives. This accumulation can be thought of as a diffu-

sion process, a noisy random walk with a general direction. The state of the accu-

mulating evidence at a time point is often referred to as the decision variable. After 

some non-decision time has passed, the accumulation process begins at some start-

ing point value between two boundary, or threshold levels, each corresponding to 

a response alternative. As time progresses, evidence is collected noisily in favor of 

either of the alternatives. Correspondingly, the accumulation process moves up or 

down towards one of the thresholds. The average speed at which it moves up or 

down is referred to as the drift rate. This is comparable to the sensitivity of the SDT, 

and reflects both the difficulty of the task and the skill level of the participant. The 

distance between the boundaries is a measure of how conservatively the partici-

pant makes his decision. A higher threshold results in fewer errors, but slower re-

sponses. The DDM itself does not specify the meanings of the thresholds, that is, 

the alternative that is chosen when a threshold is crossed. In the paper that origi-

nally presented the model, the participants performed a lexical decision task. One 

boundary corresponded to ‘yes, this is a word’ and the other to ‘no, this is not a word’. 

However, many later experiments use one boundary for ‘correct’ and the other for 

‘incorrect’ responses, thus collapsing over the different response alternatives, de-

pending on whether they match the stimulus that is presented. 

For a single response, we cannot determine the contributions of the start point 

value, the nondecision time, the drift rate, or the threshold level. However, as with 

SDT, each of these has different effects on the predicted distributions of the data. In 

case of the DDM, a single parameter value can have complex effects on the shape 
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of the RT distribution of both the correct and the incorrect responses. For the sim-

plest version of the DDM, the optimal parameter values to fit the model to a given 

dataset can be determined analytically (Wagenmakers, van der Maas and Grasman, 

2007). For the more complex models, mathematical optimization routines are often 

used to estimate the best fitting set of parameter values.

The DDM is often considered the golden standard of accumulation models, and 

it has been applied successfully to numerous tasks, circumstances, and manipula-

tions. For example, biasing the participant, either by manipulating the known prob-

ability of a stimulus, or the magnitude with which a response alternative is reward-

ed, specifically influences the starting point values (Mulder, Wagenmakers, Ratcliff, 

Boekel, & Forstmann, 2012). Manipulating difficulty by adjusting the level of coher-

ence in a random dot motion paradigm selectively changes the drift rates (Ratcliff & 

McKoon, 2008). Instructing participants to respond quickly or accurately results in 

a change in decision threshold (Ratcliff & Rouder, 1998).

Figure 1. The drift diffusion model.
The DDM is a bounded accumulation model of decision making. This plot shows a sample decision 
process in the DDM. The decision process begins at the start point in the middle between the two 
thresholds, then accumulates noisily until it reaches either of the thresholds. In the sample decision 
shown here, the upper threshold is reached first, so a correct response is given. (image adapted from 
Mulder et al., 2012)
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However, there are various other accumulation models, which offer their own 

advantages. These other models will often outperform the DDM in some specific 

scenarios. One example is the linear ballistic accumulator model, or LBA (Brown & 

Heathcote, 2008).  In the LBA, there are separate evidence accumulators for each 

response alternative. The starting point for each is drawn from a uniform distribu-

tion, and rather than a noisy accumulation, the decision variable for both alterna-

tives simply increase linearly with time. This model simplifies the decision process 

by completely ignoring the within-trial noise.  This simplification makes use of the 

fact that we do not sample the ongoing accumulation process, but merely record 

the time point at which it reaches threshold. As a result, the LBA has fewer param-

eters than the DDM, which makes it a more parsimonious description of the data at 

the expense of face validity.  Another advantage of the LBA is that it makes use of 

separate accumulators for each response alternative. This makes it easier to adjust 

the model to scenarios with more than two response options than the DDM, which 

accumulates between two thresholds. 

Other models change the model’s dynamic properties. One example of this 

a model that does so is the leaky competing accumulator model, or LCA (Usher & 

McClelland, 2001), in which the accumulated information decays over time when 

no decision is reached. This predicts that the influence of early evidence will de-

crease as it recedes in time, and allows for less discrete trials, where low levels of 

information do not trigger responses at all. Other examples of dynamic changes are 

models in which the decision threshold varies over the course of a trial (Ditterich, 

2006; Drugowitsch et al., 2012). 

An evidence accumulation hypothesis of decision making

One model, the urgency gating model (UGM), even does away with evidence 

accumulation altogether, instead replacing it with an urgency factor that scales the 

amount of decision time that has passed (Cisek et al., 2009). This UGM predicts that 
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early evidence is not weighed into a decision unless immediately acted upon. While 

this does not provide different behavioral predictions than the DDM in an experi-

ment with constant evidence, the UGM predicts that early evidence will not affect 

later decisions in a paradigm where evidence changes over time. The DDM, on the 

other hand, predicts that this early evidence is retained for later use. If shown to be 

true, the UGM would radically change how we view perceptual decisions, and 

render all accumulator models of decision making invalid. Due to several oddities in 

the original experiment, as well as the maladaptive nature of throwing away all 

stored evidence, we expect that the DDM will outperform the UGM in explaining 

decision making under changing conditions.

Neural correlates of decision parameters

Much cognitive neuroscientific research has been done to identify neural corre-

lates of the parameters that make up a decision (for reviews, see Gold & Shadlen, 

2007; Bogacz et al., 2010). Perhaps unsurprisingly, the modality-appropriate cortical 

sensory and motor areas play an important role in perceptual decision making tasks 

(Britten et al., 1996; Salinas et al., 2000). As such, areas related to planning the task-

relevant response also appear to represent the decision variable. For instance, in 

oculomotor tasks, decision-related activity is found in areas involved in selecting 

and preparing eye movements, such as the superior colliculus (Horwitz & News-

ome, 1999), and frontal eye fields (Shadlen & Newsome, 1996). Conversely, when 

the appropriate response is a button press, areas involved in limb motor planning 

Hypothesis 1:

Evidence accumulation is necessary to explain perceptual decision making.

We hypothesize that the urgency gating model does not correctly predict behav-

ior in a perceptual decision making task with changing evidence. Specifically, we 

expect that early evidence will be weighed into subsequent perceptual deci-

sions, in concordance with the drift diffusion model. We will test this hypothesis 

in chapter 3 of this thesis.
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are implicated, such as the ventral (Romo, Hernández & Zainos, 2004) and dorsal 

premotor cortex (Hernández, Zainos & Romo, 2002). This activity is hardly surpris-

ing, since the outcome of the decision consists of the action that these systems are 

involved in. However, the buildup of activity before a decision is final does argue 

against temporal separation of decision and response processes. Do these sensory 

and (pre)motor areas represent all that there really is to making a decision, or 

should we consider their activations to be the input and output of a more general 

decision system?

In order to make decisions, access to several different representations is re-

quired: a representation of context, of action-outcome contingencies, and of the 

desirability of the potential outcomes (Rolls, 2008). These representations also 

need to interact; for instance, action-outcome contingencies may differ in different 

contexts, while the choice of an action relies on the desirability of its associated 

outcome. 

One set of regions that has connections to and from most of the cortex is the BG. 

This potentially provides the BG with the opportunity to integrate across these rep-

resentations. According to one influential theory, a role of the BG is to select one 

cortical motor program from a set of competing programs (Mink, 1996; Prescott et 

al., 2006). If these competing programs would each activate in proportion, behavior 

would be an ineffective combination of actions. Thus, a system is needed to arbi-

trate between these competing activations, allowing the winner to act, while sup-

pressing the others. The BG form just such a system. They apply a tonic inhibition of 

the cortex, and focally release the strongest activation from this inhibition. This 

forms a ‘winner-take-all’ selection system, allowing multiple representations to vie 

for activation, without risking the co-occurrence of the corresponding action. 

In the remainder of this literature review, we will provide the reader with more 

detailed background information regarding the BG and the central DA system, and 

how these relate to decision making. In examining this background, we will formu-
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late two more hypotheses regarding the anatomical and neurochemical correlates 

of SAT.

The basal ganglia

The BG are an evolutionarily ancient part of the brain, lying beneath the neocor-

tex. They can be described as part of a series of control loops, and are involved in 

many cortical processes. Although there are very few processes that they are di-

rectly or solely responsible for, most decision- or response related processes appear 

to pass through the BG (Balleine et al., 2007). Their function is important for motor 

behavior, as can be seen from their implication in various disease processes, such as 

Parkinson’s disease, Huntington’s disease, and hemiballism (Kandell, Schwartz & 

Jessell, 2000). However, the BG are also implicated in less motor related disorders, 

such as Tourette’s syndrome (Jeffries et al., 2002), obsessive compulsive disorder 

(OCD) (Laplane et al., 1989), attention deficit hyperactivity disorder (ADHD) (Ayl-

ward et al., 1996), drug addiction (Robbins et al., 2008), and schizophrenia (Buchs-

baum, 1990). Many of these diseases can be related to dysfunctions of various 

points in the cortico-BG-thalamocortical system (Maia & Frank, 2011). Interest in 

the area has also increased due to the remarkable success obtained in using deep-

brain stimulation to treat the symptoms of various illnesses, most notably Parkin-

son’s disease (Utter & Basso, 2008). The communication between prefrontal cortex 

and the BG also appear to be critical for executive functions such as working mem-

ory and cognitive flexibility (Alexander et al., 1986).

The BG play an important role in the motivational control of behavior and learn-

ing (Robbins & Everitt 1997; Schultz, 2007; Kawagoe, Takikawa & Hikosaka, 2004). 

They are densely connected to much of the cortical surface, and different BG cir-

cuits are thought to be involved in different aspects of action selection (Mink 1996; 

Wise et al. 1996; Balleine & Dickinson 1998; Daw et al., 2005). Often, activity origi-

nates in the cortex, passes through the BG, only to return to the same region of the 
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cortex it originated in, as well as to several other cortical regions (Alexander et al., 

1986), consistent with its hypothesized function of selective disinhibition of a corti-

cal input region. If we seek to understand the way the BG work, understanding this 

looping connectivity pattern is an important step.

Basal ganglia anatomy and connectivity

The BG are a fairly closed system, with the striatum and subthalamic nucleus 

(STN) as the input nuclei, receiving glutamatergic input from the entire cortex. The 

globus pallidus interna (GPi) and the substantia nigra pars reticulata (SNr) form the 

output nuclei, sending GABAergic projections to the thalamus, the superior collicu-

lus, and the pedunculopontine nucleus (Utter & Basso, 2008). While the BG mainly 

project to these three regions, the thalamic output is effectively a two-step connec-

tion to most of the cortex, thus allowing the BG to affect all manner of cortical sen-

sory, motor, and cognitive processes (Hoover & Strick, 1999; Middleton & Strick, 

2002). Cortical information can travel through the BG through one, two, or three 

inhibitory steps, depending on whether it passes through the hyperdirect, direct, or 

indirect pathway, respectively (Mink, 1996). The hyperdirect pathway consists of 

cortical glutamatergic neurons, projecting onto STN glutamatergic neurons, project-

ing to the GABAergic output neurons in the GPi or SNr. The direct pathway consists 

of glutamatergic cortical neurons projecting to GABAergic neurons in the striatum, 

projecting to the GABAergic output neurons. The constant inhibition of the indirect 

pathway can be overcome through focused disinhibition from the direct pathway, 

allowing the activity threshold to be selectively lowered for a particular action. Fig-

ure 2 shows the different regions of the BG, their efferent and afferent connections, 

the hyperdirect, direct, and indirect pathways, and the neurotransmitters that are 

involved in these connections.

The striatum consists largely of GABAergic medium spiny neurons receiving 

glutamatergic input from the cortex, and dopaminergic input from the SNr. Impor-
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tantly, the striatal neurons of the direct pathway express D1 DA receptors, upon 

which dopamine acts as an excitatory transmitter. The indirect pathway neurons 

express D2 DA receptors, upon which dopamine acts as an inhibitory transmitter. 

Consequently, DA both releases the general inhibition of the indirect pathway, and 

facilitates the focused disinhibition of the direct pathway. The striatum is classically 

Figure 2. Anatomy and connectivity of the basal ganglia.
a. This figure shows a schematic representation of the regions of the basal ganglia, their efferent and 
afferent connections, and the neurotransmitters involved (image from Utter & Basso, 2008). b. This 
figure shows schematic drawing of the direct, indirect, and hyperdirect pathways leading from the 
cortex, through the basal ganglia, to the thalamus. Connections ending in arrows (left) or white arrows 
(right) indicate excitatory connections; connections ending in circles (left) or black arrows (right) 
indicate inhibitory connections (image from Nambu et al., 2002). Abbreviations:  Cx, cortex; Str, 
striatum; Th, thalamus; SC, superior colliculus; glu, glutamate; ENK, enkephaline; SP, substance P.

divided into dorsal and ventral striatum. The dorsal striatum consists of the caudate 

nucleus and putamen; the ventral striatum is also called the nucleus accumbens. 

The division between dorsal and ventral striatum is not easy to support using histo-

logical measures, and a division between dorsolateral and ventromedial striatum is 

more accurate, although the term ventral striatum has remained more common 

(Voorn et al., 2004). 

Tracing studies in rats and monkeys (see Alexander, 1986 for a review) and diffu-

sion tensor imaging (DTI) analyses in humans (Lehericy et al., 2004; Draganski et al., 
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2008) have shown that distinct cortical regions project to distinct parts of the stria-

tum. The different parts of the striatum appear to resemble their cortical counter-

parts in their functional roles (Alexander et al., 1986). There are several connectiv-

ity loops, passing from the cortex through the BG, via the thalamus, back to the 

cortex. These different loops have distinct functional significance (Alexander et al., 

1986). For instance, one can describe separate motor, oculomotor, spatial, visual 

and affective loops. This corticostriatal connectivity is shown in Figure 3. 

Abbreviations: AC/Cing, anterior cingulate cortex; BLA, basolateral amygdala; dlPFC/DL-
PF, dorsolateral prefrontal cortex; FEF, frontal eye fields; GPe; Globus pallidus, external 
segment; GPi, Globus pallidus, internal segment; HC, hippocampus, IT, inferior temporal 
cortex; lOFC, lateral orbitofrontal cortex; MC, motor cortex; MD, mediodorsal thalamus; 
OFC, orbitofrontal cortex; PMC, premotor cortex; PPC, posterior parietal cortex; SMA, 
supplementary motor area; SNpr, Substantia Nigra pars reticulata; SSC, somatosensory 
cortex; ST, superior temporal gyrus; STN, subthalamic nucleus; VA, ventral anterior thalamus; 
VL-PFC, ventrolateral prefrontal cortex; VLo, ventrolateral thalamus; VP, ventral pallidum; V 
putamen, ventral putamen. o, pars oralis; pc, parvocellularis; mc, magnocellularis; cv, caudo-
ventral; cl, caudo-lateral; dm, dorsomedial; r, rostral; rm, rostromedial.

Figure 3. Corticostriatal connections. 
a. Schematic drawing of the dorsal striatum, to 
function as legend for the striatum drawn in the 
lower center of b and c, which show the mapping 
of connections from lateral and medial cortical 
regions onto the striatum. d. A schema of four 
putative corticostriatal loops. (Images adapted 
from Utter & Basso, 2008  (a,b,c ), and Lawrence 
et al., 1998 (d))  
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The central dopamine system

Within the basal ganglia circuitry, one important modulatory signal is provided 

by dopamine. Neuroscientists generally associate the subcortical DA system with 

working memory, motor control and reward processing. The reason for the first is 

that destruction of dopaminergic neurons causes Parkinsonian symptoms, of which 

the motor problems are most salient (Burns et al., 1983). On the other hand, there 

is a prominent body of single-cell work in monkeys related to reinforcement learn-

ing, which indicates a likely role for phasic dopaminergic firing in the coding of a re-

ward prediction error (Schultz, 1998). The role of subcortical DA in reward is also 

evidenced by findings that many pleasurable and addictive substances act on the 

DA system, either directly or indirectly (Berridge, 2007; Everitt et al., 2001). In con-

trast to the subcortical effects of dopamine, prefrontal DA appears to play an impor-

tant role in working memory processes (Brozoski, 1979; Goldman-Rakic, 1999).

Dopamine synthesis and transmission

DA is a catecholamine neurotransmitter. DA is synthesized from tyrosine (an 

amino acid), with L-dihydroxyphenylalanine (L-DOPA) as an intermediate product. 

DA also forms the chemical basis for the production of (i.e., is a precursor of) first 

norepinephrine, and subsequently epinephrine.

DA is released into the synaptic cleft, where it can bind to DA receptors. There 

are currently five such receptors known, simply named D1-5 after the chronology of 

their discovery. These are traditionally divided into the classes D1 (D1 & D5) and D2 

(D2,3,4) type receptors. Activation of these receptors has complex pre- and postsyn-

aptic effects (Seamans & Yang, 2004). When DA binds to D1 type receptors, they 

activate the Gs protein, resulting in the stimulation of adenylyl cyclase. Binding of 

the D2 type receptors activates Gi, resulting in the inhibition of adenylyl cyclase. 

Adenylyl cyclase, in turn, converts ATP into cyclic adenosine monophosphate 

(cAMP), which opens cyclic nucleotide-gated ion channels, resulting in a depolariza-
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tion of the postsynaptic neuron. This brings the postsynaptic neuron closer to its 

threshold polarity, and thus renders it more easily excitable. Additionally, cAMP ac-

tivates protein kinase A, which is involved in long term potentiation, playing an im-

portant role in neural plasticity. DA does not function as a classical neurotransmit-

ter, in that it does not cause postsynaptic action potentials without coactivation of 

other receptors. This is because the G-protein coupled receptor action is a rather 

slow and prolonged process, as opposed to the ion-gated channels that are typi-

cally responsible for the immediate changes in membrane potential that result in 

action potentials. Instead, DA modulates the effects of other neurotransmitters 

such as glutamate and GABA. To summarize, after a postsynaptic chemical cascade, 

D1 receptor activation slowly results in increased excitability for a prolonged peri-

od, whereas D2 receptor activation results in prolonged decreased excitability. In 

addition to the effects on excitability, DA receptor activation also affects synaptic 

plasticity, facilitating its role in learning. For instance, both the processes of long-

term potentiation and spike-time-dependent plasticity in the striatum require the 

activation of D1 type DA receptors in order to take place (Kerr & Wickens, 2001; 

Pawlak & Kerr, 2008), whereas action at D2 receptors appears more important for 

long term depression, which results in a decrease in synaptic connectivity.

The nigrostriatal dopaminergic pathway

DA neurons are commonly found in three areas: the SNr, or A9; the VTA, or A10; 

and the retrorubral Area (RRA), or A8 (Smith & Kieval, 2000; Dahlstrom & Fuxe, 

1964). More rare, but also existent, are intrastriatal DA neurons (Betarbet et al., 

1997).

The nigrostriatal pathway is likely the most thoroughly studied of the dopamin-

ergic paths, because of its involvement in the motor symptoms of Parkinson’s pa-

tients. This pathway consists of neurons in the SNr that project onto the dorsal 

striatum. Interestingly, many nigrostriatal dopaminergic synapses actually project 
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onto the very same dendritic spines as corticostriatal synapses do, facilitating its 

role as a neuromodulator, altering aspects of other (often glutamatergic) neuro-

transmission. As mentioned previously, the effect of nigrostriatal transmission var-

ies dependent on the receptor type expressed in the striatal neurons.

The two other main dopaminergic pathways are the mesocortical pathway, from 

the VTA to the (P)FC (Weinberger et al., 1988), and the mesolimbic pathway from 

the VTA to the ventral striatum (Ikemoto & Panksepp, 1999; Cools, 2008).

The basal ganglia as a decision maker

There are several theoretical models that seek to explain the functional role of 

the BG in movement (Mink, 1996), learning and reward (Schultz, 2002), habit for-

mation (Daw et al., 2005), and working memory (Frank et al., 2000; O’Reilly & Frank, 

2006). These models are supported by a substantial amount of research, and they 

are not mutually exclusive. Although it is beyond the scope of this chapter to dis-

cuss these models in detail, I will outline one model that is central to this thesis. This 

model pertains specifically to the selection of competing motor programs through 

focal disinhibition (Mink, 1996; also see Figure 2b); it describes the BG as applying 

a broad inhibition to all the considered motor programs from the cortex, from which 

the desired (or most strongly activated) program is selectively disinhibited.

The striatum receives multiple excitatory inputs, from different cortical action 

representations. The neurophysiological properties of the striatal medium spiny 

neurons cause the weaker inputs to be shunted, effectively focusing the striatal 

signaling. The processing in the striatal neurons is further modulated by dopamin-

ergic inputs, differentially affecting the direct and indirect pathway processing. The 

striatum sends focused convergent inhibitory signals to the output nuclei of the BG. 

Since these output nuclei are themselves inhibitory, their inhibition results in a dis-

inhibition of the corresponding target structure in the cortex. The STN also receives 

excitatory input from the cortex. However, the STN sends tonic excitatory output to 
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the output nuclei. This signaling is more divergent, compared to the striatal output. 

As a result of the tonic STN activity, the inhibitory output nuclei are tonically and 

broadly excited, except when a motor program is strong enough to activate the 

striatum, in which case they are focally inhibited, which leads to a focused disinhibi-

tion of that particular motor program. In this way, the anatomy of cortico-basal 

ganglia loops provides an excellent anatomical substrate for deciding among multi-

ple alternatives, and can be modeled as optimally solving certain decision making 

processes (Bogacz & Gurney, 2007).

In this model, we might consider the BG to be setting a decision threshold for 

selecting motor programs, with a selective gate to allow one specific program to 

pass while inhibiting competing programs. Although this is a model of motor pro-

gram selection, applying the same mechanism to other BG loops could allow for 

gating of other representations. For example, gating the visual loop might modulate 

perceptual decision-making processes. Similarly, higher order cognition could be 

gated, by this mechanism working on prefrontal representations of more complex 

plans (Hazy, Frank & O’Reilly, 2006). The architecture of the basal ganglia makes 

them well suited as a general purpose decision maker, with the content of the deci-

sion determined by the cortical input being gated.

This model is supported by evidence from both human and animal cognitive 

neuroscience. Recently, perceptual decision making was shown to be affected by 

electrical stimulation of the macaque striatum. More specifically, microstimulation 

of the striatum caused a shift in starting point, as well as nondecision time of a DDM 

process (Ding & Gold, 2012). 

A striatal hypothesis of speed-accuracy tradeoff

One line of research from our own laboratory focuses on the role of the striatum 

and pre-SMA in speed-accuracy tradeoff. This research began with an fMRI study 

that examined neural activity during perceptual decision making in a visuomotion 
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detection task, where participants were specifically instructed per trial to respond 

either as fast, or as accurately as possible (Forstmann et al., 2008). The results 

showed increased activity in the dorsal striatum and pre-SMA during fast, compared 

to accurate trials. The strength of this activity correlated with participants’ ability to 

selectively change their response threshold between these conditions.

Subsequent experiments have further investigated this phenomenon, for in-

stance looking into the trial-to-trial variations in decision threshold (van Maanen et 

al., 2011), or the correlation between individual threshold differences and white 

matter tract strengths (Forstmann et al., 2010). It is inherent to most (f)MRI re-

search, that its findings are correlational in nature. However, given the role of the 

BG in applying global inhibition and focal disinhibition, we believe the balance be-

tween D1 and D2 pathways in the striatum may well be the means by which the 

setting of the decision threshold is achieved in the brain.

Dopamine: modulating the basal ganglia decision maker?

The dopaminergic signal is a fairly undifferentiated signal. Despite its low infor-

mation content, it greatly affects many influential regions of the brain, and alters 

them in complex and sometimes lasting ways. We know from the symptoms of PD 

that the death of dopaminergic neurons can cause serious motor problems, and the 

DA signal corresponds nicely to the reward prediction error in learning models. We 

already know that dopamine is important for value-based decisions (Doya, 2008; 

Rangel, Camerer & Montague, 2008). Given the important role for the basal ganglia 

in decision making, and the important role for dopamine in the basal ganglia, it is 

Hypothesis 2:

The striatum is necessary to adjust the decision threshold.

We hypothesize that the striatum is causally involved in setting the decision 

threshold to meet the speed or accuracy demands of the environment. This hy-

pothesis was also put forward in a recent review paper (Bogacz et al., 2010). We 

will test this hypothesis in chapter 4 of this thesis.
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easy to imagine there is also a potential role for dopamine in the decision making 

process outside the value-based domain.

Theories of dopamine function

As previously described, the DA system is very complex: there are multiple path-

ways involved in dopaminergic neurotransmission, and different effects can be 

caused by phasic bursts and dips, or by the tonic level of the neuromodulator. Ad-

ditionally, there are different types of receptors, with opposite postsynaptic effects. 

Additionally, or perhaps because of these complications, there are clear nonlineari-

ties in the effect of increased DA transmission on cognitive processes (Williams & 

Goldman-Rakic, 1995; Vijayraghavan et al., 2007; Cools & D’Esposito, 2011). To fur-

ther compound the confusion, these complicating factors can interact with each 

other; for instance, nonlinearity might occur differently for one specific receptor 

subtype in one target area, than for another subtype in another area. Or the nonlin-

earity might only apply to the effects of tonic, but not of phasic DA signaling. Due to 

the complex nature of the dopaminergic system, theories of DA function need not 

be mutually exclusive. I will briefly discuss several theories of dopamine functioning 

as it relates to decision making.

Dopamine, learning and reward

Perhaps the most influential theory related to DA is that of reinforcement learn-

ing. It refers to the in vivo electrophysiological finding that phasic DA bursts are 

seen associated with unexpected reward, whereas a dip in the baseline DA is seen 

when an expected reward is absent. This phenomenon nicely matches the predic-

tion error signal that plays a central role in reinforcement learning models (Schultz, 

Dayan and Montague, 1997).

A more recent hypothesis that also relates to DA’s role in reward, is that of incen-

tive salience (Berridge, 2007). The key point of this hypothesis is that DA does not 

communicate the pleasurable qualities of reinforcement, but rather its desirability, 
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or the ‘wanting’ of it.

Another theory regarding the role of phasic DA is that it signals novelty (Red-

grave & Gurney, 2006). According to this theory, the DA signal occurs too quickly to 

represent the reward prediction error, and it is instead involved in understanding 

the cause of unpredicted events.

One model of the dopamine signal explains its role in preference learning. Ac-

cording to this model, the direct, or go, pathway serves to prefer specific actions, 

whereas the indirect, or no-go, pathway serves to avoid specific actions. The model 

makes predictions regarding the preference learning patterns of PD patients when 

they are on vs. when they are off their (dopaminergic) medication, which are nicely 

matched by the empirical data. More specifically, PD patients off their medication 

are less able to learn to prefer high-rewarded stimuli, because they lack the 

dopamine bursts to activate the direct, or go pathway. When on medication, the 

continuous presence of D2 stimulation prevents the dopamine dips that normally 

enable learning to avoid low-rewarded stimuli (Frank, Seeberger & O’Reilly, 2004). 

In a related study, the go- and no-go pathways are also related to the timing of a re-

sponse. In this experiment, the reward probabilities and magnitudes were manipu-

lated to induce learning to respond early or late. PD patients on medication failed 

to learn to respond slowly, whereas PD patients off medication failed to learn to 

respond quickly (Moustafa et al., 2008). Since this paper still relates dopamine to 

reinforcement learning, and the temporal choice does not entail any SAT, it does not 

tell us whether dopamine might be involved in SAT more directly.

Dopamine and speeded decisions

The role of dopamine in reward and learning seems well established. However, 

are there results and models that support a role for DA speeded decision making?

In an attempt to provide a more ecologically valid account of normal decision 

behavior, one model looked into continuous, non-trial bound decision making. Its 
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authors propose a role for the tonic level of DA in the brain, controlling the level of 

response vigor (Niv et al., 2006). To combine the vigor account with the reinforce-

ment learning framework, Niv and colleagues interpret vigor as the average reward 

over time, essentially making it an indicator of how costly it is to waste time by inac-

tion. Higher response vigor means that there is more reward to be gained per 

minute, rendering faster decision making and more frequent actions desirable. The 

model then uses a reinforcement learning algorithm, based upon whether the ac-

tion’s total cost/benefit exceeds the average reward over time, to determine wheth-

er the action is desirable.

Another model looks into the mechanism for adapting response thresholds in 

a saccadic eye movement task (Lo and Wang, 2006). This model proposes that the 

strength of corticostriatal synapses determines the height of the response bound-

ary, setting the level of cortical activation that is required to achieve a response. 

According to this model, the role of DA lies more in the synaptic plasticity of corti-

costriatal effects, than in the direct modulation of current neurotransmission. 

The concept of dopamine driving SAT is of course not just theoretical; there are 

several studies showing effects supportive of such a role. One study showed that 

injection of D1 or D2 receptor antagonists in the macaque striatum both result in 

longer reaction times, thus showing a potential role for dopamine in speeded deci-

sions. Interestingly, D1 receptor antagonists increase the RTs specifically for trials 

which are associated with a large reward, whereas D2 receptor antagonists increase 

the RTs only for trials associated with a small reward. Effectively, both types of an-

tagonists decreased the ‘reward bias’ (Nakamura & Hikosaka, 2006).

Quite opposite from providing DA receptor antagonists are experiments where 

amphetamine is directly injected into the rat brain. In a study using conditioned 

reinforcement, injection of d-amphetamine into the caudate nucleus or accumbens 

resulted in increased responses to obtain a stimulus that was previously associated 

with a reward, but not when such a pairing had not occurred (Taylor & Robbins, 
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1984). Similar results were obtained in a Pavlovian instrumental transfer experi-

ment, where the association between the stimulus and the reinforcement had been 

extinguished, yet the now extinguished behavior was still increased by accumbens 

amphetamine injections (Wyvell & Berridge, 2000). This goes against the suggestion 

of the Lo and Wang model, that the role of DA in threshold setting is only through 

plasticity, and not through direct (in)activation. 

The finding that the activation of the behavior occurred without reinforcement 

being provided, and even after extinction of the response behavior, demonstrates 

that the effects of the amphetamine injections did not relate to the learning of the 

association, or to the processing of the reward, but to the vigor of the responding 

itself. This is consistent with the notion that DA, and therefore amphetamine, lower 

decision thresholds, although this is apparently dependent upon an earlier associa-

tion with reward. 

The BG may not form a single, unified decision making organ, but the various 

corticostriatal loops may very well embody various types of decision processes in 

a similar, but relatively independent manner. One way to think about striatal DA is 

that it modifies a single computation in the striatum which adjusts the output of the 

BG, but that the meaning of this computation depends on topographically specific 

in- and output connections. Such a computation could be releasing global inhibi-

tion, and facilitating focused disinhibition.

A dopaminergic hypothesis of speed-accuracy tradeoff

If, as we hypothesized earlier, the striatum is indeed causally involved in setting 

the decision threshold, the question remains how this change is implemented neu-

rochemically. Changing the level of cortical activity needed for the BG to select a win-

ner could be an effective way of setting the height of the decision threshold (Lo & 

Wang, 2006; Forstmann et al., 2008). Based on its central and aspecific activating 

role in BG functioning, one likely candidate for setting the decision threshold is the 
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level of striatal DA transmission. By both increasing activity in the ‘Go’ D1 pathway 

and decreasing activity in the ‘NoGo’ D2 pathway, an increase in dopamine could 

result in a higher excitability of the striatum, resulting in a lower effective threshold 

that cortical action representations would need to reach, in order to be selected. An 

interesting hypothesis pertaining to the tonic level of DA is that it embodies the 

level of behavioral activation (Robbins & Everitt, 1982, 1987, 1992, Robbins et al., 

1989; for a discussion, see Robbins & Everitt, 2007). According to this hypothesis, 

DA activity serves to enhance behavior through activation of its target structures, 

whether these are in the BG or in the cortex. A related notion is presented in the 

continuous reinforcement learning concept of ‘vigor’ (Niv et al., 2006).

Summary and conclusions

Decision making is a vital function of the brain. How we make decisions can be 

studied using mathematical models of the decision process, most notably evidence 

accumulation models such as the drift diffusion model. One recent model, the ur-

gency gating model, proposes that we do not need evidence accumulation to un-

derstand how we make decisions. We hypothesize that evidence accumulation is 

necessary to explain decision making, and we predict that the drift diffusion model 

can explain decisions under changing conditions better than the urgency gating 

model can.

The basal ganglia form a looping connectivity with the cortex, selectively ena-

bling specific cortical activation patterns while globally inhibiting the others. As 

such, the basal ganglia form an ideal candidate for adjustments in the decision mak-

Hypothesis 3:

Striatal dopamine sets the decision threshold.

We hypothesize that the level of nigrostriatal dopaminergic innervation is the 

driving factor that determines the height of the decision threshold. We will test 

this hypothesis in chapter 5 of this thesis.
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ing process. Several fMRI studies have found the striatum to be active during per-

ceptual decisions. As such, we hypothesize that the striatum is causally involved in 

setting the decision threshold.

The direct and indirect striatal pathways have activating and inhibiting conse-

quences for behavior. General differences in striatal activity will therefore have 

mixed effects. Dopamine has opposite effects on these two pathways, because di-

rect and indirect pathway striatal neurons differentially express D1 and D2 type 

dopaminergic receptors. Combined with the neuromodulatory role of dopamine, 

and its argued role in enhancing response vigor, we hypothesize that the striatal 

dopamine levels determine the height of the decision threshold.

Despite all that is known and understood about the basal ganglia and dopamine, 

much more work will be required to understand the exact involvement of these 

systems in decision making. We will need to understand both the separate contribu-

tions and interactions of different regions, cell types, transmitters, receptors, path-

ways, and timescales, before a cohesive understanding can truly emerge. This thesis 

describes the work my colleagues and I have done to contribute to this understand-

ing.
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