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RESUMEN 

 

La presente tesis doctoral titulada “Estudio de polimorfismos genéticos asociados con 

la inhibición global y selectiva de respuestas” profundiza en el estudio de los correlatos 

genéticos de estos dos tipos de inhibición. La inhibición global o simple de la respuesta 

se refiere a la capacidad de suprimir una única respuesta motora planeada o ya 

iniciada tras la aparición de un único estímulo de parada, y estudios previos 

demuestran que es al menos parcialmente heredable. Su base genética se ha estudiado 

sobre todo a través de estudios de asociación de polimorfismos candidatos en genes 

vinculados con la neurotransmisión de la dopamina, serotonina y noradrenalina. Estos 

estudios obtienen datos contradictorios, en tanto que las asociaciones encontradas no 

siempre se han replicado, o incluso ocurren en dirección opuesta. Por otra parte, la 

inhibición selectiva de respuestas se refiere a la capacidad para suprimir una respuesta 

ante determinados estímulos, pero continuar emitiéndola  ante otros. Se ha observado 

recientemente que los participantes pueden adoptar diversas estrategias para 

completar las tareas de inhibición selectiva de respuesta, algunas de las cuales se 

caracterizan por inhibir selectivamente ante unos estímulos y no otros como se 

esperaría teóricamente, pero otras por inhibir indiscriminadamente ante todos los 

estímulos. Los correlatos genéticos de la inhibición selectiva no han sido explorados 

hasta ahora, según nuestro conocimiento. Por lo tanto, el primer objetivo de esta tesis 

doctoral fue realizar una revisión sistemática y meta-analítica de la literatura previa 

para conocer qué polimorfismos candidatos de las vías monoaminérgicas se asocian 

con correlatos conductuales de la inhibición global de la respuesta en población adulta. 

Estos correlatos son el porcentaje de errores de comisión derivado de las tareas tipo 

Go/No-Go y el tiempo estimado de inhibición (SSRT por sus siglas en inglés) derivado 

de las tareas tipo Stop-Signal. El segundo objetivo fue examinar, por primera vez, los 

correlatos genéticos de la inhibición selectiva de respuestas en un estudio experimental 

con población adulta. Este estudio se centró  en polimorfismos dopaminérgicos debido 

a una mayor fundamentación teórica que implica a la dopamina como neurotransmisor 

esencial en el funcionamiento de áreas cerebrales posiblemente requeridas para la 

inhibición selectiva (como la corteza prefrontal dorsolateral y el estriado).  

El primer objetivo se llevó a cabo a través de una revisión sistemática de estudios que 

reportaran al menos una asociación genética entre un polimorfismo de un gen 
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relacionado con la neurotransmisión monoaminérgica y medidas conductuales de la 

inhibición de la respuesta, acompañada de un meta-análisis para cada polimorfismo 

con suficientes estudios independientes disponibles (el polimorfismo 3’UTR VNTR en 

el gen SLC6A3, el polimorfismo rs4680 en el gen COMT y el polimorfismo 5-HTTLPR 

en el gen SLC6A4). Dichos meta-análisis se realizaron a través de un modelo de efectos 

aleatorios e incluyendo medidas de heterogeneidad y de sesgo de publicación. El 

segundo objetivo se llevó a cabo utilizando la “stimulus selective stop-signal task” 

realizada por una muestra de estudiantes voluntarios adultos, que además donaron 

una muestra de saliva para el genotipado de polimorfismos de interés. De esa tarea se 

derivaron como correlatos conductuales tanto el SSRT medio como la estrategia 

adoptada por cada participante, y se examinó si existía una asociación entre los 

polimorfismos dopaminérgicos de interés (rs6277 en el gen DRD2 y rs4680 en el gen 

COMT) y los correlatos conductuales de interés. Como resultado, el meta-análisis puso 

de manifiesto que ninguno de los polimorfismos estudiados se asociaba con los 

correlatos conductuales de la inhibición global de la respuesta, lo cual puede deberse 

tanto al pequeño efecto de los polimorfismos individualmente (indetectable en 

muestras de tamaño modesto) como a la heterogeneidad. El estudio experimental no 

detectó efectos de los polimorfismos individualmente, ni sobre la elección de una 

estrategia ni sobre el SSRT. Sin embargo, una interacción de ambos polimorfismos 

sobre la elección de la estrategia sí resultó significativa, más allá de los meros efectos 

aditivos. En conclusión, hemos obtenido a lo largo de esta tesis evidencia de que el 

efecto de cada polimorfismo individualmente es pequeño e incluso indetectable (y 

puede ser más evidente en muestras concretas) tanto para los correlatos conductuales 

de la inhibición global de la respuesta como para la inhibición selectiva. Sin embargo, 

los polimorfismos pueden actuar de forma conjunta, ya sea aditivamente o en 

interacción. Estos resultados ponen de manifiesto que la base genética de la inhibición 

selectiva y del control inhibitorio en general es compleja, donde probablemente 

intervienen un gran número de polimorfismos tanto aditivamente como en interacción, 

y queda por lo tanto mucho que estudiar a través de diferentes técnicas del campo de 

la genética.  
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ABSTRACT 

 

This doctoral dissertation titled “Study of genetic polymorphisms associated with 

global and selective response inhibition” delves into the study of the genetic correlates 

of these two types of inhibition. Global or simple response inhibition refers to the 

ability to suppress a single planned or already initiated motor response after the 

appearance of a single stop stimulus, and previous studies show that it is at least 

partially heritable. Its genetic basis has been studied mainly through association 

studies of candidate polymorphisms in genes linked to dopamine, serotonin and 

noradrenaline neurotransmission. These studies yield contradictory results, in that 

associations found have not always been replicated, or even occur in opposite 

directions. On the other hand, selective response inhibition refers to the ability to 

suppress a response to some specific stimuli and continue to emit it to other stimuli. It 

has recently been observed that participants can adopt various strategies to complete 

selective response inhibition tasks, some of which are characterized by selective 

inhibition to some stimuli and not others as theoretically expected, but others by 

indiscriminate inhibition to all stimuli. To our knowledge, the genetic correlates of 

selective inhibition have not been explored until now. Therefore, the first objective of 

this doctoral dissertation was to systematically review and meta-analyse previous 

literature to identify which candidate polymorphisms of the monoaminergic pathways 

are associated with behavioural correlates of global response inhibition, in adult and 

non-clinical populations. These correlates are the percentage of commission errors 

derived from Go/No-Go tasks and the Stop-Signal Reaction Time (or SSRT) derived 

from Stop-Signal tasks. The second objective has been to examine for the first time the 

genetic correlates of selective response inhibition in an experimental study with adult 

and non-clinical populations. This study focused on dopaminergic polymorphisms due 

to a stronger theoretical rationale involving dopamine as an essential neurotransmitter 

for the function of brain areas possibly required for selective inhibition (such as the 

dorsolateral prefrontal cortex and the striatum).  

The first objective has been performed through a systematic review of studies that 

reported at least one genetic association between a polymorphism in a gene related to 

monoaminergic neurotransmission and behavioural measures of response inhibition, 

accompanied by a meta-analysis for each polymorphism with sufficient independent 
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studies available (the 3'UTR VNTR polymorphism in the SLC6A3 gene, the rs4680 

polymorphism in the COMT gene and the 5-HTTLPR polymorphism in the SLC6A4 

gene). These meta-analyses were performed using a random effects model and 

including measures of heterogeneity and publication bias. The second objective was 

carried out through a stimulus selective stop-signal task performed by a sample of 

adult student volunteers, who also donated a saliva sample for the genotyping of 

polymorphisms of interest. Both the mean SSRT and the strategy adopted by each 

participant were derived as behavioural correlates from this task, and we examined 

whether there was an association of the dopaminergic polymorphisms of interest 

(rs6277 in the DRD2 gene and rs4680 in the COMT gene) with these behavioural 

correlates of interest. As a result, the meta-analysis showed that none of the 

polymorphisms studied were associated with the behavioural correlates of global 

response inhibition, which may be due both to the small effect of each polymorphism 

individually (undetectable in samples of modest size) and to heterogeneity. The 

experimental study detected no effect of individual polymorphisms, either on strategy 

choice or on the SSRT. However, an interaction of both polymorphisms on strategy 

choice did prove significant, beyond mere additive effects. In conclusion, we have 

obtained throughout this thesis evidence that the effect of each individual 

polymorphism is small and even undetectable (and may be more evident in specific 

samples) both for behavioural correlates of global response inhibition and for selective 

inhibition. However, polymorphisms can act together, either additively or in 

interaction. These results show that the genetic basis of selective inhibition and 

inhibitory control in general is complex, where a large number of polymorphisms are 

probably involved both additively and in interaction, and therefore much remains to 

be studied through different techniques in the field of genetics. 
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This doctoral dissertation has been carried out in the Brain Mapping Lab of the 

Pluridisciplinary Institute of the Complutense University of Madrid within the 

AFNECO research group (Affective Neurolinguistics and Cognition Group; 

https://www.ucace.com/bml/afneco/). For its development, public grants were 

provided by the Comunidad de Madrid and the Ministerio de Economía y 

Competitividad/Ministerio de Ciencia, Innovación y Universidades through projects 

S2015/HUM-3327, PSI2015-68368-P and PSI2017-84922-R. In no case have these 

organisms influenced the present investigation, neither in the planning of the doctoral 

thesis, nor in data collection, nor in the interpretation of the obtained results. 

 

1.1. INHIBITION: DEFINITION AND SUBTYPES 
 

Executive functions is an umbrella term that refers to a family of top-down mental 

processes applied in order to regulate and control lower processes so as to facilitate 

achieving a certain goal (Friedman & Miyake, 2017; Miyake et al., 2000). Inhibition, 

working memory and set-shifting are thought to be the core executive functions that 

build higher-order processes such as planning, and that control lower-order processes 

(Diamond, 2013). 

Within this framework, inhibition in a broad sense encompasses an individual’s ability 

to control attention, behaviour and thoughts to overcome a particular drive (be it 

internal or external), and do what is most appropriate or necessary in each given 

situation instead (Diamond, 2013). This general concept of inhibition might be further 

subdivided in cognitive inhibition (the stopping or overriding of a mental process) and 

behavioural inhibition (the stopping or overriding of a manifest behaviour) (Bari & 

Robbins, 2013). Of particular interest to this dissertation is behavioural inhibition and 

its different but related components: the inhibition of impulsive choice in deferred 

gratification settings, reversal learning (overcoming a strong association between 

response and outcome), and in the heart of this dissertation response inhibition or the 

inhibition of impulsive motor action (Bari & Robbins, 2013; see Figure 1). Still, it should 

be mentioned that not all authors share the exact same taxonomy. Response inhibition 

has also been characterised as part of the heterogeneous construct of impulsivity 

(Dalley & Robbins, 2017; MacKillop et al., 2016), but its definition is mostly agreed 

upon despite the different classifications. 
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Response inhibition has been defined as the ability to suppress the execution of 

inappropriate motor actions that are planned or already initiated, voluntarily or at least 

involving some degree of consciousness (Bari & Robbins, 2013; Dillon & Pizzagalli, 

2007). That is to say, it involves being able to either stop oneself from emitting an 

observable motor response to a certain stimulus, or stopping a response once it has 

already started. According to this, a further subdivision has been made. On the one 

hand, the process has been termed “action restraint” when what must be stopped is the 

impulse to respond and responses are held pending further information. On the other 

hand we find the process of “action cancellation” when what must be stopped is a 

response that is already occurring (Schachar, Forget-Dubois, Dionne, Boivin, & Robaey, 

2011; Schachar et al., 2007). Both of these can be measured by specifically designed 

tasks that take into account this difference, as will be seen in section 1.2 and Figures 1 

and 2. 

So far, we have been referring to the inhibition of a single response that is no longer 

appropriate or needed in reaction to one stimulus, and this is essential in an 

environment that is constantly changing such as the one we inhabit. This ability, which 

is known as global or simple response inhibition, is fundamental to successfully adapt 

to the environment and circumstances that surround us. The study of global response 

inhibition through simple tasks has been crucial to understand the basis of the process 

and its neural correlates (see section 1.3). However, it is easy to see that instances 

where we must only inhibit one unique response are rare. Instead, scenarios where 

some responses must be stopped while others must continue to be emitted are much 

more frequent in daily life, and there lies the reason why the study of selective response 

inhibition began, with laboratory tasks slightly more complex in nature but also more 

ecological in that they are more similar to real-world situations (Aron, 2011). 
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Figure 1. Inhibition subdivisons. Adapted from Bari & Robbins, 2013. 

 

Thus, selective response inhibition refers to the ability to stop certain responses but not 

others, or to stop the response to certain stimuli but not others (Aron, 2011; Bissett & 

Logan, 2014). The former is known as response selective stopping, and the latter is 

stimulus selective stopping and is central to this dissertation. The detailed study of this 

particular aspect of inhibition is relatively new, to the point that studies concerning 

specifically either response or stimulus selective stopping are few (Bissett & Logan, 

2014). Nonetheless, both processes seem to share some similarities while still being 

distinct and separable. 

 

1.2. ASSESSING RESPONSE INHIBITION 
 

Several tasks have been used to measure different types of inhibition, such as the 

Stroop, Flanker or gratification delay tasks (Diamond, 2013). Specifically for the case of 

response inhibition, two tasks are the most widely used: the Go/No-Go (GNG) task 

and the Stop-Signal task (SST) as seen in Figure 2 (Chambers, Garavan, & Bellgrove, 
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2009; Dillon & Pizzagalli, 2007; Huster, Enriquez-Geppert, Lavallee, Falkenstein, & 

Herrmann, 2013; Verbruggen et al., 2019). They are both suitable to measure global 

response inhibition while minimizing the contribution of other processes, as follows. 

1.2.1. Go/No-Go Task 

The basic form of this task entails that participants must respond at high speed to one 

sort of frequent stimulus (the go stimulus) while they are instructed to hold responses 

to the no-go stimulus, a second type of infrequent stimulus (Casey et al., 1997; 

Chambers et al., 2009; Drewe, 1975; Huster et al., 2013). In this manner, GNG generates 

a tendency to respond and assesses the ability to inhibit a prepotent response, or in 

other words, it is suitable to measure action restraint. The main behavioural 

parameters of interest derived from this task are commission errors (responses to no-go 

stimuli, where a high amount of this type of errors correlates to worse response 

inhibition) and reaction times (RTs) to go stimuli. 

1.2.2. Stop-Signal Task 

The basic form of this task also entails that participants emit responses at high speed to 

a go stimulus that triggers the go process and appears in every trial. However, in some 

infrequent trials (termed the stop trials) the go stimulus is presented, only to be 

followed (with a variable delay called the Stop-Signal Delay or SSD) by a stop signal 

indicating the need to suppress the already initiated response (Chambers et al., 2009; 

Huster et al., 2013; Logan, 1994; Verbruggen & Logan, 2008). Such a signal triggers the 

stop process. If that delay between go and stop signals is short, it is more likely that the 

subject will accomplish stopping, whereas if the delay is long, it is less probable to stop 

(Aron, 2011; Logan, Cowan, & Davis, 1984; Logan, Van Zandt, Verbruggen, & 

Wagenmakers, 2014). This delay might be fixed, or an experiment might use several 

delays of fixed lengths, but more often it is adjusted through a tracking procedure that 

occurs trial-to-trial, where the delay is lengthened to make it more likely to fail (if the 

previous answer was correct), or shortened to make it more likely to succeed in 

stopping (if the previous answer was a failed inhibition), so that overall the probability 

of stopping is 50% (Aron, 2011; Logan et al., 1984; Logan et al., 2014; Verbruggen et al., 

2019). In this manner, SST also generates a tendency to respond, but assesses the ability 

to inhibit a response that has already begun, or in other words, it can measure action 

cancellation. Furthermore, it should be pointed out that in the SST it is clear when the 
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go and stop processes begin on each trial (with the presentation of the go stimulus and 

the stop signal, respectively), and the moment the stop process ends can also be 

inferred. As such the SST enables a more thorough analysis of the stopping process 

than the GNG (Aron, 2011). Besides commission errors and reaction times, this task 

permits the calculation of the Stop-Signal Reaction Time (SSRT), which is useful to 

inform about the time it takes to inhibit a response (the latency of the stop process). 

This SSRT is impossible to determine using the GNG task and is explained by the 

independent race model (Logan et al., 1984; Logan et al., 2014; Verbruggen & Logan, 

2009). Of note, the SSRT and the stop process as a whole encompass several underlying 

processes, which include the encoding of the stop signal and the stopping itself 

(Sánchez-Carmona, Albert, & Hinojosa, 2016). According to the independent race 

model, performance in the SST is a race between the go process mentioned above and 

the stop process that inhibits the action (where these processes are independent from 

each other). Responses are successfully inhibited if the stop process finishes before the 

go process (Logan et al., 1984; Logan et al., 2014). 

 

Figure 2. Schematic representation of the simple GNG and SST tasks. 
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Briefly, the SSRT can be calculated through several methods, the mean method and the 

integration method being the most common (Logan et al., 2014). The mean method 

requires using a tracking procedure so that the stop and go processes are each 

successful 50% of the time (as explained above). Under those conditions, the mean go 

reaction time equals the sum of the mean SSD and the SSRT, and thus SSRT can be 

inferred. This method is susceptible to distortion from skew in the go RT distribution 

and strategic slowing, so it should be interpreted with caution (Logan et al., 2014; 

Verbruggen et al., 2019). The integration method is more general and can be used 

regardless of how the stop signal delays are set, and does not suffer from the same 

distortions of the mean method. It assumes that the SSRT is a constant, so the 

probability of responding on a stop signal trial equals the proportion of the go RT 

distribution that is faster than SSD + SSRT. The point at which the stop process ends is 

estimated by integrating the go RT distribution and finding the point at which the 

integral equals the probability of responding given a stop signal, for a specific SSD. 

SSRT is then calculated by subtracting SSD from the finishing time (Logan et al., 2014; 

Verbruggen et al., 2019). 

1.2.3. Differences between response inhibition tasks 

Differences between these two tasks have important implications for the interpretation 

of results. Despite both of them measuring response inhibition, which is corroborated 

by a factor analysis study that found performance in both GNG and SST loaded on a 

single factor (Bender, Filmer, Garner, Naughtin, & Dux, 2016), their different designs 

enable them to also measure the different sub-processes inside response inhibition 

(action restraint and action cancellation). In addition, it should be kept in mind that 

any task requires other processes besides the main one it is designed to study (which is 

known as the task impurity problem; Friedman et al., 2008), even if such processes play 

a minor role. 

For example, stopping in a no-go trial in the GNG task is more similar to stopping in a 

SST (and more directly related to response inhibition) as long as there is a fast stimulus 

presentation and the no-go stimulus remains infrequent. However, in slower GNG 

tasks with more frequent no-go stimuli, successful stopping may have to do with the 

decision of not going instead of overriding a response, thus engaging processes such as 

decision-making (Aron, 2011; Eagle, Bari, & Robbins, 2008). For some authors, these 

tasks (and GNG in particular) might also be drawing from attentional processes that 
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are frequently overlooked in favour of response inhibition (Criaud & Boulinguez, 2013; 

Swick, Ashley, & Turken, 2011). In fact, in a meta-analysis, Sharma and colleagues 

found that the GNG task loaded in both attention and inhibition factors, and the SST 

did the same for inhibition and impulsive decision-making (Sharma, Markon, & Clark, 

2014). 

Their unity and diversity are highlighted by studies that find both common and 

specific brain areas activated for each task. In a meta-analysis, Swick and colleagues 

(2011) found major clusters of activation common to both tasks in classical response 

inhibition areas such as the pre-supplementary motor area or preSMA (see section 1.3), 

which is replicated in more recent studies (Dambacher et al., 2014). However, different 

areas have also been found to be specifically activated while performing a GNG or a 

SST (Dambacher et al., 2014; Swick et al., 2011). A recent study also found differences 

between GNG and SST tasks in the temporal dynamics of brain activation (Raud, 

Westerhausen, Dooley, & Huster, 2020). There is also some evidence towards different 

neurotransmitters being associated with GNG or SST performance, as will be seen in 

section 1.4 (Eagle et al., 2008). 

Despite the likely contributions of other processes, that may be minimized with 

appropriate task designs, the GNG and particularly the SST are the most reliable tasks 

to measure global response inhibition, the SST being particularly useful because it 

allows to estimate the SSRT (Bender et al., 2016; Congdon et al., 2012; Verbruggen et 

al., 2019). 

1.2.4. Assessing selective response inhibition 

The typical GNG and SST tasks described above have helped expand knowledge about 

the processes behind global response inhibition, but in their simplest form they cannot 

be used to examine more ecological types of response inhibition such as selective 

inhibition. Thus, global response inhibition tasks have been modified to enable 

research on selective response inhibition. Response selective stopping has usually been 

investigated through SST tasks where a bimanual simultaneous response is required 

and the stop signal indicates the need to stop responding with only one hand.  Of 

particular interest to this dissertation, stimulus selective stopping is investigated 

through a stimulus selective stop-signal task (see Figure 3), a modified stop-signal task 

where a new signal called the ignore signal is added to the task in addition to the stop 
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signal, but this signal tells the participants undertaking the task to respond as if 

nothing had happened and it was a go trial. As such, any given trial can be a go trial 

where participants must respond to the go stimulus as usual, an ignore trial where 

participants must ignore the ignore signal and respond to the go stimulus as they 

would in a go trial, or a stop trial where participants must acknowledge the stop signal 

and try to stop their response. The ignore signal, by its similar sensory properties to the 

stop signal and its same frequency of appearance, confers the advantage of making it 

possible to control for novelty effects and sensory effects (Sánchez-Carmona et al., 

2016). 

 

Figure 3. Schematic representation of the stimulus selective stop-signal task. 

 

Notably, it has been demonstrated that subjects can employ three different behavioural 

strategies to complete the task. So far, the only validated method to distinguish 

between strategies uses reaction times in go trials, ignore trials and failed stop trials, 

and compares those response times to determine which strategy a subject adopts in the 

context of the independent race model (Logan et al., 1984). Theoretical expectations 

would outline the following for a truly selective and independent strategy compliant 
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with the horse-race model: failed stop RT is indicative of independence in the model in 

that if the stop process and the go process are truly independent, then stop RT should 

be faster than go RT (Logan et al., 1984; Verbruggen & Logan, 2009). If they are not 

independent, then stop RT may be as slow as go RT (or even slower). Furthermore, 

ignore RT is basically a go RT in trials where an ignore signal simply occurs but there is 

no need to stop, so if processes are independent, ignore RT should not be different 

from go RT. If it is different, subjects may not be performing the selective stop-signal 

task as expected (Bissett & Logan, 2014). However, empirical work has outlined three 

strategies to achieve task demands, of which only one complies fully with theoretical 

expectations. 

The first of the three strategies, the Stop then Discriminate (StD) strategy, implies that 

subjects stop their response whenever any signal occurs, and then restart their 

response if needed (if the signal was an ignore signal). As such, the discrimination 

comes after the stopping and this strategy does not reflect selectivity. Failed stop RT 

should be faster than go RT because the go process races independently with a simple 

stopping process (Logan et al., 1984). However, ignore RT should be longer than go RT 

because subjects stop and then start their response again on ignore trials (Bissett & 

Logan, 2014). While not being selective, the assumptions of the independent race 

model hold and the SSRT can be reliably calculated, but it is important to note that in 

this case the SSRT is shorter than in the case of selective strategies because the 

discrimination of whether the signal is a stop or ignore takes place after the stopping 

has already occurred, and thus the time it takes to discriminate signals is not part of the 

SSRT. This further implies that the SSRT in this strategy is more similar to the SSRT in 

a simple stop-signal task, and thus experimental results for this strategy might be 

partially analogous to global response inhibition. 

Another possible strategy is the Independent Discriminate then Stop (iDtS) strategy. 

Here, subjects discriminate the signal first, and then stop their response if it is needed 

(if the signal was a stop signal) or complete their response without initiating the stop 

process at any point (if the signal was an ignore signal). As such, the discrimination 

comes before the stopping and this strategy does reflect selectivity and is the most 

similar to what would be theoretically expected from task instructions. Failed stop RT 

should be faster than go RT, which is the usual outcome of the race between stopping 

and going in the independent race model. Ignore RT should not be different from go 
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RT because the go process should not be affected by the requirement to discriminate 

between signals (Bissett & Logan, 2014). The assumptions of the independent race 

model thus hold and the SSRT can be reliably calculated, but in this case the SSRT is 

longer than for the StD strategy because it does include the time it takes to discriminate 

between the stop and ignore stimuli. 

Finally, a third strategy has been defined, the Dependent Discriminate then Stop 

(dDtS) strategy. This is a variant of the iDtS in which the requirement to discriminate 

stop and ignore signals interacts with the go process and slows go RT whenever a 

signal occurs. This interaction produces dependence between stopping and going that 

violates the assumptions of the independent race model (Bissett & Logan, 2014). Here, 

failed stop RT should not be faster than go RT, and ignore RT should be slower than go 

RT. This strategy does imply selectivity, but the dependence between stopping and 

going invalidates the calculations of the SSRT mentioned above. 

The importance of distinguishing between strategies is evident in that results from 

selective stopping studies might be biased by the assumption that all subjects use 

independent selective strategies, when it has been shown that a substantial number of 

participants use each of the three strategies depending on different factors (Bissett & 

Logan, 2014; Sánchez-Carmona et al., 2016). Studies that find that the independent race 

model is violated in selective stopping might thus benefit from a classification of 

subjects in different strategies, since as seen above some of the strategies do comply 

with the model and it is important to take this issue into account to derive conclusions 

from SSRT results. 

 

1.3. NEURAL CORRELATES OF GLOBAL AND SELECTIVE RESPONSE 
INHIBITION 

 

The brain areas needed to complete a global response inhibition task have been 

elucidated with the help of functional neuroimaging techniques such as functional 

Magnetic Resonance Imaging (fMRI). This has revealed a network of cortical and 

subcortical areas involved when inhibiting a response, the ones that are found most 

consistently include the presupplementary motor area (preSMA), the inferior frontal 

gyrus (primarily right side: rIFG), and several structures in the basal ganglia such as 

the subthalamic nucleus or STN (Aron, 2011; Bari & Robbins, 2013). The simplest form 
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of global response inhibition is thought to rely on the “hyperdirect pathway”, where 

the IFG (and/or the preSMA) sends a signal to the STN, which then has a broad effect 

on the globus pallidus pars interna or GPi. The GPi then increases neural inhibition on 

thalamocortical output, thus inhibiting the motor system in general as seen in Figure 4 

(Aron, 2011; Aron, Herz, Brown, Forstmann, & Zaghloul, 2016). On the other hand, 

given the high spatial but lower temporal resolution of fMRI, other techniques have 

been applied to the study of response inhibition to complement the information 

provided by fMRI studies: electroencephalography (EEG) and, more specifically, 

event-related potentials (ERPs). These provide the advantage of a higher temporal 

resolution (in the order of milliseconds), and the possibility of applying source 

localization algorithms to estimate the neural underpinnings of scalp-recorded activity 

if needed. With this technique, two ERP components have classically been associated 

with response inhibition (Albert, López-Martín, Hinojosa, & Carretié, 2013; Huster et 

al., 2013): an anterior N2 (a frontocentral negative voltage deflection observed around 

200–300 ms after stimulus onset) and a frontocentral P3 (a positive voltage deflection at 

around 300–600 ms showing a frontocentral topography). Nevertheless, it has been 

suggested that the onset of the P3 might be more closely related to response inhibition 

at least in adults (Albert et al., 2013; Groom & Cragg, 2015; Raud et al., 2020; Wessel & 

Aron, 2015), while the N2 probably reflects other processes interwoven in the tasks 

(Albares, Lio, & Boulinguez, 2015; Albert et al., 2013; Donkers & Van Boxtel, 2004; 

Folstein & Van Petten, 2008). 

However, the case of which areas are involved specifically in selective response 

inhibition has barely been examined. A plausible theory, although in need of more 

empirical evidence, is based on the work of Aron (2011). It is derived from response 

selective experiments but the basics might also apply to stimulus selective stopping. It 

assumes the involvement of brain areas beyond those needed for global inhibition, 

such as the dorsolateral prefrontal cortex (DLPFC) and the striatum. This is possibly 

because of the increased working memory demands (among other additional 

processes) needed in the more complex selective response inhibition. It is proposed 

that the subject’s goal of what to stop may be implemented, at the neural level, in a 

signal from the DLPFC, which is sent to the caudate portion of the striatum to inhibit 

the globus pallidus pars externa or GPe. This removes inhibition from the GPi (via the 

STN or directly), which in turn increases inhibition of the corresponding cortical 

response representation (in the primary motor cortex) through the thalamus in what is 
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called the “indirect pathway” (see Figure 4; Aron, 2011). There is some support for this 

theory coming from EEG data with source localization, where DLPFC implication has 

been shown but specifically occurring in selective strategies during the stop relative to 

the ignore condition as opposed to non-selective strategies, which are remarkably 

similar to global stopping in terms of brain activity (Sánchez-Carmona et al., 2016; 

Sánchez-Carmona, Santaniello, Capilla, Hinojosa, & Albert, 2019). 

 

Figure 4. Schematic representation of direct, indirect and hyperdirect pathways. Dashed lines 
indicate suppression of thalamocortical programs (note that the indirect pathway is specific in comparison 
to the broad effects of the hyperdirect pathway). Adapted from Aron, 2011. 

 

1.4.  NEUROCHEMICAL SUBSTRATES OF GLOBAL AND SELECTIVE 
RESPONSE INHIBITION 

 

In addition to the brain areas involved in response inhibition, an integrated 

understanding of the neurotransmitters that are involved in the process and that 

influence the function of each area is also needed since it can guide hypotheses about 

genetic associations (to which we will return in later sections). Pharmacological and 

genetic association studies have contributed to the study of which neurotransmitters 

are involved in different aspects of response inhibition, and their specific functions in 

each brain area. Pharmacological experiments administer drugs that affect 
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neurotransmitter levels or imitate their functions (precursors, agonists or antagonists 

for example) and then observe the effects of such interventions on neural or 

behavioural correlates of response inhibition. On another note, candidate gene studies 

can be used to ascertain genetic variation on genes in the monoaminergic pathways 

(genes that code for enzymes, transporters or other proteins involved in 

neurotransmission) through functional polymorphisms, and then observe the effects of 

such variation on response inhibition correlates. Functional polymorphisms are those 

that are known to alter the function of a gene, and as such variation in those 

polymorphisms has clear consequences on biological mechanisms (for example, the 

presence of one allele might increase the expression of a transporter and as such have 

effects on neurotransmission). In this way, genetic studies of functional 

polymorphisms can inform not only about the genetics behind the trait, but also about 

the underlying biological mechanisms. 

Through this type of experiments, monoamine neurotransmitters have emerged as 

those mainly involved in regulating response inhibition. Classically, particular 

attention has usually been paid to dopamine, serotonin and noradrenaline (Barnes, 

Dean, Nandam, O'Connell, & Bellgrove, 2011). In the sections that follow, a brief 

review of neurotransmitter implication in global response inhibition, as well as an 

overview of the monoaminergic pathways where candidate genes and polymorphisms 

are located, will be provided. Selective stopping specifically has not been investigated 

in this regard, but a plausible interplay between brain areas theoretically needed for its 

execution and neurotransmitters needed for the normal function of those areas will 

also be mentioned. 

1.4.1. Dopamine 

Dopamine (DA) is a monoamine and a catecholamine that functions as a 

neurotransmitter in the brain. DA neurons can be found in several midbrain regions 

that project to several parts of the brain via three major pathways, the nigrostriatal, 

mesocorticolimbic, and tuberoinfundibular pathways (Turic, Swanson, & Sonuga-

Barke, 2010; Verger et al., 2020). The role of DA in different aspects of impulsivity is 

somewhat well established (Dalley & Roiser, 2012; Pattij & Vanderschuren, 2008), but 

its implication specifically in response inhibition is still mildly controversial. On the 

one hand, some pharmacological studies and also an eye blink rate study (a marker of 

central dopaminergic functioning) have found an involvement of DA in response 
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inhibition (Colzato, van den Wildenberg, van Wouwe, Pannebakker, & Hommel, 2009; 

Nandam et al., 2011; Nandam et al., 2013). The case of methylphenidate (MPH) is 

particularly interesting, it is widely used for the treatment of ADHD because it is 

commonly viewed as a dopaminergic drug that is able to remediate response inhibition 

deficits (Aron, Dowson, Sahakian, & Robbins, 2003; Coghill et al., 2014; Rosch et al., 

2016), but it might also exert its effects partially through noradrenaline (Engert & 

Pruessner, 2008; Nandam et al., 2011). From a different point of view, several genetic 

studies targeting genes in the DA pathway (Haavik, Blau, & Thöny, 2008) have found 

that variation in those genes might be implicated in differences in several response 

inhibition correlates (see for example Congdon, Constable, Lesch, & Canli, 2009; 

Congdon, Lesch, & Canli, 2008; Enge et al., 2020; Heinzel et al., 2013; MacDonald et al., 

2016; McLoughlin et al., 2018), although there exist some contradictory results (Gurvich 

& Rossell, 2014; Kramer et al., 2007). 

The main components of the dopamine pathway are its transporters, receptors, and 

enzymes. DA synthesis begins with the hydroxylation of L-tyrosine by the enzyme 

tyrosine hydroxylase (TH) in a rate-limiting step (Daubner, Le, & Wang, 2011), 

resulting in DOPA. This depends on tetrahydrobiopterin (BH4) as a cofactor. DOPA is 

then decarboxylated to DA by the enzyme aromatic L-amino acid decarboxylase 

(AADC, also known as DOPA decarboxylase). DA acts on five different subtypes of 

receptors (D1 to D5), broadly divided in the D1-like (D1, D5) and D2-like (D2, D3, D4) 

classes. All of the dopamine receptors are G protein-coupled receptors (GPCRs), whose 

signalling is primarily mediated by interaction with and activation of heterotrimeric 

GTP-binding proteins. However, D1 and D2-like receptors differ in their location, their 

specific signalling properties and their downstream actions (Beaulieu, Espinoza, & 

Gainetdinov, 2015; Neve, Seamans, & Trantham-Davidson, 2004). To terminate its 

action, DA relies on reuptake from the synaptic cleft by the dopamine transporter 

(DAT), and on degradation beginning with the enzymes catechol-O-methyltransferase 

(COMT) enzyme or monoamine oxidase (MAO). The DAT is a sodium and chloride-

dependent transmembrane transport protein that mediates the active reuptake of 

dopamine from the synapse, ending DA transmission by transporting DA away from 

the synaptic cleft (Bröer & Gether, 2012; Kristensen et al., 2011; Meiser, Weindl, & 

Hiller, 2013; Vaughan & Foster, 2013). The DAT belongs to the solute carrier family 6 

(SLC6) of transporters, all with 12 transmembrane helices with intracellular N- and C-

termini and dependent on Na+/Cl- transport (Bröer & Gether, 2012). DAT density is 
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the highest in subcortical regions like the striatum, whereas it is low in the prefrontal 

cortex.  The COMT enzyme degrades DA by introducing a methyl group to it, and it is 

particularly important for DA action termination in areas where reuptake by the DAT 

is lower such as the prefrontal cortex (Nemoda, Szekely, & Sasvari-Szekely, 2011). 

1.4.2. Serotonin 

Serotonin or 5-Hydroxytryptamine (5-HT) is a monoamine neurotransmitter 

synthesized in the serotonergic neurons of the central nervous system. Serotoninergic 

neurons are mostly concentrated along the raphe nuclei in the brain stem, from where 

they innervate widespread cortical and subcortical areas (Charnay & Léger, 2010). 

There is abundant evidence associating serotonin with the wider construct of 

impulsivity and its different aspects, such as impulsive aggression or the inability to 

wait (Bevilacqua & Goldman, 2013; Chamberlain & Sahakian, 2007; Dalley & Roiser, 

2012; Jentsch et al., 2014; Pattij & Vanderschuren, 2008; Worbe, Savulich, Voon, 

Fernandez-Egea, & Robbins, 2014), but again its role in response inhibition is 

controversial. Studies employing pharmacological serotonin manipulations or 

serotonin depletion have usually shown no effect on response inhibition performance 

in non-clinical populations, particularly when measured with a SST (Chamberlain et 

al., 2006; Chamberlain & Sahakian, 2007; Clark et al., 2005; Drueke et al., 2010; although 

see Skandali et al., 2018), but it has also been suggested that serotonin might play a role 

in at least some aspects of response inhibition such as action restraint in GNG tasks 

(Eagle et al., 2008; Faulkner & Deakin, 2014). Furthermore, serotonin might intervene 

when punishment and aversive factors are intermixed with these tasks (Cools, 

Nakamura, & Daw, 2011; Cools, Roberts, & Robbins, 2008; Crockett, Clark, & Robbins, 

2009; Faulkner & Deakin, 2014). Genetic studies, much as in the case of dopamine, are 

contradictory in that some do not find effects for polymorphisms in genes in the 5-HT 

pathway (Clark et al., 2005), and even those that do at times find effects in opposite 

directions (Enge et al., 2016; Landrø et al., 2015; Nomura et al., 2015; Thissen et al., 

2015). 

In a brief overview of the 5-HT pathway, serotonin synthesis begins with a first rate-

limiting step where tryptophan (an essential amino acid) is transformed into 5-

hydroxytryptophan (5-HTP) by the enzyme tryptophan hydroxylase or TPH (in the 

brain, the isoenzyme responsible for this step is TPH2 in contrast to the TPH1 

isoenzyme in the periphery). 5-hydroxytryptophan is then transformed into 5-HT via 
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the previously mentioned AADC (Charnay & Léger, 2010). Serotonin acts on more than 

15 different receptors, differing in their localization and their signalling properties 

(Frazer & Hensler, 1999). With the exception of 5-HT3 receptors, serotonin receptors 

are G-protein coupled receptors that activate different signalling pathways. Again, to 

terminate its action and regulate its levels, serotonin depends on reuptake from the 

synaptic cleft by the serotonin transporter (SERT), and on degradation mainly by the 

enzyme monoamine oxidase A (MAOA). The SERT also belongs to the SLC6 family of 

transporters and is a transmembrane protein also dependent on Na+ and Cl- (and K+) 

transport (Bröer & Gether, 2012) that clears released 5-HT from the extracellular space 

and controls the duration and magnitude of neurotransmission. The MAOA is the first 

enzyme in the degradation pathway of 5-HT (and also other monoamine 

neurotransmitters), beginning the process by catalysing its oxidative deamination. 

There are two isoenzymes, MAOA and MAOB, but serotonin seems to be mainly 

degraded by MAOA (Bortolato, Chen, & Shih, 2010). 

1.4.3. Noradrenaline 

Noradrenaline or norepinephrine (NA or NE) is a monoamine (and more specifically a 

catecholamine) that acts in the human central nervous system as a neurotransmitter 

(and as a hormone in other sites of the body). In the brain, noradrenergic neurons are 

located mainly in the locus coeruleus (noradrenergic cell group A6) and send 

projections to multiple regions, including the prefrontal cortex and basal ganglia 

(Bidwell, Dew, & Kollins, 2010; del Campo, Chamberlain, Sahakian, & Robbins, 2011; 

Maletic, Eramo, Gwin, Offord, & Duffy, 2017). Noradrenaline has been somewhat less 

investigated than DA or 5-HT in the field of impulsivity in general, but some 

pharmacological studies have found NA to be implicated in response inhibition in the 

context of SST tasks (Chamberlain et al., 2009; Chamberlain et al., 2006). The few 

genetic studies, yet again, have yielded contradictory results, finding polymorphisms 

in different genes to be associated with response inhibition mostly in SST tasks but also 

not showing any associations (Cummins et al., 2012; Cummins et al., 2014; Lei et al., 

2012). 

Regarding the NA pathway, the synthesis of NA begins exactly the same as for DA, 

with the added step of conversion from DA to NA by the enzyme dopamine β 

hydroxylase or DBH (Blows, 2000). NA acts on a variety of G-protein coupled α- and β-

adrenergic receptors. The α receptors are further divided into α1 and α2, and each of 
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these has three subtypes: α1A, α1B, and α1D; α2A, α2B, and α2C. β receptors include 

the β1, β2, and β3 subtypes (Bidwell et al., 2010; Maletic et al., 2017; Small, McGraw, & 

Liggett, 2003).  The subtypes vary in their effects on cell signalling and localization 

(where α1 and β receptors have a stimulatory effect on cell signalling, and α2 receptors 

generally have an inhibitory influence on signalling). Much like DA, COMT (and 

MAOA) degrade noradrenaline and terminate its action, but reuptake of NA by the 

noradrenaline transporter (NAT or NET) is also used for terminating NA 

neurotransmission by removing it from the synapse (del Campo et al., 2011). The NAT 

belongs to the same family as the DAT and the SERT (the SLC6 family), and thus 

shares their structural and functional similarities (Bröer & Gether, 2012; Kristensen et 

al., 2011). It is important to note that, even though each monoamine transporter has 

substrate affinity mainly for its particular neurotransmitter, it can also transport others 

to a lesser extent (Bröer & Gether, 2012). 

1.4.4. Relationship between brain areas and neurotransmitters in global and 

selective response inhibition 

To integrate the findings reviewed in the preceding sections, there have been some 

studies that specifically demonstrate release of these neurotransmitters in areas specific 

to response inhibition, or that prove that manipulations of their levels co-occur with 

changes in brain activity in response inhibition areas while performing tasks requiring 

inhibition (even in the absence of behavioural effects). 

In the case of dopamine, its release has been demonstrated during a global SST in 

healthy controls in areas such as the preSMA with positron-emission tomography 

(PET) imaging (Albrecht, Kareken, Christian, Dzemidzic, & Yoder, 2014). Furthermore, 

a study with alcohol-dependent patients showed that increasing DA pharmacologically 

reduced SSRT coupled with changes in preSMA activation in patients with poor 

baseline response inhibition (Schmaal et al., 2013). As for the global GNG, a 

pharmacological study using methylphenidate found increased activation of the rIFG 

under the drug condition in non-clinical controls (owing to an increase in DA, although 

effects could also be mediated partly through NE; Nandam, Hester, & Bellgrove, 2014). 

There have been no studies linking dopamine levels to brain activation of selective 

inhibition postulated brain areas such as the striatum and the DLPFC while performing 

a task that required selectivity. However, DA has been implicated in the normal 
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functioning of those areas while investigating other cognitive functions or specific 

diseases (Clatworthy et al., 2009; Cools, 2015; Diamond, 2007; Shukla et al., 2016; 

Slifstein et al., 2015; Trujillo et al., 2019). 

In the case of serotonin, serotonin effects on response inhibition areas during global 

SST tasks seem to be restricted to patients where monoaminergic systems are already 

severely affected such as in the case of advanced Parkinson’s Disease (PD) where 

serotonin might partially restore inhibition related activity in areas such as the rIFG (Ye 

et al., 2014; Ye et al., 2016). As for global GNG tasks, some studies in non-clinical 

populations with pharmacological interventions targeting serotonin do find changes in 

the activation of response inhibition areas such as the rIFG (Del-Ben et al., 2005; Rubia 

et al., 2005) but others do not (Nandam et al., 2014). 

In the case of noradrenaline, pharmacological studies with noradrenaline reuptake 

inhibitors such as atomoxetine have shown an involvement of NA in global response 

inhibition areas such as the rIFG during GNG in healthy controls, although DA might 

also be implicated due to the effect of atomoxetine on both catecholamines and the fact 

that methylphenidate was also tested and its effect did not differ from that of 

atomoxetine in said areas (Nandam et al., 2014). There is also evidence for a similar 

implication in global SST tasks (Chamberlain et al., 2009), and also in PD where 

atomoxetine enhances stop-related rIFG activation in patients with advanced disease 

already on DA medication (Rae et al., 2016; Ye et al., 2015; Ye et al., 2016). There is also 

some evidence towards no implication (Kasparbauer et al., 2019). As was the case for 

DA and methylphenidate, it is difficult to isolate the effect of atomoxetine on just NA, 

being it far more likely that both these drugs affect both catecholamines (albeit to a 

different degree; Bröer & Gether, 2012) and as such, both NA and DA might be 

implicated in modulating brain activity in response inhibition areas. 

Regarding selective response inhibition, the possible roles of serotonin and 

noradrenaline are not so clear. Much like with DA, there are no studies of their 

function specifically in selective stopping, but research regarding their regulation of 

the function in areas theoretically important for selectivity in the context of other 

processes is also sparser than for DA. The DLPFC is innervated by serotoninergic 

neurons (Motley, 2018) but it is unclear if serotonin does modulate its function. 

Furthermore, serotonin might affect striatal DA release (Navailles & De Deurwaerdère, 

2011), which might then affect striatal function. Regarding noradrenaline, some studies 
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demonstrate an effect of atomoxetine (which also partially acts on DA) on the 

connectivity of the DLPFC (Hernaus, Santa, Offermann, & Van Amelsvoort, 2017), and 

there is some evidence of the DLPFC being sensitive to noradrenaline (Arnsten, 2011). 

Regardless, DA involvement seems to be more solidly established. 

As is evident from this literature review, the interplay between neurotransmitters, 

brain areas and response inhibition has not been completely elucidated yet. It is also 

important to mention that DA, 5HT and NA systems do not exist in isolation, but 

instead might interact with each other in that for example levels of one 

neurotransmitter affect others (Navailles & De Deurwaerdère, 2012). But in any case, 

the considerable number of studies that point to an implication of these 

neurotransmitters (even if they interact) is not to be ignored and thus there is reason to 

believe that these neurotransmitters are implicated in response inhibition at least to 

some extent. As mentioned before, candidate gene studies are another manner of 

investigating the issue further, because functional polymorphisms of genes in the 

monoaminergic pathways can inform about the underlying levels of 

neurotransmission. In addition, carefully designed genetic studies might also help 

solve pending questions. For example, it is not always clear if higher or lower levels of 

a neurotransmitter benefit response inhibition. Thus it is reasonable to think that 

intermediate levels are optimal, or even that different levels might be beneficial in 

different areas or for different baseline conditions in each subject. As such, the study of 

functional polymorphisms that have an effect on neurotransmission (and the 

knowledge of in which brain areas those effects happen) provides additional evidence 

about the biological mechanisms behind this process, particularly if several well 

characterized polymorphisms are taken into account together. Likewise, the evidence 

reviewed up until this point about biological and neural underpinnings can also guide 

hypotheses about other genes and polymorphisms to investigate. Of course, candidate 

gene studies are not the only way of uncovering the genetic basis of response inhibition 

and selective stopping (as we will see in the next section), but their contribution should 

not be discounted because it contributes to the knowledge about underlying biological 

processes, particularly when coupled with studies that characterize the effects of the 

functional polymorphisms. As such, this dissertation is focused mainly on a candidate 

gene mindset to discuss the genetic basis of response inhibition, even if other 

approaches are mentioned when relevant. 
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1.5. HERITABILITY OF RESPONSE INHIBITION AND POSSIBLE CANDIDATE 
POLYMORPHISMS 

 

As a demonstration that response inhibition is in fact under genetic influence, it is first 

necessary to establish that the ability to inhibit a response is at least partially heritable. 

Heritability, in a broad sense, is the proportion of the phenotypic variance that can be 

attributed to variance of all genetic factors (Timpson, Greenwood, Soranzo, Lawson, & 

Richards, 2018; Visscher, Hill, & Wray, 2008). Phenotypes are the observable attributes 

of an individual that result from its genotype, the environment, and their interaction 

(Orgogozo, Morizot, & Martin, 2015). Thus, the observable performance in response 

inhibition tasks, or its neural correlates, could be considered a phenotype (more 

specifically, an endophenotype, as we will discuss below). Heritability can be 

estimated from family or twin studies (Verweij, Mosing, Zietsch, & Medland, 2012), but 

there is also a way of estimating heritability in a narrow sense as the estimated 

variance explained by only the additive effects of all causal variants. This is most often 

approximated in genome-wide association studies (GWAS) by estimating the variance 

explained by the additive effects of the set of SNPs included in a GWAS, and thus is 

also referred to as SNP heritability (Evans et al., 2018; Yang, Zeng, Goddard, Wray, & 

Visscher, 2017). The estimated heritability from twin studies is often higher than the 

variance explained by genome-wide significant SNPs in GWAS studies and also higher 

than the total SNP heritability estimated from GWAS data (Evans et al., 2018; 

Vinkhuyzen et al., 2012; Zuk, Hechter, Sunyaev, & Lander, 2012). This is due to a 

number of reasons, such as the effect of undetected rare variants and of epistasis 

(Blanco-Gómez et al., 2016; Cheesman et al., 2017; Manolio et al., 2009; Zuk et al., 2012), 

in what has been termed the “missing heritability”, the “phantom heritability” and the 

“hidden heritability” (Manolio et al., 2009; Wray et al., 2013; Yang et al., 2017; Zuk et 

al., 2012). We will expand on this topic in the discussion, but nonetheless, genetic 

contributions in response inhibition are clear. 

Beginning with behavioural correlates of global response inhibition, evidence for their 

heritability is well established. A twin study in adolescents by Friedman and 

colleagues (2008) used a latent variable approach obtained from a set of tasks to 

account for the problem of task impurity, and found that the inhibition of dominant 

responses as a latent variable showed high genetic influences. Most of those were 

common to other executive functions investigated, but some of them were unique. 
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Individual differences were found to be almost entirely genetic at the level of latent 

variables; and performance in tasks that required inhibition was also found to be 

heritable (albeit at this level heritability estimates were slightly smaller). In another 

work by Friedman & Miyake (2017), the authors expand these findings and put them 

into context, highlighting the fact that even if executive functions are highly heritable 

and highly polygenic, this does not mean that they are immutably determined, that is, 

high heritability is not at odds with a considerable effect of the environment. In 

another study with children using a hybrid of GNG and SST tasks, Schachar and 

colleagues (2011) demonstrated that there are substantial genetic influences on 

measures of inhibition (separating action restraint and cancellation, which were 

separable but also seemed to partially share genetic origins) and the magnitude of 

these influences was comparable to that of the work of Friedman and colleagues (2008) 

when they used tasks and not latent variables. On the other hand, further evidence for 

the heritability of response inhibition comes from its investigation as an 

endophenotype for ADHD (Klein et al., 2017; van Rooij et al., 2015). An endophenotype 

is a measure of neuropsychiatric functioning that stands in a point between the genetic 

background of the individual and a final observable disease, and is better delimited 

and more closely related to the root cause of the disease than the broad clinical 

phenotype. Furthermore, an endophenotype needs to be heritable (among other 

characteristics) to be considered as such (Crosbie et al., 2013; Gottesman & Gould, 

2003). In this context, measures of response inhibition were found to be heritable, to a 

moderate degree, in studies such as the one by Crosbie and colleagues (2013).  

Another way to investigate heritability without the need for twin studies comes from 

GWAS that test for total SNP heritability. To our knowledge there has only been one 

study regarding global response inhibition, and surprisingly it failed to detect any SNP 

heritability for inhibitory control measured with an SST (Donati, Dumontheil, & 

Meaburn, 2019), perhaps due to epistasis and rare variants not being detected among 

other reasons. Of note, these studies have been undertaken in adolescent samples, and 

future studies should also confirm heritability in adults. 

As for the heritability of its neural correlates, the issue has been less investigated but 

studies of the N2 and P3 ERP components elicited during a modified GNG task (with 

equally frequent go and no-go trials) have demonstrated a considerable heritability of 

those components in twin studies of both adults and adolescents (Anokhin, 
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Golosheykin, Grant, & Heath, 2017; Anokhin, Heath, & Myers, 2004), as well as of 

phase synchrony of brain oscillations specifically related to response inhibition in a 

similarly modified task (Müller, Anokhin, & Lindenberger, 2017). These provide 

intriguing preliminary evidence that nonetheless is yet to be completed with other 

purer tasks of response inhibition, and perhaps other imaging techniques.  

As we have seen, the heritability of response inhibition has usually been assessed 

through tests of global inhibition, and thus the heritability of selective stopping 

specifically is not known. However, there is no reason to think selective stopping 

would not be subject to similar genetic influences, even if those are yet to be 

discovered. 

Even when the heritability of global response inhibition has been established, the 

elucidation of the genes and polymorphisms behind it remains a challenge. The genetic 

architecture of the trait is likely complex, with many different polymorphisms in many 

different genes contributing additively to the trait, but perhaps non-additively too (as 

we will expand on in the discussion). The identification of specific polymorphisms can 

be accomplished both by GWAS studies that (in addition to their application in 

estimating total SNP heritability) yield significant individual genetic associations with 

the trait of interest using SNP markers along the whole genome without a priori 

hypotheses as to their causality (Goddard, Kemper, MacLeod, Chamberlain, & Hayes, 

2016; Ziegler, König, & Thompson, 2008); and by candidate gene studies (that have 

been more common in this field so far) that test for association of specific genes and 

polymorphisms based on theoretical background and a biological mechanism of 

interest (Moore, 2017). To date, there have been few genome-wide studies related 

specifically to global response inhibition (Donati et al., 2019; Weafer et al., 2017) and no 

genome-wide significant SNP in particular has been detected, which points to effect 

sizes for particular polymorphisms being smaller than what these GWAS studies are 

powered to detect. However, as we have introduced in previous sections, there have 

been diverse studies that have investigated one or a few candidate genes and 

polymorphisms that are reasonably hypothesized to be involved in response inhibition 

due to their involvement in neurotransmitter pathways and final influence on 

neurotransmission levels. Remarkably, the study by Weafer and colleagues (2017) 

albeit through nominal significances, and the candidate gene studies converge in 

pointing at variation in serotonergic and dopaminergic genes from two different 
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approaches to this question. Still, there are contradictory findings in that different 

candidate studies find associations that are often not replicated by other studies, or 

effects are found in the opposite direction (as detailed in the first study of this 

dissertation). Furthermore, many times the results from global response inhibition 

candidate studies are not replicated in GWAS (Moore, 2017; Weafer et al., 2017). 

Regarding selective stopping, given the relatively new interest in its study it is perhaps 

not surprising that, as happens for its heritability in general, neither GWAS nor 

candidate studies have yet been devoted specifically to the discovery of its genetic 

basis. 

As seen from the evidence presented throughout this introduction, we are still at the 

beginning of the path towards discovery of the genetics of global response inhibition, 

and even more so for selective response inhibition. Thus, given the contradictory 

results for global response inhibition and the lack of genetic studies for selective 

stopping specifically, the studies in this dissertation were designed to both explore the 

question of which candidate polymorphisms are reliably involved in global response 

inhibition, and to explore for the first time the genetic correlates of selective response 

inhibition using a stimulus selective stop-signal task. In the first study, we reviewed 

candidate genes studies of monoaminergic genes and their associations with 

behavioural correlates of global response inhibition derived from GNG and SST tasks, 

highlighting the fact that results were contradictory (associations are not always 

replicated, or different alleles are sometimes associated with an equivalent outcome). 

As a result we performed meta-analyses when there was sufficient information 

available for a polymorphism, in order to clarify the existence of genetic associations. 

The first study also uncovered a lack of genetic studies in the selective response 

inhibition field. Thus, in the second study, we aimed to perform a first examination on 

the genetic correlates of stimulus selective stopping with a focus on dopaminergic 

polymorphisms due to a stronger theoretical basis, and considering both the different 

strategies and their SSRTs. 
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2. GENERAL OBJECTIVES AND HYPOTHESES 
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2.1. General objectives 

 
- The first objective of this dissertation was to take into account all data available 

from previous literature and, through meta-analysis, attempt to answer the 

question of which candidate polymorphisms in monoaminergic pathways, if 

any, have an effect on behavioural correlates of global response inhibition in 

non-clinical adult populations. 
 

- The second objective of this dissertation was aimed at examining the genetic 

correlates of selective response inhibition through a stimulus selective stop-

signal task in a non-clinical adult sample, with a focus on dopamine candidate 

polymorphisms given the previous literature implicating DA and brain areas 

theoretically important for selectivity like the DLPFC and the striatum. 

Specifically, we aimed to explore genetic associations with strategy choice 

and/or the SSRT. 

 

2.2. General hypotheses 

 
- We expected to find associations between several monoaminergic 

polymorphisms and behavioural correlates of global response inhibition 

(commission errors from GNG tasks and/or SSRT from SST tasks). However, 

we expected small effect sizes to be the norm, given the polygenicity of complex 

traits such as response inhibition. 
 

- We expected to find associations for DA polymorphisms and strategy choice as 

the main correlate of selectivity. However, associations with the SSRT could 

also be expected. Hypotheses in this case are tentative due to the lack of 

previous studies. 
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3. FIRST STUDY 
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3.1. Objectives 

 

- Complete a systematic literature review on existing associations of 

monoamine-related gene polymorphisms and behavioural correlates of 

response inhibition, in non-clinical adult populations. 
 

- Analyse those findings in several meta-analyses using random effects 

models, one for each polymorphism that is found to have sufficient data 

available. 

 
 

3.2. Hypotheses 

 

- Most genetic association studies found will concern polymorphisms in 

genes coding for the transporters, receptors, and metabolism enzymes of 

dopamine, and serotonin and noradrenaline to a lesser extent. 
  

- Polymorphisms with sufficient data available will show an effect, 

although of small magnitude. 
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3.3. Conclusions 

 

- The systematic literature review brought to light miscellaneous findings: 

some associations are replicated in different studies, some are not, and 

some show effects in opposite directions (the same allele is associated 

with better or worse response inhibition). 
 

- Through meta-analyses, we were unable to observe any strong 

association between the polymorphisms that had enough data available 

according to our criteria (SLC6A3 3′UTR VNTR, COMT Val158Met SNP, 

and SLC6A4 5-HTTLPR) and behavioural measures of response 

inhibition derived from GNG and SST tasks. 
 

- It cannot be unequivocally concluded that there is a lack of effects. 

These polymorphisms may have small magnitude effects on response 

inhibition performance that could not be detected with the power of our 

meta-analyses. Methodological differences in the designs and samples 

of the studies and the tasks included might also partially explain the 

null findings. 
 

- We were unable to perform meta-analyses on several promising 

candidate polymorphisms due to insufficient data according to our 

criteria, further research on this topic should increase the pooled sample 

sizes available for several polymorphisms of interest. 
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4. SECOND STUDY 
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4.1. Objectives 

 

- Investigate whether two relevant polymorphisms in DA 

neurotransmission and relevant both in global response inhibition and 

selective stopping brain areas (DRD2 rs6277 SNP and COMT rs4680 

SNP), and their interaction, influence strategy adoption in a stimulus 

selective SST. 
 

- Investigate whether or not these polymorphisms influence the SSRT in 

the context of selective stopping. 

 

4.2. Hypotheses 

 

- No effect for any polymorphism by itself is expected, due to small effect 

sizes. However, an interaction could be expected on strategy choice, due 

to the polymorphisms’ effects on areas theoretically important for 

selective stopping. 
 

- Regarding the SSRT for each strategy, it can be hypothesized that the 

interaction will more likely have an effect on the SSRT in the selective 

strategies than in the non-selective one (due to genetically-mediated 

dopamine effects on processes beyond global motor inhibition). 
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4.3. Conclusions 

 

- An interaction of the two dopaminergic polymorphisms was found to 

affect the strategy adopted by the participants, which points to a 

genetically-mediated dopaminergic involvement in selective inhibition 

(where intermediate DA levels would seem to be optimal for 

selectivity). 
 

- There was not sufficient evidence of any association of the two 

dopaminergic polymorphisms studied (either by themselves or in 

interaction or in a polygenic score) with the SSRT in the selective 

strategy, neither with the SSRT in the non-selective strategy. 
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5. GENERAL DISCUSSION 
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With the work included in this doctoral dissertation we have contributed to the 

understanding of the genetic basis of global and selective response inhibition. Firstly, 

we have been unable to demonstrate an association of each of the monoaminergic 

candidate polymorphisms studied with behavioural correlates of global response 

inhibition combining GNG and SST measures in the meta-analyses, a finding echoed in 

the lack of effects specifically for the SSRT in our second experiment in the non-

selective strategy (which would be comparable with global response inhibition). 

Importantly, this lack of effects is informative in itself, as explained below. Secondly, 

we do provide novel evidence as to the implication of dopaminergic polymorphisms in 

selective strategies of selective stopping. 

Starting with the genetic basis of global response inhibition as reflected in our first 

study, it would seem at first glance there is a lack of implication of the studied 

polymorphisms in response inhibition. However, as discussed in the meta-analysis 

(Rincón-Perez, Sánchez-Carmona, Albert, & Hinojosa, 2018), there are some factors to 

take into account that challenge such an idea. It is important first to point out that the 

candidate gene studies we included in the meta-analysis analyse the effects of one (or 

few) polymorphisms, often in isolation (that is, independent from any other 

polymorphism). Thus, meta-analyses such as these are only suitable to detect the effect 

of one particular polymorphism that is evident across the whole pooled sample and 

independent from any other factors. However, for complex traits there is evidence that 

each isolated polymorphism might have a very small effect that can conceivably be too 

small to be detected with current sample sizes. It seems that meta-analyses with greater 

statistical power are needed to answer the question of whether the effect of a given 

polymorphism actually does not exist, or is either simply too small to be detected by 

underpowered studies. 

Evidence for the small effect of particular polymorphisms in complex traits is ample. 

On the one hand, in different genome wide studies of association between common 

genetic variants and complex cognitive traits, psychiatric disorders or endophenotypes, 

no single common variant has shown a large effect (despite being theoretically well 

powered enough to detect such moderate-large effects if they existed). That is, there are 

no common polymorphisms that explain individually a large or even moderate 

percentage of the variance, but instead, many polymorphisms contribute to the 

phenotype and explain a very small percentage of the variance each (Cirulli et al., 2010; 
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Davies et al., 2015; Torkamani, Wineinger, & Topol, 2018; Trampush et al., 2017; 

Vinkhuyzen et al., 2012). Specifically for response inhibition, as we already mentioned 

in the introduction, the few GWAS studies have also been unable to find any GWAS 

significant SNP (Donati et al., 2019; Weafer et al., 2017). GWAS studies, by the nature of 

their design, use very stringent p-values to report a particular polymorphism as 

significant, and most common SNP effects are too small to be detected using such cut-

offs with the sample sizes included in these studies (Fadista, Manning, Florez, & 

Groop, 2016; Goddard et al., 2016; Moore, 2017; Pe’er, Yelensky, Altshuler, & Daly, 

2008). This issue ties directly with the missing heritability problem mentioned in the 

introduction, where the heritability explained by significant GWAS findings and that 

from family and twin studies is vastly different. Variance explained by the individual 

significant polymorphisms discovered in GWAS is nowhere near the heritability 

estimates from family and twin studies in part because those of smaller effect will not 

be detected unless very large sample sizes become available. Furthermore, additive 

effects of all genotyped polymorphisms (that is, SNP heritability as defined in the 

introduction) were usually not computed in early studies. On a side note, there might 

also be some heritability that is due to rarer variants that are thought to have greater 

effect sizes than common variants (Bomba, Walter, & Soranzo, 2017; Manolio et al., 

2009; Torkamani et al., 2018), but that are not detected in typical GWAS studies (which 

employ a minor allele frequency threshold of usually 1-5% to include a SNP depending 

on sample size available; Marees et al., 2018). It is also worth mentioning that 

discovered significant GWAS polymorphisms are not necessarily true causal variants, 

because GWAS studies rely on SNP arrays that “tag” other ungenotyped variants 

through linkage disequilibrium (LD), that is, through the non-random association of 

alleles in the genotyped loci relative to those not genotyped (Slatkin, 2008). Thus, some 

missing heritability might also come from insufficient LD coverage of causal variants 

(Manolio et al., 2009; Vinkhuyzen et al., 2012; Wray et al., 2014; Yang et al., 2017). 

Epistasis quite probably also plays a role in the missing and phantom heritability 

problem, a topic we will return to later in this discussion. In any case, GWAS results 

have provided ample evidence of the generalized small effect of individual 

polymorphisms. 

On the other hand, effect sizes reported in candidate gene studies of different cognitive 

variables posit an intriguing question. Candidate gene studies employ smaller sample 

sizes compared to GWAS and meta-analyses due to the difficulty of measuring their 
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very specific phenotypes in thousands of individuals, and yet the effect sizes, when 

reported, are often small but detectable (Beste, Stock, Epplen, & Arning, 2016; Enge et 

al., 2016; Landrø et al., 2015). While it is true that some of those findings might be false 

positives, it is also possible that they are true effects but unlikely to be replicated in a 

GWAS or in a meta-analysis no matter its sample size due to developmental and 

environmental considerations, since effects might only arise in sub-samples with 

different environmental exposures, or with specific characteristics that are usually not 

extendable to the whole sample (Kraft, Zeggini, & Ioannidis, 2009; Moore, 2017). Still, 

this highlights the utility of meta-analyses to uncover associations of candidate 

polymorphisms that are independent of any other factor possibly affecting each of the 

samples and brings to light the issue of heterogeneity (Borenstein, Hedges, Higgins, & 

Rothstein, 2009). Random-effects meta-analyses will provide a summary effect that 

averages across all effects, so if there are different effects in different samples, those 

will disappear in the averaging. Thus, a summary effect detected in a meta-analysis 

would be independent of any of the causes of heterogeneity, and small effects that may 

happen only in particular samples would not be detected in meta-analyses unless 

subsequent analyses taking sources of heterogeneity into account are done (Kaiser et 

al., 2020). It is thus possible both that the polymorphisms we studied might have a 

small effect independent of any other factors that is too small to be detected with the 

pooled sample sizes we achieved, and that some effects might be more evident in 

different sub-samples. In any case, it is clear that the lack of associations found in our 

meta-analysis of candidate gene studies would require more extensive research when 

greater sample sizes become available, and complementary heterogeneity analyses, to 

completely clarify the issue. 

It is essential to highlight that the genetic underpinnings of response inhibition might 

rely not only on the small effects of each polymorphism, but also on the fact that many 

of such polymorphisms “work in tandem” towards the final phenotype (which a meta-

analysis is not suited to test). That is to say, as we have mentioned previously global 

response inhibition is likely to be polygenic, as many other complex traits (Boyle, Li, & 

Pritchard, 2017) and likely selective response inhibition as well. In fact, in more recent 

GWAS studies (and in some genetic studies that do not reach the GWAS scale) of 

different cognitive traits that employ methods to measure the additive variance 

explained by all genotyped SNP polymorphisms (that is, to estimate SNP heritability 

regardless of genome-wide significance of individual SNPs; Yang et al., 2017), the 
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amount of variance explained rises (Davies et al., 2015; Evans et al., 2018; Vinkhuyzen 

et al., 2012). 

Another way to capture this polygenicity is to use polygenic scores, which aggregate 

main additive effects of several polymorphisms to presumably achieve greater effect 

sizes (Fullerton & Nurnberger, 2019; Plomin, 2013; Purcell et al., 2009; Torkamani et al., 

2018; Wray et al., 2014). This has been done for a variety of traits and psychiatric 

disorders both from GWAS data, and somewhat more simplistically from candidate 

gene studies data. In the case of GWAS data, all SNPs that are below some significance 

threshold are taken into account (even if they are not genome-wide significant under 

the most strict significance threshold) and the score is calculated for each individual of 

a target sample as the sum of the count of risk alleles weighted by the effect size of the 

SNP in a (different) discovery sample (Wray et al., 2014). Here, a risk allele is the one 

that is associated with the disease or trait of interest (usually, the term “polygenic risk 

score” or “genetic risk score” is preferred in the case of disease, and the more general 

“polygenic score” is used for traits that do not necessarily represent a disease). Thus, 

these polygenic scores usually comprise many polymorphisms (where alleles are 

summed according to the risk they confer and not necessarily according to some 

underlying biological process) and can be understood as continuous variables in 

regression analyses. To our knowledge, there has not yet been an attempt to create a 

response inhibition genetic score per se to date with the scant data from GWAS studies 

in the field of response inhibition.  

In the case of polygenic scores derived from candidate gene studies, the approach that 

has usually been taken is to sum the number of alleles that are associated with a 

particular trait or with a biological mechanism affecting said trait (MacDonald et al., 

2016), thus using only a few SNPs and usually without weighting (which assumes that 

all polymorphisms have an equivalent effect size; Ho et al., 2019). In some cases, this 

approach has added difficulties in its interpretation compared to GWAS polygenic 

scores in that it does not always model risk, but instead an underlying biological 

mechanism. Risk is modelled as additive and continuous such that a high PGS equals 

higher risk in the case of GWAS through the weighted sum of risk alleles (and the 

relationship between risk and the trait is understood to be linear). However, in the case 

of a candidate PGS the underlying biological mechanism is what is being modelled, 

and that may or may not have a linear relationship with the trait of interest. That is to 
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say, even if the polymorphisms conforming the PGS have additive effects regarding 

the underlying biological mechanism and the PGS has a linear relationship with the 

underlying biological mechanism (such as a low PGS equals low levels of a 

neurotransmitter, for example), that does not imply that said underlying biological 

mechanism (and the PGS) will have a linear relationship with the trait of interest 

(unlike risk). A candidate PGS with a sufficient number of polymorphisms included 

could be treated as a continuous variable (that would reflect additive effects of the 

polymorphisms on the intermediate biological mechanism, not on the final trait) and 

then it could be ascertained if it fits a linear relationship with the trait of interest and 

therefore also reflects additive effects on the final trait as in the typical GWAS scenario 

(or other types of models, such as quadratic). However, a PGS with fewer 

polymorphisms will only have limited possible values and might be treated as a 

categorical variable (and then it could be argued that its interpretation regarding the 

trait of interest would be similar to an interaction between polymorphisms with some 

categories collapsed, as we will see below for our PGS and strategy choice). In any case, 

polygenic scores derived from candidate gene studies have yielded some promising 

results, where dopaminergic genetic scores have shown an association (in a linear 

relationship) with different measures of response inhibition (Enge et al., 2020; 

MacDonald et al., 2016). In this dissertation, our polygenic score of DA polymorphisms 

(either as continuous or categorical factor) did not show an association with the SSRT 

of the non-selective strategy (which would be the most similar scenario to global 

response inhibition), but it should be taken into account that we only included two 

polymorphisms. It is also noteworthy to mention that we did not find an effect of the 

interaction of the two DA polymorphisms on the SSRT of the non-selective strategy. 

Furthermore, neither did we observe an effect of the PGS or the interaction on the SSRT 

of the selective strategy, contrary to what we had speculated (since it could be argued 

that the selective SSRT comprises more processes influenced by dopamine than the 

processes involved in the non-selective SSRT, and effects might thus have been easier 

to detect). It is possible that a model with a PGS (treated as a continuous variable) with 

a higher number of polymorphisms would result in an association as in previous 

studies (two polymorphisms might still be too few to detect any additive effect if their 

individual effects on the trait are small). On the other hand, interactions (or a PGS 

treated as a categorical variable) are of interest because they might be informative of 

effects beyond additivity in some cases, as will be discussed below. 
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This brings us to our findings regarding selective stopping. Here, our PGS (entered 

into the model as a categorical factor) and the interaction between the two 

polymorphisms did show an effect on the choice of selective vs non-selective strategies 

while none of the individual polymorphisms did, which highlights the importance of 

studying the effects of several polymorphisms in complex processes such as selective 

stopping. Going back to our original hypotheses, the reason why genotype effects are 

found for strategy choice, but not for the SSRT in either strategy is debatable. It is 

possible that the DA levels determined by the polymorphisms we studied influence 

brain areas and processes that lead to one strategy or the other (such as the 

implementation of stopping goals), without affecting the specific processes that 

contribute to the SSRT to the same degree. That is, many more processes might be 

implicated in achieving one strategy or the other than those implicated in the SSRT, 

and if DA levels influence all of those processes it might be easier to detect an effect 

that depends on more processes (that is, strategies) than one that depends on less 

processes (that is, the SSRT). It should also be noted that we focused on the second 

study on dopaminergic polymorphisms because of the more established theoretical 

support for DA influence in selective stopping, which was the focus of the study. This 

does not preclude other polymorphisms in other monoaminergic pathways from also 

displaying an association with purely the stopping part of the process, given the 

polygenicity of the trait. In this way, stopping might be also dependent on 

noradrenaline in some of the areas of interest such as the rIFG (Chamberlain et al., 

2009), and noradrenergic polymorphisms are also likely candidates for associations 

even if individual effects are also small. Thus, an interesting avenue for future work is 

to create a noradrenergic PGS, and investigate interactions between noradrenergic 

polymorphisms. 

In the same direction as our PGS results, we detected effects of the two dopaminergic 

polymorphisms on the choice of strategy only in interaction in a logistic regression. 

However, the PGS as a continuous factor did not show an association with the 

strategies (in a linear relationship). It is important to understand the conceptual 

difference between these two approaches, as outlined above for the SSRT. The model 

with the PGS as a categorical factor does not merely model additive effects but instead 

would be similar to a test of the two polymorphisms in interaction (that we will 

comment below) with some of the resulting categories of the interaction collapsed into 

just one in the PGS according to theoretical DA levels. As such it can detect which 
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subgroups differ from each other regardless of if the relationship between the PGS 

(and its underlying biological mechanism) and the trait is linear or not. Furthermore, in 

some cases interactions are informative of effects beyond additivity, a fact that a model 

with a PGS as a continuous factor under a linear relationship with the trait would 

ignore (as we will see below). 

At this point, we should introduce the concept of epistasis (sometimes referred to as 

gene-gene interaction), in that the interaction we detected is between genetic 

polymorphisms. First, there has been some confusion in the literature regarding the 

use of the term epistasis (Mackay, 2014; Phillips, 2008; Sackton & Hartl, 2016), which 

biases the understanding of these interactions. One of the definitions of epistasis (what 

is called “statistical epistasis” in Phillips, 2008) is mostly used in quantitative genetics 

and refers to statistical deviation from the additive combination of two loci in their 

effects on a phenotype, following Fisher’s usage of the term (Fisher, 1918). Note that 

this definition of epistasis concerns populations. It can be formulated at the level of 

variance decomposition in populations (in orthogonal components such as additive, 

dominance and epistatic variance), and thus is affected by allele frequency 

distributions. In contrast, another definition of epistasis (what is called “compositional 

epistasis” in Phillips, 2008) is at the level of individual genotypes and is understood as 

the masking of one allelic effect by an allele at another locus, more often used in the 

context of classical Mendelian genetics of qualitative traits and closely related to the 

original use of the term epistasis by Bateson (Bateson, 1909). These two views are in a 

sense complementary to one another, but the degree to which both statistical and 

compositional epistasis give information about “functional epistasis” (in the sense of 

molecular interactions between gene products) is limited (Phillips, 2008; VanderWeele 

& Knol, 2014; Wang, Elston, & Zhu, 2010). When testing for epistasis and including it in 

different modelling approaches, there has been some controversy regarding the 

strength of evidence for statistical epistasis, given that some statistical interactions are 

removable depending on the scale the model is in, owing to transformations of the data 

(Wang et al., 2010; Wei, Hemani, & Haley, 2014). In the case of a binary outcome 

variable that requires the use of logistic regression (such as strategy choice in our case), 

it has been shown that a significant interaction term in logistic regression is on a 

multiplicative scale, and may or may not persist after conversion to the additive scale, 

that is, evidence of statistical epistasis depends on the scale of measurement. 

Depending on what assumptions are met, an interaction in an additive scale might 
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even be considered stronger or weaker, which in some cases (provided some strong 

assumptions are met) resembles the definition of compositional epistasis (VanderWeele 

& Knol, 2014). Specifically in our case, our results seem to be evidence of a type of 

interaction that cannot be removed by scale transformations, that is, a crossover or 

qualitative interaction where effects of one polymorphism are opposite in the genetic 

backgrounds defined by the other polymorphism, thus generating non-detectable main 

effects (Mackay, 2014; Wang et al., 2010). That is, we provide evidence of an instance of 

epistasis that exists no matter the scale but due to its crossover nature (and especially 

at intermediate allele frequencies such as is our case) generates no main effects while 

producing a detectable interaction effect. To relate to our previous discussion, it is 

worth stating that this type of epistasis is not captured by an analysis of the PGS (as a 

continuous factor linearly related to the trait) because the main effects of each 

polymorphism on the trait (not on the intermediate biological mechanism) that would 

be additive are zero in this particular case. However, there are other types of epistasis 

that do generate main effects on the trait and thus could result in significant results 

from a continuous PGS in a linear model (Hill, Goddard, & Visscher, 2008; Mackay, 

2014; Sackton & Hartl, 2016). As such, it seems that the implications of epistasis are yet 

to be explored in detail. It also seems that epistasis can inflate heritability estimates, as 

we mentioned before. In heritability estimates derived from twin studies, most models 

used such as the ACE model (Mayhew & Meyre, 2017; Zuk et al., 2012) assume that 

twin heritability estimates are strictly additive when they are actually contaminated by 

non-additive or epistatic variation that is not detected (or rather, that is assumed to be 

additive). This makes it impossible for the SNP heritability (which does reflect additive 

variance) to reach twin heritability (Mayhew & Meyre, 2017; Young, 2019; Zuk et al., 

2012); although see Stringer, Derks, Kahn, Hill, & Wray, 2013). These facts highlight the 

need to further explore the role of epistasis in the future (with clear definitions as to 

what is meant by the term). 

In any case, both our PGS and the interaction we detected point to the fact that several 

polymorphisms with no individual main effects do act together towards the final 

phenotype (in our case, in a crossover interaction). Our results lend support to the fact 

that the genetic basis of selective stopping is complex and that epistasis plays a part, 

although how this translates to the level of variance decomposition in populations 

might be complicated by the fact that epistatic variance is minimal in most cases. At the 

level of variance explained in populations, the genetic architecture of this trait (and 
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probably response inhibition in general) is likely to be affected by many different 

polymorphisms that may have small (statistically additive) individual effects, some 

undiscovered rare variants that may have slightly greater individual additive effects, 

and the diverse contribution to additive and epistatic variance of different instances of 

epistasis. At the level of specific gene and polymorphism identification, more studies 

are needed to achieve sample sizes that permit sufficiently powered meta-analyses of 

candidate gene studies to detect individual effects (taking into account heterogeneity 

as explained above), and GWAS studies would be complementary and invaluable to 

research in this particular area. In lieu of individual additive effects, the PGS 

methodology will also be of interest in determining the additive contributions of 

several polymorphisms, together with methods that are able to detect epistasis in its 

various definitions. Of course, relating statistical or compositional epistasis to the 

molecular intermediate mechanisms that influence the final phenotype remains a 

question to be discovered through other molecular techniques. In our case, we can 

hypothesize about levels of DA in different brain areas due to previous literature about 

these functional polymorphisms, but noting that the complex issue of how the 

biomolecular pathways are affected is yet to be investigated in more depth. 

Specifically, given that the DRD2 rs6277 SNP and the COMT rs4680 SNP are functional 

polymorphisms, they have direct effects on DA levels. Furthermore, those effects have 

been proven in areas that are theoretically of interest for selectivity (see Rincón-Pérez et 

al., 2020). Aron (2011) postulates that the DLPFC, which is also implicated in working 

memory, maintains the information of what to stop, and then conveys that signal to the 

striatum to achieve selective stopping through the indirect pathway (see the 

introduction section). Thus, a particular response is inhibited (when there is a stop 

signal) but other responses are not (when there is an ignore signal), as would happen 

in selective strategies. Our genetic results, while in need of replication and further 

confirmation from more polymorphisms and other techniques, would point to the fact 

that intermediate levels of DA in frontal areas and in the striatum are optimal for 

selectivity to take place, and more extreme DA levels would seem to bias towards non-

selective strategies (possibly stopping indiscriminately using the basic global stopping 

circuit without as much striatal implication). Of course, this does not rule out other 

possible effects of DA and DA polymorphisms in other areas of the brain (for example, 

DA modulation might make the discrimination of the two stimuli in different areas 
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along the visual pathway easier or more difficult for some subjects (Vitay & Hamker, 

2007), thus leading to one strategy or another). 

Furthermore, it is likely that, given that selective stopping is a complex process, again 

many more polymorphisms are implicated. We provide here the first study of a part of 

the genetic basis of stimulus selective response inhibition, but our results must in the 

future be expanded. For example, there is evidence that the DLPFC is also sensitive to 

noradrenaline levels in addition to DA levels (Arnsten, 2011). If DLPFC implication in 

selective stopping is definitely established, then it is likely that NE functional 

polymorphisms will also be, from a candidate gene mindset, implicated in selective 

stopping (as we posited for global stopping). However, studies on the functionality of 

NE polymorphisms have been more scarce that in the case of DA, and it is not yet clear 

which NE polymorphisms might be unequivocally functional and thus interesting 

candidates for candidate gene studies. The amply investigated functionality of DA 

polymorphisms, solidified by meta-analyses (Tunbridge et al., 2019), versus 

polymorphisms of other monoaminergic pathways is one of the reasons we chose to 

focus on DA in the latter paper of this dissertation, but other avenues remain open to 

investigation. 

It is also important to take into account that polymorphisms outside the 

monoaminergic pathways themselves are likely to be implicated in global and selective 

response inhibition, given the high polygenicity. This dissertation has dealt with genes 

that code for the proteins that are part of those pathways, but their regulation remains 

to be explored. In this sense, complex signalling systems exist that have not been 

studied in depth in the context of inhibitory processes. Enzymes such as kinases and 

phosphatases or other signalling systems play a role in the regulation of many 

proteins, thus including proteins in monoaminergic neurotransmission such as 

transporters, receptors and enzymes (Zahniser & Doolen, 2001). Outside the 

monoaminergic pathways, several other substances like glutamate, cannabinoids or the 

messenger molecule nitric oxide (NO, which interacts with monoaminergic systems; 

Kiss & Vizi, 2001) have been somewhat weakly related to impulsive behaviours (Pattij 

& Vanderschuren, 2008), albeit in a wider sense of the term and with a lower number 

of studies.  It is not unreasonable to think that, pending further investigation, some 

other genes and polymorphisms related to said substances or others yet to be 

investigated might prove to be associated to response inhibition. Just to provide an 
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example, the NOS1 gene, which encodes for the nitric oxide synthase, is being linked to 

different measures of impulsivity included performance in an SST (see for example 

Reif et al., 2011). Here, the complementary nature of GWAS relative to candidate gene 

studies becomes again relevant, since by being hypothesis-free it can help discover new 

associations that can then be traced back to their molecular causes afterwards (through 

the significant SNP itself or a true causal variant in high LD with it). It is likely, 

therefore, that further discoveries in this field will probably depend on both GWAS 

methodology and candidate studies with their corresponding meta-analyses, and on 

polygenic score approaches, provided that sample sizes are adequately large, that 

interactions can be tested for, and that heterogeneity is taken into account, as 

mentioned before. 

It is also worth noting a few limitations of this work. Firstly, this dissertation focused 

on the genetic correlates of behavioural measures of global and selective response 

inhibition, but neuroimaging measures might be more sensitive and thus perhaps 

effect sizes might be expected to be slightly higher if their genetic correlates are more 

thoroughly analysed in the future (Rose & Donohoe, 2013). However, this is still an 

ongoing question given the high cost of neuroimaging studies, which makes the 

obtainment of sufficiently large samples (be it for meta-analyses of candidate gene 

studies, or genome-wide studies) more difficult (Bloss, Bakken, Joyner, & Schork, 

2009). 

Secondly, our work could also be limited by the characteristics of the different samples 

and the sample sizes. As mentioned above, the characteristics of samples can be a 

source of heterogeneity, which can both obscure meta-analysis and GWAS results and 

be one of the reasons why some candidate gene results are not replicated. The 

characteristics of a sample that could result in true heterogeneity are several, of which 

we mention here only some, beginning with the age of the samples included. There is 

some evidence that there might be changes specifically in the alleles associated with 

better response inhibition performance all throughout adult life (Thissen et al., 2015), at 

least for some polymorphisms. Thus, investigating genetic associations in different age 

groups, making possible for future meta-analyses to analyse heterogeneity further 

(through subgroup analyses for example; see Borenstein, 2009), should prove of 

interest to this question. In general, we did not perform any further heterogeneity 

analyses in our meta-analyses due to insufficient sub-samples when separated by age 
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or any of the other sample characteristics. However, in our second study age did not 

associate with the SSRT or the adopted strategies. It is important to mention that our 

sample was of homogeneous age, consisting mostly of young adults (with a small 

standard deviation around the mean age), which makes any possible changes 

throughout life impossible to detect, and thus this remains an open line of 

investigation. It would be interesting as well to examine whether there are genetic 

associations with response inhibition measures in childhood and adolescence (where 

the response inhibition ability is still maturing). 

Another sample characteristic of interest would be the sex distribution. There is 

conflicting evidence regarding the existence of sex differences in response inhibition, 

with behavioural differences rarely found in adults but some differences found at the 

level of neural activation (Rubia et al., 2013; Trent & Davies, 2012). Specifically for 

genetics, some studies find differences in performance related to both sex and 

genotype (for example Stoltenberg et al., 2006) for specific polymorphisms, but others 

do not find differences at all (for example Clark et al., 2005). In any case, explicitly 

stating the sex distribution of the samples and conducting analysis with sex as a 

moderator/factor, as well as subgroup analyses in meta-analyses, should help in 

uncovering sex differences in genetic studies of response inhibition in the future, 

should they exist. From our genetic standpoint, genes that are located in sexual 

chromosomes (such as the MAOA gene in chromosome X) could be particularly 

interesting, since because of having only one or two alleles the expression of traits 

related to sex-linked genes may differ between males and females. Normally, the genes 

in the second X chromosome are inactivated, but there are areas that escape this 

inactivation and therefore might result in enhanced expression of certain genes 

(Berletch, Yang, Xu, Carrel, & Disteche, 2011; Carrel, Cottle, Goglin, & Willard, 1999). 

As an example from monoaminergic genes, it is not clear if such is the case for the 

MAOA gene (Stabellini, Carvalho Moreira de Mello, Hernandes, & Pereira, 2009), but 

this is an intriguing possibility that nonetheless remarks the need for taking this matter 

into account in future research regarding this gene and any others located in the X 

chromosome. In our second study we tested whether sex was associated with the SSRT, 

the strategies or the genotypic distributions and found no evidence of any such 

associations. However, the number of males in our sample was much less than that of 

females, and thus these results should be interpreted with caution. In any case, it 

should be mentioned that neither of the genes we studied in the second study are 
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located in chromosome X, so any hypothetical sex differences would not stem from a 

possible escape of the chromosome X inactivation in this case. 

Lastly, ethnicity/ancestry should also be taken into account in order to achieve 

conclusions about genetic associations, since allele frequencies and linkage 

disequilibrium patterns differ widely across ancestry groups (Morales et al., 2018; 

Sirugo, Williams, & Tishkoff, 2019) and there is some evidence indicating that different 

groups might have different alleles associated with the same outcome (see Nikolaidis 

& Gray, 2010 for an example with the DRD4 exon III 7-repeat and its association with 

ADHD). Associations might not be the same in populations of different ancestry for a 

number of reasons (Hellwege et al., 2017; Sirugo et al., 2019), and it is true that the 

majority of studies have been conducted in populations of European ancestry and 

might not be generalizable to others, with the resulting inequity. In our sample for the 

second study most of the sample was of Spanish descent and the number of self-

reported non-Europeans was low, which again should lead us to interpret results with 

caution. Much like for sex, complementary analyses not included in this dissertation 

revealed no association of ethnicity with the SSRT or the strategies. Still, future studies 

would benefit from more varied and sufficiently large samples to extend the 

knowledge of the genetic basis of both selective stopping and response inhibition in 

general to different life stages, ethnicities and sexes. 

There are some future lines of investigation that can be derived from this doctoral 

dissertation, expanding our knowledge of the subject. First of all, a greater number of 

DA polymorphisms to include in a PGS would be of interest, as has been discussed 

above. But in addition, it is clear from the literature review that serotonin and 

noradrenaline polymorphisms are being less investigated than those related to 

dopamine, which has inevitably resulted in this dissertation being mostly centred 

around DA as well. However, we have planned to investigate serotonin 

polymorphisms more thoroughly in relation to response inhibition but also to another 

aspect of behavioural inhibition, that is, reversal learning (Bari & Robbins, 2013). In this 

sense, we have so far genotyped one serotonin polymorphism and also collected data 

from a probabilistic reversal learning task in the same sample of the second study. This 

task measures the ability to actively suppress a response that is related to reward. It 

begins with participants learning through trial-and-error to choose between two 

stimuli that are presented simultaneously: one is correct and rewarded; the other is 
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incorrect and punished. Thus, each answer given by the participant results in 

rewarding or punishing feedback. The associations that are established are 

probabilistic because erroneous feedback is introduced in a small number of the trials 

to avoid ceiling effects. Afterwards, in the reversal phase, these associations are 

inverted such as the response that was previously rewarded is now punished (but the 

previously rewarded response is temporarily dominant and must now be inhibited). 

This way, the task measures flexibility in responding and behavioural inhibition, 

incorporating motivational elements (Faulkner & Deakin, 2014; Izquierdo & Jentsch, 

2012). Our intention is to investigate the effects of several serotonin polymorphisms in 

both response inhibition (including selective stopping) and this task (and also 

investigate our previously genotyped dopamine polymorphisms in this task), given the 

theoretical effects of DA and 5HT on reversal learning (Izquierdo & Jentsch, 2012). So 

far, we have genotyped the rs4570625 SNP in the TPH2 gene, which is thought to be 

functional (Lin et al., 2007). We have been unable to find any effects of this 

polymorphism in isolation, but perhaps effects will emerge when coupled with other 

serotonin polymorphisms (much like in the case of DA as in MacDonald et al., 2016). 

Furthermore, it would ultimately be interesting to genotype several NE 

polymorphisms with the final objective of achieving different genetic scores (for each 

neurotransmitter) in the hopes of expanding the knowledge of the genetic basis (from a 

candidate gene mindset) and the biological mechanisms behind response inhibition 

and selective stopping. 
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6. FINAL CONCLUSIONS 
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- We were unable to demonstrate through meta-analyses any associations 

between candidate monoaminergic polymorphisms relevant in previous 

literature and behavioural correlates of global response inhibition, in non-

clinical adult populations. However, we are not in a position to unequivocally 

conclude that there is a lack of effects. It might be that any given polymorphism 

has a very small effect on the trait that is independent of other factors and that 

cannot be detected until greater sample sizes become available (when said 

effect could perhaps be more evident in particular samples, in cases of true 

heterogeneity). Methodological differences in the designs of the studies we 

included and the measurement or conceptualization of response inhibition 

might also partially explain the null findings. In any case, more studies with 

greater sample sizes, in diverse populations, and with clear measurements of 

global response inhibition (or its sub-processes) are needed to further clarify the 

existence and direction of genetic associations. Furthermore, other types of 

genetic studies (such as the GWAS methodology) will also prove of interest in 

further uncovering the genetic basis of global response inhibition and the 

particular polymorphisms implicated. 

 
 

- We were unable to demonstrate any association of either the DRD2 rs6277 or 

the COMT rs4680 polymorphisms with either the SSRT in each strategy or the 

strategy choice itself in our second study of selective response inhibition, in 

non-clinical adult populations. This again brings to light the likely small effects 

of individual polymorphisms, as commented in the previous point. Even if 

those effects could be additive, it is likely that many polymorphisms would be 

required to detect a cumulative effect. However, we were able to demonstrate 

an interaction of the two polymorphisms on strategy choice that goes beyond 

additivity. This crossover interaction was such that it generated no main effects 

on the outcome (strategy choice), and only particular subgroups were 

associated with preference for one strategy or the other. Looking at the 

theoretical DA levels estimated from the presence of particular alleles, it would 

seem that intermediate DA levels in brain areas possibly required for selective 

inhibition such as the DLPFC and the striatum are optimal for selectivity to take 

place. However, this is the first study of the genetic basis of selective response 
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inhibition, and these findings are in need of replication. Again, given the likely 

high polygenicity of the trait, many other genetic associations are yet to be 

discovered through different techniques. In general, the genetic basis of global 

and selective response inhibition (as well as of related constructs), and its 

relation to underlying biological mechanisms, remain an open line of work for 

our research group. 
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