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Abstract 

During the preschool years, children across all cultures that have been tested seem to 

come to an explicit understanding of the fact that mental states are related to but 

ultimately separate from the reality that they are meant to represent. This understanding is 

sometimes called a representational theory of mind (RTM). I hypothesized that the 

neurotransmitter dopamine (DA) would be associated with RTM development in 

preschoolers. I selected DA because several lines of work now suggest that the medial 

prefrontal cortex (mPFC) is critical for RTM and its development. In both animals and 

humans DA has been shown to play a crucial role in the development of frontal regions. 

In the first study, I recorded the spontaneous eyeblink rates (EBR) of 60 preschool aged 

children (range: 48-62 months) who were also given tasks that assessed their RTM and 

response-conflict executive functioning (RC-EF) skill. In both animal and human models 

EBR increases with available DA, and thus EBR can be used as an indirect measure of 

DA functioning. Regression analyses showed that EBR predicted unique variance in 

RTM and one Stroop-like measure of RC-EF performance after controlling for the effects 

of age and language ability. In the second study, I also administered a battery of RTM 

and RC-EF tasks to 79 preschool aged children (range: 42- 54 months). I recorded their 

spontaneous EBR in addition to collecting genetic material which was processed for 

allelic variations of DA turnover, transport, and receptor genes. Polymorphisms of 

catechol-O-methyl transferase gene (COMT) and the dopamine receptor D4 gene 

(DRD4) were associated with children’s RTM performance. These findings provide 

preliminary evidence that DA functioning is associated with RTM development in the 



iii 

preschool years. Results suggest that there may be a selective effect of DA on RTM 

ability. 
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Foreword 

This thesis has been written in four separate sections: Chapter One is a general 

introduction, Chapters Two and Three are empirical studies, and Chapter Four is a 

general discussion. The studies presented in Chapters Two and Three have been written 

so that each stands alone as a separate manuscript. Because both studies are motivated 

from the same general theoretical background, there is some redundancy in the research 

cited and methodology presented. Chapter Two has been submitted to Neuropsychologia 

for consideration under the authorship of myself, Lindsay Bowman, and Dr. Mark 

Sabbagh. We have received a recommendation to revise and resubmit. We are presently 

working through these revisions.
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CHAPTER 1  

Introduction 

Theory of Mind is the ability to understand that others have mental states; more 

specifically, that others possess knowledge and have goals and intentions which may 

differ from one’s own (Wellman, 1990). The attainment of theory of mind marks a 

significant milestone in children’s social and cognitive development, as it allows them to 

skillfully navigate the social world. This ability is thought to underlie many important 

social skills such as cooperation, empathy, and deception (Gallagher & Frith, 2003). 

While some crucial foundational skills for theory of mind reasoning are laid during 

infancy, it is not until the preschool period that children are able to explicitly reason 

about the contents of another’s mind (Wellman, Cross, & Watson, 2001). This explicit 

reasoning is sometimes called a ‘representational theory of mind’ (RTM) and its 

development follows a very stereotyped developmental trajectory. Preschoolers, across 

multiple countries and across multiple variants of the same basic empirical paradigm, 

undergo a dramatic shift in their abilities to reason about the contents of other’s minds 

somewhere between their fourth and fifth birthdays (e.g., Sabbagh, Xu, Carlson, Moses, 

& Lee, 2006; Wellman, Cross, & Watson, 2001).  

One exception to this stereotyped developmental trajectory is the 

neurodevelopmental disorder autism, where individuals demonstrate impaired RTM 

skills. Taken together with the universal developmental timeline, this suggests that RTM 

reasoning is facilitated by an underlying neural substrate. Taking a developmental 

neuropsychology approach to studying RTM development is particularly interesting 
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given the implications these results have for understanding disorders such as autism. 

Recently, attempts have been made to develop models for understanding the neural bases 

of RTM. Functional magnetic resonance imaging (fMRI) studies have shown that three 

regions in particular, the medial prefrontal cortex (mPFC), right temporo-parietal 

junction, (rTPJ) and precuneus seem to be especially important to RTM reasoning (see 

Saxe, 2006). Individuals with autism have grey matter differences, relative to controls, in 

the precuneus, rTPJ, and frontal regions generally (Brieber et al., 2007; Girgis et al., 

2007; McAlonan et al., 2008); a result which is likely related to their persistent RTM 

deficits. However, the neurochemical bases of RTM are much less well studied. 

Understanding them will provide a further depth of understanding concerning the RTM 

deficits seen in autism.  

The present set of studies provide the first insight into the relation between 

neurochemical functioning and children’s theory-of-mind development. We have chosen 

to focus our examination on one neurochemical in particular, dopamine (DA). DA levels 

influence cell proliferation and differentiation of precursor cells in frontal areas important 

to RTM reasoning (Popolo, McCarthy, & Bhide, 2004). Furthermore, Adele Diamond 

and colleagues investigations of the neurocognitive development of young children with 

early and continuously treated phenylketonuria (PKU) suggest that DA may be important 

to mPFC development (see Diamond, 2001 for a review). Those with PKU experience 

reduced DA levels and are specifically impaired on tasks that tap frontal lobe functioning 

(i.e., executive functioning tasks, Diamond, 2001).  

Importantly, children’s performance on one sub-category of executive functioning 

tasks, response-conflict (RC-EF) tasks, reliably predicts their performance on RTM from 
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very early ages and cross-culturally (Callaghan et al., 2005; Hughes, 1998). 

Understanding DA influences on RTM may help us to understand further the intriguing 

connection between frontal lobe functioning and theory of mind. Researchers attempting 

to understand these associations generally fall into one of two categories: 1) those that 

believe there is an intrinsic connection between the two skill sets (e.g., Carlson, Moses, & 

Hix, 1998), and 2) those that believe that the association between the two skill sets is 

epiphenomenal, and attributable to factors such as brain maturation (e.g., Kain & Perner, 

2005). Those researchers who espouse the first option would likely believe that RTM and 

RC-EF are not under the same neurodevelopmental influences, but that their association 

comes at a higher, more cognitive level of explanation. They would expect that either 

RTM or RC-EF is associated with DA functioning, but not both. Those researchers that 

espouse the second option would likely believe that both skill sets are under similar 

neurodevelopmental influences and would not be surprised if we saw common 

neurochemical associations to the two skills. The present research will indirectly address 

these issues. 

In the first of two studies, we used eyeblink rates (EBR), a putative measure of 

overall DA functioning, and a mixture of behavioural methods to examine the relation 

between DA and RTM. We examined the specificity of the relation, independent of DAs 

common effects on frontal functioning. In the second study, we again used EBR, but 

attempted a different approach to the EBR measurement in an effort to get a more 

detailed view of the relationship. We added additional genetic markers of DA 

functioning, and refined the specificity analyses by using a broader battery of frontal 

tasks, and tasks that are like traditional RTM tasks, but don't require social inference 
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(e.g., false sign tasks). When considered together, the two studies that I present in this 

thesis will provide a coherent examination of the role of DA in children’s RTM.



 5

 

 

 

CHAPTER TWO 

 

 

Dopaminergic Functioning and Preschoolers’ Theory of Mind 



 6

 

ABSTRACT 

We recorded the spontaneous eyeblink rates (EBR) of 60 preschool aged children (range: 

48-62 months) who were also given tasks that assessed their representational theory of 

mind (RTM) and response-conflict executive functioning (RC-EF). EBR increases with 

available dopamine (DA), and thus, associations between EBR, RTM and RC-EF could 

be considered evidence for the role of DA in the development of these skills. Regression 

analyses showed that EBR predicted unique variance in RTM and one Stroop-like 

measure of RC-EF performance after controlling for the effects of age. These findings 

provide preliminary evidence that DA functioning is associated with RTM development 

in the preschool years. 
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DOPAMINERGIC FUNCTIONING AND PRESCHOOLERS’ THEORY OF MIND  

Theory of Mind is the understanding that human action is motivated by internal 

mental states such as beliefs, desires, and intentions. In the preschool period, children’s 

understanding of others’ minds appears to change rapidly. Specifically, children come to 

explicitly understand that others’ mental states, in particular their knowledge and beliefs, 

are person-specific representations of the world. This new understanding is sometimes 

called a “representational theory of mind” (RTM), and is indexed by a canonical battery 

of tasks, including the false belief (FB) task. Although recent research suggests that the 

origins of this understanding may be present early in infancy (Onishi & Baillargeon, 

2005), children’s ability to recruit these concepts to explain behavior in everyday settings 

seems to follow a more protracted trajectory. What is perhaps most interesting is that the 

rapid changes in preschoolers’ RTM development have been observed across cultures 

with vastly different world views and across multiple variants of the same basic 

experimental paradigm (Wellman, Cross, & Watson, 2001). One exception to this 

stereotyped trajectory includes the neurodevelopmental disorder of autism, in which 

individuals with the disorder show impairment in RTM reasoning (Baron-Cohen, Leslie, 

& Frith, 1985).  

These findings taken together suggest that the timetable of RTM development 

may be constrained, at least in part, by stable neurodevelopmental factors, including 

perhaps neurochemical ones. The goal of this research is to test this hypothesis by 
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examining the extent to which individual differences in dopaminergic functioning are 

associated with young children’s RTM.  

Dopamine (DA) is of primary interest in the present context for several reasons. 

First, recent electroencephalogram (EEG) research has shown that the functional 

development of the dorsal medial prefrontal cortex (dMPFC) is a specific neural correlate 

of preschoolers’ RTM development (Sabbagh, Bowman, Evraire, & Ito, 2009). The 

dMPFC is rich in DA receptors and lies at the end of the mesocortical dopamine pathway 

that originates in the ventral tegmental area (VTA) and projects rostrally to the prefrontal 

cortex. Research from animal models has shown that DA during the late embryonic stage 

affects cell proliferation in regions that receive DA projections, including the frontal 

cortex (e.g., Popolo, McCarthy, & Bhide, 2004). Given that cell proliferation is a critical 

neurodevelopmental process, these findings provide some reason to suspect that DA 

might play a critical role in the healthy structural development and online functioning of 

the dMPFC. Given that DA is likely one factor affecting the maturation of dMPFC, 

which is in turn associated with RTM development, we might expect DA to be associated 

with RTM development in preschoolers.  

To date there have been no direct investigations of the role that DA might play in 

RTM reasoning either in children or in adults. However, some intriguing indirect support 

for a relation between DA and RTM comes from research into clinical disorders 

associated with DA dysfunction. Perhaps the most compelling evidence comes from 

Savina and Beninger (2007), who investigated RTM performance in schizophrenic 

patients treated with antipsychotic medication. Atypical antipsychotics (e.g., clozapine, 

olanzapine) preferentially affect dopaminergic functioning in the medial prefrontal 
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cortex, whereas typical antipsychotics (e.g., haloperidol), do not; risperidone, although 

classified as an atypical antipsychotic, has an action more like that of typical 

antipsychotics (Heidbreder et al., 2001). Interestingly, patients who were taking clozapine 

or olanzapine had better RTM performance than patients taking typical antipsychotics or 

risperidone, though the two groups showed no differences on similarly structured control 

tasks. These findings strongly suggest that DA projections to medial prefrontal cortex 

(MPFC) may be particularly critical for RTM performance.  

The influence of DA on RTM development might be either direct or indirect. For 

instance, as Savina and Beninger’s study suggests, DA may be directly critical to the 

healthy functioning of relatively circumscribed regions of dMPFC that seem to be critical 

for young children’s RTM reasoning. In addition, DA might play an indirect role by 

pacing the development of the cognitive support systems that are known to affect RTM 

development. One cognitive support system that is of special interest in this regard is 

children’s executive functioning (EF) skills. EF skills assist in goal-directed action. These 

skills include, but are not limited to, inhibitory control, attentional flexibility, working 

memory, and resistance to interference. Children’s performance on one class of EF task, 

sometimes called response-conflict executive functioning (RC-EF) tasks, is highly 

correlated with performance on RTM tasks (Carlson & Moses, 2001). Furthermore, there 

is some evidence that aspects of EF are associated with DA. As treatment, children with 

the disorder phenylketonuria (PKU) are placed on a diet that severely restricts their intake 

of tyrosine, a protein required in the process of synthesizing DA. Consequently, they 

have lower levels of DA in their central nervous system. Across a number of studies, 

Diamond and colleagues have found that infants, toddlers and children with early and 
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continuously treated PKU show specific impairment on EF tasks in comparison to control 

groups (see Diamond, 2001 for a review). In typically developing children associations 

between allelic variation in DA related genes and performance on RC-EF tasks have also 

been found (Diamond, Briand, Fossella, & Gehlbach, 2004). Nonetheless, we included a 

battery of RC-EF tasks in our study to explore the possibility that the well-established 

RC-EF/RTM link is due in part to their common association with DA.  

There are several well-established batteries of tasks for measuring individual 

differences in young children’s RTM and RC-EF performance. However, measures of 

individual differences in DA functioning are less prominent. For the present study, we 

used children’s eyeblink rates (EBR) as an unobtrusive way of garnering information on 

functional DA activity. EBR is governed by activity in the ventromedial caudate nucleus, 

part of the striatum (Taylor et al., 1999). The caudate nucleus, like the dMPFC, receives 

DA projections from the VTA, though the projections to the caudate come along the 

mesolimbic rather than the mesocortical pathway. Most important, a number of studies 

with both humans and other animal models have shown that experimental manipulations 

designed to affect levels of DA also positively affect EBR – namely, as available DA 

increases (for example, through the introduction of DA agonists), EBR also increases 

(Blin, Masson, Azulay, Fondarai, & Serratrice, 1990; Elsworth et al., 1991; Kleven & 

Koek, 1996). Moreover, researchers have used the EBR technique to characterize 

individual differences in DA functioning in developmental disorders in which 

dopaminergic functioning is impaired, including Attention Deficit/Hyperactivity Disorder 

(ADHD; Konrad, Gauggel, & Schurek, 2003), and childhood onset schizophrenia 
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(Caplan & Guthrie, 1994). Thus, EBR is a reliable indirect online measure of DA 

functioning in children. 

The present study set out to investigate the relation between DA and RTM by 

using a sample of archival data collected in our lab. The archival sample consisted of 60 

typically developing 4-year-olds for whom we had behavioral measures of their RC-EF 

and RTM skills, as well as resting (i.e., baseline, task-independent) EEG data. The resting 

EEG data were collected in a manner quite similar to the manner in which other 

researchers have collected EBR data (e.g., Dreisbach et al., 2005; Müller et al., 2007). 

Included in the recording montage were leads below and above both eyes (i.e., 

infraorbital and supraorbital, respectively). These pairs show characteristic sharp high 

amplitude waves of opposite polarity when a subject blinks (see Figure 2.1), thereby 

allowing us to identify the number of eyeblinks across the resting EEG recording session. 

We hypothesized that individual differences in EBR would positively predict 

preschoolers’ RTM performance, thereby providing indirect evidence that DA 

functioning of typically developing children may play some role in RTM development. 

Of particular interest was whether this relation was direct, or mediated by a common 

relation with RC-EF. 
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Figure 2.1. Characteristic waveform pattern shown during an eyeblink in channel pairs 

127, 26 and 126, 28. 

METHOD 

Participants 

Sixty typically developing children participated in two testing sessions. Although 

no systematic demographic data were collected, participants were drawn from 

predominantly Caucasian, middle-class communities in Kingston, Ontario and 

surrounding areas. Participants received $15 and a small toy at the end of the first 

session, and a $10 gift certificate to Chapters Bookstore Inc. and another small toy at the 

end of the second session. The two study sessions occurred within two weeks of each 

other. Participants’ age in months was calculated from their birth date at the time of the 

first session. All participants were born within two weeks of their original due date.  

For analysis, three children were excluded because they failed to complete the full task 

battery. Two additional children were excluded because performance on a standardized 
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language measure suggested possible language delays. Finally, one other child was 

excluded because the number of eyeblinks during EEG recording was greater than 2.5 

standard deviations above the sample mean number of eyeblinks. Eyeblinks this 

excessive are likely indicative of eye irritation during EEG recording and are therefore 

not interpretable for the purposes of the study. Thus, the final sample consisted of 54 

children (19 boys and 35 girls). Ages ranged from 48 months to 62 months (M = 53.78, 

SD = 3.67). 

Measures and Materials 

Rocket Ship/Swirling Line Video 

During EEG recording, and thus the period in which we measured children’s 

EBR, participants watched a six minute video that had two alternating components, each 

lasting 30 seconds: a still picture of a rocket ship, and a clip of a green line that swirled in 

concentric circles (alternating clockwise and counter-clockwise in direction each time the 

clip appeared). The video began with a clockwise swirling line clip. 

Behavioural Tasks 

The full details for the behavioral tasks can be found in their primary references. 

Here, we provide a brief description of each task and how it was scored for purposes of 

analyses. Measures consisted of four RTM tasks and three RC-EF tasks. 

Theory-of-mind Battery  

Knowledge Access (Pillow, 1989; Wellman & Liu, 2004). Children were asked 

what they thought might be inside a closed drawer and then were shown the contents. A 

new character, Tiger, was introduced who had not seen the contents of the drawer and the 

child was asked, “Does Tiger know what is in the drawer?” (Range: 0/1).  
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False Belief Contents (Hogrefe, Wimmer, & Perner, 1986). Children were shown a 

familiar sweets box (i.e., a Smarties box) and asked what they thought was inside. After 

responding, that they thought it was Smarties, the box was opened and children were 

shown that it was actually crayons inside. The box was then closed and a new character 

introduced who had not seen inside of the box. Children were asked, “What does Monkey 

think is in the box? Smarties or crayons?” (Range: 0/1).  

False Belief Location Change Task (Wimmer & Perner, 1983). Children were 

asked where one puppet thought her plane was after it was moved in her absence. 

Children passed the task if they answered that the puppet would look for her plane in its 

original location (i.e., where it was before it was moved) (Range: 0/1). 

Appearance-Reality: Rock (Flavell, Green, & Flavell, 1986). Children were 

shown an object that looked like one thing but was then revealed to be another (i.e., a 

sponge that was painted to look like a rock). Children passed the task if they correctly 

answered what the object looked like (i.e., a rock), even after they were shown what the 

object was in reality (i.e., a sponge) (Range: 0/1).  

Executive Functioning Task Battery 

Grass/Snow Stroop (Carlson & Moses, 2001). Children were instructed to point to 

a green coloured card when the experimenter said “snow” and to a white coloured card 

when the experimenter said “grass”. The final score was the proportion (%) of correct 

responses over 16 trials. Sometimes children made multiple responses on a single trial, 

but only their first responses were scored (Range: 0-100). 

Dimensional-Change Card Sort (Carlson & Moses, 2001; Frye, Zelazo, & Palfai, 

1995). Children were instructed to sort cards that varied on two dimensions: color (red 
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and blue), and shape (boats and rabbits). First, children were instructed to sort the cards 

according to shape (i.e., boats in one basket, rabbits in the other). Then, they were asked 

to switch and sort the cards according to colour (i.e., red in one basket, blue in the other). 

Children were given a score based on the number of post-switch sorts that clearly 

demonstrated they were sorting by the second dimension (Range: 0-3).  

Less is More (Carlson, Davis, & Leach, 2005). Children were shown two trays: 

one containing a large amount of candy (i.e., five jelly beans) and one containing a small 

amount of candy (i.e., two jelly beans). Children were told that when they pointed to a 

tray that those candies would be given to a puppet, Naughty Monkey, and the child would 

receive the candy in the other tray for themselves. On each trial, children received a score 

of 0 if they pointed to the tray with the larger amount, a score of 1 if they hovered over 

the larger amount but then pointed to the tray with the smaller amount, and a score of 2 if 

they pointed to the smaller amount right away. Scores were summed across 16 

consecutive trials and then converted to a score out of 100 (Range: 0-100). 

Peabody Picture Vocabulary Task (PPVT) (Dunn & Dunn, 1997) 

 Children’s performance on RTM tasks is highly correlated with their language 

ability and so we chose to include a measure of receptive vocabulary in the present study, 

namely the PPVT. In this task, children were shown a series of picture sets. An 

experimenter said a word that corresponded to one of four pictures on the page, and 

children were asked to point to the picture of that word. There were nine sets in total and 

12 different words to identify in each set. Each successive set increased in difficulty 

level. As soon as participants made seven errors within a set, the task ended. Participants’ 
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scores were calculated as the item number of the most difficult correctly identified word 

minus the total number of errors they made along the way (Range: 0-108).  

EEG Recording 

EEG was recorded from the scalp with a 128-channel Geodesic Sensor Net (EGI, 

Eugene, OR). The net consisted of 128 carbon electrodes knitted into an elastic geodesic 

tension structure that when applied, distributes electrodes evenly over the scalp. Each 

electrode is positioned relative to the vertex electrode in a geodesic montage that 

stretches around the sphere of the head. EEG activity at all channels were recorded in 

reference to the vertex electrode (Cz), sampled at 500 Hz, and digitally filtered between 

0.01 and 200 Hz (time constant = 1 s). EEGs were recorded continuously throughout the 

video, and any necessary electrode readjustments were made during swirling line 

segments only. Impedances were maintained below 30 kΩ throughout recording. 

Eyeblink Measurements 

Eyeblink measurements for each participant were calculated as the number of 

eyeblinks occurring over the total EEG recording session (i.e., number of eyeblinks per 

minute -- EBR). Time segments for large periods of excessive noise were flagged and 

subtracted from the total time, as it was not possible to reliably identify eyeblinks within 

these noisy sections. EBRs were calculated as the number of eyeblinks divided by the 

total duration of useable time for each participant. All participants had greater than 3.5 

minutes of noise-free data. Only the infraorbital and supraorbital electrode pairs over 

each eye (Left: channels 127, 26 and Right: channels 126, 28) were used for eyeblink 

measurements. Data from these channels were filtered using a 20 Hz low-pass filter. To 

identify candidate eyeblinks, we first performed an algorithmic search of the relevant 
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channels for instances where waveforms diverged from one another 100.00 μV or more 

for less than 400 ms. Candidate eyeblinks were then visually inspected by a coder to 

ensure that they took the form of characteristic opposing high amplitude waves and that 

these waves occurred in at least three of the four orbital channels. A second independent 

coding of the eyeblinks from 25% of the sample yielded an inter-rater correlation of .96. 

Procedure 

 The present study was part of a larger investigation into neurodevelopmental 

correlates of children’s social-cognitive development. In addition to the RTM and RC-EF 

batteries described above, the larger study included a number of additional tasks that 

were not analyzed in the present study, including structured role playing activities, 

measures of pretense understanding and measures of pre-RTM theory of mind 

understandings. Because of the large battery of tests, participants came to an on-campus 

laboratory for two 1.5 hour sessions. Informed consent was obtained at the outset of both 

sessions. The study was approved by the Queen’s University Research Ethics Board and 

follows the regulations set out in the Declaration of Helsinki.  

Session 1 

Participants’ EEG was recorded at the outset of the first time session. EEGs were 

recorded from the scalp using the geodesic sensor net. Participants sat in a chair while the 

net was applied and adjusted to ensure correct placement and good contact between the 

electrodes and the scalp. Net placement and adjustment took approximately 10 to 15 min.  

 Following net application, participants were photographed for later evaluation of 

correct net placement. Participants were then prepared to watch the video described 

above. Children were informed that they could look anywhere on the screen during the 
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swirling line segments but that during rocket ship segments, they were to look directly at 

the rocket ship. They were encouraged to do their best to remain still throughout the 

procedure. The lights were dimmed for optimal video viewing, and parents were allowed 

to remain in the room with their child. Both parent and child were asked to try to remain 

quiet throughout the recording session. After EEG recording, the net was removed. The 

entire process (i.e., instructions, EEG recording, net removal) took approximately 10 

minutes. 

 Following EEG collection, children sat down at a child-sized table in a quiet room 

with a female experimenter and were given a first round of behavioral tasks in the 

following order: 1) False-belief Contents, 2) Knowledge Access, and 3) Grass/Snow 

Stroop.  

Session 2 

 The second laboratory session consisted solely of behavioral tasks administered as 

in the first session in the following order: 1) False-belief Location, 2) Dimensional-

Change Card Sort, 3) Appearance-Reality Rock, 4) Less is More, and 5) PPVT. 

RESULTS 

Composite scores for RTM and RC-EF were first calculated. The RTM composite 

score was calculated by averaging participants’ z-scored performance on the False-Belief 

Location task, the Appearance-Reality Rock task, the Knowledge Access task and the 

False-Belief Contents task. The RC-EF composite score consisted of averaging 

participants’ z-scores on the Grass/Snow Stroop task, the Less is More task, and the 

Dimensional-Change Card Sort task. Similar procedures for creating such aggregates 

have been followed by other researchers, namely Carlson and Moses (2001). EBR was 
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calculated as the number of eyeblinks per minute, averaged across both the rocket ship 

and swirling line portions of the video. 

Preliminary Analyses 

RC-EF Battery 

Children’s performance in the RC-EF battery is summarized in Table 2.1. RC-EF 

performance was surprisingly good for children in this age range; 14.8% of the 

participants performed perfectly on all of the RC-EF tasks, and the remainder of the data 

were highly negatively skewed. The one RC-EF task that appeared to show more normal 

variation in performance was the Grass/Snow Stroop task. Further, we did not find 

evidence for a strong correlation between RC-EF and age that is typically seen for 

children in this age range, r(52) = .21, p = .12, though an age correlation was found for 

the Grass/Snow Stroop task, r(52) = .28, p = .04. Together these findings suggest that 

RC-EF performance may have been a bit higher in the present sample than what is 

typical, which may limit variability and thus the extent to which we are able to detect 

relations between RC-EF and the other variables of interest.  

RTM Battery 

Children’s performance on the RTM tasks is also summarized in Table 2.1. Here, 

the overall performance of children was in line with what would typically be expected of 

children in this age group. Correlation analyses showed that RTM performance was 

associated with age, r(52) = .45, p = .001, to roughly the same extent as in other studies 

(e.g., Carlson & Moses, 2001), thereby providing confidence that RTM development was 

typical within the sample.  
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Table 2.1 
Descriptive Statistics 

Behavioral Task Range Mean SD 

Grass/Snow Stroop 0-100 79.90 26.52 

Less is More 0-100 80.85 25.72 

Dimensional Change Card Sort 0-3 2.26 1.26 

RC-EF composite z-score -2.23-.87 .11 .71 

False Belief Location 0-1 .71 .46 

Appearance Reality Rock 0-1 .66 .48 

Knowledge Access 0-1 .72 .45 

False Belief Contents 0-1 .49 .50 

RTM composite z-score -1.64 - .80 -.03 .74 

PPVT 47-92 75.54 11.09 

EBR .17-18.44 7.14 4.27 

 

Although RC-EF task performance was near ceiling in the present sample, this did 

not prevent us from detecting the usual robust relation between the RC-EF and RTM 

aggregates, r(52) = .43, p = .001. This pattern was replicated, though less powerfully, 

when considering the relation between RTM performance and performance on the 

Grass/Snow Stroop task alone, r(52) = .37, p = .006. This also suggests that Grass/Snow 

Stroop performance may provide a reasonable and potentially preferable measure of 

children’s executive functioning, at least in the current sample.  

Eyeblink Rates 

EBRs were calculated separately for the swirling line and rocket ship portions of 

the data. EBRs during the swirling line portion were positively skewed and leptokurtic, 

whereas during the rocket ship segments they were normally distributed. Participants 
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blinked significantly more during the rocket ship (still photo) (M = 9.86, SD = 5.83) than 

swirling line (M = 4.57, SD = 3.55) portions of the video, t(53) = 8.62, p < .001. 

However, despite these differences, the two measures of EBR were highly correlated with 

one another, r(52) = .62, p < .001. Thus, the focal analyses used an untransformed 

measure of EBR collapsed across both segment types. This aggregate was not 

significantly correlated with age, r(52) = -.20, p = .14.  

Focal Analyses 

Our main question of interest was whether EBR was significantly related to RTM 

performance, and whether that relation was independent of common associations with 

other factors known to be associated with RTM, DA or both.  

For our focal analyses, we ran two sets of multiple regressions: one predicting 

RTM from EBR, RC-EF, age and PPVT, and one predicting RC-EF from EBR, RTM, 

age and PPVT. The first regression, predicting RTM performance from age, PPVT, 

overall RC-EF and EBR and yielded a significant model, F(4, 47) = 8.97, p < .001, which 

was able to explain 43% of the variance in RTM. All variables were significant, or near 

significant independent predictors of RTM. Notably, EBR was the strongest predictor of 

RTM performance, once the variance associated with age, RC-EF and PPVT was 

accounted for (see Figure 2.2 and Table 2.2). This same regression was run again, this 

time using just Grass/Snow Stroop performance as the measure of RC-EF. The pattern of 

findings from the regression was essentially the same as when the RC-EF aggregate was 

used, except that Grass/Snow Stroop was not a significant predictor in the full model. 

This suggests that while EBR is a significant unique predictor of RTM, the association 
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between RC-EF and RTM may be mediated by their common association with EBR (and, 

thus, DA).  

 

 

 

 

 

 

  

 

 

 

 

Figure 2.2. Scatterplot of the association between EBR and RTM residualized for age, 

PPVT, and RC-EF performance. 

 

For the second set of regressions, we attempted to predict RC-EF performance 

from EBR, RTM, age and PPVT. When considering the RC-EF aggregate, we found that 

only PPVT was a significant independent predictor of RC-EF, despite an overall 

significant model, F(4, 47) = 3.57, p = .013, R2 = .233. When Grass/Snow Stroop 

performance was used as the criterion variable in the model, the findings were more 
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Table 2.2 
Results of Regression Analyses Predicting RTM and RC-EF 
Dependent 

variable 

Independent 

variable 

Standardized 

Beta 

t Sig. Zero-order 

correlation 

Partial 

correlation 

RTM RC-EF .193 1.58 .121 .402 .240 

PPVT .288 2.23 .030 .347 .310 

Age .379 3.27 .002 .421 .435 

EBR .388 3.24 .002 .247 .422 

RTM Grass/Snow .075 .59 .557 .350 .087 

PPVT .344 2.68 .010 .347 .368 

Age .382 3.15 .003 .421 .422 

EBR .409 3.25 .002 .247 .424 

RC-EF RTM .261 1.58 .121 .402 .240 

PPVT .317 2.10 .041 .369 .286 

Age <.001 <.001 1.0 .176 .008 

EBR .125 .815 .419 .092 .113 

Grass/Snow RTM .099 .592 .557 .350 .081 

PPVT .286 1.88 .066 .284 .263 

Age .189 1.26 .215 .257 .179 

EBR .291 1.89 .065 .193 .267 

 

encouraging: the overall model was significant, F(4, 47) = 3.33, p = .018, R2 = .22 and 

PPVT and EBR emerged as near significant independent predictors (see Figure 2.3 and 

Table 2.2). This suggests that EBR makes an independent contribution to Grass/Snow 

Stroop performance, and further clarifies that the relation between RC-EF and RTM may 

be mediated through their common association with DA functioning.  
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Figure 2.3. Scatterplot of the association between EBR and Grass/Snow Stroop 

residualized for age, PPVT, and RTM performance. 

 

Additional Control 

Eyeblink rate has been shown to vary as a function of cognitive effort or 

engagement, such that EBR is lowest during tasks requiring relatively lesser active 

engagement (e.g., a listening task) and highest during tasks requiring relatively greater 

active engagement (e.g., a memory task) (Caplan, Guthrie, & Komo, 1996). In order to 

assess the possibility that our EBR measure was simply a measure of cognitive effort or 

engagement during the resting EEG task and not an indirect measure of available DA, we 

looked at the number of artifact free EEG segments that each child contributed. EEG 

segments often contain artifacts when the child has become distracted and has disengaged 

from the task. We therefore used the number of useable segments as a proxy for 

engagement during the task. If EBR was simply measuring cognitive engagement we 

would expect to see positive associations between EBR and number of useable segments. 
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Additionally we would expect that controlling for the number of useable segments in all 

of our regression analyses would attenuate the relationships found between EBR, RTM 

and RC-EF. 

The number of useable segments was not correlated with EBR, r(53) = -.12, p = 

.39, nor with RTM performance, r(53) = .10, p = .47. Including the number of useable 

segments in all of the regression analyses described above did not change the results. The 

number of segments was not a significant independent predictor of either RTM or RC-EF 

performance, p’s > .11. This suggests that task engagement does not account for the 

relation between EBR and RTM. 

DISCUSSION 

The primary goal of the present study was to assess the possibility that individual 

differences in children’s RTM abilities are associated with indirect indices of DA 

functioning even after relevant factors are statistically controlled. Results clearly showed 

that EBR was a strong unique predictor of children’s RTM performance, thereby 

providing indirect support for our notion that DA is a key neurodevelopmental factor 

affecting RTM development.  

These findings dovetail with other research connecting DA and RTM in autistic 

and schizophrenic populations. Both autism and schizophrenia have been associated with 

RTM impairment (Pickup, 2008; Sabbagh, 2004; Savina & Beninger, 2007) and 

dysregulation of DA (Braver, Barch, & Cohen, 1999; Lam, Aman, & Arnold, 2006). The 

present study added to this body of literature by demonstrating associations between 

RTM and indirect measures of DA in typically developing children. Considered together, 
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this lends support to the hypothesis that dopaminergic functioning plays a role in RTM 

development.  

We also found some evidence that EBR was related to some aspects of executive 

functioning in children, specifically the Grass/Snow Stroop measure, though our evidence 

was weaker here due to an apparent ceiling effect in the RC-EF measures. There is some 

evidence to suggest that RC-EF performance is related to DA, and our findings are 

generally in line with this substantial literature. Specifically, the catechol-O-methyl 

transferase gene (COMT) gene contributes to the rates of which catecholamines including 

DA are degraded in the central nervous system. Polymorphisms of COMT that would be 

associated with more available DA (i.e., the Met-Met variant) have been shown to predict 

performance on the Wisconsin Card Sort Task in adults (Bruder et al., 2005; Egan et al., 

2001; Lipsky et al., 2005) and a directional Stroop task in children (Diamond et al., 

2004). Allelic variation on the COMT gene predicts the greatest amount of variance in 

cognitive performance in paradigms with a relatively simplistic conflict or reversal 

component similar to the tasks included in the present battery (Bilder, Volavka, 

Lachman, & Grace, 2004). Additionally, ADHD has been associated with both 

abnormalities in DA functioning (Konrad et al., 2003) and impaired EF (Barkley, 1997). 

Taken together with the present study’s findings, this suggests that dopaminergic 

functioning is associated with the development of RC-EF skills. 

The observation that RC-EF and RTM were both associated with DA functioning 

raises the question of whether the well-established ontogenetic association between RC-

EF and RTM may be attributable, at least in part, to their common association with DA. 

The most common explanation for the relation between RC-EF and RTM is that RTM 
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tasks have inherent RC-EF demands. Thus, developing some modicum of RC-EF skill is 

a precursor to expressing understanding of RTM in standard tasks, such as the ones used 

in the present study (see e.g., Moses, 2001). This simple story has been challenged 

recently by cross-cultural work showing that children in groups that show advanced RC-

EF do not also show advanced RTM skills (e.g., Sabbagh, Xu, Carlson, Moses, & Lee, 

2006; Oh & Lewis, 2008). The current findings could be taken to challenge claims 

regarding an intrinsic relation between RTM and RC-EF even further. That is, we found 

no evidence to suggest that RC-EF and RTM were related once their common association 

with an indirect measure of DA was statistically controlled. This finding is broadly 

consistent with previous research on the neurobiological bases of RTM and RC-EF; these 

two skills appear to be associated with dissociable but neighboring regions of the MPFC 

(see Saxe, Carey, & Kanwisher, 2004), both of which are likely similarly functionally 

affected by fluctuations in DA. These findings, together with the present findings, present 

a case suggesting that at least the concurrent relation between RTM and RC-EF may be 

epiphenomenal – the two are related less because of apparent similarities in their task 

demands and more because they each rely to a similar extent on DA functioning. 

Individual differences in DA functioning are influenced by both tonic and phasic 

factors. Tonic levels of DA are associated with single regularly spaced action potentials 

in DA neurons that release DA into the extracellular space (Chergui, Suaud-Chagny, & 

Gonon, 1994; Goto, Otani, & Grace, 2007). Tonic DA then has functional (rate limiting) 

consequences for phasic DA release. Phasic bursts of 2-6 action potentials release DA 

non-linearly into the extracellular space in response to behaviorally relevant cues 

(Chergui et al., 1994; Goto et al., 2007). In the present study we used EBR as an indirect 
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measure of available DA. To our knowledge, EBR measurements are unable to separate 

tonic and phasic DA; EBR is responsive only to the amount of DA available at the 

ventromedial caudate nucleus, which involves both tonic and phasic processes. It is worth 

noting that the EBR measure was obtained during a resting (baseline) EEG paradigm that 

was not, at least on its face, cognitively demanding. Thus, we might suggest that the 

current findings are attributable mainly to tonic DA. Nonetheless, children’s ability to 

remain quiet and still during the paradigm may have required some degree of cognitive 

effort, which in turn may have been associated with phasic bursts of DA.  

Tonic and phasic DA may both play clear roles in the emergence of preschoolers' 

RTM reasoning. Tonic levels of DA may be developmentally responsible for setting up 

the neural architecture that we know is involved in later RTM reasoning. Animal studies 

have shown that DA is important for cell proliferation and generation within the fetal 

cortex (Popolo et al., 2004). Children who will later show more advanced RTM may have 

more well developed dMPFC due to the influence of early DA. Stable genetic factors, 

such as COMT, have been hypothesized to play a role in establishing cortical tonic DA 

levels (Bilder et al., 2004), and this stability could help explain how the effects of fetal 

DA continue to have an impact on behavior during the preschool period.  

In comparison, phasic DA release has been theorized to be an important factor in 

promoting cognitive flexibility. In order to achieve a goal, one must continuously update 

stored goal representations. According to one specific computational model of dopamine 

functioning, the dopamine-gating hypothesis, these representations are stored in the 

prefrontal cortex and are updated by DA gating signals arising from the VTA (Montague, 

Hyman, & Cohen, 2004). Phasic dopamine release from the VTA is thought to control 
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afferent information to the PFC and therefore the updating of goal representations 

(Montague et al., 2004). This phasic dopamine release is believed to enhance the 

reception of new information and promote flexible cognitive control (Miller & Cohen, 

2001). What is perhaps most intriguing about this hypothesis in the present context is that 

it dovetails well with both theoretical and empirical work that has emphasized the role of 

relevant experiences in shaping the emergence of RTM. Several experiential factors have 

been shown to affect the trajectory of RTM development including early parent-child talk 

about mental states (e.g., Ruffman, Slade, & Crowe, 2002), number of older siblings 

(e.g., Perner, Ruffman, & Leekam, 1994), and socio-economic status (Pears & Moses, 

2003). These factors are typically thought to affect the development of RTM by causing 

children to reflect on their current (and, in young children, un-adultlike) 

conceptualizations of mind, and then change those conceptualizations in light of the 

incoming evidence (see e.g., Carpendale & Lewis, 2004). It could be that the DA gating 

mechanism, given its hypothesized role in promoting flexible up-to-date 

conceptualizations of goals, provides a critical neurocognitive substrate for this process 

of learning from relevant experiences.  

Some insight into the complexity of tonic and phasic dopaminergic influences on 

cognitive performance can be gained by a careful examination of research into DA 

contributions to EF. In one study, higher EBR was associated with faster responding and 

greater flexibility on a set-shifting task; however, there was no main effect of allelic 

variation of COMT and dopamine receptor D4 (DRD4) genes on performance (Dreisbach 

et al., 2005). Interestingly, a subgroup of participants with the DRD4 4-repeat allele and 

high EBR had very low rates of perseveration (Dreisbach et al., 2005). If all DA related 
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genes are responsible for creating tonic DA levels and EBR additionally indexes phasic 

DA release this suggests that complex interactions between tonic and phasic DA 

processes are important to EF performance. An intriguing possibility is that a similar 

interaction might be at work when considering the relative roles of tonic and phasic DA 

in RTM performance.  

In conclusion, our goal was to investigate the possibility that indirect measures of 

individual differences in DA functioning might be associated with children's RTM 

development. Our findings provided support for this hypothesis by showing that EBR 

was associated with preschoolers' RTM performance when relevant variables were 

statistically controlled. From the outset, we focused on DA because the frontal regions 

that have been shown to be important for RTM development are primary targets of DA 

projections through mesocortical DA pathways. One intriguing speculation is that DA 

represents a relatively ‘endogenous’ factor affecting the timetable of RTM development. 

By endogenous, we mean that the variability boundaries on DA functioning are shaped, 

at least in part, by a limited set of shared, heritable genetic factors. Insofar as DA affects 

RTM, then these endogenous factors that affect DA may also constrain RTM 

development. The identification of candidate endogenous factors affecting RTM 

reasoning is important, given the cross-cultural similarities in the ontogenetic timetable of 

RTM reasoning, and the specificity with which it can apparently be affected in certain 

developmental disorders (such as autism). Of course, we would not wish to say that DA 

itself represents a purely endogenous factor, given that functioning of the DA system is 

likely to be influenced by experiential as well as genetic factors. Nonetheless, these 

findings take us a step further in understanding how neurobiological factors might affect 
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neuromaturational events that set the stage for the typical ontogenetic course of critical 

social-cognitive achievements. Future research should be aimed at better understanding 

what role DA might play in RTM development during the preschool period, and possibly 

during other developmental epochs in which children's social-cognitive understanding 

appears to undergo dramatic changes. 
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CHAPTER THREE 

 

 

Multiple Markers of Dopamine and their Association to Preschoolers’ Developing 

Theory of Mind 
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Abstract 

Recent electroencephalogram and event related potential (EEG and ERP) results suggest 

that frontal lobe maturation constrains children’s representational theory of mind (RTM) 

development. The neurotransmitter dopamine (DA) is thought to play a crucial role in the 

typical development of these RTM important regions, and one study to date has shown 

evidence for an association between an indirect measure of DA and RTM in preschoolers. 

The present study was undertaken to evaluate the hypothesis that DA and RTM may be 

associated with one another independent of other associated variables. Seventy-nine 42- 

to 54-month olds were given a battery of theory of mind, false sign, and executive 

functioning tasks along with four measures of DA functioning: eyeblink rates, and 

genetic polymorphisms of three DA related genes. Polymorphisms of the catechol-O-

methyl transferase gene (COMT) and the dopamine receptor D4 gene (DRD4) were 

associated with children’s RTM performance. Only the association with DRD4 allele 

length was independent of variance contributed by related variables. These findings 

provide preliminary evidence that DA functioning is associated with RTM development 

in the preschool years. 
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Multiple Markers of Dopamine and their Association to Preschoolers’ Developing 

Theory of Mind 

The term “representational theory of mind” (RTM) refers to a specifically human 

understanding that an individual’s mind, including their thoughts, beliefs, goals and 

desires can be used to explain and predict their behaviour. This ability is traditionally 

assessed through the use of false belief (FB) tasks where children are asked to explicitly 

reason about the contents of another’s mind. In order to understand a false belief, a child 

must understand that mental states do not necessarily reflect the true state of the world 

(Wellman, Cross, & Watson, 2001). Although the development of RTM begins in 

infancy, the preschool years are a time of major changes in children’s abilities to 

explicitly draw on RTM concepts to explain and predict other’s behaviour. Across all 

cultures that have been tested, 3-year-olds consistently fail false belief tasks while 5-year-

olds consistently pass. Over the course of this two year period, they seem to come to an 

explicit understanding of the fact that mental states are related to but ultimately separate 

from the reality that they are meant to represent (Sabbagh, Xu, Carlson, Moses, & Lee, 

2006; Wellman et al., 2001). One exception to this stereotyped developmental trajectory 

is the developmental disorder of autism. Individuals with autism demonstrate persistent 

deficits in their RTM reasoning (Baron-Cohen, Leslie, & Frith, 1985). The stereotyped 

developmental trajectory of RTM, in addition to the RTM deficits observed in autism 

suggests that a particular set of neural developments occur over the preschool period and 

gives rise to subsequent RTM reasoning. 

Functional neuroimaging studies have converged on the finding that in adults 

RTM relies on a network of brain regions including the medial prefrontal cortex (mPFC), 
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the precuneus (PC), and the right temporal-parietal juncture (rTPJ) (see Gallagher & 

Frith, 2003; Saxe, 2006 for a review). Recent electroencephalogram (EEG) work shows 

the same may be true for preschoolers. Specifically, Sabbagh, Bowman, Evraire, and Ito 

(2009) have found that individual differences in functional regional brain development 

(as measured by alpha coherence) in the mPFC and rTPJ is associated with individual 

differences in RTM reasoning in preschoolers independent of their performance on 

related behavioural tasks. Additionally, Liu, Sabbagh, Gehring, and Wellman (2009) 

have shown that frontal activation is particularly important for successful RTM 

reasoning. Preschoolers who consistently pass FB tasks show a distinctly different pattern 

of event-related potential (ERP) activity in frontal regions compared to preschoolers who 

consistently fail these same tasks. Together, these two studies converge on the notion that 

the functional maturation of medial prefrontal regions may be critical for the emergence 

of preschoolers’ explicit RTM reasoning.  

A key question concerns what factors might govern the functional maturation of 

the medial prefrontal regions that are important for RTM reasoning. The neurotransmitter 

dopamine (DA) may play an especially important role in this regard. In animal models 

DA has been shown to influence proliferation of precursor cells in the embroyonic brain, 

including the prefrontal cortex (PFC) (Popolo, McCarthy, & Bhide, 2004). The dorsal 

medial prefrontal cortex (dMPFC) is a specific neural correlate of preschoolers’ RTM 

development (Sabbagh et al., 2009) and the frontal cortex, including the dMPFC, is a 

major target of mesocortical DA projections arising from the ventral tegmental area 

(VTA). Thus, DA might play a role in both developing and maintaining functioning in 

the prefrontal areas that are so important for RTM reasoning in preschoolers and adults.  



 36

In support of this hypothesis, Lackner, Bowman and Sabbagh (submitted) have 

demonstrated that individual differences in DA functioning, as indexed by eyeblink rates 

(EBR) are associated with individual differences in preschoolers’ RTM performance. 

Experimental manipulations designed to affect levels of DA also positively affect EBR – 

namely, as available DA increases (for example, through the introduction of DA 

agonists), EBR also increases (Blin, Masson, Azulay, Fondarai, & Serratrice, 1990; 

Elsworth et al., 1991; Kleven & Koek, 1996). Lackner et al. (submitted) demonstrated 

strong positive associations between EBR and RTM performance, independent of a 

number of relevant control variables. Thus, individual differences in indirect measures of 

DA are associated with individual differences RTM performance. 

The finding of an association between RTM and DA is intriguing for a number of 

reasons, but requires replication. The first concerns how eyeblink was measured in 

Lackner et al. To our knowledge, these are the only researchers to have ever examined 

children’s EBR via electrooculograph (EOG)/EEG techniques, although other researchers 

have used this technique in adults (see e.g., Dreisbach et al., 2005). EEG research with 

young children is typically associated with a high loss of subjects due to movement 

artifacts, inattention, and noncompliance (see e.g., Sabbagh et al., 2009). EBR is 

commonly measured in children by videotaping their eyes while they watch a children’s 

video (e.g., Holsen & Thompson, 2004; Roberts, Symons, Johnson, Hatton, & Boccia, 

2005). We wanted to test whether the findings originally reported by Lackner et al. would 

replicate when EBR was measured using this alternate protocol. A second investigation 

of the link between EBR and RTM would also be valuable in order to gain a more 

detailed characterization of EBR. Most researchers who study EBR use an uncomplicated 
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measure of the number of eyeblinks occurring per minute. However, this simplistic 

portrayal obscures potentially valuable information. EBR has been shown to vary as a 

function of cognitive load (Caplan, Guthrie, & Komo, 1996), anxiety level (Kojima et al., 

2002), and fatigue (Barbato et al., 2000). Taking a single mean EBR measure largely 

ignores any variability attributable to those factors, which may potentially be of interest 

to researchers interested in using EBR as an indirect measure of  DA functioning. Thus, 

in the present study we also computed a measure of EBR variability and tested its 

associations with our variables of interest. 

Perhaps a more intriguing reason for examining the link between DA functioning 

and RTM is that there are several genetic factors that are known to affect DA functioning. 

Although there are many such genes that can affect overall levels of available DA, three 

in particular have been looked at extensively in the psychological literature: the catechol-

O-methyl transferase gene (COMT), the dopamine receptor D4 gene (DRD4), and the 

dopamine active transporter gene (DAT1). Allelic variations in each of these genes have 

important consequences for some aspect of the DA cycle, thereby having effects on 

available levels of DA.  

The COMT gene codes for an enzyme which inactivates dopamine by attaching a 

methyl group to the molecule. This causes a consequent reduction in post-synaptic DA 

stimulation. There are 3 specific allelic variants of the COMT gene created by a base-pair 

substitution of the amino acid valine for methionine at codon 158. The Met/Met variant is 

associated with the least amount of inactivation (and therefore greater levels of synaptic 

DA) while the Val/Val variant is associated with the greatest amount of inactivation (and 

http://en.wikipedia.org/wiki/Valine�
http://en.wikipedia.org/wiki/Methionine�
http://en.wikipedia.org/wiki/Codon�
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therefore the lowest level of synaptic DA). The Val/Met variant is associated with an 

intermediate amount of inactivation.  

DRD4 is a DA receptor gene that contains a polymorphic number of amino acid 

sequence repeats (ranging from 2-11) at exon 3. These repeats, called variable number 

tandem repeats (VNTRs), have implications for a cite within the D4 receptor which is 

hypothesized to influence either the physical binding of DA molecules or signal 

transduction. Receptors arising from the 7-repeat variant of the gene are less responsive 

to DA than are receptors arising from the 2- or 4-repeat variants (Asghari et al., 1995).  

The DAT1 gene is a DA transporter gene which codes for a protein embedded 

into the neuronal membrane. The gene contains a polymorphic number of repeats 

(ranging from 3 to 11) with 9 and 10 being the most common. The resultant transporter 

protein is responsible for the termination of the DA signal by directly transporting DA 

from the synapse into the neuron. The 9-repeat allele is associated with fewer DAT 

transporter proteins and therefore greater DA in the synapse and therefore greater DA 

signaling (Miller & Madras, 2002; VanNess, Owens, & Kilts, 2005).  

The finding that higher EBR is associated with RTM reasoning in preschoolers 

leads to the straightforward hypothesis that the allelic variations for DRD4, COMT, and 

DAT1 that promote increased DA might also be associated with stronger RTM 

performance. This might be particularly true for the DRD4 and COMT genes, because 

these two are expressed in higher concentrations than DAT1 in prefrontal regions. DAT1 

is expressed more strongly in striatal regions (see Matsumoto et al., 2003; Morón, 

Brockington, Wise, Rocha, & Hope, 2002; Primus et al., 1997). Thus, we might 
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specifically hypothesize that because of their relatively stronger effects on prefrontal 

regions, DRD4 and COMT variations might be related to RTM, while DAT1 is not.  

General versus Specific Associations 

From a cognitive neuroscientific perspective, an important question generally 

concerns the specificity of a particular relation between brain and behavior. With respect 

to the current set of issues, the question is whether EBR or variation on DA related genes 

are associated with children's RTM directly, or whether that association is mediated by a 

common relation with other cognitive skills that promote either the development or on-

line expression of RTM-related skills. One common relation that might be of interest in 

this regard is the relation between RTM and children’s performance on a subtype of 

executive functioning tasks, sometimes called response-conflict executive functioning 

(RC-EF). RC-EF tasks index children’s inhibitory control skills. Performance on RC-EF 

tasks is highly correlated with performance on RTM tasks (e.g., Carlson & Moses, 2001). 

In work with adults, and in some work with children, there is evidence showing that RC-

EF tasks rely on the functional integrity of frontal regions nearby those that are important 

for RTM tasks (see e.g., Diamond, 2001). Thus, we might expect that the factors that 

affect DA functioning might affect RC-EF as well as RTM functioning in young children. 

A substantial literature connects allelic variations in DA related genes to RC-EF 

performance in adults and school-aged children. Specifically, the Met/Met variant of the 

COMT gene is associated with better performance on the Wisconsin Card Sort Task 

(WCST) in adults (Egan et al., 2001; Lipsky et al., 2005) and a directional Stroop task in 

children (Diamond, Briand, Fosella, & Gehlbach, 2004). Allelic variations in the DAT1 

gene have also been associated with performance on a self-ordered pointing task, the 



 40

Tower of London task (Karama et al., 2008), and the WCST (Rybakowski et al., 2006). 

Less directly, allelic variations in the DRD4 gene, specifically the 7-repeat allele, have 

been associated with attention-deficit hyperactivity disorder (ADHD), a disorder which 

involves marked deficiencies in RC-EF performance (see Shaw et al., 2007). Given the 

strong behavioural association between RTM and RC-EF this raises the possibility that 

the two skills are under similar neurodevelopmental influence. This common 

neurodevelopmental influence might provide some account for the relations that we may 

observe between DA genes and RTM reasoning. Thus, the second goal of this manuscript 

is to determine whether any associations with RTM that we observe with either EBR or 

DA-related genes can be accounted for by their common association with RC-EF in 

young children.  

 The possibility that the relation between DA genes and RTM might be attributed 

to a common association with RC-EF is in agreement with the "generalist genes" 

hypothesis. According to this hypothesis, genes are believed to have non-specific 

cognitive targets (Kovas & Plomin, 2006). This hypothesis has been proposed on the 

basis of multivariate genetic analysis, a research and statistical technique that assesses the 

amount of shared genetic effect on two cognitive abilities independent of their individual 

heritability. Typically, this research finds that genetic correlations between cognitive 

abilities are quite high (Plomin & Spinath, 2002). For instance, Pederson, Plomin, and 

McClearn (1994) found large overlaps in shared genetic influence on cognitive abilities 

such as working memory and mental rotation, independent of overall heritability of these 

skills. Based on these kinds of findings, then it seems reasonable to hypothesize that 
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RTM and RC-EF skill will be associated with the same polymorphisms of the same DA 

related genes.  

It is interesting to determine whether the association between DA functioning and 

RTM is independent of common relationships with correlated variables so that steps can 

be made towards establishing causal models. Removing the variance contributed by 

variables commonly linked to RTM will allow us to better understand the independent 

neurological factors promoting normative RTM development. As a first step toward 

building such a model, we first need to demonstrate that DA/RTM associations are 

independent of RC-EF. Importantly, Lackner et al. (submitted) found that the relation 

between EBR and RTM remained significant once a measure of RC-EF was statistically 

controlled. However, the conclusions offered by Lackner et al. on this point were limited 

in an important way. Namely, children's performance on the RC-EF battery was 

remarkably high, which led to ceiling effects in all but one measure. Although that one 

measure was reliable, they raise the question of whether a measure that assessed RC-EF 

more broadly might provide a better test of the critical question at hand. Thus, an 

important aim of the present study was to develop a stronger battery of RC-EF tasks to 

assess whether the relation between DA genes and RTM can be accounted for by their 

common association with RC-EF skills.  

A second way in which we can assess the specificity of the DA-RTM association 

is to statistically control for a very closely matched cognitive task that shares method 

variance with traditional false belief tasks. To this end we chose to include a class of 

tasks called "false sign" (FS) tasks. Success on FS tasks does not require the child to 

reason about mental representations, but does require them to reason about something, 
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which like a belief is meant to represent a current state of affairs. Prior research has 

shown that individual differences in FS performance predict FB performance. 

Furthermore, FS performance is typically related to RC-EF, with roughly the same 

magnitude as the relation between FB and RC-EF (see Sabbagh et al., 2006). Because of 

these similarities, researchers have argued that any neurocognitive measure that is 

associated with FB but not FS understanding can be taken as a highly specific marker of 

the neural systems that are uniquely associated with RTM reasoning (see Perner & 

Leekham, 2008). Thus, to further test the specificity of any relations between DA genes 

and RTM in preschoolers, we will include measures of FS reasoning as statistical 

controls.   

In summary, the goal of the present study is to understand the extent to which DA 

functioning is associated with RTM reasoning in preschool-aged children. To this end, 

we will: 1) attempt to replicate the association of EBR to RTM as found by Lackner et al. 

(submitted) while using a method for measuring EBR that has been used in the past with 

preschoolers, 2) determine whether variation in DA related genes that leads to increased 

systemic DA is associated with better performance on RTM tasks, and finally 3) 

determine whether the associations between DA and RTM are either specific or 

attributable to common associations with either RC-EF tasks, or other tasks that are just 

like RTM tasks but do not require social reasoning, per se.  

Method 

Participants 

Participants were 79 preschool children recruited from a database of interested 

families in a primarily Caucasian, middle class community in Southeastern Ontario. 
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Twenty additional children were recruited but had to be excluded from the final sample, 

13 due to inattention or non-compliance, 1 due to computer malfunction, 1 due to a 

family history of autism, 1 for being outside of the age range, and 3 for having an EBR 

greater than 3 standard deviations above the mean. EBRs this high are indicative of eye 

irritation. The final sample consisted of 79 children (age range 42-54 months, 40 female), 

none of whom had previously participated in theory-of-mind research. Participants 

received their choice of a gift certificate or a t-shirt and a small toy at the end of the 

testing session. 

Measures and Materials 

The behavioural measures consisted of RTM, FS, and RC-EF tasks. Additionally, 

saliva samples were collected and DNA extracted for genotyping of polymorphisms of 

COMT, DAT1, and DRD4. An EBR measure was also obtained. 

Theory of Mind Battery 

Participants were administered three RTM tasks, two of which assessed their own 

understanding of false beliefs, and one which assessed their ability to induce a false belief 

in another individual. The scripts for each task can be seen in Appendix A. With the 

exception of the Deceptive Pointing task, all were presented in storybook format. A brief 

description of each task follows: 

False Belief Contents (Gopnik & Astington, 1988). Children were shown a 

familiar sweets box (i.e., Smarties) with unfamiliar contents (i.e., pencil crayons). 

Children are asked both what they believed was inside the box before its true contents 

were revealed and what a character who has never seen inside the box would believe that 

it contains. (Score: 0-2). 
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False Belief Location (Wimmer & Perner, 1983). Children were introduced to two 

characters, James and Sarah, who play together with a toy. Sarah leaves the room and 

places the toy in one location. James removes the toy from this location and places it 

somewhere else. The child is asked where Sarah will look for the toy when she returns. 

(Score: 0-1). 

Deceptive Pointing (Carlson, Moses & Hix, 1998). Children watched as the 

experimenter placed a ball inside one of two boxes. The child was introduced to a puppet 

that did not see where the toy was placed and were asked to play a trick on the puppet by 

making her look in the wrong box. In order to succeed at this task, children must point to 

the empty box. (Score: 0-1). 

False Sign Battery 

Participants were administered four FS tasks, which like FB tasks required them 

to reason about something that inaccurately represented the true state of affairs, but did 

not require them to make use of mental state concepts. Two different types of FS tasks 

were administered, natural and conventional, because a comparison of the two types was 

of interest for another study. Some have argued that conventional signs, such as an arrow 

pointing to a story character’s location, are not really non-mental representations; that 

they may refer to the creator’s communicative intention. Natural signs, such as an open 

gate indicating that someone recently passed through, do not refer to another’s mental 

state. In the comparative study, the two were highly correlated with one another, and so 

we collapse across them here (Hallinan, Lackner, & Sabbagh, 2009). All FS tasks were 

presented in storybook format. 
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Conventional False Sign Location (Sabbagh, Moses & Shiverick, 2006). Children 

were introduced to a character, Chester, who plays inside one of two houses and indicates 

which house he is in through the use of a sign. Chester then switches houses but fails to 

switch the sign. Two control questions were included, as well as the test question, 

“Where does the sign say Chester is?” (Score: 0-1). 

Conventional False Sign Contents (Sabbagh et al., 2006). Children were 

introduced to Betty, who is shown putting her cat in a box prior to leaving. She indicates 

that the cat is in the box by putting out a sign. In her absence, the cat jumps out of the box 

and a dog jumps in instead. The child is asked what the sign says is inside of the box 

versus what is actually inside of the box. (Score: 0-1). 

Natural False Sign Location. Children were introduced to a character that likes to 

play in two different locations and indicates his location through the use of a gate. The 

character switches locations but fails to switch the direction that the gate is pointing. The 

experimenter asks the child to indicate the character’s true location. (Score: 0-1). 

Natural False Sign Contents. Children were introduced to two animals, a black 

cat and a skunk. The cat is shown to rub its back against a wall of wet paint and 

consequently get a white stripe down its back. The child is asked what animal the cat now 

looks like and what animal the cat really is. (Score: 0-1). 

Response-Conflict Executive Functioning Battery 

The scripts for all of the executive functioning measures can be found in 

Appendix B. All of these tasks were administered in a predetermined order following the 

RTM tasks. The order of the tasks and their descriptions follows.  
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 Grass/Snow Stroop Task (Carlson & Moses, 2001). Children were asked to point 

to a green square affixed to a black card anytime the experimenter said “snow”, and to a 

white square affixed to this same card anytime the experimenter said “grass”. They were 

given three practice trials and then 16 test trials in a randomized order. (Score: 0-16). 

 Dimensional Change Card Sort Task (Frye, Zelazo & Palfai, 1995; Zelazo et al., 

2003). The child was presented with cards depicting two different shapes (boats and 

rabbits) in two different colours (red or blue). In a series of five pre-switch trials the child 

was asked to sort the cards into two boxes according to shape only. In post-switch trials 

children were asked to sort the same cards according to colour, ignoring shape. (Score: 0-

3). 

 Less is More Task (Carlson, Davis, & Leach, 2005). Children were introduced to 

a game where they could win candies as a reward. The candies were presented in small 

trays of three and five treats. They were introduced to a character, Naughty Monkey who 

likes to keep all of the treats for himself. The child was instructed that when they point to 

a tray Naughty Monkey would get the treats in that tray and they will get the treats in the 

other tray. In order to obtain the maximal amount of treats for themselves, the child must 

always point to the smaller amount of treats, thereby inhibiting their impulse to point to 

the larger amount. A maximum of three test trials were given to ensure that the child 

understood how the game was played. This was followed by 12 test trials with the side of 

presentation of large and small amounts of treats randomized. (Score: 0-12). 

 Hand Game (Hughes, 1998). In five pre-switch trials the child was asked to 

imitate the experimenter when she made one of two shapes with her hand (i.e., pointed a 

finger or made a fist). Each trial began with the experimenter’s hands behind her back. In 
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ten post-switch trials the child was asked to make the opposite hand-shape of the 

experimenter. (e.g., when the experimenter made a fist, the child was asked to point a 

finger). Children were scored on the number of post-switch trials that they got correct. 

(Score: 0-10). This was a procedural modification from Hughes (1998) where children 

were scored on the number of trials it took to reach six consecutive correct responses. 

Eyeblink Rate 

To assess children’s EBR, we asked them to watch a 10 minute video clip of a 

Baby Einstein movie which depicted a variety of toys operating to a backdrop of classical 

music. The child’s face was videotaped while they watched. These tapes were coded off-

line using Noldus Observer software. Each time the child blinked an observer pressed a 

button indicating that an eyeblink had occurred. The software program recorded the time 

into the video that eyeblink occurred with a .1 sec time resolution. Thus, to compute 

EBR, we converted the eyeblink log into a 10 Hz sampling record with a zero recorded 

on each sample on which there was no eyeblink, and a 1 on samples in which there was 

an eyeblink.  

Most researchers who study eyeblink, including Lackner et al. (submitted), simply 

look at a single summary measure of eyeblink rate (such as eyeblinks per minute), which 

is typically computed simply (i.e., by taking the number of eyeblinks occurring over a 

given period of time and dividing that total by the total length of the observation; e.g., 

Dreisbach et al., 2005). This simple procedure, however, obscures potentially valuable 

information about how EBR might change over an epoch. Because our coding provided 

relatively fine grained information about the timing of each eyeblink, we had the 

opportunity to take a more detailed approach. Specifically, we tracked EBR with a 
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moving window averaging procedure. Starting with the first sample, we calculated the 

number of eyeblinks occurring in the first 30 seconds (300 samples). The window was 

then moved one sample forward and the number was calculated again. This moving 

window procedure was continued until 30 sec prior to the end of the recording epoch. 

The epoch time was locked to a specific event in the video (a train whistle) so that all 

changes in participants’ EBR could be evaluated with respect to the same viewing events. 

An approximately 3 minute adaptation period was imposed at the beginning of the movie 

to allow the child to adapt to the room and viewing conditions.  

During recording, children's eyes were occasionally obscured from view (e.g., if 

the child turned away from the camera). These instances were also marked, and treated as 

missing data. Missing data, however, posed a fairly serious problem for the moving 

window procedure because having no recorded eyeblinks for a section of recording 

artificially lowers the moving average as the window passes through those periods. To 

address this issue, eyeblinks during periods of missing data were interpolated based on 

the average of the EBR 30 seconds before and 30 seconds after the missing data period. 

The interpolation was performed in MATLAB in the following steps. We assumed that if 

someone has an EBR of 5 eyeblinks per 30 seconds, then the probability of an eyeblink 

occurring on a given sample (i.e., 0.1 sec) would be 5/300 or .0167. Thus, for each 

sample of missing datum, we generated a random number between 0-1 and if the number 

was equal to or lower than the value associated with the probability of an eyeblink, then 

an eyeblink was assigned for that sample. The moving average for the entire epoch was 

then generated based upon the interpolated missing data. Finally, to ensure that the data 

used for the final analysis were not overly susceptible to random fluctuations from just 
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one interpolation procedure, we performed this missing datum interpolation 500 times for 

each participant and averaged the moving average results. 

Genetic Testing 

After the behavioural data were collected the child was asked to provide a saliva 

sample by spitting into a medical grade sterile tube (Oragene, DNA Genotek). The 

majority of the children (94%) were unable to spit into the tube and so sterile sponges 

were used to absorb saliva from the cheek pouches. 

Genetic material was extracted from the saliva samples following the 

manufacturer’s instructions. Genotyping of the COMT rs4680 SNP was carried out using 

validated custom TaqMan SNP Genotyping Assays (http://www.appliedbiosystems.com) 

on an ABI Prism 7900HT, using 384-well plates. Duplicate samples were included in 

each plate to check the accuracy of genotyping. Genotypes were automatically scored 

with the SDS 2.2.2 software. 

Polymerase chain reaction (PCR) was used to amplify segments of DNA 

containing DAT1 and DRD4 genes. Taq polymerase and two different primers were used 

for this purpose. The forward PCR primer used to amplify the DAT1 gene was 5’ 

TGTGGTGTAGGGAACGGCCTGAG 3’ and the forward PCR primer used to amplify 

the DRD4 gene was 5’ GCGACTACGTGGTCTACTCG 3’. DRD4 and DAT1 

polymorphisms were determined by pulling 6μl diluted loading dye plus 10μl of the 

sample through a 2% UltraPure Agarose gel (Invitrogen) using a 205 mV current for 1 – 

1.5 hrs. The number of repeats was then determined from these gels. 
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Procedure 

All children were tested in the Early Experience Lab at Queen’s University during 

one 75 minute session. Participants were brought into the lab and informed consent was 

obtained from parents and assent obtained from the children. All tasks were presented in 

a fixed order. The EBR measure was obtained first because we did not want EBRs to be 

confounded with fatigue levels. Prior research has shown that EBR increases later in the 

day as fatigue sets in, therefore no testing occured past 6:00 pm. Following the EBR 

measure the child was given the tasks in the following order 1) False Sign Location, 2) 

False Belief Contents, 3) Natural False Sign Location, 4) False Belief Location, 5) 

Natural False Sign Contents, 6) False Sign Contents, 7) Deceptive Pointing, 8) 

Grass/Snow Stroop, 9) Dimensional Change Card Sort, 10) Less is More, and 11) Hand 

Game. After behavioural task administration we collected the saliva sample. The use of 

such a fixed task order helps ensure that all participants’ experiences are as similar as 

possible to one another, therefore strengthening the possibility that differences found are 

due to true individual differences rather than to variance in task administration.  

 Twenty percent of the video tapes for RTM and RC-EF tasks were re-coded by a 

second observer. Inter-rater agreement was greater than 95% in all cases, Kappa = .969, p 

< .001. Where there was disagreement the raters discussed until a mutual decision could 

be made. All other cases were scanned for instances where that same type of 

disagreement may have occurred, and adjustments made if necessary. We also assessed 

EBR inter-rater reliability by having 20% of the videotapes re-counted by a trained 

assistant. EBRs were correlated with each other at .90. 
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Results 

The descriptive statistics for each of the individual tasks are summarized in Table 

3.1. Composite scores for RTM, FS, and RC-EF scales were first calculated by 

standardizing the scores on each task described above. We initially planned on using the 

False Belief Location task, the False Belief Contents task and the Deceptive Pointing task 

in our RTM composite. However, the internal consistency of this battery was quite poor 

(α = .095). Removing the False Belief Contents task from the battery resulted in a 

substantial increase in alpha (α = .43; Φ = .277, p = .022) therefore we elected to remove 

the False Belief Contents task from the battery. Due to the fact that only two tasks were 

included in the RTM battery, all children were excluded from analyses involving this 

variable if they did not pass all of the control questions included within the tasks (n = 11). 

The FS composite score was calculated by averaging participants’ z-score performance 

on the False Sign Location task, the Natural False Sign Location task, the False Sign 

Contents task, and the Natural False Sign Location task (α = .34). The RC-EF composite 

score consisted of averaging participants’ z-scores on the practice and test trials for the 

Grass/Snow Stroop task, practice and test trials for the Less is More task, the Hand Game 

task, and the Dimensional-Change Card Sort task (α = .69). Intercorrelations among 

individual tasks can be seen in Table 3.2. 
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Table 3.1 

Descriptive Statistics 
Measure Possible 

Range 

M SD 

False Belief Location  0-1 .50 .50 

False Belief Contents  0-2 1.10 .73 

Deceptive Pointing  0-1 .75 .44 

Grass/Snow Stroop task practice trials reverse 

scored 

1-6 3.87 1.44 

Test trials on Grass/Snow Stroop task 0-100 66.72 34.16 

Less is More task practice trials reverse scored 1-3 2.14 .78 

Test trials on Less is More task 0-100 71.5 31.34 

Hand Game 0-10 6.58 2.20 

Dimensional Change Card Sort 0-3 1.52 1.39 

Average EBR overall 0 - ∞ 6.20 2.98 

EBR range overall 0 - ∞ 14.19 5.07 

Average EBR first epoch  0 - ∞ 5.82 3.44 

EBR range first epoch  0 - ∞ 10.23 4.27 

Average EBR second epoch  0 - ∞ 7.07 3.28 

EBR range second epoch 0 - ∞ 11.72 5.03 

 

Comparisons were made between our means on these tasks and the means of 

previously published studies using these tasks with similar age ranges (i.e., Carlson, 

Davis, & Leach, 2005; Carlson & Moses, 2001; Carlson, Moses, & Hix, 1998). 

Performance on the Grass/Snow Stroop task, the Less is More task, and the Dimensional 

Change Card Sort task were very much in line with this previous research. Due to 

procedural modifications made to the Hand Game task no such comparisons could be 

made. The two RTM tasks appeared to have means that were more in line with the 4-5 
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Table 3.2 

Intercorrelations Among Individual Tasks 
 FBL FBC DPT P-GS T-GS P-LIM T-LIM HG 

FBC Φ = .297*        

DPT Φ = .277* Φ = .264†       

P-GS rpb = .185  rpb = -.049 rpb = .132      

T-GS rpb = .344* rpb = -.047 rpb = .254*  r = .690**     

P-LIM rpb = .081 rpb = .233* rpb = -.044  r = .215† r = .203†     

T-LIM rpb = .243* rpb = -.120 rpb = .368** r = .378** r = .269* r = .009   

HG rpb = .240* rpb = .011 rpb = .264* r = .204† r = .336* r = .179 r = .243*  

DCCS rpb = .418** rpb = -.158 rpb =.368**  r = .420** r = .345* r = -.003 r = .332* r = .230* 

FBL = False Belief Location task, FBC = False Belief Contents task, DPT = Deceptive Pointing task, P-GS = Practice trials on 

Grass/Snow Stroop task reverse scored, T-GS = Test trials on Grass/Snow Stroop task, P-LIM = Practice trials on Less is More task 

reverse scored, T-LIM = Test trials on Less is More task, HG = Hand Game task, DCCS = Dimensional Change Card Sort. 

Phi-correlation coefficients (Φ) are reported for two categorical variables. Point-biserial correlations (rpb) are reported for associations 

between one categorical and one continuous variable, and Pearson’s r correlations reported for continuous variables. 

** p < .001   * p < .05   † p < .1
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year olds than the 3-4 year olds in Carlson et al. (2001). The greatest confidence in our 

measures would arise if our means were equivalent to the combined mean of both age 

groups in Carlson et al. (2001). Taken together with the aforementioned deficiencies in 

internal consistency, this may cause limits on the extent to which we are able to detect 

relations between RTM and the other variables of interest. 

Table 3.3 shows the intercorrelations among each of the task batteries, and their 

individual associations with age. In line with previous research, the tasks showed strong 

intercorrelations, and all were positively correlated with age (e.g., Carlson & Moses, 

2001). Importantly, the RTM and RC-EF measures were still highly correlated once the 

influence of age was removed, r(65) = .43 , p < .001. These results provide us some 

degree of confidence that although our RTM measure was not optimally internally 

consistent, the measure was still capable of detecting previously established associations 

with other measures. These correlations also provide motivation to control for any 

potential confounding effects of age in all subsequent analyses. 

Table 3.3 

Intercorrelations Among Task Batteries and Age 
 Age RC-EF RTM 

RC-EF .33**   

RTM .43*** .51***  

FS .44*** .56*** .43*** 

*** p < .001, ** p < .01 

Preliminary Eyeblink Rate Analyses 

EBRs were calculated using the moving average procedure described above. A 

visual inspection of Figure 3.1 shows that EBR was not constant across the recording 
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period. There appears to be a relatively flat period in the overall trend occurring during 

the first two minutes and a relatively more peaked period in the overall trend occurring 

during the last two minutes. Anecdotally, the increase in EBR observed in the second 

epoch appears to occur in response to a relatively more dynamic set of images occurring 

during the second half of the video. Because of these apparent differences, mean EBRs 

across the five minutes were calculated, as well as EBRs for the first two minutes and the 

last two minutes (hereafter referred to as the first and second epoch). EBRs were 

significantly higher in the second epoch than the first, t(78) = 3.91 , p < .001. See Table 

3.1 for descriptive statistics. For reasons outlined in the introduction of this paper we 

thought it both interesting and necessary to examine the influence of each participant’s 

variability in EBR on our variables of interest. Each participant’s EBR range was 

calculated for the whole 5 minutes, as well as the first and second epochs. Therefore we 

had a total of six measures of EBR—three averages and three ranges.  

 

Figure 3.1. Mean EBR per minute at each of the 3000 samples covering the five minute 

recording epoch. 
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Additionally, we checked to see whether EBR was associated with both the time 

of day that testing occurred and with age. None of the EBR and EBR range measures 

were correlated with the time of testing, all r’s < .10 and p’s > .37. Age was not 

significantly related to the EBR or EBR range measures, all r’s < .18 and p’s > .10. This 

lack of strong association between EBR and age in the present study is likely due to the 

restricted age range used. 

Associations of Genetic Markers to Eyeblink Rate 

A series of one-way ANOVAs were conducted to see whether COMT and DAT1 

polymorphisms were associated with EBR measures. See Table 3.4 for genetic 

polymorphism distributions. Figure 3.2 shows that EBR varied as a function of COMT 

status, especially during the first epoch. However, ANOVAs showed that none of the 

EBR measures were significantly different across groups, all F’s < 1.8 and p's > .17. A 

visual inspection of Figure 3.2 shows that EBR varied as a function of DAT1 status, yet 

none of the EBR measures were significantly different across groups, all F’s < 1.2 and p's 

> .29. Lastly, we calculated correlations between DRD4 allele length and EBR measures. 

See Figure 3.2 for a categorical representation of the relationship between EBR and 

DRD4. None of the EBR or EBR range measures differed as a function of DRD4 status, 

all r’s < .05 and p’s > .64. 
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Figure 3.2. Mean EBR per minute at each of the moving average window samples calculated using the MATLAB procedure. Graphs 
are subdivided by first and second recording epochs and as a function of genetic polymorphism. 

Short/Short 
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Table 3.4 
Distributions of COMT, DAT1 and DRD4 
Gene Polymorphism N % sample 

COMT Val/Val 15 19 

 Val/Met 45 58 

 Met/Met 18 23 

DAT1 10/10 45 59 

 10/9 24 32 

 9/9 7 9 

DRD4 ≥ 5 repeats 31 41 

 ≤ 4 repeats 45 59 

In addition, a composite score for genetic DA functioning was calculated by 

assigning a value of one to each genetic marker that indicates the greatest quantity of DA 

(i.e., the Met/Met variant of the COMT gene, the 9/9 variant of the DAT1 gene, and 

DRD4 repeats of 4 or less). These scores were summed and a composite score 

representing overall dopaminergic functioning was obtained (range: 0-3). Analyses using 

this variable were non-parametric in nature with the assumption that the individual 

markers of DA functioning may not be additive but would likely be rank ordered. 

Spearman’s rho correlations were then calculated with all six measures of EBR with 

nonsignificant findings. Genetic DA functioning is not associated with EBR, all ρ’s < .08 

and all p’s > .54. This seems to suggest that EBR and polymorphisms of DA related 

genes represent distinct markers of DA functioning or that EBR is unrelated to DA. 

Given the literature reported in the introduction of this paper, we find this second 

possibility to be unlikely. 
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Eyeblink Rate,Theory of Mind and Executive Functioning 

 One of our focal research questions was whether EBR variables were significantly 

related to RTM and RC-EF skills. We assessed these relations by running a series of 

multiple regression analyses including age, average EBR variables, and EBR range 

variables.  

EBR and RC-EF  

The results of regression analyses predicting RC-EF performance can be seen in 

Table 3.5. Overall EBR variables and age significantly predicted RC-EF scores, F(3, 75) 

= 8.10, p < .001, R2 = .25. Once all of the other variance was accounted for, only EBR 

range and age were significantly predictive of RC-EF performance. 

Table 3.5 
Results of Regression Analyses Predicting RC-EF 
Independent variable Standardized 

Beta 
t Sig. Zero-order 

correlation 
Partial 

correlation 
Age .28 2.73 .008 .34 .30 

Full EBR -.01 -.10 .92 .26 -.01 

Full EBR Range .37 2.86 .005 .41 .31 

Age .34 3.12 .003 .34 .34 

1st epoch EBR .05 .32 .75 .19 .04 

1st epoch EBR Range .14 .93 .36 .18 .11 

Age .30 2.84 .006 .34 .31 

2nd epoch EBR .01 .06 .95 .24 .01 

2nd epoch EBR Range .30 2.28 .03 .35 .26 

Two additional multiple regression analyses were run separating EBR variables in 

the first and second epochs. First epoch EBR variables and age predicted RC-EF 

performance, F(3, 75) = 4.42, p = .006, R2 = .15, but only age was an independent 
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predictor. In the second epoch a pattern of results very similar to that seen with the 

overall EBR variables was observed, F(3, 75) = 6.60, p = .001, R2 = .21. Both age and 

EBR range in the second epoch were significant independent predictors of RC-EF. 

EBR and RTM 

Table 3.6 contains the results of the regression analyses exploring the association 

between RTM and EBR variables. While age, overall EBR, and overall EBR range 

together predicted RTM performance, F(3, 64) = 5.50, p = .002, R2 = .21, only age was 

independently predictive.  

These analyses were repeated with the first and second epoch EBR variables 

separately with no change in result. Across all of these analyses predicting RTM 

performance a significant overall model emerged with age as independently predictive, 

while EBR variables were not.  

Table 3.6 
Results of Regression Analyses Predicting RTM  
Independent variable Standardized 

Beta 

t Sig. Zero-order 

correlation 

Partial 

correlation 

Age .40 3.48 .001 .43 .40 

Full EBR .01 .09 .93 .19 .02 

Full EBR range .15 1.00 .32 .23 .12 

Age .41 3.55 .001 .43 .41 

1st epoch EBR .04 .25 .80 .23 .03 

1st epoch EBR range .13 .75 .46 .17 .09 

Age .41 3.61 .001 .43 .41 

2nd epoch EBR .01 .06 .95 .14 .01 

2nd epoch EBR range .10 .70 .49 .16 .09 
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Gene Variation and Executive Functioning 

In order to investigate the possibility that genetic polymorphisms of COMT and 

DAT1 are related to performance on RC-EF a series of one-way ANCOVAs were 

conducted with genetic status as the independent variable and RC-EF composite as the 

dependent variables. Age was always entered as a covariate.  

There were no group differences in RC-EF performance as a function of COMT 

status, F(2,74) = .69, p = .50, ηp
2 = .02. See Table 3.7 for means and standard deviations. 

Further exploratory analyses were conducted to see if COMT status predicted 

performance on any of the individual RC-EF tasks. Marginally significant group 

differences were found in the number of trials to criteria (reverse coded) required on the 

LIM task with Met/Met participants outperforming both Val/Val and Val/Met 

participants. All other tasks showed no significant differences. 

DAT1 status was also not predictive of composite scores on the RC-EF 

performance battery, F(2,72) = .10, p = .91, ηp
2 = .003. With respect to the individual 

RC-EF tasks, marginally significant group differences were found in performance on 

Less is More with short/long outperforming long/long. The same was true when we 

looked at the number of trials to criteria (reverse scored) on this same task. In this case 

long/long participants performed better than short/long. All other tasks showed no 

significant differences. 

To investigate our hypothesis that genetic polymorphisms of the DRD4 gene are 

related to performance on RTM and RC-EF we conducted a series of correlations given 

that the VNTR associated with DRD4 is a continuous variable (observed range = 2-8). 
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Age was always residualized out of the dependent variable of interest before correlations 

with focal variables. Performance on the RC-EF battery varied as a function of DRD4 

length, r(75) = -.34, p = .002. Dichotomizing the data showed that individuals with 

shorter VNTRs typically not associated with cognitive dysfunction (4 or fewer) 

significantly outperformed those with longer VNTRs, t(74) = 3.05, p = .003, Cohen’s d = 

.71. See Table 3.7 for means and standard deviations. Exploratory analyses of the 

individual tasks making up the RC-EF battery showed similar associations for the 

Dimensional Change Card Sort task, the number of trials to criteria on the Grass/Snow 

Stroop task, and the Less is More task.  

Table 3.7 
Descriptive Statistics Across COMT, DAT1 and DRD4 
Gene Polymorphism M RC-EF(SD) M RTM (SD) M FS(SD) 

COMT Val/Val -.02(.68) .22(1.35) .09(.34) 

 Val/Met -.09(.59) -.27(1.66) -.08(.61) 

 Met/Met .14(.71) .68(1.36) .03(.68) 

DAT1 10/10 .03(.67) .19(1.48) -.12(.53) 

 10/9 -.10(.66) -.08(1.81) .09(.66) 

 9/9 -.02(.47) -.54(1.75) .03(.59) 

DRD4 ≥ 5 repeats -.18(.57) -.67(1.68) -.08(.65) 

 ≤ 4 repeats .21(.62) .61(1.24) .08(.48) 

 

Gene Variation and Theory of Mind 

A similar data analysis strategy as that reported above was repeated to examine 

whether polymorphisms of COMT and DAT1 predicted RTM performance. While the 

overall omnibus F test showed that RTM performance did not vary significantly as a 
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function of COMT status, F(2, 68) = 2.28, p = .11, ηp
2 = .06,  follow-up Least Significant 

Difference (LSD) pairwise contrasts showed that those with the Met/Met variant of the 

COMT gene performed marginally significantly better than those with the Val/Met 

polymorphism, p = .08. See Table 3.7 for means and standard deviations. RTM 

performance did not vary as a function of DAT1 status, F(2, 61) = .38, p = .68, ηp
2 = .01.  

An identical correlational strategy as that employed above was used to look for 

possible associations with DRD4. A negative correlation was discovered between DRD4 

VNTR length and performance on RTM tasks, r(65) = -.44, p < .001. Those with a 

smaller number of repeats showed the best RTM performance, t(66) = 3.61, p = .001, 

Cohen’s d = .81. See Table 3.7 for means and standard deviations.  

Specificity of Relationships 

Of particular interest was whether the associations reported above between 

genetic DA markers and RTM would be independent of each RC-EF and FS. ANCOVAs 

with COMT and DAT1 were re-run first covarying out the influence of age and RC-EF. 

Here, neither COMT or DAT1 status was predictive, F(2,67) = .94, p = .40, and F(2,65) 

=  .31, p = .73 respectively. To examine the specificity of the DRD4 association, RTM 

scores were first residualized for age and RC-EF performance using a regression strategy, 

and correlations calculated between DRD4 repeat length and these RTM residuals. The 

DRD4/RTM association remained significant, r(65) = -.31, p = .01. 

 Next, we added both age and FS performance as covariates. COMT status 

remained a nonsignificant predictor of RTM performance, F(2,67) = 1.89, p = .16, as did 
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DAT1, F(2,60) = 1.08, p = .35. Residuals were recalculated, removing age and FS, and 

DRD4 allele length was still correlated with RTM performance, r(65) = -.40, p = .001. 

Lastly, we partialled out the influence of all three variables: age, RC-EF and FS. 

RTM performance still no longer differed as a function of COMT status, F(2, 66) = .91, p 

= .41, or DAT1 group, F(2, 59) = .74, p = .48. RTM scores were residualized for age, 

RC-EF and FS performance, and correlations recalculated between these residuals and 

DRD4 length. RTM remained marginally correlated with DRD4 repeat length 

independent of these relevant controls, r(65) = -.216, p = .081. 

Discussion 

 The primary goal of the present study was to further explore the possibility that 

that individual differences in RTM abilities are associated with markers of DA 

functioning. Firstly, we hoped to replicate Lackner et al.'s (submitted) finding of an 

association between individual differences in EBR and children’s developing RTM. 

Second, we aimed to explore genetic mechanisms by collecting saliva samples and 

genotyping allelic variants of three DA related genes. Finally, we hoped to address the 

question of whether links between either EBR or DA genes and RTM were functionally 

specific by statistically controlling for a large, reliable battery of RC-EF tasks, and a 

battery of FS tasks that are very similar to FB tasks, but do not involve social reasoning.  

Dopamine and Theory of Mind 

With respect to the first goal, we did not replicate the original Lackner et al. 

(submitted) finding of an association between EBR and RTM. On the one hand, this 

failure to replicate is troubling. However, we think that the apparent disagreement in 
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result may be attributable to methodological differences in the way the EBR measure was 

obtained. In Lackner et al., participants sat quietly and watched a video consisting only of 

alternating pictures of a rocketship and a swirling green line while eyeblinks were 

measured with EOG. In the present study participants watched a clip of a Baby Einstein 

video which included more dynamic images in addition to auditory stimulation. As noted, 

EBR varied considerably across the recording period in the present study. Of particular 

interest was that there was a phase in the second part of the recording epoch in which 

EBR seemed to increase considerably across subjects. We believe that this EBR was 

likely in response to some specific events in the video, though, we cannot be sure as we 

did not design the paradigm to test changes in EBR. Nonetheless, these "reactive" 

eyeblink patterns are likely to be subserved by mechanisms that are different from the 

more "tonic" eyeblink patterns that were measured in the previous study.  

Intriguingly, these differences map onto dissociations in DA release. Tonic levels 

of DA are established when DA is released at regular intervals into extracellular space. 

Phasic DA release occurs when DA is expelled into the synapse in response to 

behaviourally relevant events (see Chergui, Suaud-Chagny, & Gonon, 1994). Although 

this has not been explored directly with respect to EBR, it seems reasonable to suggest 

that EBR recorded during quiet attention as in Lackner et al. (submitted) may index tonic 

DA processes, while EBR recorded during a movie with dynamic images and sound may 

include phasic DA release in response to greater levels of stimulation. If this inference is 

correct, then we might speculate that the discrepancy between the findings of the present 

study and the previous study suggests that whatever mechanisms regulate tonic DA 
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release are more strongly related to RTM than those that regulate phasic release. Of 

course, this conclusion is highly speculative, and no matter what the ultimate explanation, 

the discrepant findings suggest that considerable care and control are needed when 

measuring EBR. 

 Interestingly we found some evidence for genetic influences on RTM 

performance. Our best evidence was for the DRD4 gene where individuals with two 

shorter alleles (4 or fewer repeats) showed better RTM than those with one or two longer 

alleles (5 or more repeats). This relationship was independent of common associations 

with skills previously linked to DA functioning (i.e., RC-EF tasks) and similarly 

structured control tasks (i.e., FS tasks). This goes against the generalist genes hypothesis 

(Kovas & Plomin, 2006) which would suggest that no such specificity of association 

exists and indicates that DRD4 is independently associated with this social cognitive 

skill. 

This finding coincides with research on DAs involvement in other social domains. 

Specifically, Lakatos et al. (2002) have shown that genetic polymorphisms of DRD4 are 

predictive of attachment disorganization in infancy, and Auerbach et al. (1999) have 

found that this same gene is associated with infant temperament. Imaging studies show 

that that social phobia is associated with dysfunction in DA reuptake systems (Tiihonen 

et al., 1997). These findings support the general hypothesis that DA functioning is related 

to key developments in social cognitive functioning and that these influences are 

independent of contributions of related variables.   
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In addition to our results with DRD4, we found some evidence of group 

differences in RTM performance as a function of COMT status with Met/Met participants 

outperforming Val/Met participants, but these results were not completely in line with the 

hypothesis. As expected, Met/Met participants showed the best RTM performance, but 

Val/Val participants did not show the poorest RTM performance, as would be expected 

based on  previous studies of COMT’s association with RC-EF performance (see 

Diamond et al., 2004; Egan et al., 2001; Lipsky et al., 2005). We did find significant 

differences between Val/Met and Met/Met participants, but not between Val/Val and 

either of the other two groups. Nonetheless, this group difference did not remain once 

RC-EF and FS performance were statistically controlled for. This implies that the 

association between COMT and RTM may be partially attributable to well-established 

associations between RC-EF and DA.  

No association was found between allelic variants of the DAT1 gene and 

performance on RTM tasks. However, this initially surprising finding is actually quite 

intriguing. While the same genetic material is contained within all cells of the brain, 

different genes express their products in regionally different manners. As noted 

previously, the relative balance of DRD4 and COMT action is greater in prefrontal rather 

than striatal areas of the brain (see Matsumoto et al., 2003; Primus et al., 1997) while 

DAT1 shows the opposite balance (Morón et al., 2002). Given the pattern of results 

previously described, this provides tentative evidence that frontal DA, and not overall 

levels of DA, are important to children’s developing RTM. 
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Dopamine and Response-Conflict Executive Functioning 

 Furthermore, we found evidence that DA functioning was associated with RC-EF 

performance. Primarily, we replicated the association of EBR to RC-EF as originally 

reported by Lackner et al. (submitted). However, in the present study our more detailed 

characterization of EBR allowed us to demonstrate that variability in EBR and not just 

average EBR seems to be what is causing the association. Of course, overall EBR and 

EBR range are correlated with one another, but not to such a high extent that we feel they 

are indexing the exact same thing. At this point it is hard to say precisely how these 

findings fit in with prior literature that has used EBR as an index of DA in studies of RC-

EF (e.g., Dreisbach et al., 2005), but given the aforementioned correlation between the 

two measures, this suggests that if these authors had also examined variability in EBR 

over time that they may have also found a selective relationship with EBR range. 

As predicted based on previous work, we found associations between DA related 

genes and RC-EF performance. Again, our strongest association was found with DRD4 

allele length. This result dovetails nicely with clinical work suggesting that allelic 

variations in this gene (specifically the 7-repeat allele) are associated with greater risk for 

developing ADHD, which is characterized by deficiencies in EF (see Shaw et al., 2007). 

To our knowledge we are the first to find an association between DRD4 polymorphisms 

and EF. Two studies in adults (Dreisbach et al., 2005; Muller et al., 2007) failed to find 

any association of DRD4 to performance on a set-shifting task. Perhaps the greater 

diversity of RC-EF tasks we included allowed us to better capture this relationship. Even 

so, this result failed to remain statistically significant once relevant control variables were 
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removed (i.e., age, FS, and RTM performance). No consistent evidence for an association 

between COMT or DAT1 polymorphisms with overall RC-EF performance were found.  

Implications for Understanding the RTM/RC-EF Association 

 In summary, DRD4 is associated with both RTM and RC-EF skill. This could 

initially be taken as support for the generalist genes hypothesis described in the 

introduction to this paper (see Kovas & Plomin, 2006). DA related genes such as DRD4 

may have non-specific cognitive targets and correlations with behavioural variables may 

exist across all brain regions where their gene products are expressed. Also, the fact that 

RC-EF and RTM were both associated with DRD4 allele length suggests that the well-

established ontogenetic association between RC-EF and RTM may be partially 

attributable to common neurodevelopmental influences such as DA. Some researchers 

have argued that the RTM/RC-EF association is due to the somewhat overlapping neural 

landscape that these two skill sets occupy (see Kain & Perner, 2005). Because of their 

proximity, the neural bases of RTM and RC-EF might both be influenced by the same 

neurological variables.  

However, in some cases our analyses demonstrated that DA genes were 

associated with unique variance in one skill while controlling for the variance attributable 

to the other skill. In particular, DRD4 length was associated with RTM performance 

independent of RC-EF skill. This might mean that while DRD4 affects the functioning of 

prefrontally mediated skills in a general manner, its effects on RTM relevant regions of 

the brain are somewhat greater. Indeed, RTM relevant areas of the brain (e.g., dMPFC) 

have a greater density of DA neurons than RC-EF relevant areas of the brain (e.g., 
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Dorsolateral prefrontal cortex, dLPFC; Lewis, Campbell, Foote, Goldstein, & Morrison, 

1988), thereby providing neuroanatomical support for our finding that the association 

between RTM and DA is independent of RC-EF. 

Further Issues 

At an ontogenetic level there are still some questions that remain to be answered. 

At this point in our understanding we do not know what precise role DA, and in 

particular, DRD4 is playing in children’s developing RTM skill. It could be that early 

tonic DA is developmentally responsible for setting up the specialized neuroanatomy 

necessary for future RTM skill. DA is important to cell proliferation and differentiation 

within the fetal cortex (Popolo et al., 2004) and so children who later show more 

advanced RTM may have more well-developed mPFC due to the influence of early DA. 

This harmonizes well with the results of Sabbagh et al. (2009) who have shown that 

preschoolers with more well-developed mPFC perform better on RTM tasks. 

Early DA may also help children learn from RTM relevant experiences. For 

instance, parent-child talk about mental states has been shown to advance the timeline 

along which children develop RTM skill (e.g., Ruffman, Slade, & Crowe, 2002), 

presumably because mental state talk allows them to learn about the mind. Dopamine is 

critical to the learning in general. When DA functioning is impaired, animal models show 

an impaired ability to learn and less neurochemical evidence of long term potentiation 

(LTP), the cellular mechanism of learning (Granado et al., 2008; Otmakhova & Lisman, 

1996; Swant & Wagner, 2006). Thus, DA may help children to capitalize on experiences 

that promote RTM development. 
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Additionally, DA may exert its influence online in a phasic manner while children 

are being asked to perform these tasks. Good performance on RC-EF tasks is marked by 

cognitive flexibility. In both RTM and RC-EF tasks children must continually update 

stored goal representations. The dopamine-gating hypothesis suggests that these 

representations are stored in PFC. A phasic DA gating signal arising from the VTA 

enhances reception of new information and promotes flexible cognitive control 

(Montague, Hyman, & Cohen, 2004). According to this conceptualization of the role of 

DA in RTM, DA functioning would be continually associated with RTM skill throughout 

the entire lifespan. In support of this claim, Savina and Beninger (2007) have found 

evidence to suggest that the administration of antipsychotic mediation affecting DA 

functioning of mPFC is associated with RTM performance in a group of adults with 

schizophrenia. However, this does not rule out the possibility that DA is associated with 

RTM development in preschoolers’, either by setting up the neural architecture, or 

playing some online role in the reasoning process. Tonic and phasic processes may both 

have roles in RTM across the lifespan. 

Limitations 

Some potential methodological caveats need to be considered when evaluating 

our present set of claims. As discussed in the results section, our RTM battery was not as 

strong as we had originally hoped, likely because of a few methodological changes. 

Instead of acting out our FB tasks using toys and props, with the exception of the 

deceptive pointing task all of our RTM tasks were presented sequentially in storybook 

format. In at least one study storybooks have shown good convergent validity with other 
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tasks meant to assess RTM development (Blijd-Hoogewys, van Geert, Serra, & Mindera, 

2008). We feel as though this methodological change may have lead to the decreased 

internal consistency that we observed in the RTM battery. Presenting six storybook tasks 

in a row, each of which followed the same basic plot structure and line of questioning, 

may have caused repetition effects and also caused demand characteristics of the study to 

become quite evident. In support of this, across the three RTM tasks the percentage of 

participants passing each task increased over time, with only 32% performing perfectly 

on the first RTM task (False Belief Contents) and 75% performing perfectly on the final 

task (Deceptive Pointing). Such a trend was not seen across FS tasks. In previous work 

RTM and RC-EF tasks have been interspersed amongst one another, and with these 

protocols internal consistency is usually acceptable (e.g., Carlson & Moses, 2001; 

Sabbagh et al., 2009). Therefore, the use of the storybook methodology may have 

impaired our intercorrelations among RTM tasks, and the reliability of the battery in 

general.   

Conclusions 

 In conclusion, our goal was to investigate the possibility that individual 

differences in DA functioning as indexed by EBR and DA related genes might be 

associated with children's RTM and RC-EF development. Our findings provided support 

for this hypothesis by showing that EBR range and DRD4 length are associated with 

preschoolers' RC-EF development, and that polymorphisms of two DA genes with frontal 

brain targets (i.e., COMT and DRD4) are associated with their developing RTM skill. 

DRD4 provided the strongest support for this hypothesis as it was associated with RTM 
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independent of relevant control variables. Interestingly, polymorphisms of a DA gene 

with greater striatal rather than frontal activity (i.e., DAT1) were not associated with 

either RTM or RC-EF performance, suggesting that the influence of DA on these two 

skills is confined to frontal rather than striatal regions.  

We focused on DA because of anatomical linkages via the mesocortical pathway 

between VTA (a primary site of dopaminergic production in the brain) and frontal 

regions that are important for RTM development. Identifying neurochemical factors 

affecting RTM reasoning is important given the cross-cultural similarities in the 

developmental timetable of RTM reasoning, and the specificity with which it can 

apparently be affected in certain developmental disorders (such as autism). Healthy 

functional frontal lobe development appears to be influenced by dopaminergic factors. 

Given the paucity of research into the neurochemical correlates of children’s developing 

representational theory of mind, studies such as these are particularly interesting for 

understanding how neuromaturational events influence the typical ontogenetic course of 

critical social-cognitive achievements. 
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CHAPTER 4 

General Discussion 

The goal of the studies presented in Chapters Two and Three was to conduct an 

initial investigation into the extent to which the neurotransmitter DA might be associated 

with RTM development in preschoolers, and to also examine the specificity of this 

relationship. In Chapter Two I reported results that clearly showed that EBR, a putative 

measure of DA functioning, was a strong and unique predictor of children’s RTM 

performance. This supported our notion that DA is a key neurodevelopmental factor 

affecting RTM development and encouraged us to examine these associations further.  

However, the conclusions that we could draw in Chapter Two were limited 

because of apparent ceiling effects in a battery of tasks that like RTM also depend on 

frontal lobe functioning (i.e., RC-EF tasks), making it necessary to re-examine the 

specificity of the DA/RTM association with a larger battery of control tasks. To this end, 

in Chapter Three we included a more expansive battery of RC-EF tasks along with a 

battery of FS tasks. Both of these task types helped us to assess the specificity of our 

findings. We also wished to make a procedural modification to the way that EBR was 

measured to see if findings would generalize across protocols. Lastly, we collected and 

saliva samples which were analyzed for allelic variations in DA related genes to gain 

further clarity on the precise neurological mechanism at work. As reported in Chapter 

Three, we failed to show any evidence for an association between EBR and RTM like 

that originally reported in Chapter Two. Interestingly we found some evidence for 

genetic influences on RTM performance. Our best evidence was for the DRD4 gene 
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where individuals with shorter alleles showed better RTM. This relationship was 

independent of common associations with skills previously linked to DA functioning 

(i.e., RC-EF tasks) and similarly structured control tasks (i.e., FS tasks). We also found 

some evidence of group differences in RTM performance as a function of COMT status 

with Met/Met participants outperforming Val/Met participants. Nonetheless, this group 

difference did not remain once RC-EF and FS performance were statistically controlled 

for.  

Despite failing to replicate the EBR/RTM association in Chapter Three overall, 

the results of the two studies do suggest that DA related variables are associated with 

developing RTM skill. Procedural modifications to EBR measurements may have limited 

our ability to detect the EBR/RTM correlations in Chapter Three. However, the 

association with DRD4 in Chapter Three was quite strong, giving me confidence that DA 

really does represent an endogenous neurodevelopmental factor affecting RTM 

development. 

This conjecture is supported by several lines of anatomical evidence. Popolo et al., 

(2004) report that DA influences cell proliferation and differentiation in the early 

development of RTM important regions. A second anatomical piece of evidence concerns 

the pattern of DA projections from subcortical regions forward. Mesocortical DA 

projections from VTA to dMPFC are quite abundant. DA projected forward via these 

pathways may exert its influence early in development by setting up the neural 

architecture responsible for later RTM reasoning, or this DA may play some role in 

online RTM reasoning.  
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In work with humans, our results are supported by several findings. Children with 

PKU show both abnormal DA functioning and impaired frontal functioning (see 

Diamond, 2001), and although we know of no studies examining the RTM abilities of 

children with PKU, this result provides one level of support for our findings. More 

directly, Savina and Beninger (2007) showed that RTM performance was associated with 

mPFC DA functioning in a group of adults. Our results demonstrate that the association 

between DA and RTM stretches back in development as far as the preschool period. The 

majority of the associations that we uncovered also appear to be independent of relevant 

control variables. From a cognitive neuroscientific perspective, this is an important 

question to answer, as it gives us a sense of the specificity of the brain and behaviour 

association. 

However, further research is required to better understand the true nature of these 

relationships. Although we have made attempts to relate our findings to tonic and phasic 

DA processes, we have no way of unfailingly knowing that our inferences are correct. 

The use of research techniques designed to capture change in DA over time such as 

online radio-labeling imaging would be helpful in this regard. If participants were given 

RTM tasks while being imaged, we would be able to examine phasic DA influence. Post-

mortem tissue analysis of individuals for which we have recent indices of their RTM 

ability may help us to clarify the association with tonic levels of DA. 

As was stated in the introduction, researchers attempting to understand 

associations between RTM and RC-EF skill generally fall into one of two categories: 1) 

those that believe there is an intrinsic connection between the two skill sets, and 2) those 
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that believe that the association between the two skill sets is epiphenomenal, and 

attributable to factors such as brain maturation. Our research lends valuable support to 

this second option, as both RTM and RC-EF showed common associations with DA. 

While DA shows associations with other psychological processes, the association 

between DA and RTM appears to be independent of DAs common association with RC-

EF. Frontal DA has some degree of a specific effect on RTM relevant brain regions. 

The two studies presented here are the first to examine neurochemical influences 

on children’s developing RTM, and as such provide valuable information on the 

neurochemical bases of important social cognitive skill sets. 

Conclusion 

 In summary, DA represents an endogenous neurodevelopmental factor 

influencing children’s developing RTM. While we cannot fully specify the precise 

neurological mechanism responsible for this association, it appears that the physical 

binding of DA molecules to their receptors, as indexed by DRD4 polymorphisms, is 

particularly critical in this regard. 
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Appendix A 

Theory of Mind Tasks 

1. CONVENTIONAL FALSE SIGN (LOCATION)  

 Here’s Chester. He likes to play in one of these houses. But we don’t know where he is  

today.  

But, when Chester goes to play, he has a sign that says where he is.  

  

Warm up:  

 Where does the sign say Chester is? B-Blue (1) A-Red (0) Other________  

 Now, where does the sign say Chester is? B-Blue (1) A-Red (0) Other________  

 

Good job!  

  

False Sign:  

 Chester and his friend Marianne want to play together today but they are not sure which  

house they want to play in. Marianne decides that she better eat something first and she  

will find Chester when she comes back.  

Marianne goes away to get something to eat.  

  

Chester decides he wants to go into this house to play, so he goes over there.  

 After awhile, Chester decides he wants to go in the other house, so he goes over there.  

 But silly Chester, he forgot to switch the sign.  

  

Where is the sign pointing to?  

  

WHERE DOES THE SIGN SAY CHESTER IS? B-Blue (0) A-Red (1) Other________  

 WHERE IS CHESTER REALLY? B-Blue (1) A-Red (0) Other________  

  

2. FALSE BELIEF (CONTENTS)  
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 Look what I have here. What do you think is inside? Smarties other_________  

Yeah, Smarties. Let’s have a look inside.  

 What? Hey! Those are pencils! What are pencils doing inside a Smarties box!  

  

WHEN YOU FIRST SAW THE BOX, BEFORE I OPENED IT WHAT DID YOU  

THINK WAS INSIDE? SMARTIES OR PENCILS?  

 Self Score: Smarties (1) Pencils (0)  

  

HERE’S MONKEY, HE’S NEVER SEEN INSIDE THIS BOX BEFORE.  

WHAT DOES HE THINK IS INSIDE? SMARTIES OR PENCILS?  

 Other Score: Smarties (1) PENCILS (0)  

 

3. FALSE PHOTO (CONTENTS)  

 Now we are going to play a game with a camera.  

Do you know how a camera works?  

 You point the camera at something like this, and then you press the button here. It takes 

a picture and you can see the picture on the back of the camera, like this. Ok?  

  

Here’s Lucy. Lucy is going to take some pictures with her camera, just like the camera 

we have here!  

First, she takes a picture of her teddy bear on the bed.  

 Now she puts the camera down on the table.  

 But then Lucy decides to take her teddy bear off the bed, and instead put her ball on the  

bed instead.  

  

WHICH TOY WAS RESTING ON THE BED WHEN LUCY TOOK THE PICTURE?  

teddy (1) ball (0) other______  

WHICH TOY IS RESTING ON THE BED NOW?  

teddy (0) ball (1) other______  
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IN THE PICTURE ON THE CAMERA, WHICH TOY IS RESTING ON THE BED? 

THE TEDDY BEAR OR BALL?  

teddy (1) ball (0) other______  

  

4. NATURAL FALSE SIGN (LOCATION)  

 Here’s Sam.  

He likes to play in the castle and in the woods. But we don’t know where he is today.  

 But, when Sam goes to play, he goes through a gate and he always forgets to close it.  

  

Warm up:  

 Where does the gate say Sam is? Woods (1) Castle (0) Other________  

 Now, where does the gate say Sam is? Woods (0) Castle (1) Other________  

  

Good job!  

  

False sign:  

 Sam and his friend Becky want to play together today but they are not sure where they  

want to play. Becky decides that she better eat something first and she will find Sam and  

play when she comes back.  

Becky goes away to get something to eat.  

  

Sam decides he wants to go into the castle to play, so he goes over there.  

 After awhile, Sam decides he wants to go into the woods, so he goes over there.  

But this time Sam didn’t go through the gate.  

  

Where is the gate opened up to?  

 WHERE DOES THE GATE SAY SAM IS? B-Woods (0) A-Castle (1) Other ______  

WHERE IS SAM REALLY?   B-Woods (1)  A-Castle (0) Other ______  
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5. FALSE BELIEF (LOCATION)  

 Here is James and Sarah. James and Sarah like to play together.  

Today, James and Sarah are playing with this plane.  

  

Sarah decides that she is hungry and that she better eat something.  

She puts the plane inside this box and then goes away to get something to eat.  

 James decides that he isn’t done playing with the plane so he takes the plane out of the 

box and plays with it some more.  

  

After awhile James decides that he is hungry too. James puts the plane away, but silly  

James! Instead of putting the plane here (box), he puts it under the bed. James then goes  

away to get something to eat.  

 Sarah comes back and looks for the plane.  

  

WHERE IS THE PLANE REALLY? A-BED (1) B-Box (0) Other_____  

WHERE DID SARAH PUT THE PLANE? A-BED (0) B-Box (1) Other_____  

WHERE DOES SARAH THINK THE PLANE IS? A-BED (0) B-Box (1) Other_____  

  

6. NATURAL FALSE SIGN (CONTENTS)  

 We can tell what animals are by looking at their fur. See Felix? Felix is a cat with  

smooth black fur. And this is Felix’s friend, Bob. Bob is a skunk. See how Bob looks a  

lot like a cat, because he also has smooth black fur? But we can tell he’s a skunk because  

he has a white stripe down his back. Well, one day, Felix the cat had a very itchy back.  

He rubbed his back along the wall to stop it itching. And look what happened! Some of  

the white paint came off on Felix’s fur. Now he has a white stripe just like Bob!  

  

If we just looked at Felix’s stripe,  

WHAT ANIMAL DOES THE STRIPE SAY FELIX IS? Skunk (1) Cat (0) Other  
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 WHAT ANIMAL IS FELIX REALLY?  Skunk (0) Cat (1) Other  

  

7. FALSE PHOTO (LOCATION)  

 Here’s Jamie. She likes to play with her doll. But we don’t know where she is going to 

play with her doll today.  

But Jamie has a camera that she uses to take pictures of her doll.  

 Jamie decides she wants to rest her doll on this green chair here and takes a picture of 

her doll resting in the green chair.  

  

Now she puts the camera down on the table.  

 After a while, Jamie decides she wants to rest her doll over on this blue chair. But  

Jamie doesn’t use the camera this time.  

  

WHEN JAMIE TOOK THE PICTURE WHERE WAS THE DOLL?  

WHERE IS THE DOLL NOW?  

IN THE PICTURE THAT JAMIE TOOK, WHERE IS DOLL?  

  

8. CONVENTIONAL FALSE SIGN (CONTENTS)  

 Betty has a pet kitty. Sometimes when she goes away she likes to keep her kitty in this 

box. So what she does is says: “Go in the box kitty”. The kitty then jumps inside the box.  

To remind Betty that she has a kitty in the box she puts this sign out. This sign says that 

there is a kitty in the box. Betty then goes away.  

While Betty is away the kitty jumps out and looks for Betty.  

But you know what happens, this doggy then jumps inside the box.  

  

WHAT DOES THE SIGN SAY IS IN THE BOX? Cat (1) Dog (0) other__  

WHAT IS IN THE BOX REALLY? Cat (0) Dog (1) other__  

  

 9. DECEPTIVE POINTING TASK  
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(Place a toy ball and two boxes on the table in front of the child. Bring out a puppet, 

Samantha).  

 

Practice trials: 

Now we’re going to play a game with Samantha. See this ball? And see these boxes over 

here? I’m gonna put the ball inside of one of the boxes like this (Place the ball inside of 

one of the boxes).  

I can point to the box with my finger so we’ll know which box the ball is in. (Point to the 

box that contains the ball.) 

Now you try. Take the ball out of the box. (Wait for the child to remove the ball).  

Now go ahead and put the ball in the other box. (Wait for the child to put the ball in the 

other box).  

OK, now point to that box so we’ll know where the ball is. (Wait for the child to point to 

the box that contains the ball).     Correct pointing Y N 

 

Good job! See, now we can tell where the ball is by pointing to it! 

 

Test trial: 

Now let’s put the ball in a box and see if Samantha can find it. But first, Samantha is 

going to leave and go in here (a toy bin is located to the side of the experimenter) so she 

can’t see. (Place Samantha in the toy bin and close the lid).  

Okay, go ahead and put the ball in one of the boxes. (Wait for the child to place the ball 

in one of the boxes).  

Hey, I have a great idea! Let’s play a funny trick on Samantha. Let’s play a trick so she 

can’t find the ball. Maybe we could trick her so she’ll look in the wrong box, okay?  

Now remember, we’re gonna play a funny trick on Samantha. We can play a trick by 

pointing so she won’t find the ball. Are you ready? (Wait until the child says he/she is 

ready.) 

Here comes Samantha!  
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(Remove Samantha from the bin, bring her up to the boxes, and make Samantha ask: 

“Where’s the ball?”) 

(If the child hesitates at first, say) Samantha is asking where the ball is. Where do you 

point? 

(If the child still does not respond, say) Do you want to point to this box (point) or this 

box (point)? (Wait until the child responds by pointing to one of the boxes).  

 

Ok, Samantha. You can look now! (Make Samantha open the box that the child pointed 

to) 

(If the child used deception and pointed to the empty box, say): Oh, she didn’t find it! I 

guess we tricked her! We’re so tricky! Go ahead and show her where it really is! 

(If the child failed to use deception and thus pointed to the box that contained the ball, 

say): oh, she found it! I guess we didn’t trick her this time. (Place Samantha back in the 

bin) 

That was fun! You did a great job! Now remember, its fun to play tricks sometimes, but 

we should always tell the truth, okay? 
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Appendix B 

Response-Conflict Executive Functioning Tasks 

 

1. POINTING STROOP (GRASS/SNOW) 

(Bring out a board that has a solid white card attached to the upper left corner, a solid 

green card attached to the upper right corner (both cards are 15 x 10 cm), and two fabric 

cut-outs shaped like a child’s hands centered below the cards.) 

 

We’re going to play a game with this board.  

Do you know what colour grass is? __________ 

Do you know what colour snow is? ________ 

 

(praise right answers; correct wrong answers) 

 

Well, we’re gonna play a silly game.  

In this game, when I say the word “grass”, I want you to point with your finger to the 

white card like this (E points to white card).  

Can you point to the white card?   Pointed  Did not point 

(Praise if pointed, prompt if not) 

When I say the word “snow”, I want you to point with your finger to the green card like 

this (E points to green card). 

Can you point to the green card?   Pointed  Did not point 

(Praise if pointed, prompt if not) 

 

Practice Trials 

(say “Grass” and wait for response) 

(if S hesitates) What card do you point to for this one? green(0) white(1) #tries 

 

(praise if correct) 
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(say “Snow” and wait for response) 

(if S hesitates) What card do you point to for this one? green(1)  white(0) #tries 

 

(praise if correct, go on to test trials) 

(if incorrect, repeat both rules starting with the one S got wrong, and repeat practice) 

 

Test Trials 

(whenever S hesitates, ask "What card do you point to for this one?" but do not use words 

"white" or green"; do not give feedback on test trials) 

         

1. Grass  green(0) white(1)    

2. Snow  green(0) white(1)    

3. Snow  green(0) white(1)    

4. Grass  green(0) white(1)    

5. Snow  green(0) white(1)    

6. Grass  green(0) white(1)    

7. Grass  green(0) white(1)    

8. Snow  green(0) white(1)    

9. Snow  green(0) white(1)    

10. Grass  green(0) white(1)    

11. Snow  green(0) white(1)    

12. Grass  green(0) white(1)    

13. Grass  green(0) white(1)    

14. Snow  green(0) white(1)    

15. Grass  green(0) white(1)    

16. Snow  green(0) white(1)    
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Total % Correct: _____           

   

2. DIMENSIONAL CHANGE CARD SORT 

(E places two trays on table. Tray on left has a red rabbit card pasted on back wall. Tray 

on right has a blue boat card pasted on back wall.) 

We are going to play a game. This is the SHAPE game. All the rabbits go in this box 

(pointing to left tray) and all the boats go in that box (pointing to right tray). We don't put 

any rabbits in that box. No way (shaking head). We put all the rabbits over here and only 

boats go over there. If it is a rabbit, then it goes here. If it is a boat, then it goes there. 

This is the SHAPE game. 

 

OK. I'll go first. Rabbits go here. (E places a blue rabbit card in slot on left) 

Boats go here. (E places a red boat card in slot on right) 

 

Pre-switch Trials: 

OK. Now it's your turn. 

1. If it is a rabbit, then put it here, but if it is a boat, put it there. 

Here is a blue rabbit. Where does this go?  rabbit tray* boat tray _____ 

 

2. If it is a rabbit, then put it here, but if it is a boat, put it there. 

Here is a red boat. Where does this go?   rabbit tray boat tray*

 _____ 

 

3. If it is a rabbit, then put it here, but if it is a boat, put it there. 

Here is a blue boat. Where does this go?  rabbit tray boat tray* _____ 

 

4. If it is a rabbit, then put it here, but if it is a boat, put it there. 

Here is a red rabbit. Where does this go?  rabbit tray* boat tray _____ 
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5. If it is a rabbit, then put it here, but if it is a boat, put it there. 

Here is a blue rabbit. Where does this go?  rabbit tray* boat tray _____ 

 

(When S is correct) 

Yes, that's right. 

 

(When S is wrong) 

No, that's not right. Remember the rules. (proceed to next trial) 

 

(S must correctly sort 5 consecutive cards according to shape before proceeding to post-

switch trials; remove cards from tray if needed) 

 

Total Number Pre-switch Trials: _____ 

 

Number of Pre-Switch Errors: ______ 

 

Post-switch Trials: 

Now we are going to switch. We are not going to play the shape game any more. We are 

going to play the COLOR game. When it is red, you have to put it in this box (indicating 

left tray), but whenever it is blue, then it goes in that box (indicating right tray). We don't 

put red things in that box. No way (shaking head). We put red things over here and only 

when it's blue does it go over there. If it's blue, then it goes there. If it's red, then it goes 

here.  

(E does not give feedback on post-switch trials) 

 

1. If it is red, then put it here, but if it is blue, put it there. 

Here is a red boat. Where does this go?   red tray(1) blue tray(0)

 _____ 

OK. Let's do another. 
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2. If it is red, then put it here, but if it is blue, put it there. 

Here is a red rabbit. Where does this go?  red tray(1) blue tray(0) _____ 

OK. Let's do another. 

 

3. If it is red, then put it here, but if it is blue, put it there. 

Here is a blue boat. Where does this go?  red tray(0) blue tray(1) _____ 

OK. Let's do another. 

 

4. If it is red, then put it here, but if it is blue, put it there. 

Here is a red boat. Where does this go?   red tray(1) blue tray(0)

 _____ 

OK. Let's do another. 

 

5. If it is red, then put it here, but if it is blue, put it there. 

Here is a blue rabbit. Where does this go?  red tray(0) blue tray(1) _____ 

 

 

Compatible Trial Total (2 and 3): _____ 

 

Incompatible Trial Total (1, 4, and 5): _____ 

 

Post-switch Total: _____ 

 

3. LESS IS MORE  

(Present children with a choice between two different kinds of treats [e.g.,, jelly beans 

and Smarties]. The treat they choose will be used throughout the experiment.) 

 

(Bring out a five-treat array and a two-treat array). 
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Which amount do you prefer?     Larger   Smaller 

 

(Bring out puppet) 

This is naughty monkey, and his name is Chris. He likes to get all the treats for himself. 

That is why he is naughty. 

(Place an empty cup by the child and Chris the monkey. Make sure Chris the monkey is 

to the right of the child) 

Every time you point to a tray, Chris gets the jelly beans in that tray, and they’ll go into 

his cup, and you’ll get the jelly beans in the other tray, and they’ll go into your cup 

 

Practice Trials 

(push the trays forward and equidistant from the child) 

Point to a tray       Larger   Smaller 

(pull back the trays and put them in the appropriate cups) 

See, Chris gets this many jelly beans, and you get this many jelly beans 

So, when you pick a tray, who gets those treats? Does Chris get them or do you get them? 

       Child   Chris  # tries 

(praise if correct, go on to test trials) 

(if incorrect, give feedback and repeat practice up to three times) 

 

Test Trials 

(reload trays with prepared sets of two and five treats (left and right counterbalanced) 

1. larger(0) smaller(1)   ____    

2. larger(0) smaller(1)   ____  

3. larger(0) smaller(1)   ____    

4. larger(0) smaller(1)   ____   

5. larger(0) smaller(1)   ____   

6. larger(0) smaller(1)   ____   
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 (Move Chris and his cup to the left of the child to control for side biases and give a 

verbal rule reminder) 

Remember, every time you point to a tray, Chris gets the jelly beans in that tray, and 

they’ll go into his cup, and you’ll get the jelly beans in the other tray, and they’ll go into 

your cup 

7. larger(0) smaller(1)   ____   

8. larger(0) smaller(1)   ____   

9. larger(0) smaller(1)   ____   

10. larger(0) smaller(1)  ____    

11. larger(0) smaller(1)  ____   

12. larger(0) smaller(1)  ____  

 

Total % Correct: ______      

 

 4. HAND GAME 

Imitative condition: 

 First we both put our hands behind our backs; now when I show my hand I want you to 

make the same shape as me. So if I make a fist, you make a fist, and if I point a finger, 

you point a finger.  

 

What do you do if I point a finger…     Make fist Point Finger* 

and if I make a fist?      Make fist* Point Finger 

 

(When S is correct) 

Yes, that's right, you make the same shape as me 

 

(When S is wrong) 

No, that's not right. Remember you make the same shape as me. (proceed to next trial) 
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Experimenter makes:   Subject makes:  Correct? 

 

Finger     Finger  Fist  _______ 

Fist     Finger  Fist   _______ 

Finger     Finger  Fist  _______ 

Fist      Finger  Fist  _______ 

Fist      Finger  Fist  _______ 

 

Number correct _____/5 

 

Conflict condition: 

 

Now if I point a finger I want you to show a fist, and if I show a fist I want you to point a 

finger, so we’re not making the same shapes.  

 

What do you do if I show a fist?     Make fist Point Finger* 

And if I point a finger?      Make fist* Point Finger 

 

(When S is correct) 

Yes that’s right you make a different shape from me 

 

(When S is wrong) 

No, that's not right. Remember the rules. (proceed to next trial) 

 

Experimenter makes:  Subject makes:  Correct?  

Finger     Finger  Fist  _______ 

Finger     Finger  Fist  _______ 

Fist     Finger  Fist  _______ 

Finger     Finger  Fist  _______ 
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Fist     Finger  Fist  _______ 

Fist     Finger  Fist  _______ 

Fist     Finger  Fist  _______ 

Finger     Finger  Fist  _______ 

Fist     Finger  Fist  _______ 

Finger     Finger  Fist  _______ 

 

Number of trials correct ____/10  
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