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Abstract 

Catecholamines are thought to have a major modulatory effect on cognition. However, there is 

only equivocal evidence that catecholamines have a direct impact on cognition. A body of research 

suggests that catecholamines influence motivation, through which they may have an indirect effect on 

cognition. Theories of motivation distinguish directional (behaviour toward or away from some stimuli) 

and activational aspects of motivation. The activational aspects of motivation (or behavioural activation) 

refer to the quantitative and qualitative features of motivated behaviour (speed, vigour and persistence) 

that enable organisms to overcome constraints that prevent them from obtaining a motivational stimulus.  

 Here we investigated the contribution of catecholamines to cognition (using working memory as 

a cognitive model; working memory is a limited-capacity cognitive process that temporarily retains 

relevant information to guide thoughts and actions) and behavioural activation by augmenting 

catecholamine neurotransmission using the catecholamine reuptake inhibitors methylphenidate (MPH; 

0.1-10 mg/kg) and atomoxetine (ATX; 0.01-1.0 mg/kg) in adult female Chinese rhesus macaques 

(Macaca mulatta). We also tested the effects of diminishing catecholamine neurotransmission on working 

memory and behavioural activation using an acute tyrosine phenylalanine depletion (ATPD) method, 

which we developed and demonstrated its effectiveness at impairing brain catecholamine synthesis and 

function. A visual sequential comparison (VSC) task, which allows the systematic manipulation of 

working memory load was used to assess working memory. Behavioural activation was assessed using 

several measures: the animals’ reaction time (speed), saccade peak velocity (vigour), successful trial 

completion (persistence), successful trial initiation (persistence), trial initiation time (speed), and 

anticipatory trial initiation (vigour) in the VSC task. A visual progressive ratio (PR) schedule of 

reinforcement task was also used to assess behavioural activation; the PR breakpoint reflects persistence. 

The results of the MPH, ATX and ATPD studies showed that catecholamines have little to no impact on 

working memory but a significant influence on behavioural activation.  
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Chapter 1 

General Introduction 

Deficits in cognitive abilities such as working memory are characteristic of neurological and 

mental disorders such as Parkinson’s disease (PD) and attention deficit hyperactivity disorder 

(ADHD). These impairments have been associated with dysfunctional regulation of the 

catecholamine neurotransmitters, dopamine and norepinephrine in the brain (see for review Sawada 

et al., 2013; also see Sharma and Couture, 2014). In support of this, drugs that target these 

neurotransmitter systems are commonly prescribed to treat symptoms of PD and ADHD. Although 

catecholaminergic drugs may alleviate some of the clinical symptoms of PD and ADHD, the 

experimental evidence that these drugs directly influence working memory and other cognitive 

processes does not allow for a very firm conclusion to be drawn. In addition, the mechanisms by 

which these drugs influence cognition are poorly understood. These issues raise serious questions 

about whether catecholaminergic drugs should be prescribed for the treatment of working memory 

and other cognitive impairments in people with PD and ADHD. These issues are also concerning in 

light of the fact that drugs that act on catecholamines are increasingly being abused by college 

students for the purpose of cognitive enhancement (see DuPont et al., 2008; Marais et al., 2017) 

The overarching aim of the projects in this thesis was to investigate the extent to which 

catecholamines influence cognition, using working memory as a cognitive model, and rhesus 

monkeys as an animal model. The study also determined the effects of catecholamines on motivation 

as motivation plays a central role in behavior. While studies suggest that catecholamines are 

important for motivation, the possibility that these neuromodulators may have an indirect impact 

(instead of a direct influence) on cognitive task performance through their influence on motivation 

has generally been overlooked in this area of the literature. By indirect impact on cognition, we mean 

that catecholamines might improve performance on working memory and other cognitive tasks by 
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enhancing motivational factors such as interest in the task and/or the effort used to perform the task. 

This, in turn, would lead to better performance on the task by improving factors such as the 

individual’s ability to filter out irrelevant stimuli to better focus on the task. A direct impact on 

cognition would mean improvement in the cognitive process itself. In the case of working memory, a 

direct effect would be catecholamines directly improving the ability to maintain and manipulate 

information in working memory, which would lead to improved accuracy on the task at all memory 

loads. In this study, the effects of catecholamines on working memory and the activational aspects of 

motivation (i.e. speed, vigour and persistence) were assessed by boosting catecholamine 

neurotransmission, using the catecholamine reuptake inhibitors, methylphenidate and atomoxetine as 

well as by depleting catecholamines, using acute tyrosine phenylalanine depletion (ATPD).   

1.1 Working Memory 

1.1.1 What is Working Memory? 

Working memory is the ability to maintain and manipulate relevant information in mind for 

a short period of time, usually on a scale of seconds (Goldman-Rakic, 1995). Working memory is a 

fundamental cognitive ability as it allows us to perform most everyday tasks, including engaging in 

conversations by keeping in mind what has previously been said, keeping in mind the steps of a 

recipe while cooking a meal and keeping in mind what a teacher says during class long enough to 

write it down. Working memory is also required for other cognitive processes including long-term 

memory, learning, reasoning, and problem solving. Working memory is required for most cognitive 

processes as some information often needs to be maintained in an accessible state in mind while 

these processes are being used (Andrade, 2001). As an example, when recalling information from 

long-term memory, working memory is required as the information that is recalled needs to be held 

in an accessible state so that it can be used in some way.  

Working memory can be grouped into two main types, verbal and visuospatial working 

memory. Verbal working memory represents verbal information, while visuospatial working 
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memory represents visual and spatial information (Vandierendonck and Szmalec, 2011). Working 

memory can also be characterized by its limited capacity and temporary storage of information. The 

capacity limit of working memory refers to the amount of information that an individual can hold in 

mind at one time. The average capacity limit of working memory in humans is thought to be about 4 

items or chunks of information (Cowan, 2001). Research with non-human primates (NHP) has 

shown that their working memory capacity is at least 2 items (Heyselaar et al., 2011; Petrides, 1991). 

NHP have also been shown to be capable of performing working memory tasks that are similar to the 

tasks used in human studies. For instance, Heyselaar et al. (2011) showed that rhesus macaques 

(Chinese Macaca mulatta) have the ability to perform a visual sequential comparison (VSC) task, 

which is often used in human studies. The VSC task is a type of change detection task that involves 

the presentation of a visual array (also referred to as the memory array) of one or more items 

followed by a retention interval or delay period (Phillips, 1974). The delay period is then followed 

by the presentation of a test array that may be the same or different from the memory array. Upon the 

presentation of the memory array, the subject is required to respond by noting whether the test array 

is the same or if it differs by one or more items from the memory array (see Heyselaar et al., 2011; 

also see Phillips, 1974). The VSC task has been widely used in the human literature to study working 

memory capacity. The VSC task supersedes tasks such as the delayed response task and the self-

ordered task (which are typically used in animal models of working memory) as it allows for the 

manipulation of memory load, while the delayed response task and the self-ordered task typically 

require the retention of only a single memorandum (Heyselaar et al., 2011). Given that the VSC task 

allows for the retention of more than one memorandum, it can be used to assess working memory 

capacity and the influence of memory load on working memory task performance. Heyselaar et al. 

(2011) found that similar to humans, the working memory task performance of rhesus macaques 

declines with increasing memory load.  
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Working memory capacity can be used as a proxy to assess cognition as it has been found to 

correlate with cognitive ability. In a study with people with schizophrenia and healthy adults, 

Johnson et al. (2013) examined the relationship between working memory capacity and other 

cognitive abilities. Working memory capacity was determined using a VSC task. The working 

memory capacity of each participant was ascertained by multiplying their proportion correct by 4 

(the number of items in the memory array; Johnson et al., 2013). The MATRICS Consensus 

Cognitive Battery (MCCB) was used to measure other cognitive abilities (e.g., processing speed, 

verbal learning, visual learning, attention, reasoning, problem solving, and social cognition) and the 

Wechsler Abbreviated Scale of Intelligence (WASI) was used to assess the subjects’ intelligence. 

People with schizophrenia were found to have a lower working memory capacity and to perform 

poorly on the MCCB and the WASI compared to healthy controls (Johnson et al., 2013). Working 

memory capacity was found to correlate with both groups of participants’ performances on the 

MCCB (r = 0.68) and WASI (r = 0.56), indicating a correlation between working memory and other 

cognitive abilities as well as intelligence. Working memory capacity also accounted for about 40% 

of the between-groups differences across the MCCB and the WASI (Johnson et al., 2013). A study 

by Fukada et al. (2010) which examined the relationship between working memory capacity and 

fluid intelligence (i.e. the ability to solve novel problems through reasoning, without reliance on 

knowledge that has been previously acquired, Lawlor-Savage and Goghari, 2016) found that the 

number of items that can be held in working memory correlates (r = 0.66) with fluid intelligence but 

the resolution or precision of those representations has a very weak correlation with fluid intelligence 

(r = -0.05). These findings indicate that the relationship between working memory capacity and fluid 

intelligence is mediated by the number of items an individual can maintain in working memory, not 

by the precision of those representations. Working memory capacity has also been found to correlate 

with scholastic aptitude (Cowan et al., 2005). 

1.1.2 Neural Basis of Working Memory 
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1.1.2.1 Persistent activity 

The neural signature of working memory is widely accepted as the persistent activity of 

neural networks in the prefrontal cortex (PFC) and the posterior parietal cortex (PPC) during the 

delay period of working memory tasks. In a seminal study, Fuster and Alexander (1971) found that 

some neurons in the PFC of monkeys increased the frequency of their firing rate during the retention 

interval of delayed response tasks when no stimulus was present. This increased firing continued 

throughout the retention interval but decreased when the delay period ended and the animal made a 

response. The persistent activity of neurons in the PFC in the absence of the to-be-remembered 

stimuli is thought to be necessary for the maintenance of information about the stimuli in working 

memory (Riley and Constantinidis, 2016). This theory is supported by studies that show that during 

the performance of visuospatial working memory tasks, the persistent activity of most neurons in the 

PFC is selective for the spatial location of the remembered stimulus not the preparation of the motor 

response (Funahashi et al., 1993; Qi et al., 2011). Evidence for this theory also comes from the 

results that compared to correct trials, error trials in working memory tasks are characterized by 

lower levels of delay period persistent activity (Funahashi et al., 1989; Sakai et al., 2002). Further 

support for this theory comes from the finding that the duration of persistent activity in the PFC 

corresponds with the length of the delay interval. In a study with rhesus macaques performing a 

delayed response task, Funahashi et al. (1989, their Figure 11) observed that when the delay period 

was 3 seconds, the persistent activity of the PFC lasted for the length of the delay and ceased at the 

end of the delay when the animal made a response. When the delay interval was increased to 6 

seconds, PFC persistent activity lengthened to the duration of that delay period. Delay period 

persistent activity has also been observed in the PPC of NHP and humans performing working 

memory tasks. Gnadt and Anderson (1988) recorded from neurons in the lateral intraparietal sulcus 

(LIP) and area 7a of the PPC of rhesus monkeys performing a delayed response task. They found 

neurons that sustained increased activity during the delay period. The sustained activity of these 
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neurons ceased when the animals made a response, indicating that these neurons were involved in 

maintaining information in working memory not the motor response (Gnadt and Anderson, 1988). 

Similar results have been reported in human studies (see Schluppeck et al., 2006). Delay period 

persistent activity has also been observed in the inferior temporal cortex (ITC; Miller et al., 1996) 

and the superior colliculus (Munoz and Wurtz, 1995).   

The N-methyl-D-Aspartate (NMDA) receptor (an ionotropic glutamate receptor) is thought 

to play an important role in facilitating persistent activity. NMDA receptors are characterized by 

their slow kinetics, meaning that the receptors stay activated for an extended period of time 

(compared to receptors such as the amino-3-hydroxy-5-methyl-4-isoxazole, AMPA receptor) and 

produce slowly decaying currents (Wang, 1999). The slow kinetics and voltage dependency of the 

NMDA receptor allow it to generate and sustain persistent activity. Specifically, the slow kinetics of 

the NMDA receptor allow for the temporal summation of excitatory postsynaptic potentials (EPSP), 

producing recurrent excitation (Wang, 1999). The voltage dependency of the receptors allows the 

recurrent excitation to selectively target neurons that have been activated by the external stimulus as 

only those neurons have been depolarized. Once a network of neurons has been activated, the slow 

kinetics of the NMDA receptor currents, along with the reverberatory process in which the active 

neurons selectively excite each other through recurrent connections, produces a nearly constant 

synaptic drive that sustains the persistent activity to subserve working memory (Lisman et al., 1998; 

Wang, 2001). In support of this theory, a study by Wang et al. (2013) found that delay period 

persistent activity in the dorsolateral PFC of NHP performing a spatial delayed response task was 

abolished by systemic administration of the NMDA receptor antagonist ketamine. Ketamine has also 

been found to produce deficits in working memory task performance of NHP (Heijselaar and Paré, 

2011; Roberts et al., 2010).  

Working memory has been theorized to be an emergent property of functional interactions 

between the PFC and other brain areas such as the PPC and the ITC. Studies (e.g., D’Esposito, 2007; 
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Miller and Cohen, 2001) suggest that the PFC provides top-down signals to the PPC and other brain 

areas that lead to the enhancement of relevant information and suppression of distractors to keep 

neural representations of task-relevant information active in working memory. This view is 

supported by several key factors. Firstly, the PPC and ITC are main cortical afferents of the PFC and 

are strongly interconnected with the dorsolateral and ventrolateral PFC, respectively (Constantinidis 

and Procyk, 2004). Human brain imaging studies have demonstrated that the PPC is activated 

simultaneously with the PFC during working memory task performance (Bunge et al., 2001; Stern et 

al., 200), indicating that functional interactions between these two brain regions are important for 

working memory. Some studies (e.g., Chao and Knight, 1998; Fuster et al., 1985) have provided 

direct evidence of the interaction between the PFC and other brain areas in working memory. For 

instance, in a study with monkeys, Fuster et al. (1985) examined the effect of PFC cooling on ITC 

neural activity during a working memory task. They found that inactivation of the PFC led to a loss 

of stimulus specificity in the ITC neurons and attenuated delay period persistent activity in the ITC 

(Fuster et al., 1985). More studies are needed to elucidate the role of persistent activity in the PFC, 

PPC, ITC and other brain areas in working memory.  

1.1.2.2 Catecholamine Modulation of Working Memory 

Catecholamines are a class of monoamines that function as neuromodulators in the brain and 

as circulating hormones that regulate physiological functions such as breathing and heart rate 

(Bisogni et al., 2016). Catecholamines contain a catechol group which consists of two adjacent 

hydroxyl groups on a benzene ring as well as an ethylamine side chain with an amine group that may 

have additional substitutions (Gnegy, 2012). Catecholamines include dopamine, norepinephrine and 

epinephrine. Dopamine and norepinephrine are thought to influence working memory and other 

cognitive functions while epinephrine is thought to not impact cognition. The following sections of 

the paper will review the findings of studies that have investigated the role of dopamine and 

norepinephrine in working memory.  
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1.1.2.2.1 Dopamine and working memory 

Dopaminergic signaling in the central nervous system (CNS) has been implicated in many 

aspects of cognition and behaviour. Dopamine innervates the whole cortex of the primate brain 

(Melchitzky and Lewis, 2009). The PFC of primates receives widespread input from dopamine axons 

originating in the ventral tegmental area (VTA) and substantia nigra pars compacta (SNc) (Williams 

and Goldman-Rakic, 1998). The PPC in primates also receives projections from dopamine neurons 

in the VTA and SNc (Lewis et al., 1988). Dopamine was first linked to working memory in a study 

by Brozoski et al. (1979) which used rhesus monkeys performing a delayed response task. Brozoski 

et al. (1979) found that depleting dopamine in the PFC using 6-hydroxydopamine (6-OHDA) 

impaired the animals’ performance on the delayed response task. Moreover, the 6-OHDA treated 

animals were found to be as impaired on the task as animals with PFC ablation. The 6-OHDA 

induced deficit in delayed response task performance was reversed by systemic administration of the 

dopamine precursor, L-DOPA and the dopamine receptor agonist, apomorphine (Brozoski et al., 

1979). Catecholamine depletion studies in humans using ATPD have produced inconsistent results of 

the effects of catecholamines on working memory. That is, some studies have found that using 

ATPD to impair catecholamine neurotransmission led to significant impairment in working memory 

(Harmer et al., 2001; Harrison et al., 2004), while other studies found no significant effect of ATPD 

on working memory (Ellis et al., 2005; Linssen et al., 2011; McLean et al., 2004; Mehta et al., 2005).  

Methylphenidate (MPH), a catecholamine reuptake inhibitor has also been used to study the 

effects of dopamine on working memory; MPH has a high affinity for both the dopamine transporter 

(DAT) and the norepinephrine transporter (NET) (Han and Gau, 2006). While some studies in 

healthy subjects have found an enhancing effect of MPH on working memory task performance 

(NHP: Bain et al., 2003; Gamo et al., 2010; Kodama et al., 2017; Human: Agay et al., 2014; Elliot et 

al., 1997), other studies have observed detrimental (NHP: Bartus, 1979) or no effects (NHP: Hutsell 

and Banks, 2015; Oemisch et al., 2012; Rajala et al., 2012; Soto et al., 2013; Human: Marquand et 
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al., 2011; Studer et al., 2010; Tomasi et al., 2011) of MPH on working memory. In humans, 

inappropriate dosage could potentially explain these variable MPH effects, presumably because of 

individual differences in working memory capacity. Indeed, beneficial effects can be better detected 

in low versus high performers (Agay et al., 2014; Finke et al., 2010), an effect seemingly related to 

dopamine receptor availability in the striatum (Clatworthy et al., 2009; del Campo et al., 2013).   

Studies using dopamine receptor agonists such as pergolide and bromocriptine have 

produced inconsistent findings of the effects of dopamine on working memory in healthy human 

subjects (Bartholomeusz et al., 2003; Gibbs and D’Esposito, 2005; Kimberg and D’Esposito, 2003; 

Kimberg et al., 1997, 2001; Luciana and Collins, 1997; Luciana et al., 1992, 1998; Mehta et al., 

2001; Müller et al., 1998; see for review Cools and D’Esposito, 2011). Most of the evidence linking 

catecholamine modulation to changes in working memory have come from dopamine receptor 

agonist and antagonist studies in NHP using single memorandum tasks such as delayed response 

tasks (Arnsten et al., 1994; Cai and Arnsten, 1997; Castner et al., 2000; Castner and Goldman-Rakic, 

2004; Williams and Goldman-Rakic, 1995; Sawaguchi and Goldman-Rakic, 1991; Vijayraghavan et 

al., 2007; Von Huben et al., 2006). Cai and Arnsten (1997) examined the impact of the D1 receptor 

agonists, A77636 and SKF81297 on working memory in rhesus monkeys performing a delayed 

response task. Both compounds significantly improved the animals’ delayed response task 

performance. This effect was reversed by the D1 receptor antagonist, SCH23390 (Cai and Arnsten, 

1997). Arnsten et al. (1994) observed that systemic administration of SKF81297 improved the 

delayed response task performance of aged monkeys (17 to over 30 years) who have naturally 

occurring low dopamine levels and young monkeys (4-10 years of age) with experimental depletion 

of catecholamines. These agonist-induced improvements were blocked by SCH23390. Williams and 

Goldman-Rakic (1995) recorded the activity of neurons in the dorsolateral PFC of monkeys 

performing an oculomotor delayed response task. Local applications of low doses of the D1 receptor 

antagonist, SCH 39166 increased firing for preferred directions and modestly reduced firing for non-
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preferred directions during the delay period of the task. Higher doses of SCH 39166 significantly 

decreased delay period activity (Williams and Goldman-Rakic, 1995). In NHP performing a delayed 

response task, Vijayraghavan et al. (2007) found that lower doses of D1 receptor agonists increased 

the spatial tuning of delay neurons by decreasing firing for non-preferred directions. Higher doses of 

the agonists decreased spatial tuning by decreasing firing for both preferred and non-preferred 

directions.  

The effects of dopamine on working memory may be dependent on the type of dopamine 

receptor (i.e. D1-like receptors which comprise of D1 and D5 receptors and D2-like receptors which 

consist of D2, D3 and D4 receptors) that is acted upon. Müller et al. (1998) suggested that dopamine 

D1 receptors have a preferential role in modulating working memory compared to D2 receptors. In 

their study, Müller et al. (1998) found that the D1/D2 receptor agonist, pergolide had a delay-

dependent (tested 2, 8 and 16 second delay conditions) effect on performance on a delayed match-to-

sample task, while the selective D2 receptor agonist, bromocriptine did not significantly impact 

performance on the task at any of the delay conditions. Further support of the role of the D1 receptor 

in facilitating working memory comes from studies in NHP that have found D1 receptor agonists to 

have an enhancing effect on delayed response task performance (e.g., Arnsten et al., 1994; Cai and 

Arnsten, 1997; Castner et al., 2000) and D1 receptor antagonists to impair performance on delayed 

response tasks (e.g., Arnsten et al., 1994; Sawaguchi and Goldman-Rakic, 1991). In contrast to these 

studies, Bartholomeusz et al. (2003) found that the administration of a D1 receptor agonist 

(pergolide) had no significant effect on working memory task performance in human subjects. 

Kimberg and D’Esposito (2003) also found that pergolide did not significantly improve the accuracy 

of human subjects on various working memory tasks.  

Compared to D1 receptors, fewer research has been done on the role of D2 receptors in 

working memory. The findings from the available research are controversial. D2 receptor 

modulation is reported to have no effect on delay period activity (Wang et al., 2004). However, some 
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studies have found D2 receptor agonists (Luciana and Collins, 1997; Mehta et al., 2001) and 

antagonists (Von Huben et al., 2006) to have an impact on working memory task performance. In a 

study using rhesus monkeys, Von Huben et al. (2006) found that while deficits in spatial working 

memory were observed following systemic treatment with both the D1 receptor antagonist, 

SCH23390 and the D2 receptor antagonist, raclopride, the D2 receptor antagonist had a greater effect 

on impairing working memory task performance than the D1 receptor antagonist. Von Huben et al. 

(2006) reported that the results indicated a greater contribution of the D2 receptor to spatial working 

memory than the D1 receptor. In contrast, the study by Müller et al. (1998) that was previously 

discussed found that D2 receptors did not significantly impact working memory.  

It has been suggested that working memory might depend on an interaction between 

dopamine and glutamate transmission (Seamans et al., 2001; Snyder et al., 1998; Wang and 

O’Donnell, 2001). Wang and O'Donnell (2001) examined the interactions between NMDA and D1 

receptors in the PFC of the rat using whole-cell recordings from pyramidal neurons. They found that 

both NMDA and the D1 receptor agonist, SKF38393 when used on their own increased the 

excitability of neurons in the rat PFC. Combining NMDA and SKF38393 further increased the 

excitability of the neurons. This effect was inhibited by the D1 receptor antagonist, SCH23390, 

protein kinase A (PKA) inhibitors, a Ca2+ channel blocker (nifedipine), and a Ca2+ chelator 

(BAPTA). Based on these results, Wang and O’Donnell (2001) proposed that dopamine and 

glutamate interact in the PFC at the postsynaptic level and that D1 receptors may be involved in 

maintaining NMDA receptor mediated responses in the PFC through a PKA-dependent pathway and 

the activation of Ca2+ conductance. Further support for the interaction between the D1 receptor and 

the NMDA receptor in working memory comes from a study by Seamans et al. (2001) that found 

that D1 receptor agonists enhanced NMDA excitatory postsynaptic currents (EPSCs) but decreased 

non-NMDA EPSCs. Taken together, these studies suggest that dopamine (acting through the D1 

receptor) might modulate persistent activity in the PFC by influencing NMDA receptor activity. 
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Dopamine is thought to have an inverted-U dose-response effect on working memory such 

that an intermediate level of dopamine rather than a low or high concentration of dopamine, has the 

best effect on working memory task performance. In a study using rats and monkeys, Murphy et al. 

(1996) showed that increasing dopamine turnover in the PFC of the animals significantly impaired 

their performance on a spatial working memory task. Vijayraghavan et al. (2007) found an inverted-

U dose-dependent effect of D1 receptor agonists on the delay period activity of neurons in the PFC. 

Neurons that showed persistent activity during the delay period of the spatial working memory task 

were found to be spatially tuned in that they fired more to preferred directions than to non-preferred 

directions. Vijayraghavan et al. (2007) found that low doses of the D1 receptor agonists suppressed 

responses to non-preferred directions, enhancing the spatial tuning of the delay activity. Mid-range 

doses of the D1 agonists further suppressed responses in the non-preferred directions leading to 

further enhancement of spatial tuning. However, higher doses of the D1 agonists suppressed activity 

altogether, resulting in an erosion of spatial tuning (Vijayraghavan et al., 2007). These findings 

suggest that mid-range doses of dopamine receptor agonists improve working memory task 

performance more so than low and high doses of the agonists as mid-range doses have the best effect 

on the spatial tuning of the neurons during the delay period. Dose-dependent effects of dopamine 

receptor agonists have also been reported in studies using human subjects (e.g., Gibbs and 

D’Esposito, 2005; Luciana et al., 1998).  

Overall, the results of studies that have tested the effects of agents that act on dopamine 

neurotransmission on working memory are equivocal. Further studies are needed to elucidate the 

contribution of dopamine to working memory. The results of the studies that have investigated the 

role of D1 and D2 receptors in working memory suggest that if dopamine has any effect on working 

memory, it is likely through its actions on D1 receptors.  

1.1.2.2.2 Norepinephrine and Working Memory 
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The locus coeruleus (LC) is the principle site for the production of norepinephrine in the 

brain. Norepinephrine producing neurons in the LC send projections throughout the central nervous 

system, including the PFC. Norepinephrine acts on two categories of receptors: alpha adrenoceptors 

(adrenergic receptors), which consist of two subtypes alpha-1 and alpha-2 adrenoceptors and beta 

adrenoceptors which include beta-1, beta-2 and beta-3 adrenoceptors (Chamberlain and Robbins, 

2013). Norepinephrine has a high affinity for the alpha-2 adrenergic receptors and a lower affinity 

for the alpha-1 and beta adrenoceptors. Norepinephrine has been theorized to facilitate working 

memory through its actions on alpha-2 adrenoceptors (for review see Clark and Noudoost, 2014). 

Studies that have produced the most consistent evidence linking norepinephrine modulation to 

working memory have used NHP performing delayed response tasks (Arnsten and Cai, 1993; 

Arnsten and Goldman-Rakic, 1985; Arnsten and Leslie, 1991; Avery et al., 2000; Cai et al., 1993; Li 

et al., 1999). Cai et al. (1993) depleted catecholamines in rhesus monkeys using reserpine, which 

depletes catecholamines by irreversibly blocking the vesicular monoamine transporter (VMAT), 

which transports catecholamines and other monoamines into synaptic vesicles. Cai et al. (1993) 

found that reserpine treatment significantly reduced the animals’ performance on the delayed 

response task. Systemic administration of the alpha-2 adrenergic receptor agonist, clonidine (0.0001-

0.05 mg/kg) to the reserpine-treated animals was found to significantly restore the animals’ 

performance on the task. In a study with aged monkeys (17 to over 30 years of age) performing a 

delayed response task, Arnsten and Goldman-Rakic (1985) found that clonidine improved 

performance in all the animals. Li et al. (1999) found that both systemic and iontophoretic 

administrations of clonidine led to enhanced neuronal activity in the PFC of rhesus monkeys 

performing a delayed response task. The faciliatory effect of clonidine was blocked by the alpha-2 

adrenoceptor antagonist, yohimbine.  

Studies in humans using norepinephrine receptor agonists have produced equivocal results of 

the impact of norepinephrine on working memory (Frith et al, 1985; Coull et al., 1995; Jakala et al., 
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1999a, 1999b; McAllister et al., 2011; Middleton et al., 1999; Müller et al., 2005; Tiplady et al., 

2005; Swartz et al., 2008; see for review Chamberlain and Robbines, 2013). Jakala et al. (1999b) 

examined the effectiveness of the alpha-2 adrenoceptor agonists, guanfacine and clonidine at 

improving performance on a spatial working memory task; this task was part of the Cambridge 

Neuropsychological Test Automated Battery (CANTAB) which is a computerized battery of 

cognitive assessments. Jakala et al. (1999b) found that guanfacine, which has a higher affinity for the 

alpha-2 adrenergic receptor than clonidine, improved performance on the task, while clonidine had 

no significant effect on task performance. Contrary to Jakala and colleagues, Müller et al. (2005) 

found that guanfacine did not have a significant influence on accuracy or the response latency 

(reaction time) of human subjects performing the same CANTAB spatial working memory task.  

 Like dopamine, norepinephrine has been hypothesized to have an inverted-U dose-response 

effect on working memory. Gamo et al. (2010) tested the effects of atomoxetine (a catecholamine 

reuptake inhibitor which mainly targets the norepinephrine transporter) on the delayed response task 

performance of rhesus monkeys. The animals were tested with a wide range of atomoxetine (ATX) 

doses (0.1-4.0 mg/kg). Gamo et al. (2010) found that ATX produced an inverted-U dose-dependent 

curve with improvement occurring at moderate doses but not at higher doses. Gamo et al. (2010) also 

observed that the enhancing effects of ATX on working memory were blocked by the alpha-2 

adrenergic receptor antagonist, idazoxan. It should be noted that the Gamo et al. (2010) study used a 

best-dose analysis, which has been shown to be prone to false positives (see Soto et al., 2013). In a 

study with rhesus macaques performing a VSC task, Thurston and Paré (2016) found results that 

were in contrast to the findings of the Gamo et al. (2010) study. Specifically, Thurston and Paré 

(2016) found that none of the doses of ATX (0.03-3.0 mg/kg) that they administered to the animals 

had a significant impact on working memory. Bain et al. (2003) examined the effects of a range of 

doses of ATX (0.01-1.0 mg/kg) on working memory in rhesus macaques and pigtail monkeys 
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performing a delayed match-to-sample task. ATX did not have a significant effect on working 

memory at any dose.  

 Only a few studies have investigated the molecular pathways through which norepinephrine 

might modulate working memory. Wang et al. (2007) found evidence to suggest that norepinephrine 

enhances working memory by acting on the alpha-2 adrenergic receptor to inhibit cyclic adenosine 

monophosphate (cAMP), closing hyperpolarization-activated cyclic nucleotide-gated (HCN) 

channels. Specifically, Wang et al. (2007) found that iontophoretic application of the alpha-2 

adrenergic receptor agonist, guanfacine to the dorsolateral PFC of monkeys performing a working 

memory task, significantly increased the delay-related persistent activity of neurons in the PFC. The 

enhancing effects of guanfacine on PFC neuronal firing were reversed by the cAMP analog, SP-

cAMPS, indicating that guanfacine increased the delay-related activity of the neurons by suppressing 

cAMP. As the open state of HCN channels can be increased by cAMP, Wang et al. (2007) examined 

the link between cAMP, HCN channels and alpha-2 adrenergic receptors in working memory 

persistent activity. Evidence of functional interaction between HCN channels and alpha-2 adrenergic 

receptors was shown in an experiment in which the HCN channel blocker, ZD7288 was found to 

reverse the suppressive effects of the alpha-2 adrenergic receptor antagonist, yohimbine on delay-

related activity of neurons in the PFC. ZD7288 also reversed the suppressive effects of etazolate 

which was used to increase cAMP levels (Wang et al., 2007). These results suggest that stimulation 

of alpha-2 adrenergic receptors enhances working memory by inhibiting cAMP-HCN channel 

signaling in the PFC. A study by Barth et al. (2008) also suggests that norepinephrine might act 

through alpha-2 adrenoceptors to inhibit HCN channels which then lead to the enhancement of 

working memory.  

 In summary, studies that have investigated the effects of agents that act on norepinephrine 

neurotransmission on working memory have produced equivocal results. If norepinephrine has any 
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effect on working memory, it’s likely via the alpha-2 adrenoceptor. More studies are needed to 

clarify the contribution of norepinephrine to working memory.  

1.2 Motivation 

1.2.1 What is Motivation? 

Motivation has been defined in several different ways, but for the purpose of this paper, we 

will use the definition from Salamone et al. (2016): motivation is a behavioural process through 

which organisms regulate their internal and external environment and control the proximity, 

probability and availability of stimuli. Motivated behaviour is generally seen as goal-directed. 

However, the achievement of a goal involves more than consummatory behaviors that reflect direct 

interaction with the goal or motivational stimulus (Salamone et al., 2006). As goals or motivationally 

relevant stimuli are generally at some physical or psychological distance from the organism, the 

organism must engage in behaviours that will bring them in contact with the motivational stimulus or 

goal object. Hence, acquisition of a goal or motivational stimulus also involves instrumental 

behaviours that increase the proximity and availability of the goal object. It has been recognized by 

researchers for a long time that motivated behaviour has both a directional component and an 

activational or energizing component (Duffy, 1957; Hebb, 1955). The directional aspects of 

motivation refer to processes that guide behaviour toward a specific goal and away from competing 

actions (Dickinson and Balleine, 1994). As an example, physiological conditions such as hunger can 

influence an animal to pursue food and forgo pursuit of other goals such as mating. The activational 

or energizing aspects of motivation refer to the quantitative and qualitative features of the 

motivated behaviour such as speed, vigour and persistence (Salamone, 1988; Salamone et al., 2015). 

The activational aspects of motivation are important as they enable organisms to overcome the 

obstacles, constraints or costs standing between them and the goal or motivational stimuli (Bailey et 

al., 2016). The activational aspects of motivation allow organisms to engage in actions such as look 
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for food and water over long distances, work with vigour and speed to achieve an important goal or 

persist in pursuit of a goal in the face of physiological and environmental constraints.  

Current theories suggest that before acting in pursuit of a goal or motivational stimulus, 

individuals frequently engage in a decision-making process, in which they weigh the costs of 

pursuing the goal against the value or utility of obtaining it (Simpson and Balsam, 2016). The major 

categories of factors that individuals consider in this cost-benefit computation include their 

physiological state (e.g., health, stress and deprivation), environment (e.g., availability of the goal 

and response opportunity) and past history with the goal or motivational stimulus. Information about 

these categories of factors are evaluated and weighed in the cost-benefit computation (Simpson and 

Balsam, 2016). The output of the cost-benefit computation will then impact motivation, both the 

directional and activational aspects of the behaviour that the individual takes toward the goal. Our 

research here focuses on the activational aspects of motivation, also referred to as behavioural 

activation.  

1.2.2 Tasks Used to Study Behavioural Activation 

A number of tasks have been used to study the activational aspects of motivation. Many of 

these tasks require an individual to make a particular type of response to obtain a goal or reward. For 

example, some studies use runway tasks that require an animal to run down a runway to obtain a 

food reward in a goal-box at the end of the runway. The activational aspects of motivation can be 

observed in the runway task as animals have been found to run faster for a food reward as a function 

of the duration that they have been food deprived (Kintsch, 1962) or as a function of the amount of 

food reward or concentration of sucrose that is in the goal-box (Goodrich, 1960; Kintsch, 1962). 

Automated activity testing chambers have also been used by researchers to assess the activational 

aspects of motivation. These chambers allow researchers to quantify changes in behavioural 

activation by measuring the speed and/or persistence of motor activities that animals express when 

obtaining a food or liquid reward in the activity testing chamber. McCullough and Salamone (1992) 
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exposed four groups of rats to one of four periodic food presentation (PFP) conditions: high rate of 

PFP which consisted of the rats receiving one food pellet every 45 seconds, low rate of PFP which 

entailed the rats receiving one food pellet every 4 minutes, massed food presentation which consisted 

of the rats receiving 15-18 grams of freely available food pellets, and food deprivation control. The 

rats were exposed to the PFP conditions while they were in an automated locomotor chamber which 

recorded and counted their motor activity. Compared to the food deprivation control group, the high 

PFP and low PFP rat groups were found to have significantly higher activity counts (McCullough 

and Salamone, 1992). The high PFP group also had significantly higher levels of motor activity than 

all the other groups, indicating that higher reward leads to more energizing of behaviour.  

 Most studies that have examined the neurobiology and pharmacology of behavioural 

activation have used lever pressing tasks with a fixed ratio (FR) schedule of reinforcement or a 

progressive ratio (PR) schedule of reinforcement to assess behavioural activation. Studies (Hodos, 

1961; Rickard et al., 2009) have shown that the rates of lever pressing in animals increases as a 

function of food deprivation and magnitude of food reward, indicating that lever pressing tasks can 

be used to measure the activational aspects of motivation. In lever-pressing FR tasks, the subject is 

required to press a lever for a fixed number of times to obtain a reward (Salamone et al., 2010). For 

example, in an FR task with a schedule of reinforcement of 1 (FR1), the subject receives a reward 

after every 1 lever press that they make. In an FR task with a schedule of reinforcement of 5 (FR5), 

the subject receives a reward after every 5 lever presses that they make. In a task with a progressive 

ratio schedule of reinforcement, the subject is required to make an increasing number of responses to 

obtain the same amount of a reward (Bailey et al., 2016). The required number of responses in a PR 

task can be increased within a single session from one reinforcer to the next or it can be changed 

between sessions over days. Hodos (1961) was the first to use the PR task to study motivation in 

animals. The Hodos (1961) task required the animals (rats) to lever press on a PR schedule which 

increased by a step of two (i.e. during the first trial, the rats had to press the lever twice for the 
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reward, then four times for the second trial, six for the third, and so on). Each run of responses in the 

PR task is referred to as a ratio run and the final ratio completed by the subject is referred to as the 

breakpoint (Bailey et al., 2016; Hodos, 1961; Spinelli et al., 2004). The PR breakpoint indicates the 

tendency or persistence of the subject to work for the reward (de Jong et al., 2015) as well as the 

maximum effort that the individual will expend to obtain the reward (Richardson and Roberts, 1996). 

Hodos (1961) found that the PR breakpoint was directly related to deprivation level and magnitude 

of the reward. The reinforcing effects of various substances have been studied in NHP using PR 

tasks (e.g., Ferguson and Paule, 1992; Holtyn et al., 2014; Lile et al., 2003; Negus and Mello, 2003; 

see for review Paule, 2001). Holtyn et al. (2014) conducted a study in which baboons worked for 

alcohol or juice reward under a PR schedule of reinforcement. The animals’ PR breakpoint increased 

as the concentration of the juice increased and was lower at 2% w/v alcohol compared to 4 and 6% 

w/v of alcohol.  

As the use of a PR task alone can make it difficult to discern if changes in breakpoints 

represent changes in behavioural activation or changes in consummatory behaviors, some 

researchers use other approaches in addition to the PR task to measure behavioural activation. One 

such approach is the concurrent choice procedure in which animals are offered the choice between 

working on the PR task to obtain a preferred food reward or approaching and consuming a less 

preferred food that is concurrently available (Salamone et al., 2010). Under control conditions, 

animals have been found to typically work to obtain the preferred food reward. However, when their 

behavioural activation is impaired through pharmacological manipulation of neurons in brain regions 

that are thought to be involved in the activational aspects of motivation (e.g., the VTA), they 

generally switch to consuming the less preferred food and forgo lever pressing to obtain the preferred 

food (see for review Salamone et al., 2010).  

In our research, in addition to the PR task, we assessed the animals’ response latency 

(reaction time), saccade peak velocity, proportion of trials successfully completed, proportion 
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of trials successfully initiated, trial initiation time, and anticipatory trial initiation in the VSC 

task as measures of behavioural activation; an illustration of these measures is shown in Figure 1.1. 

Most of these measures have been used in previous studies to assess motivation including studies 

that have been done previously in our lab (see Oemisch et al., 2016; also see Thurston and Paré, 

2016). Watanabe et al. (2001) examined the effects of predicted reward outcome on the reaction time 

and duration of anticipatory licking in monkeys performing several different tasks including four 

different versions of the spatial delayed response task. Each trial of the tasks began with the 

presentation of a visual cue that indicated to the animal which one of several food or liquid rewards 

would be delivered after a correct response or whether or not a reward would be delivered. The 

results of the study showed that the animals’ reaction time and duration of anticipatory licking varied 

depending on the reward predicted by the initial cue (Watanabe et al., 2001). Specifically, the 

animals’ reaction time was significantly shorter and the duration of their anticipatory licking was 

significantly longer for rewarded trials compared to unrewarded trials. Their reaction time was also 

significantly shorter and their anticipatory licking was significantly longer for more preferred foods 

and liquids compared to less preferred foods and liquids (Watanabe et al., 2001). Hence, rewarded 

trials and preferred foods and liquids elicited faster and more intense behavioural reactions from the 

animals, indicating an impact on the activational aspects of motivation.  

Other studies have shown that reward outcome has an impact on reaction time. For instance, 

Takikawa et al. (2002) found that the mean saccade latency or reaction time of Japanese macaques 

(Macaca fuscata) was shorter in the rewarded condition than in the non-rewarded condition of a 

memory-guided saccade task in which only one particular direction was rewarded. Bowman et al. 

(1996) found that the average reaction time (bar release) of rhesus monkeys became faster as they 

progressed toward earning a reward while performing a task with a multiple-ratio reinforcement 

schedule, in which the animals were required to complete randomly interleaved ratio schedules of 

one, two or three correct trials to obtain a reward; the brightness of a cue presented during the 
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intertrial interval indicated to the animals how close they were to obtaining the reward. Shidara et al 

(1998) also found that the reaction time of rhesus monkeys became faster (shorter) as they got closer 

to receiving a reward in a task that required them to successfully complete one to three bar release 

trials to obtain a reward (reaction time as motivation index: see also Hassani et al. 2001; Hollerman 

et al. 1998; Kawagoe et al. 1998; Leon Shadlen 1999; Kobayashi et al., 2002; Lauwereyns et al. 

2002; Tremblay et al. 1998; Watanabe 1990).  

Studies have shown that motivation for reward has an influence on saccade peak velocity, 

trial completion and trial initiation time. In the same study described above, Takikawa et al. (2002) 

found that the mean saccade peak velocity of the animals was higher in the rewarded condition 

compared to the non-rewarded condition. Leon and Shadlen (1999) studied the effect of expected 

reward magnitude on the response of neurons in the dorsolateral PFC as well as the behaviour of 

rhesus monkeys performing a memory-guided saccade task. For each trial, the animals were required 

to remember the location of a target and to make a saccade to the remembered location of the target 

upon extinction of a central fixation point. A change in the colour of the fixation point signaled to the 

animals whether they would receive a small or large reward after an accurate response. Leon and 

Shadlen (1999) found that the peak velocities of the animals were higher for large expected rewards 

compared to small expected rewards (saccade velocity as motivation index: see also Kawagoe et al., 

1998; Kobayashi et al., 2002 | movement time: Hollerman et al., 1998; Tremblay et al. 1998). The 

animals were also found to abort trials by breaking fixation almost twice as often when the fixation 

colour signaled a small reward compared to a large reward. Roesch and Olsen (2003) found that 

rhesus monkeys broke fixation more frequently on small-expected-reward trials than large-

expected-reward trials (fixation breaks as motivation index: see also Takikawa et al., 2002). The 

animals also had shorter reaction times on large-expected-reward trials compared to small-expected-

reward trials.  

Kobayashi et al. (2002) investigated the motivation of Japanese monkeys performing 
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visually guided saccade tasks by using their reaction time to the appearance of the fixation point (i.e. 

trial initiation time). The errors that the animals made were grouped into three types, depending on 

which portion of the task the animals failed to perform. Type I errors happened when the animal did 

not look at the fixation point at all (Kobayashi et al., 2002). Type II errors occurred when the animal 

looked at the fixation point but did not maintain fixation. Type III errors occurred when the animal 

succeeded in fixating on the fixation point but failed to make a saccade to the target when it appeared 

on the screen. Kobayashi et al. (2002) assumed that the animals’ motivation was lowest in Type I 

errors followed by Type II errors, then Type III errors. When the animals’ trial initiation time was 

compared to the error types, Kobayashi et al. (2002) found that the trial initiation time was 

significantly shortest (fastest) on successful trials and then progressively got longer with Type III, 

Type II and Type I errors. These results indicate that trial initiation time is a good index of 

motivation to perform an upcoming trial (trial initiation time as a motivation index: see also 

Muranishi et al., 2011; Satoh et al., 2003; Tsutsui et al., 2016; Weinberg-Wolf et al., 2018; Wilson et 

al., 2016; Yamada et al., 2013).  

Studies have also shown that saccade precision (Kobayashi et al., 2002; Leon and Shadlen, 

1999) and even success rate (Hassani et al. 2001; Kobayashi et al., 2002; Lauwereyns et al., 2002; 

Leon and Shadlen 1999; Takikawa et al., 2002) can be indexes of motivation. In a study with NHP 

performing a spatial delayed response task, Hassani et al. (2001) observed that the animals’ error 

rates were significantly lower when a cue at the beginning of the trial signaled a preferred reward 

versus a non-preferred reward. 

In summary, studies show that the PR breakpoint, reaction time, saccade peak velocity, 

successful trial completion, successful trial initiation, trial initiation time, and anticipatory trial 

initiation are all influenced by motivation for reward. These measures can be used to assess the 

activational aspects of motivation as they reflect speed (i.e. reaction time and trial initiation time 

indicate speed), vigour (i.e. saccadic peak velocity and anticipatory trial initiation reflect vigour) and 
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persistence of behaviour (i.e. trial initiation, trial completion and the PR breakpoint indicate 

persistence). Trial initiation time can also indicate vigour (see Wang et al., 2013).  

1.2.3 The Role of Dopamine in Behavioural Activation 

A network of neurons in the midbrain, striatum and frontal cortex has been implicated in the 

activational aspects of motivation. A number of rodent studies suggest that the mesolimbic dopamine 

pathway, which consists of dopamine neurons located within the VTA that project to the nucleus 

accumbens (NAcc), is involved in behavioural activation. Sharf et al. (2005) microinjected the D1 

receptor antagonist, SCH 23390 into the VTA of rats performing a PR task. They found that 

microinjections of SCH 23390 significantly decreased the rats’ PR breakpoints. This effect was 

surmounted by increasing the reward amount in the PR task from one food pellet to two food pellets, 

indicating that infusion of SCH 23390 into the VTA did not decrease the PR breakpoints by causing 

motoric effects but by decreasing the rats’ motivation to work for the smaller reward. A study by 

Marchant et al. (2016) has also linked VTA dopamine neurons to behavioural activation. Marchant et 

al. (2016) used DREADD (designer receptors exclusively activated by designer drugs) techniques to 

inactivate dopamine neurons in the VTA. They found that inactivation of VTA dopamine neurons 

significantly reduced both spontaneous and cocaine-induced locomotor activity of the rats in an 

automated locomotor chamber.  

Numerous studies have implicated dopamine in the NAcc in behavioural activation. Ikemoto 

and Panksepp (1996) investigated the role of NAcc dopamine in behavioural activation in rats using 

the dopamine receptor antagonist, cis-flupentixol. The animals were each tested with three different 

doses of cis-flupentixol (1, 5 and 25 µg) as well as saline as vehicle control. An automated runway 

apparatus was used to assess the effects of the cis-flupentixol treatments and saline control on 

behavioural activation. After receiving microinjections of one of the doses of cis-flupentixol or 

saline into the NAcc, the rat was placed in a start box for 90-seconds, at which time their activity was 

monitored using automated methods (Ikemoto and Panksepp, 1996). The rat was then allowed to run 
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down the runway to a goal box which contained a reward (sucrose); they had 30 seconds to reach the 

goal-box and were manually placed in the box if they failed to reach it after 30 seconds. Compared to 

saline, cis-flupentixol was found to significantly reduce the running speed and activity levels of the 

rats (Ikemoto and Panksepp, 1996). Cis-flupentixol didn’t significantly influence the rats’ 

consumption of the sucrose, indicating that NAcc dopamine has a significant effect on behavioural 

activation but does not significantly influence the consummatory aspects of motivation. Other studies 

(McCullough and Salamone, 1992; Robbins and Koob, 1980; Wallace et al., 1983) have also shown 

that impairing dopamine transmission in the NAcc suppresses the goal-directed motor activities of 

rats in automated activity testing chambers. NAcc dopamine depletion has been observed to reduce 

the tendency of rats to work for food rewards on tasks with operant schedules of reinforcement. In a 

study with rats working on tasks with FR1 and FR5 schedules of reinforcement, Ishiwari et al. 

(2004) found that injections of the dopamine depleting agent, 6-OHDA markedly reduced 

responding on the FR5 schedule of reinforcement task. Salamone et al. (2001) observed that 

depleting NAcc dopamine impaired the responses of rats on FR tasks with different ratio 

requirements (i.e. ratios of 5, 20, 50, 100, 200, and 300). The impairment in the rats’ responses 

became greater as the ratio value increased.  

As further support for the role of NAcc dopamine in behavioural activation, studies have 

shown that increasing NAcc dopamine signaling increases the general (Delfs et al., 1990) and goal-

directed (McCullough and Salamone, 1992) motor activities of rats in automated activity testing 

chambers. Moreover, studies suggest that dopamine in the NAcc core, not in the NAcc shell, is 

important for behavioural activation. In a study with rats injected with 6-OHDA either in the NAcc 

core or the shell, Sokolowski and Salamone (1998) found that the rats with 6-OHDA injections in the 

NAcc core but not the ones with 6-OHDA injections in the NAcc shell, had impaired performance on 

a task with an FR5 schedule of reinforcement. The rats with 6-OHDA injections in the NAcc core 

also had significant alterations in the relative distribution of interresponse times, indicating that their 
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rate of responding decreased while the number of pauses that they made increased (Sokolowski and 

Salamone, 1998). Rats with 6-OHDA injections in the NAcc shell did not have significant changes in 

the relative distribution of their interresponse times.  

The association between mesolimbic dopamine and behavioural activation also comes from 

pathological studies in NHP. Impairments in behavioural activation are thought to manifest as 

psychopathological symptoms such as apathy, anergia, lassitude, and psychomotor retardation which 

are often seen in people with psychiatric and neurological disorders (e.g., schizophrenia and 

Parkinson’s disease) that have been linked to dopaminergic dysfunction (Salamone et al., 2016). In a 

study using NHP models of Parkinson’s disease, Brown et al. (2012) examined if apathetic 

symptoms in the animals were due to degeneration of dopamine neurons in the mesolimbic pathway. 

The animals were treated with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) which causes 

symptoms of Parkinson’s disease. An apathy rating scale was used to assess apathetic symptoms in 

the animals as they engaged in various goal-directed activities. Brown et al. (2012) found that MPTP 

induced dopaminergic cell death in the mesolimbic pathway and the nigrostriatal pathway (i.e. 

dopamine neurons in the SNc that project to the dorsal striatum). The dopaminergic cell death in the 

mesolimbic and nigrostriatal pathways correlated with apathy ratings. However, the loss of 

dopamine neurons in the mesolimbic pathway was a stronger predictor of apathetic symptoms than 

the loss of dopamine neurons in the nigrostriatal pathway. A study by Tian et al. (2015) also linked 

the loss of dopamine neurons in the VTA to apathetic symptoms in NHP models of Parkinson’s 

disease.  

Compared to the mesolimbic pathway, the role of the nigrostriatal dopamine pathway in the 

activational aspects of motivation has received little attention. Hence, evidence of the implication of 

the nigrostriatal dopamine pathway in behavioural activation is not as strong as it is for the 

mesolimbic dopamine pathway. Drui et al. (2014) used 6-OHDA to deplete dopamine in the SNc of 

rats and in the VTA of another group of rats. The rats that had 6-OHDA injections in the SNc had 
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significant reductions in breakpoints on a PR task, while the rats with 6-OHDA injections in the 

VTA did not have a significant change in PR breakpoints. Moreover, the rats with 6-OHDA 

injections in the SNc showed clear preference for the reward (sucrose or saccharin) over water when 

they were given free access to the reward in addition to water in their home cage. This result 

indicates that the decline in PR breakpoints after depleting dopamine in the SNc was due to a change 

in the rats’ tendency to work for the reward, not a change in their consummatory behaviours. More 

studies need to be done to clarify the extent to which nigrostriatal dopamine plays a role in 

behavioural activation.  

The PFC might be part of a distributed neural circuitry (including the mesolimbic and 

nigrostriatal pathways) that is important for behavioural activation. The PFC receives dense 

dopaminergic innervations from the VTA in primates and in rodents (Berger et al., 1991). Studies 

suggest that sub-regions of the rodent PFC, such as the orbitofrontal cortex (OFC) and the pre-limbic 

region (PL), may be involved in the activational aspects of motivation. Cetin et al. (2004) examined 

the role of OFC dopamine in behavioural activation by infusing the D1 receptor antagonist, SCH 

23390, the D2 receptor antagonist, sulpiride, or saline as vehicle control into the OFC of rats. They 

found that both SCH 23390 and sulpiride led to a significant decrease in PR breakpoints, but had no 

significant effects on reward preference (casein pellets), as the animals continued to choose the 

reward over laboratory chow when they were given free access to both the reward and the laboratory 

chow (Cetin et al., 2004). Lesions to the PL have been shown to decrease breakpoints in a PR 

schedule of reinforcement task (Gourley et al., 2010). However, as the lesioning did not specifically 

target PL dopamine, it is unclear if the reduction in PR breakpoints was related to a disruption in 

dopamine transmission. The primate dorsolateral PFC might also be part of the distributed neural 

circuit regulating behavioural activation. Studies (Leon and Shadlen, 1999; Roesch and Olson, 2003) 

have shown that neurons in the dorsolateral PFC have a tendency to increase their activity after cues 

that signal a large reward compared to a small reward in monkeys performing memory-guided 



 

27 

 

saccade tasks. This enhancement in neural activity is accompanied by shorter reaction times (Roesch 

and Olson, 2003), an increase in successful trial completion (Leon and Shadlen, 1999; Roesch and 

Olson, 2003) and higher saccade peak velocities (Leon and Shadlen), which indicate a link between 

the activity of neurons in the dorsolateral PFC and the activational aspects of motivation. Studies 

need to be done to examine if dopamine is involved in modulating the activity of these neurons that 

are related to behavioural activation.     

The ACC which receives dense dopaminergic innervations from the VTA and has reciprocal 

connections with the NAcc (Bailey et al., 2016), might also be part of the distributed circuit involved 

in the activational aspects of motivation. Studies suggest that the ACC modulates behavioural 

activation through its role in cost-benefit calculations. Many of the studies on cost-benefit 

calculations in goal-directed behaviour use effort-based decision-making tasks, which require 

subjects to make a choice between expending more effort for a preferred reward or less effort for a 

less preferred reward. Walton et al. (2009) investigated the role of the ACC in effort-based decision 

making by lesioning the ACC in rats. When the rats were given the choice to lever press on a higher 

ratio schedule (FR12) to obtain a high reward (4 food pellets) or lever press on a lower ratio schedule 

(FR4) to obtain a low reward (2 pellets), lesions to the ACC shifted the rats’ responding from the 

higher ratio schedule to obtain the preferred reward to the lower ratio schedule to obtain the less 

preferred reward. Another study by Walton et al. (2003) found that ACC lesions altered effort-

related choice in a T-arm barrier maze task. Rats were required to navigate down the T-maze and 

choose to go to either the arm that contained a high reward but was obstructed by a barrier or the arm 

that contained a low reward but had no barrier. Prior to the ACC lesions, the rats usually choose the 

high reward/high effort arm over the low reward/low effort arm. However, after the ACC lesions 

they shifted away from the high reward/high effort arm and increased their selection of the low 

reward/low effort arm (Walton et al., 2003). In a study with rats performing a T-arm barrier maze 

task, Schweimer and Hauber (2006) found that rats with infusions of the D1 receptor antagonist, 
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SCH23390 into the ACC exhibited a reduced preference for the high reward/high effort arm 

compared to vehicle control rats. These results suggest that ACC dopamine might influence 

behavioural activation by impacting the amount of effort that the individual is willing to expend to 

obtain a reward.  

In humans, the importance of dopamine for behavioural activation is supported by findings 

that dopaminergic drugs are effective in treating apathy, fatigue and other symptoms that have been 

associated with impaired behavioural activation. Zahodne et al. (2012) found that patients with 

Parkinson’s disease who were on drugs that target dopamine had significantly lower apathy scores 

than patients with Parkinson’s disease who were taking selective serotonin reuptake inhibitors 

(SSRIs) as antidepressants. Drugs that target dopamine receptors such as the D2/D3 receptor 

agonists, piribedil, ropinirole and pramipexole have been found to be effective in ameliorating 

apathetic symptoms in Parkinson’s disease (Chong and Husain, 2016). The effectiveness of these 

drugs in treating apathy might be related to D3 receptors being particularly numerous in the NAcc 

(see Gurevich and Joyce, 1999), thus integral to the mesolimbic system. Moreover, L-DOPA has 

been found to be more effective than placebo in reducing symptoms of fatigue in people with 

Parkinson’s disease (Lou et al., 2003). Overall, the studies that have been reviewed here suggest that 

dopamine plays an important role in behavioural activation. 

1.2.4 The Role of Norepinephrine in Behavioural Activation 

Very few studies have been done to examine the role of norepinephrine in the activational 

aspects of motivation. A study by Varazzani et al. (2015) found evidence to suggest that 

norepinephrine neurons in the LC are involved in behavioural activation. Varazzani et al. (2015) 

recorded norepinephrine neurons in the LC of rhesus monkeys performing a force generation task 

with three different levels of effort (i.e. force levels) and three different sizes of reward. The level of 

effort and size of the reward were randomly selected on each trial. A visual cue was presented at the 

beginning of each trial to alert the animal to the level of force they would have to apply when 
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squeezing a bar to obtain a reward and the size of the reward that they would obtain. Varazzani et al. 

(2015) found that LC neurons increased their firing rate at the onset of the action (i.e. when the 

animals started squeezing the bar). This activity was found to increase with the level of required 

effort and the size of the reward. Moreover, the activity of the LC neurons positively correlated with 

pupil dilation which was found to be strong at the onset of the action and to increase with the 

required level of physical effort. These results indicate that LC norepinephrine is involved in the 

mobilization of physical and physiological resources to energize goal-directed behaviour.  

A study by Remy et al. (2005) has linked norepinephrine to behavioural activation by 

showing a correlation between norepinephrine and apathy in people with Parkinson’s disease. Remy 

et al. (2005) used [11C]RTI-32 PET, an in vivo marker of norepinephrine and dopamine transporter 

binding, to examine the influence of norepinephrine and dopamine on psychiatric symptoms in 

patients with Parkinson’s disease. Apathy was found to inversely correlate with [11C]RTI-32 binding 

in the ventral striatum of the patients, indicating that apathy may result from a reduction in 

norepinephrine and dopamine transmission in the ventral striatum. As further support for the 

involvement of norepinephrine in behavioural activation, the monoamine oxidase inhibitors, 

selegiline and rasagiline have been found to reduce apathetic symptoms in Parkinson’s disease 

(Zahodne et al., 2012). While these results indicate that norepinephrine might be involved in 

behavioural activation, a study by Weintraub et al. (2010) found that treatment with ATX did not 

lead to significant changes in Apathy Scale scores of people with Parkinson’s disease. Further 

studies are needed to elucidate the role of norepinephrine in behavioural activation.  

1.3 Scope of this Research  

A number of studies have been done to investigate the role of catecholamines in working 

memory. However, taken together, the results of these studies are equivocal and put into question 

whether catecholamines play an important role in working memory. Working memory capacity has 

been found to strongly correlate with cognitive abilities such as attention, processing speed, 
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reasoning, problem solving, and social cognition. Therefore, implementing a task that manipulates 

memory load can allow us not only to assess if catecholamines have a significant influence on 

working memory but also to infer if they play a significant role in other cognitive functions. The 

above review of the literature presented evidence to suggest that catecholamines may play an 

important role in the activational aspects of motivation. As motivation has a strong influence on 

behaviour, catecholamines might indirectly impact working memory task performance through their 

influence on behavioural activation. Studies that have investigated the impact of catecholamines on 

behavioural activation have mostly used rodent models. The few human and NHP studies that have 

been done in this area have tended to focus on psychopathological symptoms like apathy and fatigue, 

which are inverse measures of behavioural activation. Hence, there is a need for primate studies that 

investigate the role of catecholamines in behavioural activation using more direct measures of the 

construct. The current research addressed this gap in the literature by using an NHP model to 

examine the effects of catecholamines on the activational aspects of motivation using several 

measures that more directly assess behavioural activation (i.e. a visual PR task as well as reaction 

time, saccade peak velocity, successful trial completion, successful trial initiation, trial initiation 

time, and anticipatory trial initiation in the VSC task).  

  The aim of this research is to elucidate the role of catecholamines in cognition (using 

working memory as a cognitive model) and behavioural activation. To do this, we examined the 

effects of enhancing catecholamine neurotransmission (using the catecholamine reuptake inhibitors, 

MPH and ATX) and depleting catecholamines (using ATPD) on visual working memory and 

behavioural activation in adult female Chinese rhesus macaques. As catecholamines are thought to 

follow an inverted-U dose-response curve in working memory, we determined if mid-range doses of 

MPH and ATX led to enhanced task performance across all memory loads, with more pronounced 

effects at higher memory loads. As it could be argued that increasing catecholamines in healthy 

rhesus monkeys might not significantly enhance working memory and behavioural activation as 
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healthy individuals presumably have optimal levels of catecholamines, we also tested the impact of 

depleting catecholamines on working memory and behavioural activation using ATPD. We 

hypothesized that enhancing catecholamine neurotransmission would improve working memory and 

the activational aspects of motivation, while depleting catecholamines would impair working 

memory and behavioural activation.  
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1.5 Figures 

 

 

Figure 1.1: Measures of Behavioural Activation in the VSC Task. Top: The sequence of the 

VSC task with the fixation point (white circles), array (coloured squares) and eye position (dotted 

white circles). Bottom: Durations of the task stimuli. Center: The measures of behavioural 

activation – anticipatory trial initiation is determined based on the proportion of trials that started 

with the animals’ gaze at the fixation point; trial initiation time is based on the time that it took 

the animal to initiate fixation on the fixation point; successful trial initiation is measured based 

on the proportion of trials that the animal maintained fixation within the allotted time (in our VSC 

task, this was 1000 ms); successful trial completion is based on the proportion of trials that the 

animals maintained fixation on the fixation point throughout the trial, up to the point when the 

test array appeared and they had to respond by making a saccade to the stimulus that had changed 

colour (failure to respond was denoted as an omission error which was not used in the trial 

completion calculation); Reaction time is the time that the animal took to make a saccade once 

the test array appeared; Saccade peak velocity is the speed of the saccade that the animal made.  

 

 

 

 

 



 

45 

 

Chapter 2 

 

The effects of methylphenidate on behaviour and cognition in rhesus 

monkeys 
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2.1 Abstract 

Methylphenidate (MPH), a dopamine and norepinephrine reuptake inhibitor was used to study the 

influence of catecholamines on the activational aspects of motivation and visual working memory in 

two female Chinese rhesus macaques (Macaca mulatta). The effects of MPH on psychotomimetic, 

general and social behaviours were also examined. A wide range of acute doses of MPH (0.1-10.0 

mg/kg) were tested in the animals. A visual sequential comparison (VSC) task was used to assess 

working memory. The activational aspects of motivation (speed, vigour and persistence) were 

assessed with several behavioural measures: 1) trial initiation (persistence), 2) anticipatory trial 

initiation (vigour), 3) trial initiation time (speed), 4) trial completion (persistence), 5) reaction time 

(speed), and 6) saccade peak velocity (vigour) in the VSC task. Behavioural activation was also 

assessed using a visual progressive ratio (PR) schedule of reinforcement task; the PR breakpoint 

reflects persistence. MPH was found to not significantly enhance working memory; MPH did not 

have a dose-dependent or memory load dependent effect on working memory in the animals. MPH 

improved the animals’ behavioural activation, depending on the dose and the measure used to assess 

behavioural activation. That is, MPH dose-dependently improved measures of vigour and speed, but 

had a weaker effect on measures of persistence. MPH produced psychotomimetic behaviours in one 

of the animals and reduced social behaviours in the other animal. The MPH-induced 

psychotomimetic behaviours might have counteracted some of the beneficial effects of MPH on the 

activational aspects of motivation. As social behaviour requires motivation, the MPH-induced 

reduction in social behaviour indicates that MPH might have actually reduced some aspects of 

motivation in that animal. Overall, our results suggest that MPH does not have a significant influence 

on working memory but generally benefits the activational aspects of motivation.  
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2.2 Introduction 

One way to study the influence of dopamine and norepinephrine on motivated behaviour and 

cognition is to use a pharmacological treatment to increase extracellular concentrations of these 

catecholamines so that more of them are readily available in the synaptic cleft to act on their 

respective receptors during tasks that assess working memory or behavioural activation. Here, we 

employed this method by using the catecholamine reuptake inhibitor, methylphenidate (MPH) to 

study the effects of catecholamines on working memory and behavioural activation in adult female 

Chinese rhesus macaques (Macaca mulatta). MPH (trade name Ritalin) is a CNS stimulant that is 

widely used as a treatment for ADHD. MPH is also increasingly being used as a recreational drug by 

healthy individuals, particularly college students to boost concentration and study performance 

(DuPont et al., 2008; Jensen et al., 2015; Marais et al., 2017). MPH is thought to inhibit the reuptake 

of dopamine and norepinephrine by blocking the dopamine transporter (DAT) and the 

norepinephrine transporter (NET) which remove dopamine and norepinephrine from the synaptic 

cleft back into the cytosol of neurons (Haanestad et al., 2010; Volkow et al., 1998). In a positron 

emission tomography (PET) study with human subjects, Volkow et al. (1998) showed that 

therapeutic doses of orally administered MPH (5-60 mg) significantly blocked DAT (produced 50-

75% occupancy of DAT) in the striatum. Studies (Berridge et al., 2006; Volkow et al., 1999, 2001) 

have also provided direct evidence that therapeutic doses of MPH significantly increase extracellular 

dopamine concentrations. However, the degree to which MPH increases extracellular dopamine 

levels might be brain region specific. Berridge et al. (2006) found that while MPH substantially 

increased dopamine efflux within the PFC, it had minimal impact on extracellular concentrations of 

dopamine in the ACC.  

 MPH has been shown to bind to NET with high affinity, indicating that it also blocks the 

reuptake of norepinephrine. Haanestad et al. (2010) examined the actions of therapeutic doses (2.5, 

10 and 40 mg) of MPH on NET in humans in a PET study. The study found a dose-dependent 
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reduction of the NET tracer, [11C]MRB BPND in NET-rich brain regions including the LC, the 

ventrolateral PFC, the dorsomedial PFC, and the thalamus, which indicate blockade of NET by MPH 

in these brain areas. On average MPH was found to produce 70-80% occupancy of NET in these 

regions. Hannestad et al. (2010) also found that MPH had a higher affinity for NET than for DAT. 

This finding is supported by a study by Markowitz et al. (2006) which found that MPH had a higher 

binding affinity for NET than for DAT in Chinese hamster ovary (CHO) cells that were transfected 

with human DAT and NET. In contrast to these findings, Gatley et al. (1994, 1996) observed that 

MPH had a higher affinity for DAT than for NET in rat brain tissues. As NET has an affinity for 

dopamine (Morón et al., 2002; Pacholzyk et al., 1991) as well as norepinephrine and has been 

suggested to be more involved than DAT in the reuptake of dopamine in brain regions with low 

levels of DAT such as the PFC (Morón et al., 2002), a higher affinity of MPH for NET over DAT 

does not necessarily mean that MPH is more effective at blocking the reuptake of norepinephrine 

than the reuptake of dopamine. MPH has a low binding affinity for the serotonin transporter (Gatley 

et al., 1994, 1996), which suggests that its ability to inhibit the reuptake of serotonin is negligible.  

 MPH might also influence catecholamine transmission through its actions on the vesicular 

monoamine transporter-2 (VMAT-2) in presynaptic neurons. Volz et al. (2007) found that compared 

to saline control, MPH increased VMAT-2-mediated transport of dopamine into membrane-

associated vesicles in the rat brain. MPH was also found to upregulate the number of VMAT-2 that 

were in the membrane-associated vesicles, indicating that MPH increased the transport of dopamine 

into the membrane-associated vesicles by increasing the number of VMAT-2 that were on the 

vesicles. Volz et al. (2007) and other studies (Riddle et al., 2007; Sandoval et al., 2003) have also 

found that MPH increases the trafficking of dopamine into non-membrane-associated vesicles (often 

referred to as cytoplasmic vesicles). Overall, these results suggest that MPH can enhance dopamine 

neurotransmission by increasing the trafficking of dopamine into synaptic vesicles. Studies need to 
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be done to examine the effects of MPH on VMAT-2 trafficking of norepinephrine into membrane-

associated and cytoplasmic vesicles.  

2.2.1 Methylphenidate and Working Memory 

Despite the widespread use of MPH, its effectiveness for improving working memory and 

other cognitive abilities is still an open question. While some studies in the literature have found 

evidence to support the effectiveness of MPH at enhancing working memory in healthy subjects 

(NHP studies: Bain et al., 2003; Gamo et al., 2010; Kodama et al., 2017; human studies: Agay et al., 

2010; Elliott et al., 1997), other studies have found MPH to not significantly improve working 

memory in healthy individuals (NHP studies: Bartus, 1979; Hutsell and Banks, 2015; Oemisch et al., 

2016; Rajala et al., 2012; Soto et al., 2013; human studies: Marquand et al., 2011; Studer et al., 2010; 

Tomasi et al., 2011). In a review of the literature, Linssen et al. (2014) found that 65% of studies in 

healthy humans reported significant MPH effects on working memory, depending on dosage. 

Nevertheless, a meta-analysis by Ilieva et al. (2015) estimated the combined effect size of MPH and 

amphetamine on working memory in healthy people as only 0.06 (Cohen’s d).  

Most studies investigating the impact of MPH on working memory have been done with 

people with ADHD; working memory impairment is a common symptom of ADHD (Kobel et al., 

2009). These studies have also produced conflicting results of the effects of MPH on working 

memory (see Bedard et al., 2004; Bolfer et al., 2017; Cubillo et al., 2014; Hammerness et al., 2014; 

Kobel et al., 2009; Mehta et al., 2004; Rhodes et al., 2004; Yang et al., 2012; Yildiz et al., 2011). A 

recent meta-analysis by Tamminga et al. (2016) estimated the effect size of MPH on working 

memory across the lifespan in ADHD to be small (i.e. 0.24; Hedges’ g). Other studies have obtained 

similar estimates (see Chamberlain et al., 2011; Coghill et al., 2014; Pietrzak et al., 2006; Pievsky 

and McGrath, 2018).  

2.2.2 Methylphenidate and Motivation 
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Only a few studies have investigated the impact of MPH on factors that can be considered as 

part of the activational aspects of motivation. In our lab, Oemisch et al. (2016) examined the effects 

of MPH on reaction time, saccade peak velocity, aborted trials (inverse of successful trial 

completion), trial initiation failure (inverse of successful trial initiation), trial initiation time, and 

anticipatory trial initiation in rhesus macaques performing a VSC task. Depending on the measure, 

MPH was found to significantly enhance behavioural activation in the animals. The present study 

extends the Oemisch et al. (2016) study by adding a more commonly used task (i.e. the PR task) to 

investigate the effects of MPH on behavioural activation. Other studies in NHP have reported an 

enhancing effect of MPH on behavioural activation (Bain et al., 2003; Rajala et al., 2012). Research 

with human subjects have also shown evidence of the effectiveness of MPH at improving the 

activational aspects of motivation (see Chatterjee and Fahn, 2002; Drijgers et al. (2012; Herrmann et 

al, 2008; Moreau et al., 2012).   

The enhancing effects of MPH on motivation may explain its impact on working memory in 

healthy individuals. For instance, Finke et al. (2010) observed that the higher subjects’ plasma level 

of MPH was, the more they reported feeling alert. Marquand et al. (2011) found that the effects of 

MPH on brain activation in non-rewarded trials of a delayed match-to-sample task were similar to 

that of rewarded trials. Moreover, Volkow et al. (2004) observed MPH-induced increases in striatal 

dopamine that correlated with self-reports on how a mathematical task was interesting, exciting and 

motivating. In ADHD, MPH appears to normalize motivational deficits (Aarts et al., 2015), which 

are reflected by delay aversion (Sonuga-Barke, 2003; Sonuga-Barke et al., 2010) and impaired 

reward sensitivity (Luman et al., 2010; Tripp et al., 2014; Umemoto et al., 2014); providing reward 

tends to normalize cognitive control (Dovis et al., 2012; Kohls et al., 2009; Shiels et al., 2008). 

Importantly, MPH has been reported to enhance motivation, as measured with a progressive ratio 

task, in children with ADHD (Chelonis et al., 2011; Wilkison et al., 1995). Further studies are 
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needed to examine the effects of MPH on behavioural activation and the possibility that MPH might 

improve working memory and other cognitive skills by boosting motivation. 

2.2.3 Methylphenidate and Psychotomimetic, General and Social Behaviours 

There is some evidence to suggest that similar to amphetamines (see Castner and Goldman-

Rakic, 1998; also see Nielsen et al, 1983), MPH might induce hallucinatory-like behaviours and 

movement disturbances in monkeys. Gerlach et al. (1984) examined the effects of a range of doses of 

MPH (0.5-5.0 mg/kg) on hallucinatory-like behaviour and movement patterns in adult male and 

female vervet monkeys (Cercopithecus aethiops) using behaviour rating scales. All the doses of 

MPH were found to significantly increase the animals’ locomotion. The high doses of MPH also 

markedly increased repetitive movements of the head, limbs and trunk in the animals. MPH at high 

doses also made the animals appear anxious, tense and like they were hallucinating (i.e. the animals 

were looking at, and sometimes moving after things that weren’t visible to the researchers; Gerlach 

et al., 1984). Given that the induction of psychotomimetic behaviours and abnormalities in general 

behaviours can have a negative impact on task performance, in the current study, we observed the 

rhesus monkeys while they were seated in their primate chairs in the lab and also recorded them 

while they were in their cages to assess for potential MPH-induced abnormalities in general 

behaviours and psychotomimetic effects of MPH.  We also assessed the impact of MPH on social 

behaviour as social behaviour is a motivated behaviour (Chatzisarantis et al., 2006). MPH-induced 

abnormalities in social behaviour could indicate impaired motivation as the animal might be less 

inclined to engage in social behaviours if certain doses of MPH led to reduced motivation instead of 

enhanced motivation. The potential effects of MPH on psychotomimetic, general and social 

behaviours were examined using behaviour rating scales (see Tables 2.1, 2.2 and 2.3). 

2.2.4 Study Aims and Hypotheses 

The aim of this study was to investigate the influence of catecholamines on working 

memory, the activational aspects of motivation, psychotomimetic behaviours, general behaviours, 



 

52 

 

and social behaviours in adult female rhesus macaques using a range of doses of MPH. Working 

memory was assessed using the VSC task. Behavioural activation was examined using the PR task 

and the following measures on the VSC task: reaction time, anticipatory trial initiation, trial initiation 

time, proportion of trials successfully initiated, proportion of trials successfully completed, and 

saccade peak velocity. Psychotomimetic, general and social behaviours were assessed using 

behaviour rating scales. We hypothesized that MPH would dose-dependently improve the animals’ 

working memory and behavioural activation as measured by the VSC and PR tasks. Specifically, we 

predicted that MPH would enhance working memory by increasing the animals’ response accuracy 

in the VSC task. We hypothesized that MPH would improve behavioural activation by decreasing 

reaction time and trial initiation time in the VSC task as well as by increasing saccade peak velocity, 

proportion of trials successfully completed, proportion of trials successfully initiated, and proportion 

of trials already initiated (i.e. anticipatory trial initiation) in the VSC task. MPH was also expected to 

improve behavioural activation by increasing the animals’ PR breakpoints. We hypothesized that 

high doses of MPH would induce psychotomimetic behaviours and lead to abnormalities in general 

and social behaviours which would be associated with poorer performance on the VSC and PR tasks.  

2.3 Materials and Methods 

2.3.1 Subjects 

Data were collected from two female Chinese rhesus macaques. Both animals were 19 years 

of age at the time of the study. On average, one animal (monkey B) weighed 6.0 kg and the other 

animal (monkey F) weighed 9.0 kg. Monkey F was used in a previous study on MPH and was tested 

with 0.1-9.0 mg/kg doses of MPH in that study (Oemisch et al., 2016). Monkey B was naïve to MPH 

treatment. The animals were cared for and used under experimental protocols approved by Queen’s 

University Animal Care Committee and in accordance with the Canadian Council on Animal Care 

guidelines. Both animals have been used for previous research in the lab and have undergone surgery 

in which a head restraint and subconjunctival search coils were implanted to monitor eye positions. 
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The surgical procedures have been previously described (Shen and Paré, 2006). The animals were 

housed in large enclosures and received antibiotics and analgesic medications during the post-

operative recovery period. Following recovery, the animals were trained with operant conditioning 

and positive reinforcement to perform saccade and fixation tasks for a liquid reward until satiation. 

The monkeys were given unrestrained access to monkey chow and treats, including fresh fruits and 

vegetables. Their water intake was controlled during the experiment, which allowed water to be used 

as a reward and motivator to engage in the behavioural tasks. The animals were monitored closely by 

the experimenters, animal care staff and university veterinarians to ensure that their health was not 

compromised by the experiment. As part of monitoring their health, their body weights were 

recorded prior to each lab session.  

2.3.2 Apparatus 

Behavioural paradigms, visual displays and data acquisition were controlled using the QNX-

based Real-Time Experimental Software (REX) system running on a Pentium III PC (Hays et al., 

1982). The visual displays were produced using MATLAB and the Psychophysics Toolbox 

(Brainard, 1997) and were run on a Power Mac G4 computer. Visual displays were presented at a 

viewing distance of 57 cm on a 37” monitor (NEC MultiSynch XP37 plus, 60-Hz non-interlaced, 

800x600 resolution, 32-bit color depth). The magnetic search coil technique (Robinson, 1963) was 

used to monitor Monkey F’s gaze. Field coils placed around the eye were used to generate opposing 

vertical and horizontal magnetic fields around the animal. The voltage recorded was proportional to 

the vertical and horizontal angular eye position, which was generated from the scleral eye coil 

sampled at 1 kHz and accurate to 0.1°. The search coils that were implanted in monkey B stopped 

working prior to this study. Hence, during this research, monkey B’s gaze was monitored using an 

infrared eye-camera system (Eyelink II, SR Research) running on a Dell Dimension 8300 computer 

with a sampling rate of 500 Hz.  

 The stimulus array for the working memory task consisted of two to five coloured squares, 
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measuring 1.2°x1.2°. For each set size, the position of the squares remained the same from trial to 

trial and all squares were presented at 10° from the central fixation point. The squares were presented 

to the left and right of the central fixation point for set size two trials (Figure 2.1). For the other set 

sizes, one stimulus was presented directly above the central fixation point and the remaining stimuli 

were presented at equal distances from each other (Figure 2.1). The set size and colours of the 

stimuli were chosen randomly during each trial. In a given display, each colour can appear only once 

and are chosen from six highly discriminable colours: red (CIE x = 0.633, y = 0.327, L = 9.8 cd/m2), 

green (CIE x = 0.288, y = 0.602, L = 9.8 cd/m2), blue (CIE x = 0.155, y = 0.063, L = 9.9 cd/m2), 

magenta (CIE x = 0.345, y = 0.168, L = 9.9 cd/m2), yellow (CIE x = 0.0.432, y = 0.485, L = 9.9 

cd/m2), and cyan (CIE x = 0.223, y = 0.337, L = 9.9 cd/m2). The luminance and chromaticity of the 

colours were measured using a Minolta CA 100-Plus photometer.  

2.3.3 Behavioural Paradigms 

2.3.3.1 Visual Sequential Comparison (VSC) Task  

A VSC task was used to assess visual working memory (see Figures 2.1 and 2.2). The VSC 

task manipulates memory load using different set sizes. Each trial of the VSC task began with the 

appearance of a white fixation spot (0.5°, CIE x = 0.30, y = 0.289, L = 10.2 cd/m2) at the center of 

the display monitor. The animal was required to fixate on this point within 1000 ms of its 

presentation and maintain fixation for 500-800 ms within a 2°x2° window. This was considered 

initiation of a trial in the VSC task. Following successful initiation of a trial, a memory array of a 

randomly determined set of 2 to 5 coloured squares was presented for 500 ms; the animal was 

required to maintain fixation on the central fixation spot during this period. Previous work in this lab 

has shown that presenting the memory array for 500 ms is more than a sufficient amount of time for 

the animals to perform the VSC task accurately (Oemisch et al., 2016). After the presentation of the 

memory array, there was a retention interval of 1000 ms in which no stimuli except for the fixation 

point was shown on the display monitor. The use of such a relatively short retention period to assess 
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working memory is thought to help minimize the contribution of long-term memory (Luck, 2008; 

Luck and Vogel, 2013). In line with this reasoning, patients with medial temporal lobe damage have 

been reported to show impaired performance on change detection trials with long retention intervals 

(3-8 seconds), as well as in long-term memory tasks, but their performance was normal on change 

detection trials with a 1000-ms retention interval (Jeneson et al., 2012). After the retention interval, a 

test array was presented. The test array consisted of the same number and spatial configuration of 

stimuli as the memory array with the exception that one of the stimuli had changed colour. The 

presentation of the test array coincided with the dimming of the luminance of the fixation spot. The 

animal was given 500 ms to make a single saccade to the location of the stimulus that had changed 

colour.  

To successfully complete each trial, the animal had to remember both the location (spatial 

working memory) and colour (object working memory) of each stimulus in the memory array. If the 

task was correctly performed, the animal was given a liquid reward and the trial was labeled as 

‘correct’. If the monkey made a saccade to the wrong location, the trial was marked as ‘incorrect’. If 

the animal failed to respond within 500 ms, the trial was labeled as an ‘omission error’. Incorrect and 

omission error trials were not rewarded. If a monkey aborted an ongoing trial by making a saccade 

away from the fixation window before the memory array was presented, this was marked as a 

fixation break. If the animal aborted a trial during the presentation of the memory array, this was 

considered an array break. Thirdly, if the monkey aborted an ongoing trial during the retention 

interval, this was marked as a retention break. To prevent distractions, the animals performed the 

task in a dark, quiet room with light from only the monitor screen. Given that the animals would be 

completely in the dark without the light from the monitor screen, the monitor screen was illuminated 

with diffuse white light (1.5 cd/m2) between trials to prevent dark adaptation. The inter-trial interval 

was 1000 ms following correct trials and 3000 ms following incorrect and omission error trials.  

2.3.3.2 Progressive Ratio (PR) Schedule of Reinforcement Task  



 

56 

 

We implemented a novel progressive ratio (PR) schedule of reinforcement task to assess 

motivation in this study. Our PR task is different from most PR tasks that have been reported in the 

literature, in that, rather than requiring the animal to respond by lever pressing, our task required eye 

movement responses. Specifically, the animal was presented with a white fixation spot (0.5°, CIE x 

= 0.30, y = 0.289, L = 10.2 cd/m2) which first appeared at the center of the screen. During the first 

trial (i.e. ratio 1), the animal had to fixate on the target (presented at the center of the screen) for 

1000 ms to receive a water reward. Following the PR schedule, the animal was required to respond 

to the target twice during the second trial (ratio 2) to get the same volume of the reward. On the 

second trial, the animal had to fixate on the target for 1000 ms when it was first presented at the 

center of the screen and then for another 1000 ms when the target moved to the right of the screen. 

The ratio used in this PR task increased by an increment of one, such that the animal had to respond 

to the stimulus once for the first trial, twice for the second trial, three times for the third trial, and so 

on. The target appeared counter-clockwise around the center of the screen in three circles; eight 

target positions make up each circle for a total of 25 positions, including the center position (Figure 

2.3). The animal was given 10 attempts to complete a given ratio. The breakpoint was reached when 

the animal attempted a ratio 10 times and still did not complete it. Once the breakpoint was reached, 

the task was restarted from the beginning such that one session of the PR task consisted for three 

runs of the task.  

2.3.4 Experimental Procedures 

The animals had previously demonstrated stable performance on the VSC task in more than 

10,000 trials prior to starting this study. For this study, the animals had about three weeks (5 

days/week) of vehicle control sessions on the VSC and PR tasks and their performance were stable 

in both tasks before the beginning of the treatment sessions. During each experimental session, the 

animals ran on the VSC task until they consistently refused to initiate trials by not fixating the central 

fixation point for about 2-5 minutes despite encouragement, and sometimes becoming agitated 
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(Oemisch et al., 2016). In a well-trained animal, this moment is easy to identify and generally, the 

amount of fluid that the animal has earned by this time closely matches that for which she normally 

works. The animals performed the PR task at the beginning of each experimental session before 

going on to perform the VSC task. This sequence of task presentation was used to ensure that the 

water the animals received during the VSC task would not hinder their performance on the PR task 

as the VSC task was a much longer task than the PR task. It usually took the animals about an hour 

to complete the VSC task (on average they completed a minimum of 600 trials per session) and 

about 10-15 minutes to complete the PR task. 

The animals received oral administration of MPH (methylphenidate hydrochloride, Sigma-

Aldrich, St. Louis, MO), 30 minutes prior to the start of each treatment session. This time frame was 

chosen as previous studies have shown that peak plasma concentration of MPH in rhesus monkeys is 

reached after about 60 minutes of oral administration (Doerge et al., 2000). Brain concentration of 

MPH has also been estimated to peak after approximately 60 minutes of oral administration in 

baboons (Ding et al., 2004) and humans (Spencer et al., 2006). MPH is highly lipid soluble and 

freely crosses the blood brain barrier. MPH has been estimated to have a an elimination half-life of 

close to three hours in monkeys (Wargin et al., 1983).  

Both animals were tested with the following doses of MPH: 0.1, 0.3, 1.0, 1.8, 3.0, 5.6, and 

10.0 mg/kg. Monkey F was tested twice with these doses of MPH as a redose protocol to examine 

the consistency of their effects on VSC and PR task performance. Previous research on MPH in NHP 

has investigated doses ranging from 0.01 to 9.0 mg/kg (Bain et al., 2003; Bartus, 1979; Gamo et al., 

2010; Hutsell and Banks, 2015; Rajala et al., 2012; Soto et al., 2013). The therapeutic dose 

(therapeutic window) of MPH ranges from 0.25 to 1.0 mg/kg (Volkow et al., 2001). Monkey B had 

no prior exposure to MPH but monkey F had been exposed to MPH in a previous study done in our 

lab (see Oemisch et al., 2016). Both monkeys were previously exposed to atomoxetine as part of an 

experimental study (Thurston and Paré, 2016). MPH was mixed with vehicle (juice) immediately 
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prior to oral administration. Doses were chosen randomly prior to a given treatment day. To control 

for the possible effects of varying estrogen levels, the treatment sessions were only compared to 

control sessions that were collected the day before and after the respective treatment session. 

Treatment sessions were carried out a maximum of once per week, which was deemed sufficiently 

long given that the elimination of MPH is fast.  

To assess for possible MPH-induced psychotomimetic behaviours and abnormalities in 

general and social behaviours, the animals’ behaviors were observed and rated by this experimenter 

using a psychotomimetic behaviour rating scale (see Table 2.1; the scale was adapted from Castner 

and Goldman-Rakic, 1999 and Nielson et al., 1983), a general behaviour rating scale (see Table 2.2; 

this scale was adapted from Bjørndal et al., 1983) and a social behaviour rating scale (see Table 2.3; 

this scale was adapted from Mao et al., 2008 and Miller, 1976). All three rating scales were 

completed during MPH treatment and control sessions; the behaviour ratings were done for all tested 

doses of MPH in monkey B, while in monkey F, the ratings were only done during the second MPH 

experiment for the 0.3, 1.8, 5.6, and 10.0 mg/kg doses of MPH. General behaviour was assessed 

once the animals were in the lab and had received the MPH treatment or vehicle control. 

Psychotomimetic and social behaviours were examined through video recordings that were taken 

once the animals completed the VSC and PR tasks and had been returned to their cage; this was 

close to 2 hours after receiving the MPH treatment or vehicle control. The animals’ general 

behaviour was also assessed in the video recordings. The first hour of each video recording was 

viewed by this experimenter and the behaviour ratings for each session were made based on what 

was viewed within that recording period. This experimenter was blind to the dose of MPH that the 

animals received during the course of this study. However, as the animals were usually tested with 

MPH mid-week so that we could collect day-before and day-after controls, this experimenter wasn’t 

completely blind to which days were control sessions and which were MPH sessions. Hence, this 

experimenter was only semi-blind to the treatment.  
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2.3.5 Serum Methylphenidate Level Analysis 

Serum concentrations of MPH after oral administration were previously analyzed in our lab 

(Oemisch et al., 2016) using commercial enzyme-linked immunosorbent assay technique (ELISA). 

Following oral administration of 1.0 mg/kg MPH, the mean (±SD) concentration of MPH (across 

three animals, including monkey F) was significantly greater than the baseline concentration (1.7±0.9 

ng/ml): 13.3±4.9, 20.9±5.8 and 19.3±7.4 ng/ml after 30, 60 and 90 minutes, respectively. Thus, this 

mid-range dose of MPH yielded a serum concentration that was within the therapeutic range (5-20 

ng/ml) during the experimental sessions (Patrick et al., 2005). After oral administration of similar 

doses in healthy human adults, the majority of NET in subcortical regions (Hannestad et al., 2010) 

and the majority of DAT in the striatum are occupied (Spencer et al., 2006). A time course, 

microdialysis study in Japanese monkeys found that a large range of MPH doses (1-10 mg/kg) 

increased dopamine release in the striatum 30 minutes after oral administration (Kodama et al., 

2017). Significant dopamine release was observed in the PFC one hour after high MPH doses (5 and 

10 mg/kg), but not after lower doses (1 and 2 mg/kg). This difference between the striatum and PFC 

is likely due to the difference in density of the dopamine receptors. Volkow et al. (1998) found that 

MPH (< 1 mg/kg) reached peak concentrations in striatum at 60 minutes after oral administration in 

a baboon. 

2.3.6 Data Analysis 

The experimental data were analyzed as previously (Oemisch et al., 2016) using MATLAB 

(The MathWorks, Natwick, MA) and Microsoft Excel. Only the first 600 trials of each treatment and 

control session of the VSC task were analyzed which amounts to about one hour of each session. 

This was done to keep the number of trials used in the analyses consistent. The total number of trials 

that the animals performed during each experimental session did not greatly exceed 600 trials. On 

average, monkey B completed 870 trials in each experimental session and monkey F completed 820 

trials. The animals’ response accuracy on the VSC task was used to assess their working memory. 
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Response accuracy refers to the probability that the animal selected the target with the first saccade 

that they made. The data across the treatment sessions were compared using χ2 -test (p < 0.05); the 

control data was analyzed in the same way. If there was no significant difference within the control 

sessions and the treatment sessions, data from the sessions were pooled into treatment and control 

data and compared using χ2 -test (p < 0.05). If there was a significant difference within the treatment 

sessions only, then control sessions were pooled together and compared to every treatment session 

using a repeated χ2 -test with a sequentially adjusted p-value (Holm, 1979). If there was a significant 

difference between only control sessions, the treatment sessions were pooled and compared to each 

control using repeated χ2 -test with sequentially adjusted p-values. If there were significant 

differences within both control and treatment sessions, each treatment session was compared to its 

corresponding control in a pairwise manner (χ2 -test, p < 0.05). Depending on the number of 

comparisons, effect sizes for χ2 -tests were analyzed using φ (calculated when the number of 

comparisons = 2) or Cramér’s V (calculated when the number of comparisons > 2). Only trials 

labeled as either correct or incorrect were analyzed for the evaluation of response accuracy. Trials 

that were labelled as aborted before the onset of the test array were excluded from the response 

accuracy analysis. Omission errors were included in the response accuracy analysis as error trials. 

Both animals made very few omission errors (less than 0.008% of total errors for monkey B and less 

than 0.005% of total errors for monkey F). The effect of MPH on response accuracy was assessed by 

comparing the mean MPH response accuracy to that of the control response accuracy for all set sizes 

and doses of MPH.  

 The activational aspects of motivation (i.e. speed, vigour and persistence) were measured 

using reaction time (response latency), saccade peak velocity, proportion of trials successfully 

completed, proportion of trials successfully initiated, trial initiation time, and anticipatory trial 

initiation in the VSC task as well as the breakpoint in the PR task. The reaction time and trial 

initiation time in the VSC task reflect the speed of motivated behaviour. Saccade peak velocity and 
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anticipatory trial initiation in the VSC task are measures of vigour. The PR breakpoint as well as trial 

initiation and trial completion in the VSC task reflect persistence.  

The animals’ reaction time in the VSC task was measured based on the time that it took their 

first saccade to land on the target after presentation of the test array. Omission errors were excluded 

from the reaction time measurements. Two 3-way ANOVAs were conducted to assess the 

differences in response latency between MPH and control sessions. The first 3-way ANOVA was 

done to determine if a general effect of MPH on reaction time was present. All treatment and control 

sessions were pooled and compared for this analysis. The factors used in this 3-way ANOVA were 

treatment (MPH vs. control), set size and outcome (correct vs. incorrect). If a significant effect 

between treatments was found then a second 3-way ANOVA was carried out in which the reaction 

times at each tested dose of MPH were compared to determine if any dose-dependent effects were 

present. The factors used in the second 3-way ANOVA were dose, set size and outcome (correct vs. 

incorrect). Post-hoc comparisons were done using the Tukey-Kramer method. Effect sizes were 

calculated using Hays’ omega squared (ω2). Statistically significant differences between the MPH 

response latency and that of the control were also assessed across set sizes using t-tests (p < 0.05); 

only the reaction times for correct trials were used in this analysis. Effect sizes for t-tests were 

estimated with Cohen’s d. We determined the standardized change in response latency for the correct 

trials after each dose of MPH, for each set size. A standardized change was considered significant if 

it was greater than two standard deviations from the mean control response latency.  

 To assess differences in saccade peak velocity between MPH and control sessions, we 

conducted two 2-way ANOVAs. Only the saccade peak velocities for correct trials were used in the 

analyses. All treatment and control sessions were pooled and compared in the first 2-way ANOVA, 

which was used to determine if MPH had a general effect on saccade peak velocity. The factors used 

in this 2-way ANOVA were treatment (MPH vs. control) and set size. If a main effect of treatment 

was found then a second 2-way ANOVA was run in which the saccade peak velocities of each dose 
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of MPH tested were compared to determine if MPH had a dose-dependent effect on saccade peak 

velocity. The factors that were used in this 2-way ANOVA were dose and set size. Statistically 

significant differences between the MPH and control saccade peak velocities were also assessed 

across set sizes using t-tests (p < 0.05). Cohen’s d was used to determine the effect sizes for the t-

tests. The standardized change in saccade peak velocity for each dose of MPH and each set size was 

also calculated. A standardized change that was greater than two standard deviations from the control 

average was considered significant.  

We compared the proportion of trials that the animals successfully completed across all 

treatment and all control sessions using χ2 -test (p < 0.05). If no significant difference was found 

within the control and the treatment sessions, then the proportion of trials the animals successfully 

completed after MPH treatment was pooled and compared to that of the control using χ2 -test (p < 

0.05). If a significant difference was found, then each dose of MPH was compared to its respective 

control. Using these same parameters, we also assessed differences in the proportion of trials that the 

animals successfully initiated and differences in their anticipatory trial initiation. The differences 

between the MPH and control sessions in the time that it took the animals to initiate a trial were 

analyzed using rank sum tests (p < 0.05).  

 To assess motivation on the PR task, we first made comparisons between the average 

breakpoints of the three runs of the task using t-tests (p < 0.05); this was done for all the treatment 

sessions and all the control sessions. As there were no significant differences in monkey B’s 

breakpoints between the three runs of the PR task, monkey B’s data from the three runs were 

combined and used in the analysis. Since, there was a significant difference between the breakpoints 

of the first run and those of the second and third runs in monkey F, we only used the breakpoints of 

the first run of the PR task in the analysis for monkey F. We determined the percent change from the 

average control breakpoint (i.e. the mean breakpoint of the corresponding day-before control) for 

each dose of MPH. This was done by subtracting the mean MPH breakpoint from that of the 
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corresponding control and then dividing by the control average and multiplying by 100. One-sample 

t-tests (p < 0.05) were used to assess for significant differences between the MPH and control 

breakpoints. Cohen’s d was used to estimate effect sizes. 

One-way ANOVAs were used to assess for differences between the MPH doses on 

psychotomimetic and social behaviour rating scores. Possible differences between the control 

sessions in the animals’ psychotomimetic and social behaviour rating scores were also examined 

using one-way ANOVAs. To assess for differences in psychotomimetic and social behaviour rating 

scores between the MPH and control sessions, we used a 2-way ANOVA with treatment (MPH vs. 

control) and response item (i.e. the items on the rating scales) as factors. Tukey’s HSD was used for 

post-hoc comparisons. Effect sizes were determined using Hays’ omega squared (ω2). The animals’ 

scores on the general behaviour rating scale was assessed using nonparametric statistics. That is, 

differences between the MPH doses on the general behaviour rating scores were assessed using 

Kruskal-Wallis test; the same was done to compare the general behaviour ratings from the control 

sessions. Rank-sum test was used to assess the differences in general behaviour rating scores 

between the MPH and control sessions. 

2.4 Results 

2.4.1 Control Task Performance 

The animals were well trained on the VSC task prior to entering this study. Both animals ran 

five days per week on the task. Monkey B completed the experiment in about three months. Over the 

course of these months, she completed seven MPH treatment sessions and seven day-before control 

sessions. Monkey F was tested twice with the same doses of MPH. Monkey F completed the first 

MPH experiment in this study within three months. She completed seven MPH treatment sessions 

and seven day-before control sessions during this time period. However, due to a technical error, the 

day-before control data for the 1.0 mg/kg dose of MPH is missing. Hence, we used the day-after 

control data for this dose in all the analyses. Close to two months after being tested with the first 
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round of MPH doses, monkey F was tested with the second round of the same doses of MPH. She 

completed this second experiment in about three months; she had seven MPH treatment sessions and 

seven day-before control sessions. Figure 2.4 depicts the animals’ mean response accuracy 

(proportion of correct trials) in all the control sessions (day-before and other control sessions) for set 

sizes 2, 3, 4, and 5 of the VSC task. Monkey B’s average proportion correct in the control sessions 

for set sizes 2, 3, 4, and 5 were 0.90, 0.76, 0.65, and 0.57, respectively. In the first MPH experiment 

of this study, monkey F’s mean proportion correct for set sizes 2-5 of the control sessions was 0.91, 

0.80, 0.65, and 0.57, respectively. Monkey F’s average proportion correct for set sizes 2-5 of the 

control sessions of the second MPH experiment was 0.91, 0.78, 0.68, and 0.52, respectively. The 

response accuracy of the control sessions exceeded chance probability (z-test, all set sizes, p < 

0.0001) and decreased as a function of set size (ANOVA, p < 0.0001) in both animals (see Figure 

2.4). Moreover, the animals’ response accuracy was not too high to allow for drug-induced 

improvements, particularly for the larger set sizes, and their performance was comparable to our 

previous records of rhesus macaque performance on the VSC task (Heyselaar et al., 2011; Oemisch 

et al., 2012; Thurston and Paré, 2016). 

 We analyzed the response latency (reaction time) of the animals for correct and incorrect 

trials of the control sessions using a two-way ANOVA with trial outcome (correct vs incorrect) and 

set size (2, 3, 4, and 5) as factors. Incorrect trials had significantly longer reaction times in both 

animals compared to correct trials (p < 0.0001; Figure 2.5). These findings show that the animals 

were not guessing on the trials but were responding based on the mnemonic information that they 

were given on each trial (Heyselaar et al., 2011).  

2.4.2 Effects of Methylphenidate on Working Memory 

The influence of MPH on working memory was assessed by comparing the animals’ 

response accuracy after administration of MPH to their response accuracy in the day-before control 

(day-after control for the 1.0 mg/kg dose of MPH in monkey F’s first experiment) sessions of the 
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VSC task. Monkey F’s data in the first and second MPH experiments were combined for this 

analysis. We combined monkey F’s data by calculating the weighted average of the response 

accuracy for each dose of MPH across the two experiments; the same was done for the 

corresponding control data. Figure 2.6 shows the odds ratio of each animal’s response accuracy (i.e. 

the odds of the response accuracy improving after MPH treatment) as a function of dose for each set 

size of the VSC task. For monkey B, the response accuracies in the MPH treatment sessions were not 

significantly different for set sizes 2-4 of the VSC task (χ2-tests, p > 0.05; Cramér’s V = 0.058-0.063) 

but were significantly different for set size 5 (χ2-test, p = 0.01; Cramér’s V = 14). The response 

accuracies of the control sessions were not significantly different from each other for any of the set 

sizes of the VSC task (χ2-tests, p > 0.05; Cramér’s V = 0.055-0.108). For set sizes 2-4, we pooled the 

response accuracy data of the MPH treatment sessions and compared them to the pooled control 

data. No significant differences were found between the MPH and control sessions for set sizes 2-4 

(χ2-tests, p > 0.05; φ = 0.01-0.03). For set size 5, we compared the response accuracy of each of the 

MPH doses to the pooled control data. After correcting for multiple comparisons, we found that there 

was not a significant difference in response accuracy after the 0.1, 0.3, 1.0, and 10.0 mg/kg doses of 

MPH relative to the control (repeated χ2-tests, sequentially rejective Holm-Bonferroni, p < 0.01, φ = 

0.02-0.07). Significant differences in response accuracy were found after the 1.8, 3.0 and 5.6 mg/kg 

of MPH compared to the control for set size 5. However, monkey B’s response accuracy actually 

decreased with the 3.0 and 5.6 mg/kg doses of MPH (repeated χ2-tests, sequentially rejective Holm-

Bonferroni, p < 0.01, φ = 0.12-0.19). Only the 1.8 mg/kg dose of MPH significantly improved 

monkey B’s response accuracy for set size 5 (repeated χ2-test, sequentially rejective Holm-

Bonferroni, p = 0.003, φ = 0.10).   

 In the combined MPH experiments for monkey F, there were no significant differences in 

response accuracies in the MPH treatment sessions at any of the set sizes of the VSC task (χ2-tests, p 

> 0.05; Cramér’s V = 0.07-0.12). Significant differences in response accuracies in the control 
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sessions were not found at any of the set sizes (χ2-tests, p > 0.05; Cramér’s V = 0.05-0.07). As a 

significant difference in response accuracy was not found within the MPH treatment sessions or 

within the control sessions at any of the set sizes of the VSC task, we pooled and compared the MPH 

data to the pooled control data for all the set sizes. Monkey F’s response accuracy after MPH 

treatment compared to control approached statistical significance for set size 2 (repeated χ2-test, 

sequentially rejective Holm-Bonferroni, p = 0.02, φ = 0.05). However, the effect was observed to be 

a reduction in response accuracy, instead of an increase in response accuracy (MPH mean proportion 

correct for set size 2 = 0.88; control mean proportion correct for set size 2 = 0.92). Significant 

differences in response accuracies were not observed for set sizes 3-5 of the VSC task following 

MPH treatment relative to control (repeated χ2-tests, sequentially rejective Holm-Bonferroni, p > 

0.05, φ = 0.02-0.04). 

 To summarize, MPH had a weak effect on the animals’ response accuracy in the VSC task. 

The 1.8 mg/kg dose of MPH significantly improved monkey B’s response accuracy for set size 5, but 

did not have a significant impact on the other set sizes. None of the doses of MPH significantly 

improved monkey F’s response accuracy in the VSC task.  

2.4.3 Effects of Methylphenidate on Behavioural Activation 

2.4.3.1 Impact of Methylphenidate on Reaction Time  

We used the animals’ reaction time in the VSC task as one of the measures of the 

activational aspects of motivation as reaction time reflects the speed of the animals’ goal-directed 

behaviour. It should be noted that reaction time in the VSC task might be a weak measure of 

behavioural activation as it is likely influenced by non-motivational factors such as the animals’ 

confidence/certainty of the accuracy of their intended responses. This idea is supported by studies 

(e.g., Heyselaar et al., 2011; Oemisch et al., 2016) that have observed that the reaction time of rhesus 

macaques in the VSC task is slower on trials in which the animals went on to make incorrect 

responses than on trials in which they made correct responses. It is likely that the animals took 
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longer to make responses when they were less certain about the accuracy of their intended response 

and they were more likely to make incorrect responses when they were less certain of the correct 

answer.  

A 3-way ANOVA with treatment (MPH vs. control), set size and outcome (correct vs. 

incorrect) as factors was used to analyze the impact of MPH on reaction time. Monkey F’s data from 

the two MPH experiments were pooled together for the analysis. A significant main effect of 

treatment on reaction time was found with MPH being associated with significantly faster reaction 

times than the control in both animals (monkey B: mean reaction time MPH = 208 ms, mean reaction 

time control = 215 ms; p < 0.01; ω2 = 0.009; monkey F: mean reaction time MPH = 228 ms, mean 

reaction time control = 231 ms; p < 0.01; ω2 = 0.002). A significant main effect of set size on 

reaction time was observed in both animals (p < 0.01; ω2 = 0.01-0.02). In monkey B, reaction time 

significantly increased with increasing set size (Tukey-Kramer, p < 0.05) with the exception that the 

reaction times at set sizes 3 and 4 were not significantly different from each other (Tukey-Kramer, p 

> 0.05). In monkey F, the reaction time for set size 2 was significantly slower than the reaction time 

of the other set sizes (Tukey-Kramer, p < 0.05). The reaction time for set size 4 was the slowest after 

the set size 2 reaction time (Tukey-Kramer, p < 0.05), while the reaction times for set sizes 3 and 5 

were not significantly different from each other in monkey F (Tukey-Kramer, p > 0.05). A 

significant main effect of outcome was found in the two animals (p < 0.01; ω2 = 0.01-0.02) with 

incorrect trials being associated with slower reaction times than correct trials (monkey B: mean 

reaction time correct = 207 ms, mean reaction time incorrect = 221 ms; monkey F: mean reaction 

time correct = 227 ms, mean reaction time incorrect = 235 ms). Significant interactions between 

treatment and set size, and between treatment and outcome were not seen in monkey B (p > 0.05; ω2 

= 0.0001-0.0003). A significant interaction between set size and outcome was observed in monkey B 

(p < 0.01; ω2 = 01). In monkey F, the interaction between treatment and set size was not statistically 
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significant (p = 0.06; ω2 = 0.0004). Significant interactions between treatment and outcome and 

between set size and outcome were found in monkey F (p < 0.01; ω2 = 0.0005-0.03).  

A second 3-way ANOVA with dose, set size and outcome as factors was conducted as a 

main effect of treatment on reaction time was observed in both animals. For monkey B, the mean 

reaction times after the 0.1, 0.3, 1.0, 1.8, 3.0, 5.6, and 10.0 mg/kg doses of MPH was 209 ms, 203 

ms, 215 ms, 208 ms, 206 ms, 213 ms, and 200 ms, respectively. A significant main effect of dose on 

reaction time was found between the doses of MPH (p < 0.01; ω2 = 0.02). Post hoc comparisons 

showed that the reaction times following the 3.0 and 10.0 mg/kg doses of MPH were significantly 

faster than the reaction times of the other doses of MPH (Tukey-Kramer, p < 0.05). The reaction 

times after the 3.0 and 10.0 mg/kg doses of MPH were also significantly faster than the reaction time 

of the control (Tukey-Kramer, p < 0.05). Hence, the 3.0 and 10.0 mg/kg doses of MPH had the best 

effect on improving monkey B’s reaction time in the VSC task. For monkey F, the mean reaction 

time following the 0.1, 0.3, 1.0, 1.8, 3.0, 5.6 and 10.0 mg/kg doses of MPH was 229 ms, 229 ms, 228 

ms, 216 ms, 224 ms, 226 ms, and 235 ms, respectively. A significant difference in reaction time was 

found between the doses of MPH (p < 0.01; ω2 = 0.01). Monkey F’s reaction time after the 1.8 mg/kg 

dose of MPH was significantly faster than her reaction time for all the other doses of MPH (Tukey-

Kramer, p < 0.05).  Monkey F’s reaction times after the 1.8, 3.0 and 5.6 mg/kg doses of MPH were 

significantly faster than the control reaction time (Tukey-Kramer, p < 0.05). Reaction times after the 

other doses of MPH were not significantly different from the control (Tukey-Kramer, p > 0.05). 

Hence, the 1.8 mg/kg dose of MPH had the best effect on monkey F’s reaction time in the VSC task.   

We also computed and the plotted the standardized change in reaction time after MPH 

treatment for correct trials at each set size of the VSC task (see Figure 2.7). Standardized change in 

reaction time following MPH treatment was within 2 standard deviations of the reaction time of the 

control for all set sizes in monkey B and monkey F. The effect size (Cohen’s d) across the doses and 

set sizes averaged -0.15 for monkey B and -0.05 for monkey F. Repeated t-tests with sequentially 
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rejective Holm-Bonferroni corrections (Figure 2.7) were also used to compare the reaction time after 

each dose of MPH to the control reaction time. For monkey B, the 3.0 mg/kg dose of MPH 

significantly improved reaction times at set sizes 2 and 3, compared to control (repeated t-tests, 

sequentially rejective Holm-Bonferroni, p < 0.01). The 10.0 mg/kg dose of MPH significantly 

enhanced monkey B’s reaction times for set sizes 2 and 4 (repeated t-tests, sequentially rejective 

Holm-Bonferroni, p < 0.01). In monkey F, the 1.8 mg/kg dose of MPH significantly enhanced 

reaction times for set sizes 2, 3 and 5 of the VSC task (repeated t-tests, sequentially rejective Holm-

Bonferroni, p < 0.01). The 3.0 mg/kg dose of MPH significantly improved reaction times for set 

sizes 2 and 3 of the task (repeated t-tests, sequentially rejective Holm-Bonferroni, p < 0.01). 

 In summary, two of the doses of MPH (3.0 and 10.0 mg/kg) had the best effect on monkey 

B’s reaction time in the VSC task. The 1.8 mg/kg dose of MPH had the best effect on Monkey F’s 

reaction time.  

2.4.3.2 Impact of Methylphenidate on Saccade Peak Velocity 

The saccade peak velocity on correct trials was used as one of the measures of behavioural 

activation; saccade peak velocity indicates the vigour of the animals’ goal-directed behaviour and 

was predicted to increase with MPH treatment. A 2-way ANOVA with treatment (MPH vs control) 

and set size as factors was used to examine the effects of MPH on saccade peak velocity. For 

monkey B, MPH was found to significantly increase saccade peak velocity compared to control (p < 

0.01; ω2 = 0.01). A significant interaction between treatment and set size was not observed in 

monkey B (p > 0.05; ω2 = -0.0002). Monkey F’s data from the first and second MPH experiments 

were pooled together for the analysis. MPH was found to significantly increase saccade peak 

velocity in monkey F compared to control (p < 0.05; ω2 = 0.001). The interaction between treatment 

and set size was statistically significant (p < 0.01; ω2 = 0.001).  

Since a main effect of treatment was found in both animals, we examined the effect of MPH 

dose on saccade peak velocity with a second two-way ANOVA with dose and set size as factors. A 
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significant main effect of dose on saccade peak velocity was found in both animals (p < 0.01; ω2 = 

0.01-0.17). In monkey B, saccade peak velocity was the highest following the 10.0 mg/kg dose of 

MPH compared to the other doses of MPH (Tukey-Kramer, p < 0.05). Monkey B’s saccade peak 

velocity after the 0.1, 0.3, 1.0, 3.0, and 10.0 mg/kg doses of MPH were significantly higher than that 

of the control sessions (Tukey-Kramer, p < 0.05). The saccade peak velocity following the 1.8 mg/kg 

dose of MPH was significantly lower than that of the control (Tukey-Kramer, p < 0.05). The saccade 

peak velocity after the 5.6 mg/kg of MPH wasn’t significantly different from that of the control in 

monkey B (Tukey-Kramer, p > 0.05). For monkey F, the saccade peak velocity of the 1.8 mg/kg 

dose of MPH was significantly higher than that of the other doses of MPH (Tukey-Kramer, p < 

0.05). Monkey F’s saccade peak velocities following the 1.8, 5.6 and 10.0 mg/kg doses of MPH were 

significantly higher than the saccade peak velocity of the control (Tukey-Kramer, p < 0.05). The 

saccade peak velocities of the other doses of MPH were not significantly different from that of the 

control (Tukey-Kramer, p > 0.05).  

For each animal, we calculated and plotted the standardized change in saccade peak velocity 

for the correct trials at each set size of the VSC task (Figure 2.8). We also analyzed the data using 

repeated t-tests with sequentially rejective Holm-Bonferroni corrections (Figure 2.8). In monkey B, 

the standardized change in saccade peak velocity was within 2 standard deviations of the control for 

all the doses of MPH for all set sizes. The effect size across the MPH doses was 0.26 for monkey B. 

In monkey B, the 0.1, 3.0, and 10.0 mg/kg doses of MPH significantly increased saccade peak 

velocity across all the set sizes compared to the control (repeated t-tests, sequentially rejective Holm-

Bonferroni, p < 0.01). Monkey F’s saccade peak velocity was within 2 standard deviations of the 

control following all the doses of MPH for all the set sizes. The effect size across the MPH doses and 

across all the set sizes was 0.17 in monkey F. The saccade peak velocity following the 1.8, 5.6 and 

10.0 mg/kg doses of MPH were significantly higher than the control for set sizes 2, 3 and 5 of the 

VSC task (repeated t-tests, sequentially rejective Holm-Bonferroni, p < 0.01). None of the doses of 
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MPH had a significant effect on improving monkey F’s saccade peak velocity at set size 4 (repeated 

t-tests, sequentially rejective Holm-Bonferroni, p > 0.05). 

To sum up, monkey B’s saccade peak velocity significantly improved following three out of 

seven of the MPH treatments (i.e. 0.1, 3.0 and 10.0 mg/kg doses of MPH). The 1.8, 5.6 and 10.0 

mg/kg doses of MPH had the best effect on monkey F’s saccade peak velocity in the VSC task.  

2.4.3.3 Impact of Methylphenidate on Trial Completion  

The proportion of trials that the animals successfully completed on the VSC task was used as 

one of the measures of behavioural activation as it indicates the persistence of the animals’ goal-

directed behaviour. The data from monkey F’s first and second MPH experiments were combined by 

calculating the weighted average of the MPH data across the two experiments; the same was done 

for the corresponding control data. For each animal, we first compared trial completion after each 

dose of MPH to each other. The control data was also compared to each other. We found that the 

effect of MPH on trial completion varied with dose in both animals (χ2-tests, p < 0.01, Cramér’s V = 

0.13 – 0.17). The animals’ trial completion in the control sessions were also significantly different 

from each other (χ2-tests, p < 0.01, Cramér’s V = 0.06 – 0.19). Given these findings, we compared 

the animals’ trial completion after each dose of MPH to the corresponding control in a pairwise 

manner. In monkey B, the proportion of completed trials after the 0.3, 1.0, 5.6, and 10.0 mg/kg doses 

of MPH were significantly lower than the proportion of completed trials in the corresponding control 

sessions (repeated χ2-tests, sequentially rejective Holm-Bonferroni, p < 0.01, φ = 0.08-0.34). 

Monkey B’s trial completion after the 0.1 and 1.8 mg/kg of MPH was not significantly different 

from that of the control (repeated χ2-tests, sequentially rejective Holm-Bonferroni, p > 0.05, φ = 

0.001-0.06). In monkey B, trial completion following the 3.0 mg/kg of MPH approached significant 

improvement relative to the corresponding control (repeated χ2-test, sequentially rejective Holm-

Bonferroni, p = 0.03, φ = 0.06). For monkey F, the 1.8 mg/kg dose of MPH significantly impaired 

trial completion relative to the corresponding control (repeated χ2-tests, sequentially rejective Holm-
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Bonferroni, p < 0.0001, φ = 0.16). The 10.0 mg/kg dose of MPH also impaired trial completion in 

monkey F but the effect did not reach statistical significance (repeated χ2-tests, sequentially rejective 

Holm-Bonferroni, p = 0.02, φ = 0.07). None of the remaining doses of MPH had a significant 

influence on trial  completion in monkey F (repeated χ2-tests, sequentially rejective Holm-

Bonferroni, p > 0.05, φ = 0.005-0.05). These findings are depicted in Figure 2.9 which shows the 

odds ratio of completed trials for each dose of MPH relative to the corresponding control.  

In summary, none of the doses of MPH significantly improved trial completion in monkey B 

or monkey F. Trial completion was significantly impaired by 4 out of the 7 doses of MPH (i.e. 0.3, 

1.0, 5.6, and 10.0 mg/kg) in monkey B. The 1.8 mg/kg dose of MPH significantly impaired trial 

completion in monkey F. 

2.4.3.4 Impact of Methylphenidate on Trial Initiation  

We used the proportion of trials that the animals successfully initiated as another measure of 

behavioural activation. Successful trial initiation was determined based on the proportion of trials 

that the animals fixated the fixation point within the allotted time (1000 ms) of the VSC task. 

Monkey F’s data from the two MPH experiments were combined (weighted average) in the analysis. 

The proportion of trials successfully initiated was found to vary with dose in both animals (χ2-tests, p 

< 0.0001, Cramér’s V = 0.24-0.43). The proportion of trials that the animals successfully initiated 

also varied in the control sessions (χ2-tests, p < 0.01, Cramér’s V = 0.07-0.12). Monkey B’s trial 

initiation after the 5.6 and 10.0 mg/kg doses of MPH was significantly lower than her trial initiation 

in the corresponding control sessions (repeated χ2-tests, sequentially rejective Holm-Bonferroni, p < 

0.01, φ = 0.35-0.37). Trial initiation after the other doses of MPH was not significantly different 

from the corresponding control (repeated Fisher’s Exact Tests, sequentially rejective Holm-

Bonferroni, p > 0.01, φ = 0.07-0.30). Monkey F’s trial initiation significantly improved following the 

1.0 mg/kg dose of MPH compared to the corresponding control session (repeated χ2-test, sequentially 

rejective Holm-Bonferroni, p < 0.001, φ = 0.10). The 0.3, 1.8, 5.6, and 10.0 mg/kg doses of MPH 
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significantly impaired trial initiation in monkey F relative to control (repeated χ2-tests, sequentially 

rejective Holm-Bonferroni, p < 0.01, φ = 0.07-0.27).  

These results are shown in Figure 2.10, which also depicts the odds ratio of successful trial 

initiation following each dose of MPH compared to the corresponding control. To sum up, the 1.0 

mg/kg dose of MPH significantly improved trial initiation in monkey F. None of the doses of MPH 

significantly enhanced trial initiation in monkey B.  

2.4.3.5 Impact of Methylphenidate on Trial Initiation Time  

As another measure of behavioural activation, we determined the time that it took each 

animal to initiate fixation on the fixation point on each trial of the VSC task. Since a lot of the trials 

started with the animal’s gaze already on the fixation point, the distribution of the trial initiation 

times was non-normal. Hence, the trial initiation times were analyzed with non-parametric statistics. 

Monkey F’s data from the two MPH experiments were pooled for the analysis. In both animals, the 

distribution of trial initiation times varied significantly with MPH dose (Kruskal-Wallis tests, p < 

0.0001). The distribution of trial initiation times also varied significantly in the control sessions 

(Kruskal-Wallis tests, p < 0.0001). We compared the trial initiation times of each dose of MPH to the 

trial initiation time of the corresponding control. For visualization purposes, Figure 2.11 shows the 

ratio between the average trial initiation time in the treatment and corresponding control sessions as a 

function of MPH dose for each animal. In monkey B, trial initiation time following the 1.8 and 3.0 

mg/kg doses of MPH was significantly faster than the trial initiation time in the corresponding 

control sessions (rank sum tests, p < 0.01). Monkey B’s trial initiation time after the 0.1 and 5.6 

mg/kg doses of MPH was significantly slower than the corresponding control data (rank sum tests, p 

< 0.01). Compared to the corresponding control, the 0.3, 1.0 and 10.0 mg/kg doses of MPH did not 

lead to significantly different trial initiation times in monkey B (rank sum tests, p > 0.05). In monkey 

F, trial initiation time was significantly faster following the 0.1, 0.3, 1.0, and 3.0 mg/kg doses of 

MPH relative to the corresponding control (rank sum tests, p < 0.01). Monkey F’s trial initiation time 
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following the other doses of MPH was significantly slower than the control (rank sum tests, p < 

0.05).  

MPH was found to have a dose-dependent effect on trial initiation time in the animals. In 

monkey B, the mid-range doses of MPH (1.8 and 3.0 mg/kg) improved trial initiation time while the 

lower and higher doses either impaired or had no significant effect on trial initiation time. Trial 

initiation time in monkey F significantly improved after the 0.1, 0.3, 1.0, and 3.0 mg/kg doses of 

MPH. The remaining doses of MPH (mid to high-range doses) impaired trial initiation time in 

monkey F.  

2.4.3.6 Impact of Methylphenidate on Anticipatory Trial Initiation 

 The impact of MPH on the proportion of trials that began with the animals’ gaze already on 

the fixation point (i.e. the animals’ anticipatory trial initiation) was used as one of the measures of 

behavioural activation. Monkey F’s data from the first and second experiments were combined 

(weighted average) for the analysis. The proportion of trials already initiated was significantly 

different between the doses of MPH in both animals (χ2-tests, p < 0.001, Cramér’s V = 0.14-0.18). 

The animals’ trials already initiated also significantly varied between the corresponding control 

sessions (χ2-tests, p < 0.001, Cramér’s V = 0.07-0.15). The proportion of trials already initiated after 

each dose of MPH was compared to the corresponding control data. In monkey B, a significant 

increase in trials already initiated was observed following the 1.8, 3.0 and 5.6 mg/kg doses of MPH 

relative to the corresponding control (repeated χ2-tests, sequentially rejective Holm-Bonferroni, p < 

0.01, φ = 0.8-0.15). Monkey B’s trials already initiated after the 0.1 mg/kg dose of MPH was 

significantly lower than that of the control (repeated χ2-test, sequentially rejective Holm-Bonferroni, 

p < 0.01, φ = 0.08). The proportion of trials already initiated following the 0.3, 1.0 and 10.0 mg/kg 

doses of MPH was not significantly different from the control (repeated χ2-tests, sequentially 

rejective Holm-Bonferroni, p > 0.05, φ = 0.005-0.05). In monkey F, the proportion of trials already 

initiated approached significant improvement following the 3.0 mg/kg dose of MPH compared to the 
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corresponding control (repeated χ2-test, sequentially rejective Holm-Bonferroni, p = 0.01, φ = 0.07). 

The proportion of trials already initiated was significantly lower after the 1.8 mg/kg dose of MPH 

relative to control (repeated χ2-test, sequentially rejective Holm-Bonferroni, p < 0.0001, φ = 0.14). 

The other doses of MPH did not have a significant effect on trials already initiated in monkey F 

(repeated χ2-tests, sequentially rejective Holm-Bonferroni, p > 0.01, φ = 0.03-0.06).  

In summary, mid-range doses of MPH (i.e. 1.8, 3.0 and 5.6 mg/kg) significantly improved 

anticipatory trial initiation in monkey B. The 3.0 mg/kg dose of MPH improved anticipatory trial 

initiation in monkey F, but the effect did not reach statistical significance. These findings are 

depicted in Figure 2.12 which also shows the odds ratio of the animals’ anticipatory trial initiation.  

2.4.3.7 Impact of Methylphenidate on PR Task Performance 

A visual PR task was used to further examine the effects of MPH on behavioural activation. 

We first compared each animal’s breakpoints from the three runs of the PR task in the control 

sessions to each other and we did the same for their breakpoints in the MPH treatment sessions. 

Monkey B’s breakpoints from the three runs of the control sessions did not significantly differ from 

each other (t-tests, p > 0.05). The breakpoints of the three runs of the different doses of MPH also 

did not significantly differ from each other in monkey B (t-tests, p > 0.05). Monkey F’s data from 

the two MPH experiments were pooled together for this analysis. The breakpoints of the first run of 

the control sessions were significantly different from the breakpoints of the second and third runs of 

the control in monkey F (t-test, p < 0.01). There was not a significant difference between the 

breakpoints of the second and third runs of the control in monkey F (t-test, p = 0.06). The 

breakpoints of the three runs of the MPH treatment sessions were not significantly different from 

each other in monkey F (t-tests, p > 0.05).  

We normalized the PR breakpoints in the MPH and control sessions before comparing them 

as both animals’ breakpoints changed overtime in the control sessions (see Figure 2.13). To assess 

the impact of MPH on the PR breakpoint, we compared the data from the MPH treatment sessions to 
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the day-before control data. As monkey B’s breakpoints did not significantly differ across the three 

runs of the PR task, we pooled her breakpoints in the MPH treatment sessions across the three runs 

of the task and compared them to her breakpoints in the control sessions which were also pooled 

across the three runs of the task. Monkey B’s PR breakpoints after the 0.1 and 1.8 mg/kg doses of 

MPH were significantly higher than that of the control (one-sample t-tests, p < 0.01; Cohen’s d = 

1.42-2.75). The 0.3, 3.0, 5.6, and 10.0 mg/kg of MPH led to significantly lower breakpoints than the 

control in monkey B (one-sample t-tests, p < 0.01; Cohen’s d = -0.3 to -2.25). Monkey B’s 

breakpoint after the 1.0 mg/kg dose of MPH was not significantly different from her control 

breakpoint (one-sample t-tests, p > 0.05; Cohen’s d = -0.27).  

Given that the breakpoints of the first run of the control sessions were significantly different 

from the breakpoints of the second and third runs of the control for monkey F, we only compared the 

breakpoints of the first run of the MPH treatment sessions to the breakpoints of the first run of the 

control. The weighted average of the data from the two MPH experiments were used in the analysis. 

The 0.1 and 3.0 mg/kg doses of MPH led to significant increases in PR breakpoints compared to the 

control in monkey F (one-sample t-tests, p < 0.01; Cohen’s d = 0.68). Monkey F’s breakpoint was 

significantly lower following the 0.3, 1.8, 5.6, and 10.0 mg/kg doses of MPH relative to control (one-

sample t-tests, p < 0.01; Cohen’s d = -1.44 to -0.44). The 1.0 mg/kg dose of MPH did not have a 

significant effect on the PR breakpoint in monkey F compared to control (one-sample t-test, p = 

0.18; Cohen’s d = -0.19). For the purpose of visualization, Figure 2.14 shows the relative change in 

PR breakpoints following each dose of MPH.  

In summary, MHP had a dose-dependent effect on the animals’ PR breakpoints. The 0.1 and 

1.8 mg/kg doses of MPH significantly improved monkey B’s PR breakpoints. Monkey F’s PR 

breakpoint was significantly enhanced by the 0.1 and 3.0 mg/kg doses of MPH. 

2.4.4 Effects of Methylphenidate on Psychotomimetic, General and Social Behaviours 

2.4.4.1 Impact of Methylphenidate on Psychotomimetic Behaviour 
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 Significant differences in psychotomimetic behaviours between the doses of MPH were not 

found in monkey B and monkey F (one-way ANOVAs, p > 0.05; ω2 < -0.1). However, it was noted 

that there were differences in terms of the response items (i.e. the items on the rating scales) that 

certain doses of MPH had an impact on in the animals. Specifically, the 1.8 mg/kg of MPH in 

monkey B was associated with “responses independent of stimuli”, while this effect was not 

observed with the other doses of MPH. The 1.8 and 10.0 mg/kg of MPH in monkey F led to “other 

bizarre behaviours”, while the other doses of MPH did not produce this effect. Significant 

differences in psychotomimetic behaviours between the control sessions were not observed in both 

animals (one-way ANOVAs, p > 0.05; ω2 < -0.1). 

Comparisons between the pooled MPH and control data showed that MPH did not induce 

psychotomimetic behaviours in monkey B (two-way ANOVA, p > 0.05; ω2 = -0.001; see Figure 

2.15). A significant main effect of response item was seen in monkey B (two-way ANOVA, p < 

0.0001; ω2 = 0.58). Post-hoc comparisons showed that monkey B made more stimulus-driven 

responses than any other response item on the psychotomimetic behaviour rating scale (for each 

response item, see Table 2.1; Tukey’s HSD, p < 0.05). A significant interaction between treatment 

and response item was not seen in monkey B (two-way ANOVA, p > 0.05; ω2 = -0.02). MPH was 

found to induce psychotomimetic behaviours in monkey F relative to control (two-way ANOVA, p = 

0.03; ω2 = 0.08; Figure 2.15). A significant difference between the response items was seen in 

monkey F (two-way ANOVA, p = 0.03; ω2 = 0.15). However, post-hoc comparisons did not show 

statistically significant variations between any of the response items (Tukey’s HSD, p > 0.05). The 

interaction between treatment and response item was not significant in monkey F (two-way 

ANOVA, p > 0.05; ω2 = 0.08).  

2.4.4.2 Impact of Methylphenidate on General Behaviour 

 A dose-dependent effect of MPH on general behaviour rating scores was not seen in both 

animals (Kruskal-Wallis tests, p > 0.05). Significant differences in general behaviour ratings in the 
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control sessions were also not observed in monkey B or in monkey F (Kruskal-Wallis tests, p > 

0.05). Compared to the control, MPH did not have a significant effect on the animals’ general 

behaviour rating scores (rank sum tests, p > 0.05).  

2.4.4.3 Impact of Methylphenidate on Social Behaviour 

 Monkey B and monkey F were pair housed together during this study. Hence, their social 

behaviours were analyzed in reference to each other. Rhesus macaques exhibit dominance relations 

(Nelson et al., 2010) and in this pairing, monkey B was submissive while monkey F was dominant.  

The animals’ social behaviour rating scores did not significantly differ depending on the dose of 

MPH (one-way ANOVAs, p > 0.05; ω2 < -0.001). However, the 0.3, 3.0, 5.6 and 10.0 mg/kg doses 

of MPH in monkey B were associated with no grooming of her cage mate even though monkey B, 

being the submissive in the relationship, tended to be seen grooming her cage mate; monkey B was 

observed to be groomed by her cage mate (monkey F) following the 5.6 mg/kg dose of MPH, but not 

after the other doses of MPH. An obvious pattern of differential effects of the MPH doses on the 

response items in the social behaviour rating scale was not seen in monkey F. Significant differences 

in social behaviour rating scores were not seen between the control sessions in both animals (one-

way ANOVAs, p > 0.05; ω2 < 0.01). Monkey B was not observed to groom her cage mate during the 

day-before control sessions for the 5.6 and 10.0 mg/kg doses of MPH. However, her cage mate 

(monkey F) was observed to groom her on those days. 

MPH was found to significantly decrease the duration of social behaviours in monkey B 

relative to control (two-way ANOVA, p = 0.007; ω2 = 0.02; see Figure 2.16). A significant main 

effect of response item was also found in monkey B (two-way ANOVA, p < 0.00001; ω2 = 0.36). 

Post-hoc comparisons revealed that monkey B spent more time in close proximity to her cage mate 

than she spent engaging in any other social behaviour on the social behaviour rating scale (for all the 

response items on the social behaviour rating scale, refer to Table 2.2; Tukey’s HSD, p < 0.05). A 

significant interaction between treatment and response item was seen in monkey B (two-way 
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ANOVA, p < 0.0001; ω2 = 0.08). MPH did not have a significant effect on monkey F’s social 

behaviour rating scores (two-way ANOVA, p > 0.05; ω2 = -0.002; see Figure 2.16). A significant 

difference was found between the response items in monkey F (two-way ANOVA, p < 0.00001; ω2 = 

0.61). Post-hoc comparisons showed that the item on the social behaviour rating scale (Table 2.2) 

that monkey F spent the most time engaged in was being in close proximity to her cage mate 

(Tukey’s HSD, p < 0.05). The interaction between treatment and response item was not significant in 

monkey F (two-way ANOVA, p > 0.05; ω2 = -0.04).  

 To sum up, MPH induced psychotomimetic behaviours in monkey F and led to lower social 

behaviours in monkey B compared to control. Dose-dependent effects of MPH on psychotomimetic, 

general and social behaviours were not observed in the animals. However, there were differences in 

terms of some of the response items on the psychotomimetic and social behaviour rating scales that 

some of the doses of MPH had an effect on. Specifically, the 1.8 and 10.0 mg/kg doses of MPH 

produced “other bizarre behaviours” in monkey F as rated on the psychotomimetic behaviour rating 

scale, while this effect was not observed with the other doses of MPH. On the social behaviour rating 

scale, monkey B was not observed to groom her cage mate following the 0.3, 3.0, 5.6, and 10.0 

mg/kg doses of MPH. The animals’ normal behaviour, which might be influenced by their 

dominance rank (i.e. monkey F is dominant while monkey B is submissive), might have impacted 

some of the behavioural changes that this experimenter noted in the animals. Specifically, monkey B 

is more sociable than monkey F. Hence, it’s likely that MPH-induced reduction in social behaviours 

was found to be significant in monkey B, but not in monkey F as this change was more noticeable in 

monkey B (being the more sociable animal) than in monkey F. Likewise, it is possible that MPH-

induced psychotomimetic behaviours were observed to be significant in monkey F but not in monkey 

B as they were less noticeable in monkey B than in monkey F. As monkey B generally interacted 

with the environment more than monkey F, changes in monkey B’s responses to stimuli (which 

would have influenced her psychotomimetic behaviour rating scores) might have been less apparent 
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than changes in monkey F’s responses to stimuli.  

2.5 Discussion 

The current study investigated the impact of MPH on working memory, the activational 

aspects of motivation, psychotomimetic behaviour, general behaviour, and social behaviour in two 

adult female rhesus macaques. A wide range of acute doses of MPH was tested in the animals. 

Working memory was assessed using a VSC task. Behavioural activation was examined using a 

visual PR task and several measures on the VSC task (i.e. reaction time, saccade peak velocity, 

successful trial completion, successful trial initiation, trial initiation time, and anticipatory trial 

initiation). Psychotomimetic, general and social behaviours were examined using behaviour rating 

scales. One of the animals (monkey F) was tested twice with the same doses of MPH; the data from 

the two experiments were combined for the analyses. The other animal (monkey B) was tested once 

with these MPH doses.  

MPH was generally not effective at improving working memory in the animals. The 1.8 

mg/kg dose of MPH improved monkey B’s response accuracy for set size 5 of the VSC task. 

However, this dose did not have a significant effect on response accuracy at any of the other set sizes 

and the effect size for set size 5 was small, indicating a weak impact. None of the doses of MPH 

improved monkey F’s response accuracy in the VSC task. In both animals, MPH significantly 

enhanced the activational aspects of motivation, depending on the dose and the measure used to 

assess behavioural activation. Compared to control, MPH increased psychotomimetic behaviour in 

monkey F and reduced social behaviour in monkey B. Contrary to our hypothesis, the effects of 

MPH on psychotomimetic and social behaviours were not dose-dependent.  

As we predicted that MPH would significantly improve working memory in the animals, the 

findings of the present study are at odds with our hypothesis. However, while some studies in the 

literature have found evidence to support the effectiveness of MPH at enhancing working memory, 

other studies have found no or even detrimental effects of MPH on working memory. Hence, our 
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findings are not inconsistent with the results of some of the studies in the literature. Several studies 

in NHP (Bain et al., 2003; Gamo et al., 2010; Kodama et al., 2017) have found MPH to have an 

enhancing effect on working memory. Gamo et al. (2010) examined the effects of a range of doses 

(0.1-2.0 mg/kg) of MPH on working memory in rhesus macaques performing a delayed response 

task. For each monkey, an inverted-U dose-response curve was observed, in that moderate doses had 

the best effect on improving accuracy on the delayed response task while lower and higher doses had 

no significant impact or impaired performance on the task. The beneficial effects of the optimal 

doses of MPH for each animal was reversed by the dopamine D1 receptor antagonist, SCH 23390 

and the alpha-2 adrenergic receptor antagonist, idazoxan (Gamo et al., 2010). Contrary to these 

findings, a previous study that was done in our lab (Oemisch et al., 2016) with three female rhesus 

macaques performing the VSC task, found that MPH did not have a dose-dependent effect on 

working memory response accuracy. Other studies with NHP (Bartus, 1979; Hutsell and Banks, 

2015; Rajala et al., 2012; Soto et al., 2013) have reported a lack of effectiveness of MPH at 

improving accuracy in working memory tasks. In fact, Bartus (1979) found that MPH significantly 

impaired the performance of rhesus monkeys in a delayed response task after testing a range of doses 

(0.1-0.8 mg/kg) of MPH in the animals. 

Previous studies with human subjects also show conflicting findings of the influence of 

MPH on working memory. MPH has been found to have an enhancing effect on working memory 

following acute (Bedard et al., 2004; Cubillo et al., 2014; Mehta et al., 2004) and longer term 

treatments (Bolfer et al., 2017; Hammerness et al., 2014) in people with ADHD. However, other 

studies in ADHD have not observed improvement in working memory after acute (Rhodes et al., 

2004) or longer term treatments (Yildiz et al., 2011) with MPH. Studies in healthy human subjects 

also show equivocal evidence of the effectiveness of MPH at improving working memory. That is, 

some researchers have found acute treatments of MPH to increase accuracy in working memory 

tasks (Agay et al., 2010; Elliott et al., 1997), while others have failed to find an enhancing effect of 
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acute doses of MPH on working memory in healthy human subjects (Marquand et al., 2011; Studer 

et al., 2010; Tomasi et al., 2011). 

MPH is thought to have an inverted-U dose-response effect, whereby optimal doses lead to 

improved working memory and other cognitive skills, while doses that are lower and higher than 

optimal doses have no or detrimental effects on cognitive abilities. As such, the inconsistencies in the 

findings in the literature might be due to suboptimal doses of MPH being tested in some studies. 

However, a dose-dependent effect of MPH on working memory was not seen in the current study 

even though we tested a range of doses (0.1-10.0 mg/kg) of MPH that not only covered the 

therapeutic range in humans (0.25-1.0 mg/kg; Volkow et al., 2001) but included doses that have been 

previously tested in NHP (0.01 to 9 mg/kg; Bain et al., 2003; Bartus, 1979; Gamo et al., 2010; 

Hutsell and Banks, 2015; Rajala et al., 2012; Soto et al., 2013). The Oemisch et al. (2016) study that 

was done in our lab tested a similar range of doses of MPH (0.1-9.0 mg/kg) in rhesus macaques. 

Similar to the results of the current study, Oemisch et al. (2016) found that none of the doses of MPH 

significantly improved response accuracy on the VSC task. MPH also did not have a memory-load 

dependent effect on response accuracy across the animals. It should be noted that monkey F was also 

used in the Oemisch et al. (2016) study. Similar to the current research, Oemisch et al. (2016) found 

that none of the doses of MPH significantly improved response accuracy in monkey F at any of the 

set sizes of the VSC task. Given these results, it is unlikely that the inconsistent findings of the 

effects of MPH on working memory in the literature are due to suboptimal doses of MPH being 

tested. 

Baseline working memory capacity has been proposed to play a role in the effectiveness of 

MPH at enhancing working memory, such that individuals with weak baseline capacities are thought 

to benefit from MPH treatment while MPH has no or detrimental effects on those with high 

capacities (Agay et al., 2014; Mehta et al., 2004). Agay et al. (2014) examined whether inviduals 

with ADHD or those with poor baseline capacity benefit the most from MPH. An interaction 
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between ADHD diagnosis and MPH administration was not found in the study. However, a 

significant correlation between poor baseline working memory task performance and the beneficial 

effect of MPH was found, indicating that the influence of MPH on working memory is not selective 

to people with ADHD but to individuals with weak baseline capacities (Agay et al., 2014). The study 

also found that individuals whose performance was worsened by MPH did not necessarily have 

higher working memory capacities. In support of the notion that the effects of MPH is dependent on 

working memory capacity, Manktelow et al. (2017) observed that between group differences in 

patients wth traumatic brain injury (TBI) and healthy controls disappeared when the patients 

received MPH treatment and the patients in the middle range of baseline performance benefited the 

most from MPH. Differences in the baseline capacities of subjects might explain at least some of the 

inconsistent findings of the effects of MPH on working memory in the literature. However, it should 

be noted that in the Oemisch et al. (2016; their Figure 2) study, two of the animals (monkey F and 

monkey G) had baseline capacities that was quite low, yet MPH did not significantly enhance 

working memory in these animals. It should also be noted that some studies (Rhodes et al., 2004; 

Yildiz et al., 2011) in people with ADHD, who presumably have low working memory capacity, 

have found MPH to not be effective at improving working memory. The issue of the impact of MPH 

on working memory being dependent on baseline capacity should be further explored in future 

studies.  

While MPH did not significantly improve working memory in the current study, it did 

significantly enhance the activational aspects of motivation. Specifically, MPH significantly 

improved reaction time, saccade peak velocity, trial initiation time, and trials already initiated in the 

VSC task and significantly increased the animals’ breakpoints in the PR task. MPH did not 

significantly improve trial completion in the VSC task and had a weak impact on trial initiation as it 

only enhanced trial initiation in one of the animals (monkey F). The effect of MPH on the measures 

of behavioural activation was observed to be dose-dependent. In both animals, saccade peak velocity 
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and anticipatory trial initiation, which both reflect vigor, were found to be improved by mid- to high-

range doses of MPH (i.e. 1.8-10.0 mg/kg). Reaction time and trial initiation time, which indicate 

speed, improved with mid-range doses of MPH (1.0-3.0 mg/kg) in the two animals; low doses of 

MPH (0.1-0.3) also enhanced trial initiation time in monkey F and the high dose of MPH (10.0 

mg/kg) improved reaction time in monkey B. Low to mid-range doses of MPH (i.e. 0.1-3.0 mg/kg) 

had an enhancing effect on the PR breakpoint in both animals; the PR breakpoint reflects the 

persistence of motivated behaviour. Trial initiation, which also indicate persistence, was improved 

by a mid-range dose of MPH (1.0 mg/kg) in monkey F. Overall, the mid-range doses of MPH had 

the best effect on behavioural activation in the animals.  

The fact that reaction time, saccade peak velocity, successful trial initiation, successful trial 

completion, trial initiation time, anticipatory trial initiation, and the PR breakpoint reflect different 

aspects of behavioural activation (i.e. speed, vigour and persistence) might explain why MPH had 

significant effects on some of these measures but not others. MPH likely had more of an enhancing 

effect on vigour and speed in the animals’ goal-directed behaviour than it had on the persistence of 

the behaviour as it significantly improved reaction time, saccade peak velocity, trial initiation time, 

and anticipatory trial initiation in both animals, while its effects on trial initiation and completion in 

the VSC task were marginal. The PR breakpoint is similar to trial initiation and completion in the 

VSC task as it indicates persistence. However, while MPH had a weak impact on the measures of 

persistence in the VSC task, it significantly improved the animals’ PR breakpoints. Task difficulty 

and other differences between the VSC and the PR tasks (e.g., the VSC task is longer and arguably 

more difficult than the PR task) might explain the differences in the effects of MPH on these 

measures.  

The weak impact of MPH on trial initiation and completion in the VSC task could also be 

due to MPH-induced abnormalities in behaviour. Specifically, MPH significantly induced 

psychotomimetic behaviours in monkey F, which might have led to a lack of improvement in 
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monkey F’s persistence in the VSC task. While the impact of MPH of psychotomimetic behaviours 

in monkey F was found to not be dose-dependent, the 1.8 and 10.0 mg/kg doses of MPH were noted 

to produce “other bizarre behaviours” (for all the response items on the psychotomimetic behaviour 

rating scale, see Table 2.1) in monkey F, while the other doses of MPH did not produce this effect. 

The 1.8 and 10.0 mg/kg of MPH were also found to impair both trial initiation and trial completion 

in the VSC task in monkey F, indicating that these doses of MPH might have produced 

psychotomimetic behaviours that were detrimental to monkey F’s persistence in the VSC task. As 

social behaviour is a motivated behaviour (Chatzisarantis et al., 2006), the finding that MPH reduced 

social behaviours in monkey B might indicate that MPH might have actually lowered some aspects 

of motivation in this animal. Although, the impact of MPH on social behaviours in monkey B was 

found to not be dose-dependent, there were differences in terms of the response items on the social 

behaviour rating scale (see Table 2.3) that particular doses of MPH had an impact on in monkey B. 

Specifically, monkey B was not observed to groom her cage mate following the 0.3, 3.0, 5.6, and 

10.0 mg/kg doses of MPH. Most of these same doses (i.e. the 0.3, 5.6 and 10.0 mg/kg doses of MPH) 

were found to significantly reduce trial completion in monkey B. Some of these same doses (i.e. 5.6 

and 10.0 mg/kg) also significantly lowered trial initiation in monkey B. These findings indicate that 

these doses were actually detrimental to some aspects of motivated behaviour in this animal.  

Similar to our results, the study that was done in our lab (i.e. Oemisch et al., 2016) found 

that MPH generally had an enhancing effect on behavioural activation. Specifically, Oemisch et al. 

(2016) found that MPH had a dose-dependent effect on improving trial initiation, trial initiation time 

and trials already initiated in the VSC task; mid-range doses of MPH generally had an enhancing 

effect on these measures across the animals. MPH did not show a distinct pattern of improving 

reaction time, had no significant effect on saccade peak velocity and improved trial completion in 

only one out of three of the animals (Oemisch et al., 2016). Only a few other studies have examined 

the impact of MPH on factors that can be considered as measures of behavioural activation (see Bain 
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et al., 2003; Drijgers et al., 2012; Rajala et al., 2012; Tomasi et al., 2011). Generally, these studies 

have found evidence to support the effectiveness of MPH at enhancing behavioural activation. Bain 

et al. (2003) found that MPH decreased task latencies (i.e. reaction time) in NHP performing a 

delayed match-to-sample task. MPH has also been found to improve reaction time in healthy humans 

during working memory task performance (Tomasi et al., 2011). In a study with people with 

Parkinson’s disease, Drijgers et al. (2012) found that the participants reported feeling more 

vigourous after MPH treatment relative to placebo. A number of studies have found MPH to be 

effective at alleviating symptoms that are associated with impaired behavioural activation such as 

apathy (see Chatterjee and Fahn, 2002; also see Herrmann et al., 2008; Moreau et al., 2012; Padala et 

al., 2017). 

MPH is thought to block DAT and NET, resulting in the increase of extracellular dopamine 

and norepinephrine concentrations (Haanestad et al., 2010; Volkow et al., 1998). Neuroimaging 

studies have shown that MPH attenuates activation in the default mode network (DMN), regions of 

the brain that are more active during rest than during task engagement (Whitfield-Gabrieli and Ford, 

2012). The enhancement of DMN deactivation could improve working memory task performance by 

increasing task focusing through filtering out irrelevant stimuli. MPH also increases activation in the 

PFC and inferior parietal cortex (IPC) which are part of the dorsal attention network (DAN) 

implicated in working memory and other cognitive skills (Cubillo et al., 2014; Tomasi et al., 2011). 

Manktelow et al. (2017) found that compared to healthy controls, patients with TBI showed both 

structural and functional connectivity changes between the left cerebellum and IPC as well as the 

inferior frontal and subcortical areas that are considered to be important for working memory. The 

significant differences in functional connectivity between the healthy controls and patients with TBI 

was not observed when the patients were given a single dose of MPH (Manktelow et al., 2017). 

These findings suggest that MPH might modulate working memory by enhancing functional 

connectivity in regions that are part of the working memory network.  
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 MPH might influence behavioural activation by increasing extracellular levels of dopamine 

in the striatum. In PET studies with human subjects, Volkow et al. (2002) showed that MPH 

significantly blocked DAT and increased extracellular dopamine levels in the striatum. Kodama et al. 

(2017) found that both low and high doses of MPH led to consistent increases in dopamine release in 

the striatum of Japanese monkeys. Striatal dopamine (particularly dopamine in the nucleus 

accumbens) is thought to play an integral role in the activational aspects of motivation (see Ikemoto 

and Panksepp, 1996; also see Ishiwari et al., 2004; Salamone et al., 2001). As enhancement of 

behavioural activation could lead to improved performance on working memory tasks, MPH might 

have an indirect effect on working memory through its impact on the activational aspects of 

motivation. In fact, in a study with healthy human subjects performing a delayed match-to-sample 

task with rewarded and non-rewarded trials, Marquand et al. (2011) found that some of the effects of 

MPH on brain activation in non-rewarded trials were similar to the effects of reward on brain 

activation in the rewarded trials. That is, similar to reward, MPH increased activity in the working 

memory network and attenuated activation in the DMN. Compared to the non-rewarded trials, the 

participants’ performance on the task significantly improved with reward, indicating that motivation 

had an enhancing effect on working memory. MPH did not significantly improve task performance 

in either the rewarded or non-rewarded trials. These findings suggest that MPH may act on 

catecholamines to indirectly influence working memory but this effect might not be as strong as the 

impact of reward on working memory. Volkow et al. (2004) examined if MPH could enhance the 

saliency of a cognitive task (i.e. mathematical problems) by increasing brain dopamine in healthy 

subjects. MPH-induced increases in dopamine release in the striatum correlated with increased self-

report ratings of the task being interesting, exciting, motivating, and less tiresome. These findings 

indicate that MPH has a significant influence on motivation and may indirectly impact cognition 

through its actions on motivational factors such as saliency (e.g., making the task more interesting) 

and behavioural activation (e.g., increasing vigour or energizing behaviour to overcome the effort 
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needed to complete the task). Further studies are needed to elucidate the neural mechanisms whereby 

MPH influences behavioural activation. More studies are also needed to clarify the extent to which 

MPH has a direct impact on working memory and if the effects of MPH on working memory and 

other cognitive functions are more through its impact on motivation.  

2.5.1 Limitations  

 Estrogen has been associated with cognition in some studies (Hara et al., 2016; Kohama et 

al., 2016), which indicate that hormones may be a factor in this study as we used female rhesus 

macaques. However, hormone therapy in ovariectomized rhesus macaques has been found to not 

improve cognitive task performance (Baxter et al., 2015) and studies of the effects of hormone 

therapy on cognition in menopausal women have produced equivocal results (see for review Fischer 

et al., 2014). Hence, it is likely that hormones did not have an impact on working memory in the 

present study. To control for cycling hormone levels, we only used the control data that were 

collected the day before and after the MPH treatment sessions in our analyses.  

2.5.2 Conclusion 

 MPH was found to not significantly improve working memory in healthy female rhesus 

macaques. However, MPH was found to enhance the activational aspects of motivation, particularly 

the speed and vigour of the animals’ goal-directed behaviour. MPH led to an increase in 

psychotomimetic behaviours in one animal (monkey F) and to a reduction in social behaviours in the 

other animal (monkey B). The MPH-induced increase in psychotomimetic behaviours may have 

counteracted some of the beneficial effects of MPH on behavioural activation as MPH had a weaker 

impact on monkey F’s persistence in the VSC task. The same doses of MPH (i.e. the 1.8 and 10.0 

mg/kg of MPH) that were found to induce “other bizarre behaviours” in monkey F (as noted on the 

psychotomimetic behaviour rating scale) were also found to significantly reduce trial initiation and 

completion in the VSC task in monkey F. The reduction in social behaviours in monkey B indicate 

that MPH actually impaired some aspects of motivation in monkey B. Notably, on the social 
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behaviour rating scale, monkey B was not observed to groom her cage mate following the 0.3, 3.0, 

5.6, and 10.0 mg/kg doses of MPH. The majority of these same doses of MPH (i.e. 0.3, 5.6 and 10.0 

mg/kg) significantly lowered trial completion in monkey B and some of these doses (i.e. 5.6 and 10.0 

mg/kg) also significantly reduced monkey B’s trial initiation, indicating that these doses of MPH 

were detrimental to some aspects of motivated behaviour in monkey B. Overall, the results suggest 

that MPH does not significantly benefit working memory but generally improves behavioural 

activation.  
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2.7 Tables and Figures 

Table 2.1: Psychotomimetic Behaviour Rating Scale (based on Castner and Goldman-Rakic, 

1999; Nielson et al., 1983) 

ITEMS 

 

Duration  

(How long does 

behavior last each 

time that it’s 

observed; seconds) 

COMMENTS 

Stimulus-Driven Responses 

(attention or orienting responses to 

stimuli including observer and 

other monkeys) 

• Watch/stare 

• Tracking or orienting to 

stimuli 

  

Responses “Independent of 

Stimuli” (attention or orienting 

responses made by monkey when 

no stimulus is present) 

• Grasping at air 

• Staring off into space 

• Tracking or orienting to 

non-apparent stimuli 

• Attacking non-apparent 

stimuli 

  

Parasitotic-like grooming 

(Continuous grooming that fixates 

on one or two spots of the body.  

Has a searching quality, as if the 

animal is trying to find something 

that it can’t, and can result in skin 

lesions) 

  

Static Posturing (frozen positions 

assumed by the animal and held 

for many minutes – e.g., clinging 

to the bars of the cage and staring 

off into space for many minutes) 

  

Other bizarre behaviours 

(describe)  
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Table 2.2: General Behaviour Rating Scale (adapted from Bjorndal et al., 1983) 

ITEMS SCORE COMMENTS 

(Specify the action being scored) 

Locomotion (while in cage or 

during transfers in/out of NHP 

chair) 

 

  

Repetitive movements of head, 

neck, limbs and trunk (e.g., turning 

head from side to side, bouncing up 

and down, etc.) 

 

  

Oral hyperkinesia (excessive oral 

movements) 

• Lips  

• Tongue protrusion 

• Licking 

• Chewing 

 

  

Reactivity (e.g., orientation towards 

or aggressiveness displayed towards 

objects and/or observer; shaking 

non-human primate chair while 

seated inside the chair, etc.) 

 

  

 

Scoring: 0 – normal; 1 – mild (behavior present slightly more than normal); 2 – moderate (behavior 

regularly present but interrupted); 3 – marked (behavior continuous and not interrupted). 
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Table 2.3: Social Behaviour Rating Scale (based on Mao et al., 2008; Miller, 1976) 

ITEMS 

 

Duration  

(How long does 

behavior last each 

time that it’s 

observed; seconds) 

COMMENTS 

Grooming  

• Subject grooming cage 

mate 

• Cage mate grooming 

subject 

  

Mounting  

• Subject mounting cage 

mate 

• Cage mate mounting 

subject 

  

Approaching (subject approaches 

cage mate) 

  

Following (subject follows cage 

mate) 

  

Leaving (subject moves away 

from cage mate when cage mate 

approaches subject) 

  

Proximity (distance between the 

subject and the cage mate being 

less than 60 cm) 

  

Threatening  

• Subject makes gestures 

towards cage mate that 

result in fight-flight or 

submissive displays from 

cage mate 

• Cage mate displays above 

behavior towards subject 

  

Aggression 

• Overt biting and/or hitting 

of cage mate by subject 

• Cage mate displays above 

behavior towards subject 
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Figure 2.1: Visual Sequential Comparison (VSC) Task Stimuli. The task consists of a 

stimulus array of two to five coloured squares (i.e. set sizes 2-5). On each trial, the set size and 

colours of the stimuli are randomly chosen. Each colour can only appear once in a given 

display and are chosen from six discriminable colours: red, blue, yellow, green, magenta, and 

cyan. The white circle in the display represents the central fixation point. 

 

 

Figure 2.2: Visual Sequential Comparison (VSC) Task Design. Correctly performed set size 

four trial in the VSC task. The white solid and dotted circles in the display represent the central 

fixation point and eye position, respectively. The arrow represents progression of the trial.  
 

 

 

Figure 2.3: Progressive Ratio (PR) Schedule of Reinforcement Task. A: The solid white 

circles show the final position of the target on each trial (i.e. ratio) of the PR task. The grey 

circles represent the previous target positions in the trial. The animal must fixate on the target 

at each position to obtain the reward. B: All 25 target positions. The task always begins with 

the target first appearing at the center of the screen. The target then appears counter clockwise 

around the inner ring before moving counter clockwise around the second and third rings.  
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Figure 2.4: VSC Task Response Accuracy in the Control Sessions of the MPH Experiment. 

Each animals’ proportion correct in the control sessions is plotted against set size; the middle and 

last graphs show Monkey F’s proportion correct in the first and second MPH experiments, 

respectively. The solid black lines represent the mean response accuracy of all the control 

sessions. The grey lines show the response accuracy of each control session. The dotted lines 

represent chance performance. 

 

 

Figure 2.5: VSC Task Reaction Time in the Control Sessions of the MPH Experiment. 

Reaction time was significantly higher on incorrect trials (darker grey bars) than on correct trials 

(lighter grey bars) (2-way ANOVA; p < 0.0001) in the animals. The middle and last graphs depict 

monkey F’s reaction times in the first and second MPH experiments, respectively.  

 

 

 

 



 

103 

 

 

Figure 2.6: Response Accuracy in the VSC Task as a Function of MPH Dose. Odds ratio of 

the response accuracy on the VSC task for each set size and dose of MPH. Monkey F’s data from 

the two MPH experiments (dashed grey lines in the background) were combined (solid black 

lines) in the analysis. An odds ratio that is higher than 1.0 indicates improvement in response 

accuracy following MPH treatment, relative to control. White squares indicate statistically 

significant improvement in response accuracy (repeated χ2-test, sequentially rejective Holm-

Bonferroni, p < 0.05). 
 

 

 

 

 



 

104 

 

 

Figure 2.7: Standardized Change in Reaction Time as a Function of MPH Dose. Monkey 

F’s data from both MPH experiments (dashed grey lines in the background) were pooled (solid 

black lines) for the analysis. White squares show statistically significant improvement in 

reaction time in the VSC task after MPH treatment (repeated t-tests, sequentially rejective 

Holm-Bonferroni, p < 0.05). Coloured boxes represent ±2 standard deviations from the control 

average.  
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Figure 2.8: Standardized Change in Saccade Peak Velocity as a Function of MPH Dose. 

Monkey F’s data from the two MPH experiments (dashed grey lines in the background) were 

pooled (solid black lines) in the analysis. White squares indicate statistically significant 

improvement in saccade peak velocity in the VSC task after MPH treatment (repeated t-tests, 

sequentially rejective Holm-Bonferroni, p < 0.05). Coloured boxes represent ±2 standard 

deviations from the average control saccade peak velocity.  
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Figure 2.9: Odds Ratio of Completed Trials as a Function of MPH Dose. Monkey F’s data 

from the two MPH experiments (dashed grey lines in the background) were combined (solid 

black line) for the analysis. An odds ratio that is greater than 1.0 indicates improvement in the 

proportion of trials successfully completed following MPH treatment relative to control. White 

squares indicate statistically significant improvement in completed trials (χ2-tests, p < 0.05). 

 

 

Figure 2.10: Odds Ratio of Trials Initiated as a Function of MPH Dose. Monkey F’s data 

from both MPH experiments (dashed grey lines in the background) were combined (solid black 

line) in the analysis. An odds ratio that is higher than 1.0 shows improvement in the proportion 

of trials successfully initiated after MPH treatment compared to control. White squares indicate 

statistically significant improvement in trial initiation (χ2-tests, p < 0.05). 
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Figure 2.11: Ratio of Trial Initiation Time as a Function of MPH Dose. Monkey F’s data 

from the two MPH experiments (dashed grey lines in the background) were pooled (solid black 

line) for the analysis. A ratio that is below 1.0 indicates improvement in trial initiation time 

following MPH treatment compared to the control. White squares show statistically significant 

improvement in trial initiation time (rank-sum tests, p < 0.05). 

 

 

Figure 2.12: Odds Ratio of Trials Already Initiated as a Function of MPH Dose. Monkey 

F’s data from the two MPH experiments (dashed grey lines in the background) were combined 

(solid black line) for the analysis. A higher than 1.0 odds ratio shows improvement in 

anticipatory trial initiation after MPH treatment relative to control. White squares show 

statistically significant improvement in anticipatory trial initiation (χ2-tests, p < 0.05). 
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Figure 2.13: Breakpoints in the PR Task as a Function of MPH Dose. The middle and last 

graphs depict monkey F’s PR breakpoints in the first and second MPH experiments, 

respectively. The coloured squares show the PR breakpoints after each dose of MPH. Open 

squares show the breakpoints for each control session. The black lines show the running 

average of the control.  
 

 

Figure 2.14: Relative Change in PR Breakpoint After MPH Treatment. Monkey F’s data 

from the two MPH experiments (dashed grey lines in the background) were combined (solid 

black line) for the analysis. The black dashed lines indicate 1 and 2 standard deviations of the 

control. Blue circles indicate the mean breakpoint of each control. White squares show 

statistically significant improvement in breakpoint following MPH treatment relative to the 

control (one-sample t-test, p < 0.01).  
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Figure 2.15: Duration of Psychotomimetic Behaviours. MPH led to significantly longer 

psychotomimetic behaviours in monkey F compared to control (two-way ANOVA; p < 0.05). 

Asterisks represent statistically significant differences in the duration of psychotomimetic 

behaviours between the MPH treatment and control.   

 

 

Figure 2.16: Duration of Social Behaviours. MPH significantly reduced social behaviours in 

monkey B compared to control (two-way ANOVA; p < 0.01). Asterisks represent statistically 

significant difference in the duration of social behaviours between the MPH and control sessions.   
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Chapter 3 

 

Performance of rhesus macaques on a visual sequential comparison task 

and a progressive ratio schedule of reinforcement task following 

atomoxetine treatment 
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3.1 Abstract 

The selective catecholamine reuptake inhibitor, atomoxetine (ATX) was used to investigate the 

effects of catecholamines on working memory and the activational aspects of motivation (speed, 

vigour and persistence) in three adult female Chinese rhesus macaques (Macaca mulatta). Working 

memory was assessed using a visual sequential comparison (VSC) task. Behavioural activation was 

assessed using reaction time, saccade peak velocity, successful trial completion, successful trial 

initiation, trial initiation time, and anticipatory trial initiation in the VSC task. A visual progressive 

ratio (PR) schedule of reinforcement task was also used to assess behavioural activation. A wide 

range of doses of ATX (0.03-3.0 mg/kg) that spans beyond the therapeutic range (0.26-1.79 mg/kg) 

was tested in the animals. ATX was found to not have a significant effect on working memory. ATX 

dose-dependently improved behavioural activation in the animals. Namely, ATX improved 

breakpoints in the PR task and also enhanced trial completion, trial initiation, trial initiation time, 

and anticipatory trial initiation in the VSC task in all three of the animals. The effect of ATX on 

reaction time and saccade peak velocity in the VSC task was inconsistent as it improved these 

measures in only some of the animals. Overall, our results indicate that ATX does not significantly 

enhance working memory and may be best described as boosting behavioural activation.  
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3.2 Introduction 

Atomoxetine (ATX; trade name Strattera) is a non-stimulant that is often used as an 

alternative to MPH for the treatment of ADHD due to its lower potential for abuse (Upadhyaya et al., 

2013). Similar to MPH, ATX increases intrasynaptic availability of catecholamines in the CNS and 

is considered to be a cognitive enhancer in the treatment of ADHD. Here, we examined the effects of 

catecholamines on working memory and the activational aspects of motivation (speed, vigor and 

persistence) in three female Chinese rhesus monkeys using ATX. ATX is thought to increase 

intrasynaptic catecholamine levels through its selective inhibition of NET which is involved in both 

the reuptake of dopamine and norepinephrine (Morón et al., 2018). In a PET study using rhesus 

monkeys, Takano et al. (2009) found that ATX dose-dependently saturated NET in different brain 

regions (i.e. the thalamus, brainstem and ACC), indicating that ATX has a high affinity for NET. 

Bymaster et al. (2002) investigated the affinity of ATX for NET, DAT and the 5-HT transporter in 

cell lines transfected with human monoamine transporters. ATX was found to have a high affinity 

for NET but low affinities for DAT and the 5-HT transporter. A more recent study by Ding et al. 

(2014) using PET imaging to assess clinically relevant doses of ATX in rhesus monkeys, found that 

ATX occupied NET as well as the 5-HT transporter. The finding that ATX significantly occupies the 

5-HT transporter contradicts the results of the Bymaster et al. (2002) study. These contrary findings 

may be due to species differences and require further investigation.  

ATX has also been shown to increase extracellular concentrations of norepinephrine and 

dopamine in several brain regions. In the same study discussed above, Bymaster et al. (2002) 

observed that extracellular concentrations of dopamine and norepinephrine increased in the PFC of 

rats following ATX treatment. However, ATX had no influence on dopamine concentrations in the 

dorsal striatum and the nucleus accumbens of the rats, suggesting that ATX might have little to no 

impact on motivation. In support of these findings, Koda et al. (2010) reported that acute treatments 

of ATX dose-dependently increased dopamine and norepinephrine concentrations in the PFC of 
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mice. Neither acute nor chronic treatments of ATX were found to influence dopamine levels in the 

striatum. Both the Bymaster et al. (2002) and the Koda et al. (2010) studies found that ATX had no 

impact on serotonin levels in the PFC and striatum. The above-mentioned evidence that ATX 

increases extracellular concentrations of catecholamines in the PFC supports our use of ATX to 

examine the effects of catecholamines on working memory. While ATX has been shown to not 

significantly impact dopamine concentrations in the nucleus accumbens, a brain structure that has 

been shown to be important for the activational aspects of motivation (see Ikemoto and Panksepp, 

1996; also see McCullough and Salamone, 1992), it might still be able to influence behavioural 

activation through its impact on dopamine concentrations in other brain areas (e.g., the PFC and 

VTA) that are also involved in behavioural activation (see Cetin et al., 2004; also see Marchant et 

al.,2016). ATX might also be able to influence the activational aspects of motivation by impacting 

norepinephrine levels in brain regions (e.g., PFC) that are involved in behavioural activation. The 

following sections will discuss studies that have examined the impact of ATX on working memory 

and on factors that can be seen as measures of behavioural activation. 

3.2.1 Atomoxetine and Working Memory 

Studies that have investigated the effects of ATX on working memory have produced results 

that are equivocal. In NHP, Gamo et al. (2010) observed an inverted-U dose-dependent effect of 

ATX on working memory; moderate doses improved the animals’ performance on a delayed 

response task, while lower and higher doses either impaired or had no effect on performance. 

Contrary to these results, several studies in NHP (Bain et al., 2003; Callahan et al., 2019; Thurston 

and Paré, 2016) found that none of the doses of ATX that they tested significantly improved working 

memory task performance. Research with human subjects have also produced equivocal results with 

some studies finding ATX to have an enhancing impact on working memory (ADHD research: Adler 

et al., 2014; Brown et al., 2009; Cubillo et al., 2014; Maziade et al., 2009; Sumner et al., 2009; Yang 

et al., 2012) and other studies finding no effects of  ATX on working memory (ADHD studies: 
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Chamberlain et al., 2007; Yildiz et al., 2011; Parkinson’s disease research: Kehagia  et al., 2014; 

studies with healthy people: Hernaus et al., 2017; Marquand et al., 2011). Further studies need to be 

done to elucidate the effects of ATX on working memory.  

3.2.2 Atomoxetine and the Activational Aspects of Motivation 

Studies that have investigated the impact of ATX on factors that can be seen as measures of 

behavioural activation are scarce. The research that has been done has produced mixed results. In a 

study that was done in our lab using rhesus macaques, Thurston and Paré (2016) found that ATX had 

an enhancing effect on some measures of behavioural activation. That is, ATX dose-dependently 

improved trial completion and trial initiation in the VSC task, but had a weak impact on reaction 

time in the task and did not have a significant effect on breakpoints in the PR task; the animals were 

only tested on the PR task with a single dose (1.0 mg/kg) of ATX. The present research extended the 

Thurston and Paré (2016) study by testing the effects of a wide range of doses of ATX in rhesus 

macaques performing the PR task. This study also assessed the effects of ATX on not only reaction 

time, trial completion and trial initiation in the VSC task, but on other measures of behavioural 

activation in the VSC task (i.e. saccade peak velocity, trial initiation time and anticipatory trial 

initiation).  

In rhesus monkeys performing a saccadic cued task in which cues and distractors were used 

to manipulate spatial attention, Reynaud et al. (2019) reported results that indicate that ATX has an 

enhancing effect on behavioural activation. Namely, Reynaud et al. (2019) found that ATX 

consistently improved reaction time on valid trials (i.e. the cue accurately predicted the upcoming 

target location) compared to invalid trials (i.e. the cue predicted the opposite side of target location) 

of the task. ATX also increased trial initiation in the animals. In contrast, Yohn et al. (2016) found 

that while the DAT inhibitor, GBR12909 significantly increased the tendency of rats’ to run on a PR 

task to obtain preferred food pellets over choosing low-effort/less-preferred food, ATX (as well as 

another NET inhibitor, desipramine) significantly reduced the animals’ PR breakpoints and active 
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lever times compared to GBR12909 treatment and vehicle control. A few studies that have been 

done in healthy humans have also found ATX to not be effective at enhancing the activational 

aspects of motivation (see Marquand et al., 2011; Weinstraub et al., 2010). Further studies are 

needed to clarify the effects of ATX on behavioural activation.  

3.2.3 Study Aims and Hypotheses 

The aim of this study was to examine the role of catecholamines in working memory and 

behavioural activation in adult female rhesus monkeys using a range of doses of ATX. The VSC task 

was used to assess working memory and the activational aspects of motivation. Namely, the animals’ 

response accuracy in the VSC task was used as a measure of working memory. Their reaction time, 

trial initiation time, saccade peak velocity, anticipatory trial initiation, proportion of trials 

successfully initiated, and proportion of trials successfully completed in the VSC task were used as 

measures of behavioural activation. The animals’ breakpoint in the PR task was also used to assess 

behavioural activation. We hypothesized that ATX would dose-dependently enhance working 

memory and behavioural activation, which would suggest that catecholamines have a significant 

influence on working memory and the activational aspects of motivation.  

3.3 Materials and Methods 

3.3.1 Subjects  

 Three adult, female Chinese rhesus macaques (Macaca mulatta; 8-18 years; 6.0 – 9.0 kg) 

were used in this study. All animal care and experimental protocols were approved by the Queen’s 

Animal Care Committee and were in accordance with the Canadian Council on Animal Care 

guidelines. One of the animals (monkey F) was used in a previous study on MPH (see Oemisch et 

al., 2016). This same animal and another one of the three animals that were used in the current study 

(monkey B) were also used in the previously described research on MPH (see Chapter 2), but this 

MPH study was actually conducted after the present research on ATX. Monkey B and monkey F 

were also used in a previous study on ATX and received 0.03-3.0 mg/kg of ATX in that study (see 
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Thurston and Paré, 2016). The other animal that was used in the present study, monkey D was naïve 

to ATX (and MPH) treatment. All the animals underwent surgery for implantation of a head restraint 

and subconjunctival search coils to monitor eye position; these surgical procedures have been 

described in Shen and Paré (2006). The search coils that were implanted in monkey B stopped 

working prior to this research. Therefore, monkey B’s gaze was monitored using an infrared eye-

camera system (Eyelink II, SR Research) running on a Dell Dimension 8300 computer with a 

sampling rate of 500 Hz. Monkey D and monkey F’s gazes were monitored using the search coils. 

The animals were housed in a large enclosure and received antibiotics and analgesics in the post-

operative recovery period of the head and search coil implantation procedures. The animals were 

trained with positive reinforcement and operant conditioning to perform saccade and fixation tasks 

for a liquid reward until they were satiated. All three animals had unrestrained access to treats (e.g., 

fresh fruits and vegetables) and monkey chow daily and their water intake was controlled during the 

period of the experiment. Water was used as a reward and motivator for the animals to engage in the 

experimental tasks. The researchers, animal care staff and the Queen’s University veterinarians 

closely monitored the animals to ensure that the experiments did not compromise their health. Their 

body weights were recorded prior to each lab session to ensure that they stayed within a healthy 

weight range.  

3.3.2 Experimental Procedures 

Visual working memory and the activational aspects of motivation were assessed using a 

VSC task (previously described in Chapter 2; see Figures 2.1 and 2.2). Behavioural activation was 

also assessed using a visual PR task (described in Chapter 2; see Figure 2.3). Prior to starting the 

ATX treatments, all the animals were trained on the VSC task until they showed stable task 

performance; this amounted to months of training on the task before being tested with ATX. The 

animals had also previously demonstrated stable performance on the VSC task in more than 10,000 

trials prior to taking part in the study. On each experimental session, we ended the VSC task when 
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the animal consistently refused to initiate trials by not fixating the fixation point for about 2-5 

minutes despite encouragement, sometimes becoming agitated (Oemisch et al., 2016). This moment 

is easy to identify in a well-trained animal and is closely associated with the point when the animal 

has received the amount of liquid that they normally work for during experimental sessions. To 

ensure that the liquid reward that the animals received during the VSC task did not interfere with 

their performance on the PR task, they ran on the PR task before the VSC task. On average, it took 

the animals about an hour to complete the VSC task and 10-15 minutes to complete the PR task. 

They usually completed a minimum of 600 trials on the VSC task in each experimental session.  

  ATX is metabolized by the enzyme cytochrome P450 (CYP) 2D6 (CYP2D6). In humans, 

CYP2D6 genes are highly polymorphic with numerous allelic variants that have been identified and 

may result in varying degrees of loss or gain in the ability of the CYP2D6 enzyme to catabolize 

substrates such as ATX (Yu et al., 2016). The usual or “normal” CYP2D6 alleles (CYPD2D6*1/*1) 

are associated with faster CYP2D6 metabolic activity while variant alleles (e.g., CYP2D6*4) lead to 

slower CYP2D6 activity. Individuals with the usual CYP2D6 alleles are generally referred to as 

extensive metabolizers while those with variant alleles are characterized as poor metabolizers. The 

average half-life and time to peak plasma concentration of ATX differs between extensive and poor 

metabolizers (Yu et al., 2016). After oral administration, ATX has been found to have an average 

half-life of 5.2 to 21.6 hours in CYP2D6 extensive metabolizers and poor metabolizers, respectively 

(Sauer et al., 2005). A study in healthy adult humans who were CYP2D6 extensive metabolizers 

found the average time to peak plasma concentration of ATX to be within 1 hour after oral 

administration of ATX (Nakano et al., 2016). The average time to peak plasma concentration of 

ATX in CYP2D6 poor metabolizers after oral administration has been reported to be 2.5 hours 

(United States Food and Drug Administration, 2002). In rats, catecholamine concentrations in the 

PFC were found to increase 30 minutes after intraperitoneal injections of ATX, peaking at 1 hour 

(Bymaster et al, 2002). The rate of ATX metabolism as well as possible differences in the 
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metabolism of ATX in rhesus macaques is currently unknown. As such, we used the findings in 

humans as a reference for our study and orally administered ATX to the monkeys, 30 minutes prior 

to the start of each treatment session to ensure that their performance on the behavioural tasks was 

assessed during peak blood concentration of ATX. As evidenced by its relatively fast average time to 

peak plasma concentration following oral administration, ATX has a relatively fast absorption rate 

(Yu et al., 2016). ATX freely crosses the blood brain barrier (Kielbasa et al., 2015).  

 The following doses of ATX were tested in all three monkeys: 0.03, 0.1, 0.3, 1.0, and 3. 0 

mg/kg. The therapeutic dose (therapeutic window) of ATX in children with ADHD ranges from 

0.26-1.79 mg/kg (Yu et al., 2016). A previous study in our lab (Thurston and Paré, 2016) tested 

doses ranging from 0.03 to 3.0 mg/kg in female Chinese rhesus monkeys. Other research in NHP 

(Bain et al., 2003; Gamo et al., 2010) have tested doses ranging from 0.001 to 5.0 mg/kg. ATX was 

mixed with 10 ml of juice as a vehicle immediately prior to being administered to the animals. Each 

dose of ATX was tested only once in each animal and was randomly selected prior to being tested. 

ATX treatments were done once per week. As the elimination half-life of ATX is fast, this wash-out 

period was deemed as sufficient. Treatment sessions were only compared to control sessions that 

were collected the day before the respective treatment session. 

3.3.3 Data Analysis 

As was done previously (see Chapter 2; also see Oemisch et al., 2016), the experimental data 

were analyzed with MATLAB (The MathWorks, Natwick, MA) and Microsoft Excel. We only 

analyzed the first 600 trials (about one hour each session) of the VSC task to keep the number of 

trials used in the analyses consistent. On average monkey B performed a total of 992 trials, monkey 

D performed a total of 656 trials, and monkey F performed a total of 847 trials per session. The 

animals’ response accuracies were used as measures of their working memory abilities in the VSC 

task. The response accuracies in the treatment sessions were compared to each other using χ2 -test (p 

< 0.05). The control data were also compared to each other using χ2 -test (p < 0.05). If no significant 
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difference was found within the treatment sessions and within the control sessions, then the data 

from the treatment sessions were pooled and compared to the pooled control data using χ2 -test (p < 

0.05). If a significant difference was found within the control data but not the treatment data, then the 

treatment data were pooled and compared to every control data using a repeated χ2 -test with a 

sequentially adjusted p-value (Holm, 1979). The opposite was done when a significant difference 

was found within the treatment data but not the control data. Lastly, if significant differences were 

found within the treatment response accuracies and the control response accuracies, then each 

treatment data was compared to its corresponding control using χ2 -test (p < 0.05). The effects sizes 

were analyzed using φ or Cramér’s V, depending on the number of comparisons. Correct and 

incorrect trials were used to analyze response accuracy in the VSC task. Omission errors were 

included in the response accuracy analysis (as incorrect trials) but aborted trials were excluded from 

the analysis. The omission errors made by the animals in the present study amounted to less than 

0.007% of each of their total errors. Following these parameters, the response accuracy of ATX was 

compared to that of the control at each set size and each dose of ATX. χ2 -test (p < 0.05) was used to 

determine if there was a statistically significant difference between the animals’ response accuracy 

following ATX treatment and their control response accuracy.  

The activational aspects of motivation in the VSC task were assessed using the animals’ 

reaction time (response latency; reflects speed), saccade peak velocity (vigor), proportion of trials 

successfully initiated (persistence), proportion of trials successfully completed (persistence), 

anticipatory trial initiation (vigor), and trial initiation time (speed) in the task. The reaction time 

following ATX treatment was compared to that of the control using two 3-way ANOVAs. The first 

3-way ANOVA was used to assess for the presence of a general effect of ATX on reaction time. For 

this analysis, all the ATX treatment data and the control data were pooled and compared to each 

other. The factors used in this analysis were treatment (ATX vs. control), set size and outcome 

(correct vs. incorrect). The second 3-way ANOVA was conducted if a significant difference was 



 

120 

 

found between treatments in the first 3-way ANOVA. In the second 3-way ANOVA, the reaction 

time at each tested dose of ATX was compared to each other to determine if a dose-dependent effect 

of ATX on reaction time was present. The factors in the second 3-way ANOVA were dose, set size 

and outcome (correct vs. incorrect).  The Tukey-Kramer test was used for post-hoc comparisons. 

Effect sizes were assessed using Hays’ omega squared ( ω2). Further comparisons of the ATX 

response latencies to those of the control were done using repeated t-tests with sequentially adjusted 

Bonferroni corrections (Holm, 1979); only the response latencies of the correct responses were used 

in this analysis. Effect sizes for the t-tests were assessed using Cohen’s d. Standardized change in 

response latency of the correct trials was also determined for each dose of ATX at each set size. A 

change in response latency that was greater than two standard deviations of the average control 

response latency was considered to be significant.  

 Differences in saccade peak velocity between the ATX treatment and control were assessed 

using two 2-way ANOVAs. These analyses were done with only the saccade peak velocities of the 

correct trials. The first 2-way ANOVA was used to determine if ATX had a general impact on 

saccade peak velocity; all the ATX and control data were pooled and compared in this analysis and 

the factors used were treatment (ATX vs. control) and set size. A second 2-way ANOVA, with the 

factors dose and set size was conducted if a significant effect of treatment was found in the first 2-

way ANOVA. In the second 2-way ANOVA, the saccade peak velocity of each dose of ATX was 

compared to the other to ascertain if ATX had a dose-dependent effect on saccade peak velocity. 

Post-hoc comparisons were made using the Tukey-Kramer test. Effect sizes were calculated using 

Hays’ omega squared (ω2). For each dose of ATX at each set size, we calculated the standardized 

change in saccade peak velocity from the control data. A standardized change that was higher than 

two standard deviations from the control average was considered significant. T-tests (p < 0.05) were 

also used to assess differences between ATX and the control in saccade peak velocity. Effect sizes 

were determined using Cohen’s d.   
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Using χ2 -tests (p < 0.05), we analyzed the statistically significant differences between the 

treatment and the control for the proportion of trials initiated, the proportion of trials completed and 

the proportion of trials already initiated (i.e. anticipatory trial initiation). Rank sum tests (p < 0.05) 

were used to assess significant differences between trial initiation time following ATX treatment and 

that of the control.  

The animals’ breakpoint on the PR task was used as one of the measures of behavioural 

activation. For the PR task, we first compared the average breakpoints of the three runs of the 

treatment sessions to each other using t-tests (p < 0.05); the same was done for the control sessions. 

As no significant differences were found between the breakpoints of the three runs of the PR task in 

monkey B, we pooled the data across the runs and used that in the analysis. Since a significant 

difference was found between the breakpoints of the first and third run but not between that of the 

first and second runs in monkey D, the data was pooled across the first and second runs and used in 

the analysis. In monkey F, a significant difference was found between the breakpoints of the first run 

and those of the second and third runs. Hence, only the breakpoints of the first run were used in the 

analysis for monkey F. Following these parameters, we calculated the percentage change relative to 

the control by subtracting the mean breakpoint after each dose of ATX from that of the 

corresponding day-before control and then dividing by the control breakpoint average and 

multiplying by 100. Statistically significant differences between the ATX and control data were 

analyzed using one-sample t-tests (p < 0.05). Cohen’s d was used to estimate effect sizes.  

3.4 Results 

3.4.1 Control Task Performance 

 All the animals that were used in this research had extensive training on the VSC task before 

entering the study. The animals worked five days per week for four months over the course of this 

experiment. From these daily sessions, each animal had five treatment sessions and five day-before 

control sessions. Figure 3.1 shows the average proportion of correct trials (response accuracy) for all 
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control sessions (day-before control plus the other control sessions) for set sizes 2, 3, 4, and 5 of the 

VSC task for all three animals. In monkey B, the average proportion correct of the control sessions 

were 0.86, 0.73, 0.61, and 0.56 for set sizes 2, 3, 4, and 5, respectively. The mean proportion correct 

for all control sessions for set sizes 2, 3, 4, and 5 for monkey D were respectively, 0.61, 0.47, 0.36, 

and 0.33. For monkey F, the average proportion correct for set sizes 2, 3, 4, and 5 were 0.87, 0.77, 

0.65, and 0.51, respectively. The animals’ proportion correct for the control sessions declined as a 

function of set size (ANOVA, p < 0.0001; Figure 3.1). Monkey B and monkey F’s proportion correct 

in the control sessions exceeded chance probability across all the set sizes (z-test, p < 0.0001; Figure 

3.1). Monkey D’s proportion correct across the control sessions also exceeded chance probability at 

all the set sizes (z-test, p < 0.0001). However, there were control sessions in which monkey D’s 

proportion correct was at or below chance level for some of the set sizes (particularly, set sizes 4 and 

5; see Figure 3.1). The animals’ performance was comparable to previous records of rhesus macaque 

performance on the VSC task in our lab (Heyselaar et al., 2011; Oemisch et al., 2012; Thurston and 

Pare, 2016). None of the animals had proportions that were too high to allow for drug-induced 

improvements. This is particularly the case for monkey D as her proportion correct was low, 

indicating a low baseline working memory capacity. 

The animals’ reaction times for correct and incorrect responses for all the control sessions 

were analyzed using a two-way ANOVA with trial outcome (correct vs. incorrect) and set size (2 to 

5) as factors. Across all the animals, incorrect trials had significantly longer average reaction times 

than correct trials (p < 0.0001; Figure 3.2). This finding indicates that the animals were not guessing 

on the trials, they were responding on the basis of the mnemonic information that they received on 

each trial (Heyselaar et al., 2011). 

3.4.2 Effects of Atomoxetine on Working Memory 

The impact of ATX on working memory was assessed by comparing each animal’s response 

accuracy following ATX treatment with their response accuracy in the day-before control sessions. 
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For visualization purposes, we computed the odds ratio of the response accuracy after ATX 

treatment relative to the control (i.e. the odds that the response accuracy improved after ATX 

treatment) for each dose of ATX at each set size (Figure 3.3). In monkey B, there was no significant 

difference in response accuracy between the doses (0.03-3 mg/kg) of ATX at each set size (χ2-tests, p 

> 0.05; Cramér’s V < 0.2). There was a significant difference in response accuracy across the control 

sessions for set sizes 2 and 4 (χ2-tests, set size 2: p = 0.005; Cramér’s V = 0.14; set size 4: p < 0.01; 

Cramér’s V = 0.25) but not set sizes 3 and 5 (χ2-test, p > 0.05; Cramér’s V < 0.2). Due to these 

findings, for set sizes 2 and 4, data from all treatment sessions were pooled and compared to each of 

the day-before control sessions in a pairwise manner. Whereas, for set sizes 3 and 5, the proportion 

correct across all the ATX treatment sessions were pooled together and compared to the pooled 

proportion correct of all the day-before control sessions. For set size 2, after correcting for multiple 

comparisons, significant improvement in response accuracy was found between the pooled treatment 

sessions and four out of the five day-before control sessions (repeated χ2-tests, sequentially rejective 

Holm-Bonferroni, p < 0.05, φ = range 0.13-0.18). After correcting for multiple comparisons for set 

size 4, significant differences in response accuracy were found between the pooled ATX treatment 

sessions and all five of the day-before control sessions (repeated χ2-test, sequentially rejective Holm-

Bonferroni, p < 0.01, φ = 0.48-0.55). However, examination of the average proportion correct of the 

pooled ATX treatment sessions and the proportion correct of each of the day-before control sessions, 

showed that ATX actually worsened monkey B’s response accuracy for set size 4. This because the 

proportion correct of the ATX treatment sessions was lower than the proportion correct of four out of 

five of the day-before control sessions. Significant improvement in response accuracy for set size 3 

was found after ATX treatment compared to the pooled control data (χ2-test, p < 0.01; φ = 0.09). 

However, relative to control, no significant change was found following ATX treatment for set size 5 

(χ2-test, p = 0.58; φ = 0.02).  
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 For monkey D, no significant difference in response accuracy was found between the doses 

of ATX for set sizes 2 and 5 (χ2-tests, p > 0.05; Cramér’s V < 0.2) but a significant difference was 

observed between the doses of ATX for set sizes 3 and 4 (χ2-tests, p < 0.05; Cramér’s V < 0.2). There 

was no significant difference in response accuracy across the day-before control sessions for set size 

2 (χ2-test, p = 0.30; Cramér’s V = 0.09) but significant differences were found between the day-

before control sessions for set sizes 3-5 (χ2-tests, p < 0.05; Cramér’s V = 0.14-0.28). Comparison of 

the pooled ATX treatment data to the pooled day-before control data for set size 2 yielded no 

significant difference in response accuracy (χ2-test, p = 0.42; φ < 0.2). For set sizes 3 and 4, each of 

the ATX treatment data was compared to each of the day-before control data in a pairwise manner. 

After correcting for multiple comparisons, no significant differences were found between the 

response accuracies of the ATX doses and their respective day-before control sessions for set sizes 3 

and 4 (repeated χ2-tests, sequentially rejective Holm-Bonferroni, p > 0.05, φ = 0.003-0.07). Data 

from all the ATX treatment sessions were pooled and compared to each of the day-before control 

sessions in a pairwise manner for set size 5. Significant improvement in response accuracy was 

found between the pooled ATX treatment sessions and only one out of the five day-before control 

sessions for set size 5 (repeated χ2-tests, sequentially rejective Holm-Bonferroni, p = 0.01, φ = 0.17).  

 In the case of monkey F, there was no significant difference in response accuracy between 

the ATX treatments for set sizes 2, 4 and 5 (χ2-tests, p > 0.05; Cramér’s V < 0.2) but a significant 

difference was found between the ATX treatments for set size 3 (χ2-test, p = 0.003; Cramér’s V = 

0.15). No significant differences in response accuracy were found between the day-before control 

sessions for set sizes 2, 3 and 5 (χ2-test, p > 0.05; Cramér’s V < 0.2). A significant difference was 

found between the day-before control sessions for set size 4 (χ2-test, p < 0.01; Cramér’s V = 0.23). 

For set sizes 2 and 5, the treatment sessions were pooled and compared to the pooled day-before 

control data. Significant differences were not found between the response accuracies of the treatment 

sessions and those of the control sessions for set sizes 2 and 5 (χ2-tests, p > 0.05; Cramér’s V = 0.2). 
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The response accuracy of each of the ATX treatment sessions was compared to the pooled response 

accuracy of the day-before control sessions for set size 3. No significant differences were found 

between the ATX treatment response accuracies and the pooled day-before control data for set size 3 

(repeated χ2-tests, sequentially rejective Holm-Bonferroni, p > 0.05, φ = 0.01-0.13). The ATX 

treatment sessions were pooled and compared to each of the day-before control sessions in a pairwise 

manner for set size 4. Significant differences were not found between the pooled ATX treatment 

response accuracy and the day-before control response accuracies for set size 4 (repeated χ2-tests, 

sequentially rejective Holm-Bonferroni, p > 0.05, φ = 0.002-0.08).  

Overall, ATX had a marginal and inconsistent effect on the animals’ response accuracy in 

the VSC task. Namely, ATX enhanced response accuracy at only the lower set sizes (i.e. set sizes 2 

and 3) for monkey B. This effect was not dose-dependent and ATX was associated with a lower 

response accuracy than the control for set size 4 of the VSC task in monkey B. ATX did not have a 

dose-dependent or memory-load dependent effect on response accuracy in monkey D and monkey F.  

3.4.3 Effects of Atomoxetine on the Activational Aspects of Motivation 

3.4.3.1 Impact of Atomoxetine on Reaction Time 

The effect of ATX on reaction time was first assessed with a three-way ANOVA with 

treatment (ATX vs. control), set size and outcome (correct vs. incorrect) as factors. A significant 

main effect of treatment on reaction time was not seen in monkey B (p = 0.18; ω2 = 0.0001). A 

significant main effect of treatment on reaction time was seen in monkey D and monkey F (p < 0.01; 

ω2 = 0.002). Specifically, the mean reaction time after ATX treatment (157 ms) in monkey D was 

significantly faster than that of the control (160 ms), which is in line with our hypothesis. However, 

in contrast to our hypothesis, the average reaction time in the ATX treatment sessions (239 ms) in 

monkey F was significantly slower than the average reaction time in the control sessions (234 ms). 

Reaction time was found to be significantly longer on incorrect trials than correct trials in two of the 

animals (i.e. monkey B and monkey F: p < 0.01; ω2 = range 0.02 - 0.03) and approached significance 
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in the other animal (monkey D: p = 0.06; ω2 = 0.0005). A statistically significant main effect of set 

size was found in all three animals (p < 0.05; ω2 = 0.001-0.025). Significant differences in the 

interaction between treatment and outcome were not found in any of the animals (p > 0.05; ω2 = 

0.001-0.025). A significant interaction between treatment and set size was found in monkey D (p = 

0.0006; ω2 = 0.003) but not in monkey B and monkey F (p > 0.5; ω2 < -0.001). The interaction 

between set size and trial outcome was statistically significant in monkey B and monkey F (p < 0.01; 

ω2 < 0.04) but not in monkey D (p = 0.17; ω2 = 0.065).  

Since a main effect of treatment was found in monkey D and monkey F, a second three-way 

ANOVA was conducted to assess the effects of ATX dose on reaction time in these two animals. 

Dose, set size and outcome were used as factors in this three-way ANOVA. A main effect of dose on 

reaction time was observed in monkey D (p < 0.001; ω2 = 0.07). The mean reaction times for the 

0.03, 0.1, 0.3, 1.0, and 3.0 mg/kg dose of ATX in monkey D were 153, 175, 151, 150, and 155 ms, 

respectively. The mean reaction time for the 0.1 mg/kg of ATX was significantly slower than the 

mean reaction times for all the other doses of ATX in monkey D (Tukey-Kramer, p < 0.05). The 

reaction time for the other doses of ATX were not significantly different from each other. Relative to 

the control, the mean reaction times for the 0.03, 0.3 and 1.0 mg/kg doses of ATX were significantly 

faster in monkey D (Tukey-Kramer, p < 0.05). The reaction time for the 0.1 mg/kg dose of ATX was 

significantly slower than that of the control (Tukey-Kramer, p < 0.05), while the reaction time for the 

3.0 mg/kg of ATX wasn’t significantly different from the control reaction time (Tukey-Kramer, p > 

0.05). Hence, the 0.03, 0.3 and 1.0 mg/kg doses of ATX improved reaction time in monkey D, 

compared to the control.  

A main effect of dose on reaction time was found in monkey F (p < 0.001; ω2 = 0.01). The 

average reaction times of the 0.03, 0.1, 0.3, 1.0, and 3.0 mg/kg doses of ATX were 235, 244, 231, 

241, and 243 ms, respectively. The reaction time of the 0.3 mg/kg dose of ATX was not significantly 

faster than that of the 0.03 mg/kg of ATX (Tukey-Kramer, p > 0.05) but was significantly faster than 
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the reaction times of the other doses of ATX (Tukey-Kramer, p < 0.05). The reaction times of the 

0.03 and 0.3 mg/kg doses of ATX were not significantly different from the control reaction time 

(Tukey-Kramer, p > 0.05). The mean reaction times of the 0.1, 1.0 and 3.0 mg/kg doses of ATX 

were significantly slower than that of the control (Tukey-Kramer, p < 0.05). Hence, the 0.03 and 0.3 

mg/kg doses of ATX had a better effect on reaction time than the other doses of ATX but these two 

doses of ATX did not significantly improve reaction time compared to the control.  

For visualization purposes, we calculated and plotted the standardized change in reaction 

time for only correct responses, for each dose of ATX at each set size (Figure 3.4). Following ATX 

treatment, standardized changes in reaction times across the animals stayed within 2 standard 

deviations of the control average. The effect size (Cohen’s d) across doses and set sizes averaged 

0.04, -0.06 and 0.07 for monkey B, monkey D and monkey F, respectively. We also compared the 

reaction time of each dose of ATX for each set size to that of the control using repeated t-tests with 

sequentially rejective Holm-Bonferroni corrections (Figure 3.4). Compared to the control, none of 

the doses of ATX significantly improved reaction time across the set sizes in monkey B and monkey 

F. In monkey D, the 1.0 mg/kg dose of ATX significantly decreased reaction times at set sizes 2 to 4 

but did not have a significant effect on reaction time at set size 5.  

Overall, ATX had a weak impact on reaction time across the animals. ATX did not 

significantly improve reaction time in monkey B and monkey F. However, ATX had a dose-

dependent effect on reaction time in monkey D as the lower and mid-range doses of ATX (i.e. 0.03, 

0.3 and 1.0 mg/kg) enhanced reaction time in monkey D relative to control.  

3.4.3.2 Impact of Atomoxetine on Saccade Peak Velocity 

The animals’ saccade peak velocity on the trials in which they made correct responses was 

used as one of the measures of the activational aspects of motivation. The effects of ATX on saccade 

peak velocity was first assessed with a two-way ANOVA with treatment (ATX vs. control) and set 

size as factors. Saccade peak velocity was found to be significantly higher in the ATX treatment 
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sessions compared to the control sessions in monkey B and monkey F (p < 0.01; ω2 = 0.002-0.004) 

and approached significance in monkey D (p = 0.06; ω2 = 0.001). A significant interaction between 

treatment and set size was not observed in any of the animals (p > 0.05; ω2 = 0.0002-0.0008).  

As a main effect of treatment was found in monkey B and monkey F and approached 

significance in monkey D, we assessed the effect of ATX dose on saccade peak velocity with a 

second two-way ANOVA with dose and set size as factors. A significant main effect of dose on 

saccade peak velocity was shown by this second two-way ANOVA in all three animals (p < 0.01; ω2 

= 0.03-0.05). In monkey B, the 0.3 mg/kg dose of ATX significantly increased saccade peak velocity 

more than the other doses of ATX as well as the control (Tukey-Kramer, p < 0.05). The saccade peak 

velocities of the other doses of ATX (i.e. ATX doses other than 0.3 mg/kg) did not significantly 

differ from that of the control in monkey B (Tukey-Kramer, p > 0.05). For monkey D, the saccade 

peak velocity of the 3.0 mg/kg dose of ATX was significantly lower than that of the other ATX 

doses and the control (Tukey-Kramer, p < 0.05). The saccade peak velocity following the other doses 

of ATX did not significantly differ from each other or from the control in monkey D (Tukey-Kramer, 

p > 0.05). For monkey F, the mean saccade peak velocities in the 0.3, 1.0 and 3.0 mg/kg doses of 

ATX sessions were significantly higher than that of the other doses of ATX and the control (Tukey-

Kramer, p < 0.05). The saccade peak velocity following the 0.3 mg/kg of ATX was also higher than 

the saccade peak velocities of the 1.0 and 3.0 mg/kg doses of ATX in monkey F (Tukey-Kramer, p < 

0.05), which were not significantly different from each other (Tukey-Kramer, p > 0.05). Hence, our 

analyses with the two-way ANOVAs revealed that ATX dose-dependently improved saccade peak 

velocity in monkey B and monkey F (i.e. the 0.3 mg/kg dose of ATX had the best effect on saccade 

peak velocity in both animals), but not in monkey D.   

Figure 3.5 depicts the standardized change in saccade peak velocity for correct responses for 

each dose of ATX at each set size. The standardized change in saccade peak velocity across the 

animals stayed within 2 standard deviations of the average control. The effect sizes across the doses 
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and set sizes in monkey B, monkey D and monkey F, averaged 0.09, 0.04 and 0.13, respectively. 

Based on the ANOVA analyses discussed above and the results of repeated t-tests with sequentially 

rejective Holm-Bonferroni corrections (see Figure 3.5), the 0.3 mg/kg dose of ATX had the best 

effect on saccade peak velocity across the animals.   

3.4.3.3 Impact of Atomoxetine on Successful Trial Completion 

Successful trial completion was used as one of the measures of behavioural activation as it is 

an indicator of the animals’ persistence to work on the VSC task to obtain the reward. Figure 3.6 

shows the odds ratio of completed trials in the ATX treatment sessions relative to the control as a 

function of ATX dose. To assess the effects of ATX on trial completion, we first compared the 

proportion of trials that the animals completed after each dose of ATX to each other. We also 

compared the day-before control data to each other. The animals’ trial completion was found to vary 

with the dose of ATX (χ2-tests, p < 0.01, Cramér’s V = 0.10-0.21). Trial completion also varied 

between the control sessions in all three of the animals (χ2-tests, p < 0.01, Cramér’s V = 0.12-0.16). 

The animals’ trial completion after each dose of ATX was compared to its corresponding control in a 

pairwise manner. In monkey B, improvement in completed trials was observed following the 0.03, 

0.3 and 1.0 mg/kg doses of ATX compared to the control (repeated χ2-tests, sequentially rejective 

Holm-Bonferroni, p < 0.05, φ = 0.11-0.22). Significant improvement in trial completion was not 

found after the 0.1 and 3.0 mg/kg doses of ATX relative to control in monkey B (repeated χ2-tests, 

sequentially rejective Holm-Bonferroni, p > 0.05, φ < 0.1).  

In monkey D, a significant increase in trial completion was only seen following the 0.1 

mg/kg dose of ATX compared to the control (repeated Fisher’s Exact Tests, sequentially rejective 

Holm-Bonferroni, p < 0.05). There was a significant decrease in trial completion after the 1.0 mg/kg 

dose of ATX relative to control in monkey D (repeated Fisher’s Exact Tests, sequentially rejective 

Holm-Bonferroni, p = 0.004). The remaining doses of ATX did not produce significant differences in 
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trial completion compared to the control (repeated Fisher’s Exact Tests, sequentially rejective Holm-

Bonferroni, p > 0.05).  

For monkey F, there was a trend towards statistically significant increases in trial completion 

following the 0.03 and 0.1 mg/kg doses of ATX relative to control (repeated χ2-tests, sequentially 

rejective Holm-Bonferroni, for the 0.03 mg/kg of ATX: p = 0.04, φ = 0.06; for the 0.1 mg/kg of 

ATX: p = 0.014, φ = 0.07). Compared to control, there was a trend towards a statistically significant 

decrease in trial completion after the 1.0 mg/kg of ATX in monkey F (repeated χ2-test, sequentially 

rejective Holm-Bonferroni, p = 0.04, φ = 0.06). The 0.3 and 3.0 mg/kg of ATX did not produce 

significant changes in trial completion in monkey F (repeated χ2-tests, sequentially rejective Holm-

Bonferroni, p > 0.05, φ < 0.1).  

Overall, ATX had a dose-dependent effect on trial completion. Across the animals, the low 

to mid-range doses of ATX (i.e. 0.03-1.0 mg/kg) had the best influence on trial completion, although 

the effect was not statistically significant in monkey F.  

3.4.3.4 Impact of Atomoxetine on Successful Trial Initiation  

The animals’ tendency to initiate trials in the VSC task was used as one of the measures of 

behavioural activation as it reflects the persistence of motivated behaviour. To determine trial 

initiation, we computed the proportion of trials that the animals fixated the fixation point within the 

allotted time (1000 ms) for each session of the VSC task. For visualization purposes we calculated 

and plotted the odds ratios of trials successfully initiated after each dose of ATX relative to the 

corresponding control (see Figure 3.7). The proportion of trials that the animals successfully initiated 

following each dose of ATX were compared to each other; the same was done for the day-before 

control data. Monkey B’s trial initiation did not vary with the dose of ATX or between the control 

sessions (χ2-tests, p > 0.05, Cramér’s V < 0.1). However, monkey D and monkey F’s trial initiations 

were found to vary with the dose of ATX (χ2-tests, p < 0.0001, Cramér’s V = 0.12-0.17) and to also 

vary between the control sessions (χ2-tests, p < 0.0001, Cramér’s V = 0.16-0.27). 



 

131 

 

Given that trial initiation did not vary with the dose of ATX or between the control sessions 

in monkey B, we pooled and compared monkey B’s ATX data to the control data. The proportion of 

trials that were successfully initiated in the ATX treatment sessions were found to be significantly 

higher than in the control sessions in monkey B (χ2-test, p < 0.01, φ = 0.03). For monkey D and 

monkey F, we compared the data for each dose of ATX to the corresponding day-before control. In 

monkey D, significant increases in successful trial initiation were observed following the 0.1 and 3.0 

mg/kg doses of ATX relative to the control (repeated Fisher’s Exact Tests, sequentially rejective 

Holm-Bonferroni, p < 0.01, φ = 0.08-0.17). Significant differences were not found between the other 

doses of ATX and the control (repeated Fisher’s Exact Tests, sequentially rejective Holm-

Bonferroni, p > 0.05, φ = 0.03-0.05). For monkey F, significant improvements in trial initiation were 

observed after the 0.03, 0.3 and 3.0 mg/kg doses of ATX relative to control (repeated χ2-tests, 

sequentially rejective Holm-Bonferroni, p < 0.01, φ = 0.08-0.17). The 0.1 and 1.0 mg/kg doses of 

ATX led to significant reductions in trial initiation in monkey F (repeated χ2-tests, sequentially 

rejective Holm-Bonferroni, p < 0.01, φ = 0.17-0.19).  

To sum up, ATX significantly improved trial initiation in the animals. The effect was not 

dose-dependent in monkey B. However, in monkey D and monkey F, ATX had a dose-response 

effect on trial initiation with some of the mid-range and high doses of ATX (i.e. 0.1, 0.3 and 3.0 

mg/kg) significantly improving trial initiation. Monkey F’s trial initiation also increased after a low 

dose of ATX (i.e. 0.03 mg/kg).  

3.4.3.5 Impact of Atomoxetine on Trial Initiation Time 

The time that it took each animal to initiate each trial of the VSC task by fixating on the 

fixation point at the start of the trial was used as another measure of behavioural activation. The 

animals’ trial initiation time indicates the speed of the behaviour that they directed towards obtaining 

the reward. The distribution of the trial initiation times was non-normal as many trials started with 

the animal already gazing on the fixation point. Hence, these data were analyzed with non-
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parametric statistics. The distribution of trial initiation times varied significantly with ATX dose in 

all three of the animals (Kruskal-Wallis test, p < 0.0001). The trial initiation times also varied 

significantly between the day-before control sessions (Kruskal-Wallis test, p < 0.01). Given these 

significant differences, we compared the trial initiation time of each dose of ATX to the trial 

initiation time of its corresponding control session. Depending on the dose, trial initiation time was 

found to be significantly faster following ATX treatment compared to the control in all three of the 

animals. Specifically, in monkey B, trial initiation time was significantly faster following the 1.0 and 

3.0 mg/kg doses of ATX compared to the control (rank sum tests, p < 0.05). In monkey D, a 

significant improvement in trial initiation time was observed in the 0.1 and 1.0 mg/kg of ATX 

sessions relative to control (rank sum tests, p < 0.01). For monkey F, trial initiation time was 

significantly faster following the 0.03, 0.1 and 3.0 mg/kg of ATX treatments compared to control 

(rank sum tests, p < 0.01). For the purpose of visualization, the ratio between the mean trial initiation 

time in the ATX and corresponding control sessions as a function of ATX dose are shown in Figure 

3.8.  

Overall, ATX had a dose dependent effect on trial initiation time with the 0.1-3.0 mg/kg 

doses of ATX having the best effect on improving trial initiation time across the animals.  

3.4.3.6 Impact of Atomoxetine on Anticipatory Trial Initiation 

We examined the animals’ anticipatory trial initiation as one of the measures of the 

activational aspects of motivation as it reflects vigour. Anticipatory trial initiation was based on the 

proportion of trials that started with the animals’ gaze already on the fixation point. Figure 3.9 shows 

the odds ratio of trials already initiated as a function of ATX dose relative to control. In all three 

animals, the proportion of already initiated trials significantly varied with dose (χ2-tests, p < 0.001, 

Cramér’s V = 0.08-0.9) and also varied between the day-before control sessions (χ2-tests, p < 0.001, 

Cramér’s V = 0.08-0.24). Given these findings, we compared the proportion of trials already initiated 

after each dose of ATX to that of the corresponding control for each animal. In monkey B, the 1.0 
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mg/kg dose of ATX significantly improved the proportion of trials already initiated compared to 

control (repeated χ2-test, sequentially rejective Holm-Bonferroni, p < 0.0001, φ = 0.12). The 0.03, 

0.1 and 3.0 mg/kg doses of ATX approached statistically significant improvements in anticipatory 

trial initiation compared to their respective controls (repeated χ2-tests, sequentially rejective Holm-

Bonferroni, p = 0.02-0.07, φ = 0.05-0.07). There was not a significant difference between the 

proportion of trials already initiated in the 0.3 mg/kg dose of ATX relative to control in monkey B 

(repeated χ2-test, sequentially rejective Holm-Bonferroni, p = 0.35, φ = 0.12).  

For monkey D, the proportion of trials already initiated significantly improved in the 1.0 

mg/kg of ATX session compared to the corresponding control (repeated χ2-test, sequentially rejective 

Holm-Bonferroni, p < 0.0001, φ = 0.12). The proportion of trials already initiated approached 

significant improvement in the 0.1 mg/kg dose of ATX session (repeated χ2-test, sequentially 

rejective Holm-Bonferroni, p = 0.08, φ = 0.05). The remaining doses of ATX did not lead to 

significant enhancements in trials already initiated for monkey D (repeated χ2-test, sequentially 

rejective Holm-Bonferroni, p > 0.05, φ = 0.008- 0.06).  

In monkey F, the 3.0 mg/kg dose of ATX led to a significant increase in the proportion of 

trials already initiated compared to the corresponding control (repeated χ2-test, sequentially rejective 

Holm-Bonferroni, p < 0.01, φ = 0.08). The 0.3 mg/kg dose of ATX led to a significant decrease in 

trials already initiated relative to control (repeated χ2-test, sequentially rejective Holm-Bonferroni, p 

= 0.006, φ = 0.08). The other doses of ATX did not produce significant changes in the proportion of 

trials already initiated in monkey F (repeated χ2-test, sequentially rejective Holm-Bonferroni, p > 

0.05, φ = 0.004-0.04).  

In summary, ATX enhanced the animals’ anticipatory trial initiation, depending on the dose. 

The 1.0 mg/kg dose of ATX significantly improved anticipatory trial initiation in monkey B and 

monkey D, while the 3.0 mg/kg dose of ATX significantly enhanced anticipatory trial initiation in 

monkey F.  
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3.4.3.7 Impact of Atomoxetine on PR Task Performance 

To further examine the effects of ATX on the activational aspects of motivation, the animals 

were tested on a visual PR task. For each animal, we compared the breakpoints of the three runs of 

the ATX treatment sessions to each other using t-tests. We also used t-tests to compare the 

breakpoints of the three runs of the control sessions to each other; the day-before control data were 

used in the analyses. The breakpoints of the three runs of the treatment sessions were not 

significantly different from each other in monkey B and monkey D (p > 0.05). In monkey F, the 

breakpoint of the first run was significantly different from that of the second run (p < 0.05) but did 

not significantly differ from the breakpoint of the third run (p > 0.05). The breakpoints of the second 

and third runs were not significantly different from each other in monkey F (p > 0.05). In terms of 

the control sessions, the breakpoints of the three runs of the control were not significantly different 

from each other in monkey B (p > 0.05). In monkey D, the breakpoints of the first and second runs 

of the control were not significantly different from each other (p > 0.05). However, the breakpoints 

of the first and third runs were significantly different from each other (p < 0.05). In monkey F, the 

breakpoints of the first runs of the control sessions significantly differed from the breakpoints of the 

second and third runs of the control (p < 0.05). The breakpoints of the second and third runs of the 

control sessions did not significantly differ from each other in monkey F (p > 0.05).  

As the control data changed overtime in all three animals (see Figure 3.10), we normalized 

both the control and treatment data before making comparisons between them. Given that the 

breakpoints did not differ across the three runs of the PR task in the treatment and control sessions in 

monkey B, we pooled the data across the runs in the treatment sessions and in the control sessions 

for the analyses of monkey B’s data. The PR breakpoints following the 0.1, 0.3, 1.0, and 3.0 mg/kg 

doses of ATX were significantly higher than that of the control (one-sample t-tests, p < 0.05; 

Cohen’s d = 0.46 -1.52). The breakpoint of the 0.03 mg/kg dose of ATX was not significantly 

different from that of the control in monkey B (one-sample t-test, p > 0.05; Cohen’s d = -0.02).  
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For monkey D, we pooled and compared the data across the first two runs of the treatment 

and control sessions, as there was not a significant difference between the breakpoints of these two 

runs. Monkey D’s PR breakpoint following the 0.3 mg/kg dose of ATX was significantly higher than 

that of the control (one-sample t-test, p < 0.0001; Cohen’s d = 1.65). The breakpoints following the 

0.1, 1.0 and 3.0 mg/kg doses of ATX were significantly lower than that of the control (one-sample t-

tests, p < 0.05; Cohen’s d = -0.57 to -0.73). The 0.03 mg/kg dose of ATX did not significantly 

change monkey D’s breakpoint compared to the control (one-sample t-test, p = 0.20; Cohen’s d = 

0.31).  

For monkey F, we only used the data from the first run of the treatment and control sessions 

for the analyses, as monkey F’s breakpoints from the first run of the control sessions significantly 

differed from the breakpoints of the second and third runs of the control. The breakpoint following 

the 0.03 mg/kg dose of ATX was significantly higher than that of the control in monkey F (one-

sample t-test, p < 0.00001; Cohen’s d = 2.93). The breakpoints of the 0.1 and 0.3 mg/kg doses of 

ATX were significantly lower than the control (one-sample t-tests, p < 0.01; Cohen’s d < -0.80). The 

breakpoints of the 1.0 and 3.0 mg/kg doses of ATX were not significantly different from the control 

(one-sample t-tests, p > 0.05; Cohen’s d: -0.09-0.67).  

For visualization purposes, we computed the percentage change in breakpoints after each 

dose of ATX relative to the control for each of the animals (Figure 3.11). Overall, the animals’ 

breakpoints in the PR task varied as a function of ATX dose. Mid- to high-range doses (0.1-3.0 

mg/kg) of ATX enhanced the PR breakpoint in monkey B. A mid-range dose (0.3 mg/kg) of ATX 

improved the breakpoint in monkey D and the low dose of ATX (0.03 mg/kg) enhanced the 

breakpoint in monkey F.   

3.5 Discussion 

In the present study, the effects of ATX on visual working memory and the activational 

aspects of motivation were examined in rhesus macaques using a wide range of doses of ATX. The 
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animals’ response accuracy on the VSC task was used to assess their working memory. Behavioural 

activation was assessed using the animals’ reaction time, saccade peak velocity, trial completion, 

trial initiation, trial initiation time, and anticipatory trial initiation in the VSC task as well as their 

breakpoints in the PR task. ATX had a weak and inconsistent effect on working memory across the 

animals. ATX did not have a dose-dependent effect (e.g., inverted-U dose-response effect) on 

working memory in any of the animals. A memory-load dependent effect of ATX on working 

memory was also not seen across the animals. In contrast, ATX significantly improved the 

activational aspects of motivation in all three animals, depending on the dose and the measure used 

to assess behavioural activation.  

 Given the use of ATX as a therapeutic treatment for ADHD, we predicted that ATX would 

improve working memory in this experiment. However, the results that we obtained are at odds with 

our prediction as relative to the control, ATX did not significantly enhance response accuracy in the 

VSC task. While these findings contradict our hypothesis, they are consistent with previous research 

in our lab (Thurston and Paré, 2016) that included two of the three animals that were used in the 

current study (i.e. monkey B and monkey F). In this previous study, Thurston and Paré (2016) 

examined the impact of a range of doses of ATX (i.e. 0.03, 0.056, 0.1, 0.18, 0.3, 0.56, 1.0, 1.8, and 

3.0 mg/kg) on working memory in monkey B and monkey F using the VSC task. Monkey B’s 

response accuracies in the ATX treatment sessions did not significantly differ from the control at any 

of the set sizes and were within 2 standard deviations of the control average (Thurston and Paré, 

2016). In monkey F, response accuracy was significantly lower following the 0.18 mg/kg dose of 

ATX at set size 3 of the VSC task, relative to control. No significant improvement in response 

accuracy was found in monkey F for any of the other doses of ATX at any set size (Thurston and 

Paré, 2016). Hence, Thurston and Paré (2016) did not find a dose-dependent or memory-load 

dependent effect of ATX on response accuracy in the animals, which is consistent with the results of 

the present study.  
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 Other studies have also reported results that are consistent with our findings that ATX does 

not significantly influence working memory. Bain et al. (2003) investigated the impact of ATX 

(0.01-1.0 mg/kg; the doses were tested acutely) and other drugs with abuse potential on the 

performance of male and female rhesus macaques and pigtail monkeys on a delayed match-to-

sample task. Compared to vehicle control, ATX did not significantly improve task accuracy in the 

animals (Bain et al., 2003). Even after administering the best dose of ATX for each animal, ATX did 

not significantly improve accuracy on the task. It should be noted that the best-dose analysis might 

not be a good technique to assess the effectiveness of drugs as it has been found to be prone to false 

positives (Soto et al., 2013). In a recent study, Callahan et al. (2019) examined the effect of ATX on 

working memory in aged rhesus macaques (average age of 21.8 years) using a delayed match-to-

sample task. Prior to initiating the study, each animal was placed in one of three delay interval 

groups (i.e. zero delay, short-delay or long-delay) based on their performance in non-drug or vehicle 

control sessions. Callahan et al. (2019) found that the animals’ accuracy on the task when distractors 

were present was significantly lower than their accuracy on the task when distractors were not 

present. Compared to saline control, ATX (0.03-1.0 mg/kg) did not significantly change accuracy on 

the task in the non-distractor trials. However, ATX was found to significantly reverse the distractor-

induced decrement in accuracy on trials with short-delays following the doses of 0.1-1.0 mg/kg of 

ATX (Callahan et al., 2019). As ATX did not have an enhancing effect on the non-distractor trials of 

the delayed match-to-sample task, it can be argued that the drug did not have a direct impact on 

working memory but instead attenuated the negative effects of distractors on the animals’ accuracy 

on the task.  

Several studies using human subjects have found ATX to not have a significant influence on 

working memory. In healthy humans, Marquand et al. (2011) found that ATX (60 mg; tested 

acutely) did not improve performance on a spatial delayed match-to-sample task. Yildiz et al. (2011) 

conducted an open-label study in which children with ADHD were randomized to ATX or MPH 
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treatment for 12 weeks (ATX treatment was initiated at a dosage of 0.5 mg/kg/day and then 

increased to 1.2 mg/kg/day based on parent and clinicians’ report at week 4 and week 8). Yildiz et al. 

(2011) reported that ATX failed to improve the children’s scores on the visual working memory 

subtests of the Wechsler Memory Scale-Revised (WMS-R).  

 In contrast to these findings, some studies have observed that ATX has beneficial effects on 

working memory. Gamo et al. (2010) tested acute doses of ATX (0.001-5.0 mg/kg) in male and 

female rhesus macaques performing a delayed response task. They found that moderate doses of 

ATX improved the animals’ working memory task performance while higher doses did not lead to 

improved task performance. Ni et al. (2013) assessed the effects of ATX on spatial working memory 

and other cognitive skills in adults with ADHD using CANTAB. Compared to baseline, the subjects 

that were treated with ATX showed significant improvement in spatial working memory following 

8-10 weeks of ATX treatment (Ni et al., 2013). In a study with young adults with ADHD, Adler et 

al. (2014) found that ATX significantly improved scores on the working memory subtests of the 

BRIEF-A after 12 weeks of treatment. In a more recent study, Adler et al. (2016) examined the 

impact of longer term treatment of ATX (i.e. 6 months of ATX treatment followed by either placebo 

or another 6 months of ATX treatment) in adults with ADHD. Adler et al. (2016) observed that ATX 

significantly improved scores on the BRIEF-A after 6 months of treatment. Moreover, the patients 

that were randomized to continue ATX treatment for another 6 months had significantly better scores 

on the BRIEF-A than the patients that were randomized to placebo treatment. Other studies (e.g. 

Brown et al., 2009; Maziade et al., 2009) have also reported improvement in measures of working 

memory in people with ADHD following long-term (≥ 6 months) treatment with ATX.  

Taken together our findings in this study and in the research that has been reviewed above 

demonstrate that evidence of the enhancing effects of ATX on working memory is equivocal. The 

inconsistencies of the results of the literature suggest that ATX does not have a significant impact on 

working memory. As ATX acts on catecholamine neurotransmission, these inconsistencies indicate 
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that catecholamines do not have a significant modulatory role in working memory. At best, 

catecholamines may have a modest influence on working memory. ATX is widely thought to have 

an inverted-U dose-response effect on cognition, whereby optimal doses improve cognitive abilities 

and doses that are lower or higher than the optimal dose have no or detrimental effects on cognitive 

abilities (see Gamo et al., 2010). It could be argued that the insignificant effect of ATX on working 

memory that we observed in this study was due to the fact that we used healthy animals that have 

brain dopamine and norepinephrine concentrations that are already optimal for cognition. However, 

if that was the case, we should have seen detrimental effects of ATX on working memory as ATX 

would have pushed the levels of catecholamines above the optimal levels in the animals. Since, with 

the exception of set size 4 in monkey B, we did not see a detrimental effect of ATX on working 

memory, we must assume that ATX does not act in an inverted-U dose-dependent manner on 

working memory. Moreover, we observed that the moderate to high doses of ATX improved the 

animals’ motivation on the task, which suggest that ATX treatment did not push catecholamine 

levels to the point of being detrimental to behaviour.  

While it is possible that the inconsistent findings of the effect of ATX on working memory 

are due to species differences. This is unlikely given the fact that some studies in humans have found 

ATX to be effective at enhancing working memory ( e.g., Adler et al., 2014, 2016; Ni et al., 2013; 

Yang et al., 2012), while other human studies have found ATX to not have a significant influence on 

working memory (Marquand et al., 2011; Yildiz et al., 2011). Studies using male and female rhesus 

macaques have also produced equivocal results. While Gamo et al. (2010) observed a dose-

dependent effect of ATX on working memory in rhesus monkeys, this present study and other 

previous studies (Bain et al., 2003; Callahan et al., 2019; Thurston and Paré, 2016) did not find ATX 

to be effective at enhancing working memory in rhesus macaques.  

The equivocal findings of the impact of ATX on working memory might be due to 

differences in the number of times that a given dose of the drug was tested (i.e. acute vs sub-chronic 
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vs chronic treatments of the drug). Most of the studies (Adler et al., 2014, 2016; Brown et al., 2009; 

Maziade et al., 2009) that found evidence to support the effectiveness of ATX at enhancing working 

memory administered ATX on a daily basis. Furthermore, when ATX is prescribed as a treatment for 

disorders such as ADHD in humans, it is generally taken daily. Since only acute doses of ATX were 

tested in the present study, our results do not determine if daily ATX treatment has direct beneficial 

effects on working memory. If possible, a study can be done in the future to investigate the impact of 

administering a dose of ATX on a daily basis in rhesus macaques.  

There is a lot of variability in the literature in terms of the tasks that are used to measure 

working memory. Differences in the tasks that were used to assess working memory might explain 

the inconsistent findings of the effect of ATX on working memory as different tasks may assess 

different types of working memory. For instance, the Gamo et al. (2010) study in rhesus macaques 

used a delayed response task which measures spatial working memory. That is, the task required the 

animals to maintain spatial information (i.e. the location of the target) in working memory. In 

contrast, the present study used a VSC task which mainly measures visual working memory (Luck 

and Vogel, 1997). That is, object information, in this case, the colour of the squares had to be 

maintained in working memory. It should be noted that the VSC task also involves spatial working 

memory as individuals can retain the location of each square along with its colour in working 

memory. Nevertheless, it is possible that a significant effect of ATX on working memory was not 

found in our study but was observed by Gamo et al. (2010) as catecholamines may play an important 

role in spatial working memory but not visual/object working memory. It should be noted that some 

of the studies (e.g., Adler et al., 2014, 2016; Maziade et al., 2009) that found ATX to significantly 

improve working memory used subjective rating scales such as the BRIEF-A which are less reliable 

than objective measures of working memory. Future studies need to be done to clarify if the effect of 

ATX on working memory is based on the type of working memory.  
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The current study found ATX to have an enhancing influence on behavioural activation. 

ATX significantly improved all the measures of persistence (i.e. the PR breakpoint as well as trial 

completion and trial initiation in the VSC task) across the animals. Generally, mid to high doses of 

ATX (0.1-3.0 mg/kg) had an enhancing effect on persistence in monkey B. While low- and mid-

range doses of ATX (0.03-1.0 mg/kg) generally had the best effect on monkey D and monkey F’s 

behavioural persistence. ATX also increased vigor in the animals as indicated by the significant 

effect that it had on anticipatory trial initiation and saccade peak velocity in the animals; ATX might 

have had less of an impact on vigor in monkey D as it generally did not improve saccade peak 

velocity in this animal. Across the animals, mid- to high-range doses of ATX (0.3-3.0 mg/kg) had 

the best effect on the measures of vigor. ATX had a mixed impact on speed. That is, ATX dose-

dependently improved trial initiation time, with mid- to high-range doses (0.1-3.0 mg/kg) of ATX 

having the best effect across the animals. However, ATX only enhanced reaction time in one out of 

three of the animals (i.e. monkey D’s reaction time was significantly faster following low- to mid-

range doses of ATX). As reaction time on the VSC task might be influenced by factors that are 

related to working memory such as the animals’ confidence in the accuracy of their intended 

responses, it is possible that the inconsistent effect of ATX on reaction time was related to its weak 

impact on working memory response accuracy rather than its effect on motivation. Taken together, 

these results show that ATX has a significant influence on the activational aspects of motivation. 

Across the different measures and the animals, moderate to high doses of ATX had the best effect on 

behavioural activation.   

Only a few studies have investigated the impact of ATX on measures that can be considered 

as part of behavioural activation. In rhesus macaques (i.e. monkey B and monkey F used in the 

present study), Thurston and Paré (2016) found that ATX increased trial completion and trial 

initiation in the VSC task. However, the impact of ATX on both measures only reached statistical 

significance in monkey B; this effect was not dose-dependent. Thurston and Paré (2016) assessed the 
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animals’ PR breakpoints following a single dose (1.0 mg/kg) of ATX. They found that this dose of 

ATX did not produce a significant change in the animals’ PR breakpoints compared to control. In the 

present study, ATX was found to significantly enhance the animals’ PR breakpoints and the 1.0 

mg/kg dose of ATX led to significantly higher PR breakpoints in monkey B relative to control.   

Callahan et al. (2019) examined the influence of ATX on response latencies in rhesus monkeys 

performing a delayed match-to-sample task with and without distractors. The animals’ response 

latencies after ATX treatment were not significantly different from control. In a study with healthy 

human subjects performing a working memory task, Marquand et al. (2011) found that ATX did not 

have a significant effect on the participants’ reaction time on the task. It should be noted that in the 

Callahan et al. (2019) and Marquand et al. (2011) studies, ATX did not significantly improve 

working memory. Since, reaction time on working memory tasks might also be influenced by non-

motivational factors such as the subjects’ confidence in the accuracy of their responses, the lack of 

effects of ATX on reaction time in these two studies might be more related to the weak impact of 

ATX on working memory, instead of its effect on motivation. Further studies are needed to elucidate 

the effects of ATX on behavioural activation.  

Neuroimaging studies (Cubillo et al., 2014; Marquand et al., 2011) suggest that ATX may 

modulate working memory and other cognitive functions by impacting activation of the task positive 

network (TPN) and deactivation of the default mode network (DMN). The TPN is a network of brain 

regions, such as the fronto-parietal network, that increases in activity during the performance of 

cognitive tasks, while the DMN consists of brain regions that are more active in resting states 

(Carbonell et al., 2014). Cubillo et al. (2014) tested the effects of a single dose of ATX on brain 

activation in medication-naïve patients with ADHD during an n-back task. Compared to the patients 

with ADHD, healthy controls showed enhanced activation in the bilateral dorsolateral PFC and were 

more accurate on the higher memory load conditions of the task. Activation of the right dorsolateral 

PFC was also found to positively correlate with accuracy in the control subjects. Following a single 
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dose of ATX, Cubillo et al. (2014) found that the patients with ADHD no longer showed under 

activation of the right dorsolateral PFC, although they still showed reduced activation in the left 

dorsolateral PFC. Moreover, abnormally enhanced activation was seen in a right-lateralized cluster 

of inferior frontal gyrus, superior temporal gyrus, insula, thalamus, and striatum in the patients with 

ADHD after ATX treatment; increased activation in these regions positively correlated with 

accuracy on the task in the patients. ATX also enhanced deactivation in regions of the DMN in the 

patients with ADHD relative to controls during the high memory load condition of the task (Cubillo 

et al., 2014). In healthy humans performing a delayed match-to-sample task, Marquand et al. (2011) 

found that ATX reduced activation in the TPN (bilateral PFC and intraparietal sulcus) and enhanced 

deactivation in the DMN (medial PFC and PCC/precuneus). Compared to MPH treatment, ATX 

resulted in greater deactivation in the DMN (Marquand et al., 2011). Taken together, these studies 

suggest that ATX might modulate working memory by enhancing deactivation of the DMN. These 

studies also suggest that the effects of ATX on task specific networks may depend on if the 

individual is healthy or has a disorder such as ADHD. It should be noted that the Marquand et al. 

(2011) study did not find ATX to improve working memory at the behavioural level. ATX did not 

significantly improve within-subject accuracy on the working memory task in the children with 

ADHD in the Cubillo et al. (2014) study, but it did normalize the performance deficits of these 

children in the task relative to healthy controls.   

It is unknown if previous studies have investigated the neural mechanisms by which ATX 

might modulate motivation. ATX has been shown to increase concentrations of dopamine and 

norepinephrine in the PFC but to have no impact on dopamine concentrations in the striatum of rats 

(Bymaster et al., 2002). In PET studies with rhesus macaques, ATX has been observed to 

significantly reduce the occupancy of NET by a radiotracer in the thalamus and brainstem but to 

have only minimal effects on NET occupancy in the striatum (Gallezot et al., 2011). Based on these 

studies, ATX might not impact behavioural activation through direct effects on striatal dopamine but 
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could exert its effects by impacting norepinephrine in the locus coeruleus. Further studies are needed 

to elucidate the neural mechanisms by which ATX might influence motivation.  

3.5.1 Limitations 

There are some limitations in this study which could have influenced the negative results 

that we obtained on the effects of ATX on working memory. Firstly, as the pharmacokinetics of 

ATX in rhesus macaques are currently unknown, we used data collected in humans and our previous 

study of ATX on working memory in rhesus macaques (Thurston and Paré, 2016) to design this 

experiment. In this study, ATX was administered orally to the animals, 30 minutes prior to them 

starting the behavioural tasks to allow data to be collected during peak blood concentration of ATX. 

Pharmacokinetic studies of ATX in humans indicate that the average time to peak blood 

concentration of ATX is within 1 hour after oral administration (Nakano et al., 2016). The time to 

peak blood concentration of ATX in rhesus macaques might be very different from what has been 

observed in humans. As such the 30 minutes post drug administration design that we used in this 

study might have not allowed the data to be collected at a time when ATX was at peak blood 

concentrations in the animals. It should be noted that in the literature, the period of time between 

testing and administration of ATX varies considerably. In rhesus macaques, ATX has been orally 

administered, 60 minutes before behavioural testing (see Gamo et al., 2010) and intramuscularly 

injected, 10 minutes before testing (see Bain et al., 2003). Some studies in humans began 

behavioural testing 1.5 hours post administration of ATX (see Cubillo et al., 2013) and others have 

started testing at 2.25 hours post administration of the drug (see Marquand et al., 2011).  

Food intake might also delay the peak plasma concentration of ATX by three hours (Sauer et 

al., 2005). As the animals had unrestricted access to food in the present study, food intake might 

have led to ATX not being at peak plasma concentrations when they were tested on the behavioural 

tasks. This issue can be addressed by a subsequent study that controls feeding during experimental 

sessions. Although we did not observe the animals regurgitating the drug, oral administration of 
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ATX may have led to inadequate ingestion of the drug. However, we chose to orally administer ATX 

in this study as it is better aligned with the clinical use of the drug in humans. To address concerns 

about how effectively ATX enters the systems of rhesus macaques and provide conclusive evidence 

of the pharmacokinetics of ATX in these animals, a study should be done to analyze plasma ATX 

concentrations in rhesus macaques. Such a study was not feasible for us to undertake at this time.  

 Hormones are a factor in this study as we only used female rhesus macaques. Estrogen is 

thought to have an impact on brain areas that are important for cognition such as the PFC and 

hippocampus (Daniel and Bohacek, 2010). Higher levels of circulating estrogen has been associated 

with better working memory performance in women (Hampson and Morley, 2013). In aged 

ovariectomized rhesus monkeys, estrogen treatment has been found to be effective at reversing 

impairment in working memory task performance (Hara et al., 2014). However, some studies have 

found estrogen therapy to not be effective at improving cognition in postmenopausal women 

(Gleason et al., 2015) and ovariectomized rhesus macaques (Baxter et al., 2015). To control for the 

possible effects of hormones in this study, comparisons were only made between the treatment data 

and the control data that were collected the day before the treatment sessions. Doing this ensured that 

any impact of hormones on the animals’ performance in the ATX treatment sessions would also be 

evident in the control data.  

3.5.2 Conclusion 

In contrast to our hypothesis, ATX did not have a dose-dependent or memory-load 

dependent effect on working memory in rhesus monkeys. However, ATX was found to have an 

enhancing effect on behavioural activation, depending on the dose and the measure used to assess 

behavioural activation. The findings of this study indicate that ATX is not effective as a cognitive 

enhancer in healthy subjects. However, ATX may be effective at improving motivation and should 

be further studied as a possible treatment for conditions that are linked to impairment in behavioural 

activation such as apathy. A future study should be done to assess if the ATX doses tested here have 
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an impact on neural activity during the VSC task. Future studies should be done to examine if ATX 

might have an indirect effect on working memory and other cognitive functions, through its impact 

on behavioural activation. Overall, the results of this study suggest that catecholamines have a 

negligible effect on cognition but a significant impact on the activational aspects of motivation.  
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3.7 Figures 

 

 

Figure 3.1: VSC Task Response Accuracy in the Control Sessions of the ATX Study. The 

proportion of correct trials in the control sessions is plotted against set size for each animal. The 

solid black lines show the average response accuracy of the control sessions. The grey lines 

represent the response accuracy of each individual control session. The dotted lines represent 

chance performance. 

 

 

Figure 3.2: VSC Task Reaction Time in the Control Sessions of the ATX Study. In all 

three of the animals, reaction time was lower on correct trials (lighter grey bars) than incorrect 

trials.  
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Figure 3.3: Response Accuracy in the VSC Task as a Function of ATX Dose. An odds ratio 

of more than 1.0 indicates improvement in response accuracy after ATX treatment. White 

squares indicate statistically significant improvement in response accuracy following ATX 

treatment; the response accuracy after each dose of ATX was compared to the corresponding 

control in a pairwise manner (repeated χ2-test, sequentially rejective Holm-Bonferroni, p < 

0.05). 
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Figure 3.4: Standardized Change in Reaction Time in the VSC Task as a Function of 

ATX Dose. White squares indicate statistically significant improvement in reaction time after 

ATX treatment (χ2-test, p < 0.05). Coloured boxes represent ± 2 standard deviations from the 

average control reaction time. 
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Figure 3.5: Standardized Change in Saccade Peak Velocity in the VSC Task as a Function of 

ATX Dose. White squares show statistically significant increase in saccadic peak velocity after 

ATX treatment compared to the control (χ2-test, p < 0.05). Coloured boxes represent ± 2 standard 

deviations from the saccadic peak velocity of the control. 
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Figure 3.6: Odds Ratio of Completed Trials in the VSC Task as a Function of ATX Dose. 

A greater than 1.0 odds ratio indicates improvement in the proportion of trials successfully 

completed after the treatment compared to control. White squares indicate statistically 

significant increase in completed trials (χ2-test, p < 0.05).  

 

 

Figure 3.7: Odds Ratio of Successfully Initiated Trials in the VSC Task as a Function of 

ATX Dose. A greater than 1.0 odds ratio indicates improvement in trials successfully initiated 

following ATX treatment compared to the control. White squares indicate statistically 

significant increase in completed trials (χ2-test, p < 0.05). 
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Figure 3.8: Ratio of Trial Initiation Time in the VSC Task as a Function of ATX Dose. A 

ratio lower than 1.0 suggests improvement in trial initiation time after ATX treatment relative 

to the control. White squares indicate statistically significant increase in completed trials (rank-

sum test, p < 0.05). 

 

 

Figure 3.9: Odds Ratio of Trials Already Initiated in the VSC Task as a Function of ATX 

Dose. An odds ratio that is higher than 1.0 shows improvement in anticipatory trial initiation 

following ATX treatment compared to control. White squares show statistically significant 

improvement in anticipatory trial initiation (χ2-test, p < 0.05). 
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Figure 3.10: Breakpoints in the PR Task as a Function of ATX Dose. Orange squares show 

the breakpoints on the PR task following each dose of ATX. Open squares show the 

breakpoints for the individual control sessions. Grey lines depict the running average of the 

control. 

 

 

Figure 3.11: Change in PR Breakpoints after Each Dose of ATX Relative to Control. 

Dashed lines indicate 1 and 2 standard deviations of the control. Open squares indicate 

statistically significant increases in breakpoint (one-sample t-test, p < 0.01). Blue circles show 

the average breakpoint of each control session. 
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Chapter 4 

The impact of a novel acute tyrosine phenylalanine depletion mixture on 

markers of catecholamine neurotransmission in rhesus macaques 
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4.1 Abstract 

The present study examined the effectiveness of the acute tyrosine phenylalanine depletion (ATPD) 

method at impairing the synthesis and function of brain catecholamines. The ATPD method involves 

the use of an amino acid mixture, devoid of the catecholamine amino acid precursors, tyrosine (Tyr) 

and phenylalanine (Phe) to deplete catecholamines in the brain. We first conducted a 6-hour time 

course study in three adult female rhesus macaques (Chinese Macaca mulatta) to determine the time 

point at which the ATPD mixture produced marked reductions in Tyr and Phe concentrations in 

dried blood spots (DBS) sampled from the ear capillaries of the animals. The results of the time 

course study showed that the ATPD mixture markedly decreased DBS Tyr and Phe concentrations at 

3 hours after administration of the mixture. This 3-hour post mixture ingestion time point was used 

to study the effects of the ATPD mixture on plasma and cisternal CSF concentrations of Tyr and Phe 

as well as plasma and CSF concentrations of norepinephrine (plasma norepinephrine was used as a 

secondary measure of brain norepinephrine activity as it reflects peripheral sympathetic activity 

which is centrally controlled) and CSF levels of the dopamine metabolite, homovanillic acid (HVA) 

and the norepinephrine metabolite, 3-methoxy-4-hydroxyphenylglycol (MHPG). The impact of the 

ATPD mixture on plasma prolactin levels was examined as a secondary measure of brain dopamine 

activity. The ATPD mixture significantly lowered plasma and CSF levels of Tyr and Phe as well as 

plasma and CSF norepinephrine and CSF HVA and MHPG concentrations. The ATPD mixture 

increased plasma prolactin levels which is indicative of reduced brain dopamine activity. 

Furthermore, changes in peripheral catecholamine precursor concentrations correlated with changes 

in central catecholamine precursor, norepinephrine and MHPG levels. Variations in CSF 

norepinephrine correlated with changes in CSF MHPG and HVA concentrations. Plasma prolactin 

correlated with CSF HVA and plasma norepinephrine correlated with CSF norepinephrine and 

MHPG concentrations. These results suggest that our ATPD mixture was effective at impairing 

central catecholamine synthesis and function.  
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4.2 Introduction 

One can acutely manipulate catecholamines by enhancing their transmission using blockers 

of their reuptake as well as by reducing their transmission using receptor antagonists. An alternative 

to the latter is the depletion of their essential amino acid precursors, tyrosine (Tyr) and phenylalanine 

(Phe). Standard amino acid mixtures that do not contain Tyr and Phe (i.e. acute Tyr Phe depletion – 

ATPD – mixtures) have been developed to produce catecholamine depletion in humans (see Leyton, 

2015 for review). Only one such study has been conducted in NHP, namely, vervet monkeys 

(Palmour et al., 1998). The drugs (e.g., reserpine and 6-OHDA) that have been typically used to 

deplete catecholamines in rhesus monkeys (see Brozoski et al., 1979; Cai et al., 1993) have long-

lasting effects while the ATPD mixture produces short-term, easily reversible effects. As such ATPD 

is a useful tool to have to investigate the catecholamine system in rhesus monkeys. However, an 

ATPD rhesus monkey model has not been previously developed. Hence, in the present study, we 

developed and tested the effectiveness of a novel ATPD mixture at impairing catecholamine 

synthesis and function in adult female rhesus monkeys (Chinese Macaca mulatta). The ATPD 

mixture is expected to result in a knock-down, rather than a knock-out of catecholamine synthesis 

and function.  

The initial step in the synthesis of catecholamines (see Figure 4.1) involves the 

hydroxylation of Tyr into 3, 4-dihydroxyphenylalanine (L-DOPA) by the enzyme tyrosine 

hydroxylase (Iverson et al., 2009). L-DOPA is then decarboxylated into dopamine by the aromatic 

amino acid decarboxylase (AADC) enzyme. No further modification occurs in neurons that use 

dopamine as a neurotransmitter. However, the enzyme dopamine-β-hydroxylase is present in neurons 

that use norepinephrine as a neurotransmitter and will convert dopamine to norepinephrine 

(Fernstrom and Fernstrom, 2007). Neurons that use epinephrine as a neurotransmitter also contain 

the phenylethanolamine-N-methyltransferase (PNMT) enzyme which converts norepinephrine to 

epinephrine. The major brain metabolite of dopamine is homovanillic acid (HVA), while 
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norepinephrine is predominantly metabolized to 3-methoxy-4-hydroxyphenylglycol (MHPG) in the 

primate brain (Anderson et al., 1979; Maas and Landis, 1968; see for review Eisenhofer et al., 2004); 

see Figure 4.1 for the pathways of metabolism of dopamine to HVA and norepinephrine to MHPG.  

The conversion of Tyr to L-DOPA is the rate limiting step in the synthesis of catecholamines 

in the brain (Brodnik et al., 2012). This is because, compared to the other enzymes that are involved 

in the synthesis of catecholamines, tyrosine hydroxylase is not near full saturation at normal 

physiological conditions and has a slow rate of activity. Evidence that tyrosine hydroxylase is the 

rate-limiting step in catecholamine synthesis comes from the finding that tyrosine hydroxylase 

inhibition reduces dopamine and norepinephrine concentrations in the brain more so than blockade 

of the AADC enzyme and the dopamine-β-hydroxylase enzyme (for norepinephrine synthesis; 

Iverson et al., 2009).  

Primates can obtain Tyr either from the diet or by synthesizing it from the essential amino 

acid Phe. The enzyme that converts Phe to Tyr is phenylalanine hydroxylase (Figure 4.1). 

Underactivity or absence of phenylalanine hydroxylase (caused by a mutation in the phenylalanine 

hydroxylase gene) results in intolerance to the dietary intake of Phe and produces 

hyperphenylalaninemia (HPA; Mitchell et al., 2011). The initial classification scheme for HPA was 

proposed by Kayaalp et al. (1997) and subdivides HPA into phenylketonuria (PKU), non-PKU HPA 

and variant PKU. PKU is the most severe form of HPA and is associated with plasma Phe 

concentrations that are greater than 1000 μmol/L (in an untreated state) and a dietary Phe tolerance 

of less than 500 mg/day (Kayaalp et al., 1997). PKU can lead to severe intellectual disability, 

seizures, behavioural problems, and a musty odor to sweat and urine. The typical treatment for PKU 

is a diet that is low in Phe. Non-PKU HPA is linked with plasma Phe concentrations that are 

consistently greater than 120 μmol/L but lower than 1000 μmol/L when the individual is on a normal 

diet (Kayaalp et al., 1997). Variant PKU includes individuals who do not fit into the PKU or non-

PKU HPA description. Other classification schemes are used for HPA. However, there may be little 
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value in classifying HPA as there is no clear clinical application of the current classification schemes 

and they don’t capture the complexity of HPA (Mitchell et al., 2011).  

Normal Phe concentration in blood is about 50 µmol/L (Iverson et al., 2009) and the ratio of 

Phe to Tyr (Phe/Tyr ratio) normally ranges from 0.8 to 1.1 (Jackson et al., 1971). Carriers of the 

PKU gene (i.e. PKU heterozygotes) have been found to have higher blood concentrations of Phe as 

well as a higher Phe/Tyr ratio than non-carriers of the PKU gene. Specifically, PKU heterozygotes 

generally have Phe blood concentrations that are above 60 µmol/L and Phe/Tyr ratios that are greater 

than 1.30 (Jackson et al., 1971). In a study in which they sequenced the rhesus macaque genome, 

Gibbs et al. (2007) found that rhesus macaques normally have deleterious alleles in the 

phenylalanine hydroxylase gene that in humans would be associated with PKU. Despite having these 

deleterious alleles, rhesus macaques do not normally have higher concentrations of Phe than humans. 

Phe concentrations in the rhesus macaques used in the Gibbs et al. (2007) study ranged from 44 to 78 

μmol/L and rhesus macaques have been found to have a Phe/Tyr ratio of about 1.0, which is similar 

to that of healthy humans (Grimes et al., 2009).  

Phe is also a substrate for tyrosine hydroxylase; tyrosine hydroxylase has been shown to 

catalyze the conversion of Phe to Tyr (Ikeda et al., 1965; Katz et al., 1976; Fernstrom and Fernstrom, 

2007). In a study using radioactively labelled Phe in synaptosomes (a preparation of nerve endings) 

from rat brain tissue, Abita et al. (1974) demonstrated that hydroxylation of the labelled Phe to L-

DOPA was directly linked to tyrosine hydroxylase activity as the effect was blocked by pretreatment 

with a known tyrosine hydroxylase inhibitor and phenylalanine hydroxylase is not present in the 

brain. While, Tyr is the preferred substrate for tyrosine hydroxylase, variations in Phe concentrations 

can affect catecholamine synthesis when Tyr levels are abnormally low (Fernstrom and Fernstrom, 

2007); normal concentrations of Tyr in circulation is approximately 50 µmol/L (Iverson et al., 2009). 

Both Tyr and Phe cannot freely cross the blood-brain barrier (BBB) and must gain access to the brain 

through an amino acid transporter. Specifically, Tyr and Phe are transported across the BBB via the 
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large neutral amino acid (LNAA) transporter (Smith et al, 1987). The LNAA transporter is so named 

as it transports standard amino acids that have a neutral side chain at physiological pH. In addition to 

Tyr and Phe, the LNAAs include tryptophan (Trp), leucine (Leu), isoleucine (Ile), valine (Val), 

methionine (Met), histidine (His), and threonine (Thr).  

There is significant competition among the LNAAs for access to available sites on the BBB 

LNAA transporter (Pardridge, 1977). The affinity of the LNAAs for the BBB LNAA carrier is very 

high which results in the transporter being nearly but not completely saturated at normal 

physiological conditions (Pardridge, 1998; Smith et al., 1987). Among the neutral amino acids, Phe 

has the highest affinity for the BBB LNAA transporter, followed by Trp, Leu, Met, Ile, Tyr, His, 

Val, and Thr, respectively (Smith et al., 1987). At normal plasma concentrations, Phe and Leu 

together occupy about 50% of the sites on the BBB LNAA carrier with the remaining neutral amino 

acids each taking up about 2-7% of the sites on the transporter. The transport system has an 

important role in the control of brain amino acid concentrations as transport across the BBB is the 

rate-limiting step for amino acid exchange between plasma and the intracellular fluid of the brain. 

Increasing the intake of any one of the neutral amino acids produces competition which markedly 

reduces the brain influx of the other neutral amino acids (Smith et al., 1987). The susceptibility of 

the transport system to imbalances in plasma concentrations of amino acids is seen in conditions 

such as PKU. In PKU, the abnormally high plasma levels of Phe lead to a reduction in brain 

availability of the other LNAAs as the LNAA transporter becomes saturated with Phe (Pardridge, 

1998). While changes in plasma amino acid concentrations alter brain amino acid levels, the changes 

in brain amino acid concentrations are generally not proportionate to that of the plasma amino acids 

(Smith et al., 1987). This is due to the near saturation of the BBB LNAA transporter under normal 

physiological conditions.  

The fact that the neutral amino acids compete for access to sites on the LNAA transporter 

and that changes in plasma amino acid levels influence brain amino acid concentrations form the 
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basis of the ATPD method, which we used to investigate the role of catecholamines in working 

memory and the activational aspects of motivation (see Chapter 5). The following sections will 

discuss the findings of studies that have examined the impact of ATPD on markers of brain 

catecholamine synthesis and function in animal and human subjects.  

4.2.1 ATPD and Animal Models 

The ATPD method was first used in a study by Biggio et al. (1976) with rats. The mixture 

that was administered to the rats in the Biggio et al. (1976) study consisted of Leu, Ile, Met, His, 

lysine (Lys), Thr, Val, arginine (Arg), Trp, and glycine (Gly). Each amino acid in the mixture was 

given at a dose corresponding to one-fourth of the amount that was present in the diet that the animal 

normally consumed in 24 hours. The animals were fasted for 16 hours prior to receiving the ATPD 

mixture which was delivered via gavage. Biggio et al. (1976) found that serum and brain levels of 

Tyr maximally decreased, 2 hours after administration of the ATPD mixture; both serum and brain 

(the analysis was restricted to the basal ganglia) concentrations of Tyr fell to about 30% of their 

normal levels. During this period, brain concentrations of the dopamine metabolites, HVA and 3,4-

dihydroxyphenylacetic acid (DOPAC) fell by 50% and 30%, respectively. While brain dopamine 

levels did not change at any time following administration of the ATPD mixture, there was a 

significant decline in cAMP levels, 2 hours after the mixture, which the authors suggested was due to 

a decline in dopamine function. Biggio et al. (1976) also argued that although dopamine 

concentrations remained unchanged, the reduction in HVA and DOPAC levels reflected the turnover 

of a small but functionally important pool of brain dopamine. The administration of a balanced 

(BAL) control mixture, containing the same amino acids as the ATPD mixture plus Tyr and Phe, was 

found to have no effect on serum and brain Tyr concentrations (Biggio et al., 1976). The BAL 

mixture also did not have a significant impact on brain HVA and DOPAC levels.   

Fernstrom and Fernstrom (1995) conducted a time course study to examine the effects of the 

ATPD mixture on serum and brain Tyr concentrations in rats. They found that relative to baseline, 
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serum Tyr levels significantly decreased in the animals that received the ATPD mixture, while these 

levels remained unchanged in the animals that were administered the BAL mixture. Compared to the 

animals that received the BAL mixture, the animals that were intubated the ATPD mixture had 

significantly lower serum Tyr concentrations. Hypothalamic and cortical Tyr levels were also 

significantly lower in the animals that received the ATPD mixture compared to the ones that were 

administered the BAL mixture. Based on the results of their time course study, Fernstrom and 

Fernstrom (1995) selected the 2-hour time point to analyze the effects of the ATPD and BAL 

mixtures on the synthesis of L-DOPA in the hypothalamus and retina. Compared to water control, 

hypothalamic and retinal L-DOPA concentrations after the BAL mixture were not significantly 

different. Hypothalamic and retinal L-DOPA levels significantly decreased following the ATPD 

mixture compared to water control and the BAL mixture. These results indicate that the depletion of 

Tyr and Phe lead to a reduction in the synthesis of catecholamines.  

In a study with vervet monkeys, Palmour et al. (1998) assessed the effects of the ATPD 

mixture on plasma concentrations of Tyr as well as cerebrospinal fluid (CSF) levels of Tyr, Trp, 

HVA, MHPG, and the serotonin metabolite 5-hydroxyindoleacetic acid (5-HIAA); 5-HIAA is the 

major metabolite of serotonin in the brain (Anderson et al., 1979). Palmour et al. (1998) used ATPD 

and BAL mixtures that contained the same amount of amino acids as mixtures used by Young et al. 

(1985) in a study with human subjects. The mixtures that were developed by Young et al. (1985) 

contained the same amino acids as in human breast milk (except that the mixtures did not contain 

aspartic acid and glutamic acid) and each amino acid was given in the amount that would be found in 

500 g of steak. The Young et al. (1985) treatment mixture omitted Trp but included Tyr and Phe as 

their mixture was used to decrease the synthesis of serotonin, not catecholamines. The Palmour et al. 

(1998) treatment mixture differed from the Young et al. (1985) mixture as it included Trp but not 

Tyr and Phe. Most ATPD mixture studies have used a similar composition of amino acids as the 

Palmour et al. (1998) study. Palmour et al. (1998) found that five hours after administration of the 
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ATPD mixture, plasma levels of Tyr decreased by 30% compared to the BAL mixture. CSF 

concentrations of Tyr also significantly decreased following the ATPD mixture relative to the BAL 

mixture. CSF concentrations of HVA and MHPG reduced by 27.4 and 26.9%, respectively. There 

was a slight but significant increase in CSF Trp concentrations after the ATPD mixture compared to 

the BAL mixture. However, the concentration of CSF 5-HIAA did not significantly change (Palmour 

et al., 1998).  

4.2.2 ATPD and Human Subjects 

A number of studies (e.g., Harmer et al, 2001; Moja et al., 1996; Montgomery et al., 2003; 

Sheehan et al., 1996) have tested the effects of the ATPD mixture on indirect measures of 

catecholamine neurotransmission in humans. Harmer et al. (2001) investigated the impact of the 

ATPD mixture on plasma Tyr, Phe and prolactin concentrations over a 6-hour period in healthy 

human subjects. As dopamine is the primary inhibitor of prolactin secretion from the anterior 

pituitary (Ben-Jonathan et al., 1989), increased prolactin concentrations would indicate a reduction in 

dopamine function. Harmer et al. (2001) observed a marked reduction in plasma Tyr concentrations, 

4 hours following the ATPD mixture compared to the BAL mixture; the effect of ATPD on plasma 

Phe concentrations were not reported in the article. Harmer et al. (2001) also found that prolactin 

levels significantly increased at 5 hours after the ATPD mixture compared to the BAL mixture. This 

increase in plasma prolactin concentrations was indicative of a reduction in the release of dopamine 

at the hypothalamic level. In healthy human subjects, Sheehan et al. (1996) found that the ATPD 

mixture significantly reduced plasma Tyr and Phe concentrations at 5 hours following administration 

of the mixture compared to baseline, the BAL mixture, and water control. However, there was not a 

significant difference in plasma melatonin concentrations between the ATPD mixture and the BAL 

mixture or the water control condition. This finding indicates that the ATPD mixture did not have a 

significant effect on the activity of norepinephrine as the synthesis of melatonin by the pineal gland 



 

167 

 

depends on the release of norepinephrine from the sympathetic nerve terminals that innervate 

pinealocytes (Grasby and Cowan, 1987).  

A few studies have been done to examine the effects of the ATPD mixture on more direct 

measures of catecholamine neurotransmission in humans. In a PET study with healthy male subjects, 

Leyton et al. (2004) tested the hypothesis that ATPD would decrease d-amphetamine-induced 

dopamine release in the striatum, as measured by changes in [11C]raclopride binding potential, a 

measure of dopamine D2/D3 receptor availability. In a previous study, Leyton et al. 2002) found that 

d-amphetamine preferentially decreased [11C]raclopride binding potential in the ventral striatum, 

indicating an increase in the release of dopamine. Leyton et al. (2004) found that the ATPD mixture 

attenuated the ability of d-amphetamine to elicit the release of dopamine in the ventral striatum as 

[11C]raclopride binding potential in the ventral striatum was significantly higher after the ATPD 

mixture compared to the BAL mixture. Moreover, the magnitude of change in [11C]raclopride 

binding potential correlated with plasma Tyr concentrations following the ATPD treatment, which 

shows that the increase in [11C]raclopride binding potential was related to the availability of Tyr. 

Montgomery et al. (2003) also observed an increase in [11C]raclopride binding potential in the 

striatum of healthy male subjects following administration of the ATPD mixture compared to the 

BAL mixture.  

The impact of the ATPD mixture on brain functional networks has been investigated in a 

small number of studies with human subjects. Carbonell et al. (2014) studied the impact of the 

ATPD mixture on resting state brain networks in humans using fMRI. Compared to the BAL 

mixture, the ATPD mixture was found to reduce short-range connectivity within the frontal lobe as 

well as frontolimbic connectivity. The ATPD mixture also increased connectivity between the 

default mode network (DMN) and task positive network (TPN). The DMN and TPN are normally 

anti-correlated in that when the TPN increases in activity, the DMN generally decreases in activity 

(Anticevic et al., 2012). Disruption of the anti-correlation between the TPN and the DMN is 
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associated with disorders that have been linked with dopaminergic dysfunction such as schizophrenia 

(Penades et al., 2017). The ATPD mixture has also been found to induce changes in brain activity 

during specific cognitive tasks. Using fMRI, Nagano-Saito et al. (2008) observed significant 

functional connectivity between the frontal lobes and the striatum in human subjects performing a 

computerized version of the Wisconsin Card Shifting Task (WCST) after administration of the BAL 

mixture. Greater prefrontal-striatal connectivity was associated with faster reaction time in the BAL 

condition. None of these associations were observed following administration of the ATPD mixture. 

Moreover, there was reduced suppression of the DMN during task performance in the ATPD 

condition compared to the BAL condition. In another fMRI study with healthy human subjects, 

Nagano-Saito et al. (2012) found that rewarded trials on a perceptual decision making task were 

associated with activation in the PFC and the ventral striatum. Rewarded trials were also associated 

with increased threshold to decision which, in turn, was linked to an improvement in accuracy. The 

degree of corticostriatal activation predicted the increased decision threshold. The ATPD mixture 

attenuated the reward-related corticostriatal activation as well as the correlation between 

corticostriatal activation and the decision threshold (Nagano-Saito et al., 2012). In a timing 

discrimination task with human subjects, the ATPD mixture was observed to significantly decrease 

activity in the left putamen and supplementary motor area (Coull et al., 2012). Linssen et al. (2011) 

examined the effects of the ATPD mixture on the electrophysiological correlates of working memory 

and episodic memory in human subjects. They observed that the ATPD mixture led to changes in 

event-related potentials (ERP) during the performance of the working memory and episodic memory 

tasks. That is, the mixture led to decreased P3a amplitude and delayed N200 latency. Linssen et al. 

(2011) suggested that P3a is a novelty related peak and that a reduction in P3a amplitude might 

indicate a decrease in alertness for novel stimuli. N200 latency has been linked to the timing of 

response selection and might indicate an increase in response selection time (Gajewski et al., 2008).  
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In summary, these studies show that the ATPD mixture has an effect on brain functional 

networks and neurochemical markers of catecholamine synthesis and function. However, the ATPD 

method has yet to be validated in rhesus monkeys.  

4.2.3 Study Aims and Hypotheses 

The purpose of this study was to investigate the impact of the ATPD mixture on markers of 

catecholamine neurotransmission in rhesus macaques. This was done to determine if the ATPD 

mixture is a valid method to use to study the effects of impaired catecholamine neurotransmission on 

working memory and the activational aspects of motivation. We developed novel BAL and ATPD 

mixtures that were based on the amino acids in the high protein monkey chow (product code: 5045, 

LabDiet, St. Louis, MO) that our animals normally consume as part of their diet. The amino acids in 

the ATPD and BAL mixtures were given in the amounts that the animals would ingest if they 

consumed 0.55% of their body weight in high protein monkey chow; this percentage was chosen as 

we estimated that the animals typically consumed this amount in their morning and evening 

allotments of high protein monkey chow. We conducted a 6-hour time course study using three 

female rhesus monkeys to examine the effects of the BAL and ATPD mixtures on Tyr and Phe 

concentrations in dried blood spots (DBS) at each time point. The time course study helped us to 

determine the time period at which the ATPD mixture, compared to baseline and the BAL mixture, 

maximally reduced DBS Tyr and Phe concentrations. We used this time period of maximal reduction 

in DBS Tyr and Phe levels as the time point to analyze the effects of ATPD on plasma and CSF 

concentrations of Tyr, Phe, Trp, norepinephrine, and prolactin as well as CSF levels of HVA, MHPG 

and 5-HIAA. We also used this time period as the start of our behavioural sessions when the animals 

ran on the VSC and PR tasks following ingestion of the amino acid mixtures in order for us to 

determine the impact of ATPD on working memory and behavioural activation (see Chapter 5).  

In line with previously reported effects of the ATPD mixture on markers of catecholamine 

neurotransmission, we hypothesized that the mixture would markedly reduce DBS, plasma and CSF 
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levels of Tyr and Phe. We also hypothesized that the mixture would decrease plasma and CSF 

concentrations of norepinephrine as well as CSF levels of HVA and MHPG. The ATPD mixture was 

hypothesized to increase plasma concentrations of prolactin. Overall, we expected that ATPD would 

be found to be a valid method for impairing catecholamine synthesis and function in rhesus 

monkeys.  

4.3 Materials and Methods 

4.3.1 Subjects 

A total of five female Chinese rhesus monkeys (6.0-11.1 kg; 8-21 years old) were used in 

this study. All five animals were used to examine the effects of the ATPD mixture on DBS 

concentrations of Tyr and Phe. Three of the animals were also used to assess the impact of ATPD on 

plasma and cisternal CSF concentrations of Tyr, Phe, norepinephrine, and prolactin as well as CSF 

concentrations of HVA and MHPG. Animal care and experimental protocols were approved by the 

Queen’s Animal Care Committee and were in line with the Canadian Council on Animal Care 

guidelines. Three of the animals (i.e. monkey B, monkey D and monkey F) took part in previous 

research on catecholamines (see Chapter 2 and Chapter 3 of this thesis; also see Oemisch et al., 

2016; Thurston and Paré, 2016). The other two animals (i.e. monkey P and monkey X) did not take 

part in previous studies in the lab on catecholamines. All five animals were in a diet-related study in 

the lab in which they were tested with sucrose and fructose. The animals were naïve to the 

catecholamine depletion techniques used in the present research. Four of the animals (monkey B, 

monkey D, monkey F, and monkey P) previously underwent surgery for head restraint implantation 

and subconjunctival search coils to monitor eye positions (Shen and Paré, 2006). The animals were 

housed in large enclosures and received antibiotics and analgesics while recovering from the 

surgeries. They were trained with positive reinforcement and operant conditioning to perform 

fixation and saccade tasks for liquid rewards until satiation. The animals’ food and water intake, 

weight and health were closely monitored by the experimenters, animal care staff and university 
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veterinarians. Their body weights were recorded 5 days per week to ensure that they stayed within a 

healthy weight range.  

4.3.2 Amino Acid Mixture Composition  

We developed a novel ATPD mixture to acutely deplete catecholamines via the depletion of 

their amino acid precursors, Tyr and Phe. While most previous studies (e.g., Palmour et al., 1998; 

Linssen et al., 2011) have followed the work of Young et al. (1985) by basing their ATPD mixtures 

on the amino acids in human breastmilk, our ATPD mixture was based on the amino acids in high 

protein monkey chow (product code: 5045, Lab Diet, St. Louis, MO) that our animals normally 

consume. Specifically, our ATPD mixture consisted of the following amino acids: tryptophan, 

threonine, isoleucine, leucine, lysine, methionine, cysteine, valine, arginine, histidine, alanine, 

aspartic acid, glutamic acid, glycine, proline, and serine. The amino acids in our ATPD mixture were 

given in the amounts that each animal would ingest if they consumed 0.55% of their body weight in 

high protein monkey chow (Table 4.1). In addition to the ATPD mixture, the animals were tested 

with a BAL mixture that contained the same amino acids as the ATPD mixture, plus Tyr and Phe 

(Table 4.2). Both the BAL and ATPD mixtures were brought up to a total of 40 ml using black 

currant juice as a vehicle. We used black currant juice as a vehicle as it does not contain any Tyr or 

Phe and was used in a previous ATPD study (i.e. Sheehan et al., 1996).  

4.3.3 Experimental Procedures 

An outline of the experimental procedures is presented in Figure 4.2. For 48-hours prior to 

being tested with the experimental treatments, the animals were placed on a low Tyr and Phe diet 

(i.e. they received less than 1.0 g each of Tyr and Phe per day). This diet consisted of standard 

protein monkey chow (product code: 5038, LabDiet), carrots, Medjool dates, sweet potatoes, and red 

cabbage. The diet was formulated to provide each animal with the same number of calories as was in 

their normal morning and evening allotments of high protein monkey chow (LabDiet 5045). The 48-

hour special diet also included the animals’ daily ration of one-fourth a piece of fruit as well as 
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treats, including treats for foraging. The fruits and treats that the animals were given were restricted 

to ones that were low in Tyr and Phe. Specifically, the animals were given apples, pears, oranges, or 

honeydew melons for their daily fruit ration and grapes, dried apples, raisins, cranberries, and/or 

dried pineapples for their treats/foraging.  

On the days that the animals were tested with the experimental mixtures, they were placed 

on a meal replacement diet that was lower in Tyr and Phe than the 48-hour special diet. This meal 

replacement diet consisted of carrots, Medjool dates, sweet potatoes, and red cabbage and was 

formulated to provide each animal with the number of calories that they would get if they consumed 

0.55% of their body weight in high protein monkey chow (Lab Diet 5045). This caloric value was 

used as it was estimated to be the amount that each animal actually consumed when they were given 

their morning allotment of high protein monkey chow. The meal replacement diet provided less than 

0.2 g each of Tyr and Phe to each animal. The USDA Food Composition Database (USDA, 2016) 

was used to estimate the calories and nutrients in the foods that were given to the animals for the 

meal replacement diet and the 48-hour special diet. The animals were fed the meal replacement diet 

until the experimental protocols were completed. After this, they were returned to their normal diet 

of high protein monkey chow. They were also placed back on the fruits and treats (e.g., nuts and 

seeds) that they normally consume. On control days (not including the 48-hours prior to the 

experimental sessions), the animals were given their regular allotment of high protein monkey chow 

and their usual fruits and treats. The animals were closely monitored by the experimenters, animal 

care staff and university veterinarians to make sure that their health was not compromised by these 

special diets.  

4.3.3.1 Time Course Study 

We conducted a 6-hour time course study in which dried blood spots were sampled from the 

ear capillaries of three of the rhesus macaques (i.e. monkey B, monkey F and monkey P), before 

ingestion of the ATPD mixture (i.e. baseline) and then every hour for up to 6 hours after 
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administration of the mixture. The time course study was done to assess the effectiveness of the 

ATPD mixture at depleting peripheral Tyr and Phe concentrations and to determine the time period 

at which the ATPD mixture maximally reduced Tyr and Phe concentrations. To serve as a means of 

comparison, a 6-hour time course study was also conducted with the BAL mixture using the same 

animals. Micro-sampling of blood (about 50 µl of blood was taken per sample) from the ear 

capillaries of the animals was used for this study as it is a safer, less invasive procedure than blood 

sampling from the cephalic or saphenous vein (Lefevre et al., 2015). We found that the animals 

tolerated the micro-sampling procedure very well and didn’t experience any harmful effects. Lefevre 

et al. (2015) have validated the micro-sampling procedure in rhesus macaques by measuring total 

proteins, vasopressin and cortisol concentrations from blood samples taken from the saphenous vein 

and the ear capillary vessels of the animals. Lefevre et al. (2015) did not find any statistically 

significant differences between the blood concentrations of total proteins, vasopressin and cortisol 

taken from the saphenous vein and the concentrations of total proteins, vasopressin and cortisol in 

blood that was sampled from the ear capillary. Moreover, strong correlations were found between the 

concentrations of total proteins (r = 0.72), vasopressin (r = 0.83) and cortisol (r = 0.63) in blood 

taken from the saphenous vein and blood sampled from the ear capillary.  

 For each animal, the time course study for the ATPD mixture and the time course study for 

the BAL mixture were done at least one week apart. A semi-randomized method was used to 

determine which time course study (ATPD or BAL) each animal had first; two of the animals had the 

time course study for the BAL mixture first, followed by the ATPD time course study, while the 

other animal had the ATPD time course study first, followed by the BAL time course study. Two 

days prior to each time course study, the animals were placed on the 48-hour special diet (Figure 

4.2). As the animals are pair-housed, their cage-mates were also placed on the diet to ensure that the 

study animal did not get access to food that was high in Tyr and Phe from their cage-mate. On the 
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day of each time course study, the animals were placed on the meal replacement diet that was lower 

in Tyr and Phe than the 48-hour special diet (Figure 4.2) 

 Each time course study began at around 8:00 am with the baseline DBS sample being drawn 

from the ear capillary vessel of the study animal while the animal was awake, seated in a custom-

made primate chair and head restrained using a classic head restraint system. The ear that was used 

for the baseline sample was randomly chosen and for the subsequent samples, we switched between 

ears. Prior to the sample being drawn, the animal’s ear was shaven and cleaned to avoid 

contaminating the blood. Xylocaine jelly was then applied to a selected puncture site on the ear to 

numb the area so that the animal wouldn’t feel any pain. The external ear was the ideal part of the ear 

for collecting blood and the best areas of the external ear for blood collection were around the lobule 

vein and the extremity of the ear (see Lefevre et al., 2015, their Figure 1). Fifteen minutes after the 

xylocaine jelly was applied to the puncture site, blood was collected from the site using a 24-gauge 

needle to puncture the area. A small amount of petroleum jelly was applied to the site before 

puncturing to help the blood pool in one area. The first drop of blood was systematically discarded to 

minimize the possibility of collecting contaminated blood. A 1 ml syringe with an 18-gauge blunted 

needle was used to draw up the blood and deposit it on a filter paper (Whatman 903TM). For each of 

the time periods (i.e. baseline and every hour for up to 6 hours), only one circle of blood 

(approximately 50 µl) on the filter paper was needed for the neurochemical analysis; this amounted 

to a total of 7 circles of blood (about 350 μl) being collected on the filter paper for each animal 

during each time course study day.  

 Shortly after the baseline sample was drawn, the animals were administered either the BAL 

or the ATPD mixture using orogastric gavage. This method was chosen to deliver the mixtures to the 

animals as the mixtures were very unpalatable. The animals received training to habituate to both the 

oral speculum used for the orogastric gavage and the gavaging process over several weeks. Positive 

reinforcement techniques such as praise and high value treats (e.g., honey and grapes) were used in 
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the training. All the animals were observed to tolerate the gavage procedure very well. The oral 

speculum was specially designed and covered in soft polyethylene tubbing to prevent any damage to 

the teeth or gingiva (see Crandell et al., 2018; Halliday et al., 1998). The orogastric tube was 

measured from the mouth to the ear and then down to the xiphoid process for each animal. The tube 

was then marked with permanent marker to delineate how far it should be advanced. During the 

gavaging procedure, the orogastric tube was lubricated before being gently advanced through the 

opening in the oral speculum, past the pharynx and then down to the esophagus. The animal was 

monitored for signs of swallowing while the tube was being advanced and once the tube was in place 

at the marked point, the stomach was auscultated while a quick gush of air was injected into the tube 

(10 ml of room air). The animals were monitored for any signs of distress including coughing, 

struggling, vocalizing, or vomiting which can be indicative of tracheal intubation.  

Once correct placement was ascertained, 5 ml of water was administered to the animals and 

they were monitored for signs of coughing as further confirmation that the tube was in the correct 

placement. After the 5 ml of water was gavaged to the animal and they showed no signs of distress, 

the amino acid mixture (40 ml) was administered to the animal. Upon administration of the mixture, 

the tube was flushed with 5 ml of water, kinked and removed. The animal was given a high value 

treat reward (e.g., grapes) and then kept in their primate chair with their head unrestrained for at least 

15 minutes to monitor them for any signs of distress. The amino acid mixture was dyed with a drop 

of blue food colouring to allow for observation of regurgitation or vomiting following 

administration. The animal was returned to the primate enclosure and kept in the transfer area of 

their cage until they had to be brought back to the lab for the next DBS sample; altogether the DBS 

samples were taken 7 times (i.e. one sample at baseline and then one at each hour for up to 6 hours). 

We found that all three animals tolerated the time course study procedure very well and didn’t 

struggle or show other signs of distress with the repeated transfers from their cages to the lab. They 

also did not show any signs of regurgitation or vomiting following administration of the mixture. 
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They were fed the meal replacement diet throughout the day during the experiment and returned to 

their normal diet of high protein monkey chow, plus high value treats in the afternoon, at the end of 

the experimental procedures. The animals had water ad libitum during the experiment. Based on the 

results of the time course study, we determined that the ATPD mixture maximally reduced DBS Tyr 

and Phe concentrations at 3 hours post ingestion of the mixture. This time period was used for the 

CSF and plasma sampling experiment (see section below) and as the start time for the behavioural 

tasks in the behavioural task experiment (Chapter 5).  

4.3.3.2 CSF and Plasma Sampling 

 Cisternal CSF and plasma samples (from blood drawn from the saphenous vein) were taken 

from three female rhesus macaques (i.e. monkey D, monkey F and monkey X) to assess the effects 

of the ATPD mixture on concentrations of Tyr, Phe, prolactin, and norepinephrine (see Figure 4.2 for 

an outline of the experimental procedures); CSF and plasma samples have also been taken from a 

fourth animal (monkey B), but the data isn’t included here as we do not yet have all the results. 

Dopamine concentrations were not analyzed as per Anderson (personal communication, July 26, 

2018), the level of dopamine in CSF is too low for chemical analysis. The impact of the ATPD 

mixture on CSF concentrations of HVA and MHPG were also assessed. HVA and MHPG were used 

as secondary measures of dopamine and norepinephrine, respectively as they are the major 

metabolites of these catecholamines in the primate central nervous system (see for review Eisenhofer 

et al., 2004). As dopamine inhibits the release of prolactin in the hypothalamic-pituitary axis (Ben-

Jonathan, 2001; Van Vugt et al., 1979), prolactin concentrations in plasma were assessed as 

secondary measures of  dopamine synthesis and activity. To ensure that the ATPD mixture did not 

significantly impact serotonin, which has been implicated in cognition (Jenkins et al., 2016) and has 

been found to influence motivation (Roiser et al., 2006), we examined the effects of the ATPD 

mixture on CSF and plasma concentrations of Trp as well as CSF levels of the major serotonin 

metabolite, 5-HIAA.  
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 CSF and plasma samples were taken from each animal, 3 hours following administration of 

either the BAL or the ATPD mixture using orogastric gavage. Each animal had the BAL CSF and 

plasma samples and the ATPD CSF and plasma samples taken at least one week apart. A semi-

randomized method was used to determine which mixture each animal received first for the CSF and 

plasma sampling. That is, as monkey F was tested with the BAL mixture first in the 6-hour time 

course study, to control for the possible effects of mixture order, she had the ATPD CSF and plasma 

sampling done first and then the BAL CSF and plasma sampling on a different week. Monkey B had 

the BAL CSF and plasma sampling before the ATPD CSF and plasma sampling for this same reason. 

One of the remaining two animals in this experiment was randomly chosen to have the ATPD CSF 

and plasma sampling completed before the BAL CSF and plasma sampling, while the other animal 

had the BAL CSF and plasma sampling before the ATPD CSF and plasma sampling. The CSF and 

plasma samples were taken from the animals at 3 hours after ingestion of either the BAL or the 

ATPD mixture.   

 Each animal was placed on the 48-hour special diet of low Tyr and Phe, two days before the 

CSF and plasma sampling; the animals had ad libitum access to water. On the day of the CSF and 

plasma sampling, the study animal was brought to the lab at 8:00 am, seated in their primate chair. 

After being head restrained, one of the animal’s ears (randomly chosen) was shaven and cleaned, and 

xylocaine jelly was applied to the selected puncture site on the ear. A baseline DBS sample (50 μl) 

was taken from the animal, using the same DBS sampling techniques as in the time course study. 

Right after the DBS sample was taken, the animal was administered either the ATPD or the BAL 

mixture using orogastric gavage (we used the same gavage procedure as in the time course study). 

The animal was monitored in the lab for any signs of distress or complications resulting from the 

gavage. Upon confirmation that there were no signs of distress or complications, the animal was 

returned to their cage and given their meal replacement diet. The animal was monitored periodically 

for signs of regurgitation, vomiting or other problems while in their cage.  
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Close to 3 hours after ingestion of either the ATPD or the BAL mixture, the animal was 

brought to the surgical suite and put under ketamine (10 mg/kg) anesthesia. The external occipital 

protuberance area of the animal’s head was shaven and cleaned for the cisternal CSF sample to be 

taken. One of the animal’s thighs was shaven and cleaned for the plasma sample and one of their ears 

(typically the ear that was not sampled from in the morning) was shaven and cleaned for the DBS 

sample. At 3 hours following ingestion of the mixture, CSF (1 ml) was collected from the cisterna 

magna of the animal using a 25-gauge spinal needle. The CSF sample was immediately labeled and 

tested for blood contamination using a reagent strip (Chemstrip® 9, Roche Diagnostics, Laval, 

Quebec) and visual observation. The sample was then frozen on dry ice. If no blood contamination 

was found, the sample was immediately transferred to a -80°C freezer. If blood contamination was 

found, the sample was centrifuged at 1.8 g for 10 minutes at 4°C to separate the blood from the CSF. 

The CSF was then aliquoted into a pre-labelled microtube using a transfer pipette and then stored in 

the -80°C freezer. Blood (at least 4 ml) and DBS (50 μl) samples were also taken from the animal. 

Blood was collected into EDTA containing tubes and centrifuged at 2.5 g for 15 minutes at 4°C. A 

transfer pipette was used to aliquot the plasma into pre-labelled microtubes; at least 2 ml of plasma 

was collected and stored in 0.5 ml portions in the -80°C freezer.  

4.3.4. Biochemical Analysis 

Following all DBS sample collection, the filter paper that the samples were collected on 

(Whatman 903TM) were left out overnight in the lab for the samples to dry at room temperature. After 

the DBS samples were dry, the filter paper was tightly wrapped and packaged in Ziploc freezer bags 

which were then labelled and stored in a -20°C freezer before they were shipped by courier to 

Newborn Screening Ontario (NSO) for chemical analysis. DBS concentrations of Tyr and Phe were 

analyzed by NSO using tandem mass spectrometry (MS/MS). All procedures for sample preparation 

and MS/MS analysis were performed according to NSO protocols and guidelines. Single disks were 

punched from a DBS sample using a 3-mm punch. One disk was added per well and each sample 
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was run twice. The samples were extracted using daily working extraction solution then dried. The 

samples were derivatized by adding N butanolic HCL and then analyzed using positive electrospray 

ionization (ESI+) on a Waters tandem mass spectrometer.  

After being collected, the CSF and plasma samples were kept in a -80°C freezer until they 

were sent to a courier (packaged in a container with dry ice) for transport to the George M. Anderson 

lab (Yale University) for chemical analysis. The CSF and plasma samples were analyzed according 

to the protocols and guidelines of the Anderson lab.  

4.3.5 Data Analysis  

 For the time course study, DBS Tyr concentration following the ATPD mixture was 

compared to that of the BAL mixture, at each time point (i.e. baseline and every hour for up to 6 

hours) using t-tests (p < 0.05); the same comparisons were made for the DBS Phe data. These 

comparisons were done to determine if and at what time point, there was a significant change in DBS 

Tyr and Phe concentrations after administration of the ATPD mixture relative to the BAL mixture. 

We also calculated the percentage differences between the DBS Tyr and Phe concentrations 

following the ATPD mixture and those of the BAL mixture, for each time point. The percentage 

differences between the ATPD DBS Tyr concentrations and the BAL DBS Tyr levels were 

calculated by subtracting the ATPD data from the BAL data, dividing by the BAL data, and then 

multiplying by 100; the same was done for the DBS Phe data. The percentage differences were 

analyzed to determine the magnitude of change in DBS Tyr and Phe concentrations following 

administration of the ATPD mixture compared to the BAL mixture at each time point. We also 

compared the DBS Tyr and Phe concentrations at baseline to their concentrations at each of the other 

time points for the ATPD mixture using t-tests (p < 0.05) and percentage differences. These 

calculations helped us to determine the time period that the ATPD mixture maximally reduced Tyr 

and Phe concentrations in DBS relative to baseline.  
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Data from the DBS samples that were taken from the animals on the CSF and plasma 

sampling days were analyzed to ascertain if, compared to baseline and the BAL mixture, the ATPD 

mixture was effective at depleting DBS Tyr and Phe concentrations on those days. The data was also 

analyzed to determine if the amount of depletion in DBS Tyr and Phe concentrations that occurred 

on the CSF and plasma sampling days was consistent with the level of depletion that was found in 

the time course study and the behavioural task experiment (Chapter 5). The DBS Tyr and Phe 

concentrations from the CSF and plasma sampling days were analyzed using t-tests (p < 0.05) and 

percentage differences.  

 To analyze the effects of the ATPD mixture on CSF and/or plasma concentrations of Tyr, 

Phe, norepinephrine, HVA, MHPG, prolactin, Trp, and 5-HIAA, we calculated the percentage 

differences between CSF and/or plasma concentrations of these biochemicals, three hours post 

ingestion of the ATPD mixture compared to the BAL mixture. We analyzed the correlational 

relationships (using Pearson correlation) between DBS and plasma Tyr and Phe concentrations and 

CSF concentrations of norepinephrine, Tyr, Phe, HVA and MHPG to determine the effectiveness of 

the ATPD mixture at influencing the synthesis of brain catecholamines. We also computed the 

correlational relationships between CSF Tyr and Phe levels and CSF concentrations of 

norepinephrine, HVA and MHPG to further assess the ability of the ATPD mixture to impact the 

concentrations of brain catecholamines. The correlational relationship between plasma prolactin and 

CSF HVA was assessed to ascertain if the ATPD mixture was effective at influencing dopamine 

synthesis and activity. AS CSF HVA and 5-HIAA are often observed to correlate in primates (Agren 

et al., 1986; Jolly et al., 2013; Weinberg-Wolf et al., 2018; Young and Ervin, 1984), we assessed the 

correlational relationship between CSF HVA and 5-HIAA to further evaluate the effectiveness of the 

ATPD mixture at influencing brain dopamine concentrations. While norepinephrine does not cross 

the BBB and plasma norepinephrine reflects peripheral sympathetic activity, plasma norepinephrine 

might provide an indirect measure of brain norepinephrine function as peripheral sympathetic 



 

181 

 

activity is centrally regulated (Koenigsberg et al., 2004). Moreover, plasma norepinephrine has been 

found to correlate with CSF norepinephrine (Roy et al., 1988) and MHPG (Roy et al., 1988; 

Koenigsberg et al., 2004) in human subjects. Based on this information, we evaluated the 

correlational relationships between plasma norepinephrine and CSF norepinephrine and MHPG to 

assess the effectiveness of ATPD at influencing brain norepinephrine synthesis and function.  

4.4 Results 

4.4.1 Ratio of Phe to Tyr Concentrations in Dried Blood Spots 

When analyzing the concentrations of Tyr and Phe in the animals’ dried blood spots, we 

unexpectedly found that one of the animals (monkey F) had higher than normal DBS Phe 

concentrations and Phe/Tyr ratio (Figure 4.3). In humans, higher than 60 µmol/L blood 

concentrations of Phe and a Phe/Tyr ratio that is greater than 1.30 indicates heterozygosity for PKU 

(Jackson et al., 1971). Monkey F’s average DBS Phe concentrations in the no-vehicle control 

sessions was 62.91 µmol/L and her average Phe/Tyr ratio was 1.89.  In the time course study and the 

behavioural task experiments (discussed in Chapter 5), monkey F’s average Phe/Tyr ratio at baseline 

and 3 hours post ingestion of the BAL mixture was 1.73 and 3.20, respectively. In these same 

experiments, monkey F’s mean Phe/Tyr ratio at baseline and 3 hours after ingestion of the ATPD 

mixture was 1.79 and 1.97, respectively. In contrast to monkey F, the other animals that were used in 

the experiments had normal DBS Phe concentrations (baseline DBS Phe concentrations ranged from 

36-53.53 µmol/L across the other animals) and Phe/Tyr ratios (Figure 4.3). A higher than normal 

blood Phe concentration and Phe/Tyr ratio indicate that phenylalanine hydroxylase, the enzyme that 

converts Phe to Tyr, is deficient or slow (van Spronsen et al., 2009). Hence, monkey F might have 

slow or deficient phenylalanine hydroxylase. Given that monkey F seems to have difficulty 

converting Phe to Tyr, the ATPD mixture might lead to more impaired brain catecholamine synthesis 

in monkey F than in the other animals.   

4.4.2 Time Course Study Findings 
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Three of the female rhesus macaques were used to study the effects of the amino acid 

mixtures on Tyr and Phe concentrations in DBS, every hour for up to 6 hours. In all three animals, 

baseline DBS Tyr and Phe concentrations in the time course study were not significantly different 

from each other (t-tests, p > 0.05). Compared to baseline, DBS Tyr and Phe concentrations were 

considerably depleted in the animals at 3 hours after ingestion of the ATPD mixture. That is, relative 

to baseline, DBS Tyr concentrations decreased by 65.56% and DBS Phe levels decreased by 63.32% 

across the animals, 3 hours after administration of the ATPD mixture. These changes were 

statistically significant (t-tests, p < 0.001). Compared to baseline, DBS Tyr and Phe concentrations in 

the animals increased by 101.28% and 148.85%, respectively at 3 hours following ingestion of the 

BAL mixture; these changes in DBS Tyr and Phe levels were statistically significant (t-tests, p < 

0.01). 

 We also compared the DBS Tyr and Phe concentrations in the ATPD time course 

experiment to the DBS Tyr and Phe concentrations in the BAL time course study (Figure 4.4). 

Baseline DBS Tyr and Phe levels in the ATPD and BAL sessions did not significantly differ from 

each other in monkey B and monkey P during these experiments (t-tests, p > 0.05). In monkey F, the 

baseline DBS Tyr concentration in the ATPD session of the time course study was not significantly 

different from that of the BAL session (t-tests, p > 0.05). However, the baseline DBS Phe 

concentration in the ATPD session was significantly higher than the baseline DBS Phe concentration 

in the BAL session (t-test, p = 0.04). Compared to the BAL mixture, the ATPD mixture significantly 

decreased DBS Tyr and Phe concentrations in all three of the animals at 3 hours post mixture 

ingestion. Specifically, DBS Tyr concentrations decreased by 79.67% across the three animals, 3 

hours following administration of the ATPD mixture compared to the BAL mixture; the difference 

was statistically significant (t-test, p < 0.001). Relative to the BAL mixture, DBS Phe concentrations 

significantly decreased by 83.27% (t-test, p < 0.01) in the animals, 3 hours following ingestion of the 

ATPD mixture.  
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While the ATPD mixture led to significant reductions in DBS Tyr and Phe concentrations 

past the 3-hour post mixture ingestion time period, we decided to use this time point for plasma and 

CSF sampling and for behavioural testing (Chapter 5). This was done because we observed that in 

monkey B, DBS Phe concentrations at 6 hours post administration of the ATPD mixture rose to the 

point of not being significantly different from the BAL mixture (percentage difference = -52.69%; t-

test, p > 0.05). As it took the animals close to 1.5 hours to complete the behavioural tasks, running 

them on the tasks at 3 hours after ingestion of the amino acid mixtures helped to ensure that they 

only worked on the tasks within the time window that DBS Tyr and Phe concentrations were 

maximally reduced by the ATPD mixture.  

4.4.3 Plasma and CSF Sampling Results 

4.4.3.1 Tyr and Phe Levels in DBS Samples Taken on the Plasma and CSF Sampling Days 

To further determine if the ATPD mixture was effective at decreasing the synthesis and 

function of catecholamines, we took plasma and CSF samples from the animals at 3 hours after 

ingestion of the ATPD and BAL mixtures. DBS samples were also taken from the animals at 

baseline and 3 hours after ingestion of the amino acid mixtures on the days that we took the CSF and 

plasma samples. This was done so that we could ascertain that the effects of the amino acid mixtures 

on DBS Tyr and Phe concentrations on those days were comparable to what we observed in the time 

course study and the behavioural task experiments.  

From the DBS samples that were taken from the animals (i.e. monkey D, monkey F and 

monkey X), DBS Tyr and Phe concentrations were found to increase by 50.42% and 99.46%, 

respectively, 3 hours after administration of the BAL mixture relative to baseline. The change in 

DBS Tyr concentrations at 3 hours after the BAL mixture was lower than what we observed in the 

time course study and the behavioural task experiment. However, the change in Phe concentrations 

at 3 hours post ingestion of the BAL mixture was comparable to what was seen in the time course 

study and the behavioural experiments. Compared to baseline, DBS Tyr levels decreased by 83.03% 
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and DBS Phe concentrations decreased by 79.64% at 3 hours after administration of the ATPD 

mixture. Relative to the BAL mixture, DBS Tyr and Phe concentrations decreased by 89.58% and 

90.26%, respectively across the animals at 3 hours after ingestion of the ATPD mixture. These 

changes were all comparable to what was observed in the time course study and the behavioural task 

experiment (Figure 4.5).  

4.4.3.2 Changes in Plasma and CSF Biochemical Concentrations  

To determine the impact of the ATPD mixture on plasma and/or CSF concentrations of 

norepinephrine, Tyr, Phe, Trp, HVA, MHPG, 5-HIAA, and prolactin, we calculated the percentage 

differences in the concentrations of these biochemicals, 3 hours after administration of the ATPD 

mixture relative to the BAL mixture (Figure 4.6). Compared to the BAL mixture, the ATPD mixture 

was found to reduce plasma Tyr and Phe concentrations by 87.28% and 91.15%, respectively across 

the three animals. Plasma norepinephrine concentrations decreased by 33.78% in the animals at 3 

hours post ATPD mixture ingestion relative to the BAL mixture. Compared to the BAL mixture, 

plasma prolactin and plasma Trp concentrations increased by 65.35% and 44.53%, respectively at 3 

hours after administration of the ATPD mixture.  

Across the three animals, the ATPD mixture led to 81.75% and 92.61% reductions in CSF 

Tyr and Phe levels, respectively compared to the BAL mixture. CSF norepinephrine levels decreased 

by 13.99% at three hours after administration of the ATPD mixture relative to the BAL mixture. 

Compared to the BAL mixture, CSF MHPG and HVA concentrations decreased by 12.73% and 

3.86%, respectively at three hours post ingestion of the ATPD mixture. Across the animals, CSF 

prolactin concentrations increased by 19.83% at three hours after administration of the ATPD 

mixture relative to the BAL mixture. CSF Trp concentrations increased by 25.50% and CSF 5-HIAA 

levels decreased by 2.83% at three hours after the ATPD mixture compared to the BAL mixture.  

Overall, the ATPD mixture led to large reductions in plasma and CSF Tyr and Phe 

concentrations as well as small to moderate declines in plasma and CSF norepinephrine, and CSF 
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HVA and MHPG levels. The ATPD treatment also led to a large increase in plasma prolactin 

concentrations. These results suggest that the ATPD mixture had a negative impact on catecholamine 

synthesis and function, although the effect may have been moderate. While, the ATPD mixture 

impacted Trp and 5-HIAA concentrations more so than the BAL mixture, the changes in CSF Trp 

and 5-HIAA levels following the ATPD mixture relative to the BAL mixture were small, which 

indicate that any effect that the ATPD mixture had on brain serotonin synthesis was likely marginal. 

4.4.3.3 Correlational Relationships  

We analyzed the correlational relationships between peripheral (i.e. DBS and plasma) 

concentrations of Tyr and Phe and CSF concentrations of Tyr, Phe, norepinephrine, HVA, and 

MHPG to determine if ATPD-induced changes in peripheral Tyr and Phe concentrations influenced 

changes in brain catecholamine levels (for a summary of the results, see Table 4.3). We found that 

DBS Tyr concentrations correlated strongly with CSF Tyr (r = 0.97) and CSF Phe (r = 0.85) levels. 

Plasma Tyr concentrations also correlated strongly with CSF Tyr (r = 0.97) and CSF Phe (r = 0.80) 

concentrations. A strong correlation was found between DBS Phe and CSF Phe concentrations (r = 

0.96) as well as between plasma Phe and CSF Phe levels (r = 0.97). Moderate correlations were 

found between DBS Phe and CSF Tyr concentrations (r = 0.60) and between plasma Phe and CSF 

Tyr levels (r = 0.65). Both DBS and plasma Phe concentrations were found to correlate with CSF 

concentrations of norepinephrine (DBS Phe and CSF norepinephrine correlation: r = 0.73; plasma 

Phe and CSF norepinephrine correlation: r = 0.70) and MHPG (DBS Phe and CSF MHPG 

correlation: r = 0.64; plasma Phe and CSF MHPG correlation: r = 0.58). DBS and plasma Tyr 

concentrations did not correlate well with CSF concentrations of norepinephrine, HVA or MHPG 

(Table 4.3). 

 To further assess how well the ATPD mixture drove changes in brain catecholamine 

concentrations, we calculated the correlations between CSF Tyr and Phe concentrations and CSF 

levels of norepinephrine, HVA and MHPG (Table 4.4). We also analyzed the correlational 
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relationships between CSF norepinephrine and CSF MHPG and HVA concentrations (Table 4.4). 

The correlational relationship between CSF HVA and 5-HIAA was assessed as previous studies have 

found CSF HVA and 5-HIAA to correlate in primates (Agren et al., 1986; Weinberg-Wolf et al., 

2018; Young and Ervin, 1984). The correlation between CSF HVA and 5-HIAA might be due to a 

regulatory action of serotonin turnover on dopamine turnover (Agren et al., 1986). The CSF HVA 

and 5-HIAA correlation might also be due to the fact that the enzymes involved in the synthesis of 

dopamine (i.e. tyrosine hydroxylase and phenylalanine hydroxylase) use the same cofactor (i.e. 

tetrahydrobiopterin, BH4) as tryptophan hydroxylase, which is involved in the synthesis of serotonin 

(Langlais et al., 1985). In the present study, moderate correlations were found between CSF Phe and 

CSF norepinephrine (r = 0.53) and MHPG (r = 0.53) concentrations. A strong negative correlation 

was found between CSF norepinephrine and HVA concentrations (r = -0.77) and a moderate positive 

correlation was found between CSF norepinephrine and MHPG (r = 0.40) levels. CSF HVA and 5-

HIAA concentrations were found to strongly correlate (r = 0.84). The correlations between CSF Tyr 

and CSF norepinephrine, HVA and MHPG concentrations were found to be weak (Table 4.4).  

 As secondary measures of the effects of the ATPD mixture on brain dopamine and 

norepinephrine function, we analyzed the correlational relationships between plasma prolactin and 

CSF HVA as well as the correlations between plasma norepinephrine and CSF norepinephrine and 

MHPG concentrations. A strong negative correlation was found between plasma prolactin and CSF 

HVA levels (r = -0.81), indicating that the ATPD mixture induced a decrease in brain dopamine 

concentrations which led to an increase in the release of plasma prolactin. Plasma norepinephrine 

correlated with CSF norepinephrine (r = 0.41) and MHPG (r = 0.89) concentrations. While 

norepinephrine does not cross the BBB, it can act as an indirect measure of brain norepinephrine 

function as it reflects peripheral sympathetic activity which is regulated centrally (Koenigsberg et al., 

2004).  
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In summary, changes in peripheral catecholamine precursor concentrations (i.e. DBS and 

plasma Phe concentrations) correlated with changes in brain norepinephrine concentrations as well 

as with changes in brain levels of the catecholamine precursors (i.e. CSF Tyr and Phe) and 

metabolite (i.e. CSF MHPG). Variations in brain catecholamine precursor concentrations correlated 

with changes in brain norepinephrine levels, which in turn, correlated with changes in brain 

catecholamine metabolite (i.e. HVA and MHPG) concentrations. Changes in plasma prolactin levels 

correlated with changes in CSF HVA concentrations. Moreover, variations in plasma norepinephrine 

levels correlated with changes in CSF norepinephrine and MHPG concentrations. Taken together, 

these findings suggest that ATPD-induced changes in peripheral and central markers of 

catecholamines led to changes in brain catecholamine synthesis and function.  

4.5 Discussion 

The current study investigated the effects of ATPD on DBS, plasma and CSF concentrations 

of Tyr and Phe in female Chinese rhesus macaques. We also analyzed the impact of the ATPD 

mixture on plasma and/or CSF concentrations of norepinephrine, HVA, MHPG, prolactin, Trp, and 

5-HIAA. The ATPD mixture significantly reduced DBS, plasma and CSF concentrations of Tyr and 

Phe in the animals. The ATPD mixture produced low to moderate reductions in plasma and CSF 

norepinephrine, CSF HVA, and CSF MHPG concentrations as well as a significant increase in 

plasma prolactin levels. Strong positive correlations were found between peripheral (i.e. DBS and 

plasma) and central (i.e. CSF) concentrations of Tyr and Phe, indicating that ATPD-induced changes 

in peripheral levels of Tyr and Phe led to changes in central concentrations of these catecholamine 

precursors. Changes in peripheral and central concentrations of Phe were found to correlate with 

changes in CSF norepinephrine and MHPG levels. Correlations were also found between CSF 

concentrations of norepinephrine and CSF MHPG and HVA concentrations. Plasma norepinephrine 

correlated with CSF norepinephrine and MHPG levels. As expected, a negative correlation was 
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found between plasma prolactin and CSF HVA concentrations. Overall, these findings suggest that 

the ATPD mixture was effective at impairing brain catecholamine synthesis and function.  

Although, the ATPD mixture led to more changes in CSF Trp and 5-HIAA concentrations 

than the BAL mixture, these changes were small. As such, the ATPD-induced variations in CSF Trp 

and 5-HIAA levels are not seen as indicative of the ATPD mixture having a significant impact on 

brain serotonin synthesis and function compared to the BAL mixture. Variations in CSF HVA were 

found to positively correlate with changes in CSF 5-HIAA. This correlation is often seen in primates 

and might be due to a regulatory effect of serotonin turnover on dopamine turnover (Agren et al., 

1986) and/or to the shared cofactor (BH4) in the synthesis of serotonin and dopamine.  

In a 6-hour time course study using three female rhesus macaques, DBS Tyr and Phe 

concentrations were found to be markedly reduced at 3 hours after ingestion of the ATPD mixture 

compared to baseline (across the animals, Tyr levels decreased by 65.56% and Phe levels decreased 

by 63.32%) and 3 hours following administration of the BAL mixture (Tyr and Phe concentrations 

decreased by 79.67 and 83.28%, respectively). The results from DBS samples that were taken on the 

plasma and CSF sampling days and during the behavioural task experiments (Chapter 5), showed 

similar reductions in the animals’ DBS Tyr and Phe concentrations at 3 hours after ingestion of the 

ATPD mixture relative to baseline and the BAL mixture. In the time course study (and the other 

experiments in which DBS samples were taken), Tyr and Phe concentrations in DBS generally 

increased at 3 hours post administration of the BAL mixture compared to baseline. However, these 

changes in DBS Tyr and Phe levels are not expected to impact brain catecholamine synthesis and 

function. This is because the BAL mixture contained other LNAAs and the critical determinant of 

the entry of Tyr and Phe to the brain is competition with the other LNAAs for access to available 

sites on the LNAA transporter, not the concentrations of Tyr and Phe irrespective of the other 

LNAAs (Harmer et al., 2001). 
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The ATPD treatment significantly decreased plasma and CSF Tyr and Phe concentrations in 

the animals. That is, plasma Tyr and Phe concentrations decreased by 87.28% and 91.15% and CSF 

Tyr and Phe levels decreased by 81.75% and 92.61%, respectively at 3 hours after ingestion of the 

ATPD mixture compared to the BAL mixture. ATPD markedly increased plasma prolactin 

concentrations (65.35%) and led to a moderate decrease in plasma norepinephrine levels (33.78%). 

Across the animals, the ATPD mixture led to small changes in CSF concentrations of norepinephrine 

(decreased by 13.99%), HVA (decreased by 3.86%) and MHPG (decreased by 12.73%).  

It is unknown if a prior study has investigated the impact of ATPD on biochemical markers 

of catecholamine synthesis and function in rhesus macaques. Our biochemical results are generally 

consistent with the findings of a previous study in vervet monkeys (Palmour et al., 1998). In the 

Palmour et al. (1998) study, plasma Tyr concentrations decreased by 30% and CSF HVA and MHPG 

levels reduced by 27.4% and 26.9%, respectively at 5 hours following administration of the ATPD 

mixture compared to the BAL mixture. The fall in plasma Tyr levels was larger and more rapid in 

the present study than in the Palmour et al. (1998) research. However, CSF HVA and MHPG 

concentrations did not lower as much in our experiment as they did in the Palmour et al. (1998) 

study. These differences in the magnitude of reductions in CSF HVA and MHPG concentrations 

could be due to species variations in catecholamine metabolism. These differences could also be due 

to a time lag between changes in plasma Tyr (and Phe) concentrations and subsequent changes in 

brain catecholamine synthesis and metabolism. Hence, it is possible that if the CSF samples that 

were taken in the current study were collected at 5 hours post mixture ingestion as was done by 

Palmour et al. (1998), the declines in CSF HVA and MHPG concentrations might have been more 

similar to the values that were obtained by Palmour et al. (1998). A future study should be done to 

investigate this issue.  

The biochemical results obtained in this study are also generally comparable to the findings 

of prior studies in human subjects (Ellis et al., 2005; Kelm and Boettiger, 2013; Harmer et al., 2001; 
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Harrison et al., 2004; Linssen et al., 2011; Lythe et al., 2005; Moja et al., 1996; Ramdani et al., 2015; 

Sheehan et al., 1996). For instance, in a study with healthy male and female volunteers, Lythe et al. 

(2005) found that relative to baseline, plasma Tyr and Phe concentrations decreased by 72.1 and 

85.7%, respectively, four hours after administration of the ATPD mixture. Compared to the BAL 

mixture, plasma Tyr concentrations decreased by 89.7% and plasma Phe levels reduced by 96.96% at 

four hours post ingestion of the ATPD mixture (Lythe et al., 2005). In healthy women, Harrison et 

al. (2004) observed that 5 hours after administration of the ATPD mixture, plasma Tyr and Phe 

concentrations decreased by 63.8% and 80.6%, respectively compared to baseline. We calculated 

that compared to the BAL mixture, plasma Tyr concentrations decreased by 83.48% and Phe levels 

lowered by 89.16% in the participants at five hours after ingestion of the ATPD mixture (Harrison et 

al., 2004; calculations made from values presented in their Table 1). Furthermore, Harrison et al. 

(2004) found that plasma Trp concentrations increased by 35.46% at five hours following 

administration of the ATPD mixture relative to the BAL mixture; this is comparable to what we 

observed in the present study. In healthy human participants, Harmer et al. (2001; their Figure 1) 

found plasma prolactin levels to increase by 50% at four hours post ingestion of the ATPD mixture 

relative to baseline, which is similar to what was observed in the current study.  

As the brain entry of Tyr and Phe is determined by competition with the other LNAAs for 

sites on the BBB LNAAA transporter, some studies (e.g., Ellis et al., 2005; Harmer et al., 2001; 

Linssen et al., 2011; Lythe et al., 2005) have used the ratio of Tyr and Phe levels to the 

concentrations of the other LNAAs (Tyr and Phe/ΣLNAA) in plasma/serum as an indicator of the 

impact of ATPD on brain catecholamines. The Tyr and Phe/ΣLNAA ratio is calculated by summing 

the Tyr and Phe plasma/serum concentrations and then dividing by the sum of the concentrations of 

the other LNAAs. In healthy humans, Lythe et al. (2005) found that the Tyr and Phe/ΣLNAA ratio 

decreased by 97.2% at four hours post ingestion of the ATPD mixture relative to baseline. Linssen et 

al. (2011) observed that the Tyr and Phe/ΣLNAA ratio lowered by 62% at seven hours post ingestion 
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of the ATPD mixture compared to baseline. The Tyr and Phe/ΣLNAA ratio was not determined in 

the current study as research by Grimes et al. (2009), which examined the effects of chronic protein 

intake on plasma and CSF concentrations of LNAAs in rhesus macaques, found that changes in brain 

influx values of Phe did not mirror changes in CSF Phe concentrations. Brain influx refers to the 

ratio of the plasma concentration of each LNAA (in this case Phe) to the sum of the concentrations 

of the other LNAAs; unlike the Tyr and Phe/ΣLNAA ratio, brain influx takes into account the 

affinity of each LNAA for the LNAA transporter. Grimes et al. (2009) found that brain influx values 

of Tyr predicted the observed CSF Tyr concentrations. In a study with humans and vervet monkeys, 

Bongiovanni et al. (2016) found that the baseline serum ratio of Phe to the other LNAAs (this ratio 

did not account for transporter affinity) and brain influx values of Phe did not significantly correlate 

with baseline CSF Phe concentrations. The baseline serum ratio and brain influx of Tyr significantly 

correlated with CSF Tyr levels. Based on these findings, Bongiovanni et al. (2016) suggested that the 

concentrations of LNAAs in the brain should not be estimated on the basis of plasma/serum indices 

alone.  

Analyses of the correlational relationships between peripheral and/or central concentrations 

of the catecholamine precursors (Tyr and Phe) and metabolites (HVA and MHPG), norepinephrine, 

and prolactin, further showed that the ATPD mixture led to changes in brain catecholamine synthesis 

and function. Specifically, DBS and plasma concentrations of Tyr and Phe strongly correlated with 

CSF Tyr and Phe levels. DBS, plasma and CSF Phe concentrations were found to positively correlate 

with CSF norepinephrine and MHPG concentrations. CSF norepinephrine strongly correlated with 

CSF HVA and had a moderate correlation with CSF MHPG. A strong negative correlation was 

found between plasma prolactin and CSF HVA, which indicates a reduction in the activity of brain 

dopamine following ingestion of the ATPD mixture. Plasma norepinephrine, which was used as a 

secondary measure of brain norepinephrine activity as it reflects centrally regulated peripheral 

sympathetic activity (Koenigsberg et al., 2004), was found to positively correlate with CSF 
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norepinephrine and MHPG concentrations. This finding suggests that the ATPD mixture induced 

changes in brain norepinephrine activity.  

Given that the rate limiting step in the synthesis of catecholamines is the conversion of Tyr 

to L-DOPA by the tyrosine hydroxylase enzyme (Brodnik et al., 2012), it is surprising that peripheral 

and central concentrations of Phe correlated with brain markers of catecholamine synthesis and 

function more so than peripheral and central concentrations of Tyr. These unexpected findings could 

be explained by the fact that Phe has a much higher affinity for the BBB LNAA transporter than Tyr 

and occupies more sites on the transporter than Tyr under normal plasma concentrations (Smith et 

al., 1987). Phe is also a substrate for tyrosine hydroxylase (it converts Phe to Tyr) and while Tyr is 

the preferred substrate for tyrosine hydroxylase and the enzyme that normally converts Phe to Tyr, 

phenylalanine hydroxylase is not present in the brain (Abita et al., 1974), changes in Phe 

concentrations can affect catecholamine synthesis under conditions of abnormally low Tyr levels 

(Fernstrom and Fernstrom, 2007). Since the ATPD mixture induced a condition in which Tyr 

concentrations were much lower than normal, it is possible that changes in Phe levels impacted 

catecholamine synthesis more so than changes in Tyr concentrations.  

To our knowledge this is the first study that has analyzed the correlational relationships 

between peripheral concentrations of the catecholamine precursors, Tyr and Phe and brain markers 

of catecholamine synthesis and function (e.g., CSF norepinephrine, MHPG and HVA levels), 

following ingestion of the ATPD and the BAL mixtures. Previous studies (e.g., Bongiovanni et al., 

2016; Roy et al., 1998; Young and Ervin, 1984) that have investigated these correlational 

relationships have generally done so under normal physiological conditions. From these studies, 

plasma Tyr has been observed to significantly correlate with CSF Tyr concentrations in NHP 

(Bongiovanni et al., 2016). CSF Tyr has been found to correlate with CSF HVA and MHPG levels in 

vervet monkeys (Young and Ervin, 1984). Plasma Phe concentrations have been observed to 

correlate with CSF Phe in NHP (Bongiovanni et al., 2016). Plasma norepinephrine has been found to 
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correlate with CSF norepinephrine and MHPG in humans (Roy et al., 1988). CSF HVA has been 

reported to significantly correlate with CSF MHPG (Young and Ervin, 1984) and CSF 5-HIAA in 

primates (Agren et al., 1986; Riddle et al., 1986; Rogers et al., 2004; Weinberg-Wolf et al., 2018; 

Young and Ervin, 1984).  

In children treated for leukemia who were in complete remission and did not show any signs 

of neurological disease or treatment-related complications, Riddle et al. (1986) found that CSF levels 

of the monoamine precursors (Tyr and Trp) correlated strongly with each other. CSF concentrations 

of the monoamine metabolites (HVA and 5-HIAA) also correlated highly with one another. 

However, the correlations between the concentrations of the monoamine precursors and metabolites 

were weaker. We found similar results in the current study in that, CSF levels of Tyr and Phe 

strongly correlated with each other, while the correlations between these precursors and CSF 

concentrations of HVA and MHPG were much weaker.  

It is unknown if correlational relationships between peripheral and central Phe 

concentrations and other markers of brain catecholamine synthesis and function have been examined 

in previous research. Future studies should be done to investigate these correlations. More studies are 

needed to investigate the correlational relationships between peripheral and central concentrations of 

Tyr and Phe and other markers of brain catecholamine synthesis and function following the ATPD 

and BAL mixtures. Future studies are also needed to clarify if changes in Phe concentrations affect 

catecholamine synthesis and activity more so than variations in Tyr levels under conditions of 

abnormally low Tyr concentrations.  

4.5.1 Limitations 

A more accurate measure of the impact of the ATPD mixture on CSF concentrations of 

norepinephrine, Tyr, Phe, HVA, MHPG, prolactin, Trp, and 5-HIAA could have been obtained by 

comparing CSF concentrations of these biochemicals at 3 hours post ATPD mixture ingestion to 

baseline concentrations. However, due to animal welfare concerns, we did not obtain baseline CSF 
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samples from the animals. A subsequent study could employ chronic CSF collection techniques to 

make it possible to obtain baseline CSF samples from the cisterna magna without risking the welfare 

of the animals.  

The present study is limited by the fact that we examined the impact of the amino acid 

mixtures on brain catecholamine synthesis and function indirectly through analysis of the 

concentrations of norepinephrine and the catecholamine precursors and metabolites in cisternal CSF. 

While CSF concentrations of norepinephrine and the catecholamine precursors and metabolites have 

been found to be useful as indices of brain catecholamine activity in many studies (e.g., Bongiovanni 

et al., 2016; Elsworth et al., 1987; Greene and Faull, 1989; Grimes et al., 2009; Riddle et al., 1986), 

variations in CSF concentrations of these biochemicals might not accurately reflect changes in their 

levels in every brain area. It is possible that the ATPD mixture had differential effects on lowering 

catecholamine concentrations in different brain regions. However, we could not determine this as the 

CSF data does not provide any information about the effects of ATPD on specific brain regions. 

Future studies need to be done to examine the impact of the ATPD and BAL mixtures on 

concentrations of catecholamines and/or their precursors and metabolites in specific brain regions of 

rhesus macaques.  

This study can also be criticized based on the fact that the ATPD mixture only produced 

small reductions in CSF norepinephrine (13.99%), MHPG (12.73%) and HVA (3.86%) 

concentrations. However, these results are not disimilar to the findings of previous studies in the 

literature (see Biggio et al., 1976; also see Palmour et al., 1998). In vervet monkeys, Palmour et al. 

(1998) found CSF HVA and MHPG concentrations to only lower by 27.4% and 26.9%, respectively 

at 5 hours after administration of the ATPD mixture compared to the BAL mixture. In the rat caudate 

nucleus, Biggio et al. (1976) found that while concentrations of Tyr, HVA and DOPAC (a metabolite 

of dopamine) maximally decreased by 73%, 50% and 30%, respectively at two hours after 

administration of the ATPD mixture, dopamine levels remained unchanged during this time. In fact, 
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at no time within the 8 hour time period that they collected samples from the animals did dopamine 

concentrations change in the caudate nucleus (Biggio et al., 1976). While dopamine levels were 

found to be unchanged, cAMP concentrations decreased by 28% at two hours post ingestion of the 

ATPD mixture; cAMP in the caudate nucleus is associated with striatal adenylate cyclase activity 

which is considered to be strictly connected to the postsynaptic dopamine receptor in the caudate 

nucleus. Biggio et al. (1976) suggested that the reduction in cAMP, HVA and DOPAC reflected a 

decrease in a functionally relevant pool of dopamine in the caudate nuleus. Hence, while the ATPD-

induced reductions in norepinephrine, HVA and MHPG concentrations were small in the current 

study, these decreases may reflect reductions in functionally relevant pools of dopamine and 

norepinephrine. This is supported by the findings that the ATPD mixture led to a large increase in 

plasma prolactin concentrations and to a moderate decrease in plasma norepinephrine levels, which 

were used as secondary measures of brain dopamine and norepinephrine activity, respectively.   

4.5.2 Conclusion 

 In summary, the ATPD mixture was effective at depleting peripheral and central 

concentrations of Tyr and Phe in rhesus macaques, compared to the BAL mixture. The ATPD 

mixture also led to reductions in central norepinephrine, HVA and MHPG concentrations as well as 

to an increase in plasma prolactin and a decrease in plasma norepinephrine levels. Variations in 

peripheral and central concentrations of Phe were found to correlate with changes in brain 

norepinephrine and MHPG concentrations. Changes in central norepinephrine concentrations 

correlated with changes in central HVA and MHPG levels. Plasma prolactin correlated with brain 

HVA concentrations. Correlational relationships were also found between changes in plasma 

norepinephrine and central norepinephrine and MHPG concentrations. These results indicate that the 

ATPD mixture was effective at impairing brain catecholamine synthesis and function in rhesus 

macaques.  
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4.7 Tables and Figures 

 

 
Figure 4.1: Pathways of Catecholamine Synthesis and Metabolism. Catecholamines are 

synthesized from the dietary amino acids tyrosine (Tyr) and phenylalanine (Phe). The enzyme 

phenylalanine hydroxylase converts Phe to Tyr, which is converted to L-DOPA (l-3,4-

dihydroxyphenylalanine) by the tyrosine hydroxylase enzyme. The cofactor for phenylalanine 

and tyrosine hydroxylase is BH4 (tetrahydrobiopterin); BH4 is converted to qBH2 (quinonoid 

dihydrobiopterin) during the process. The aromatic amino acid decarboxylase enzyme converts 

L-DOPA to dopamine, which is converted to norepinephrine by the dopamine β-hydroxylase 

enzyme. Norepinephrine is transformed to epinephrine by the enzyme, PNMT 

(phenylethanolamine-N-methyltransferase). The pathways of metabolism of dopamine and 

norepinephrine are shown in blue and green, respectively. In the metabolism of dopamine, the 

monoamine oxidase (MAO) enzyme deaminates dopamine to DOPAL (3,4-

dihydroxyphenylacetaldehyde). DOPAL, which is a short-lived intermediate, undergoes further 

metabolism as it is converted to DOPAC (3,4-dihydroxyphenylacetic acid) by the enzyme 

aldehyde dehydrogenase. The catechol-O-methyltransferase (COMT) enzyme deaminates 

DOPAC to HVA (homovanillic acid). In the metabolism of norepinephrine, MAO deaminates 

norepinephrine to DOPEGAL (3,4-dihydroxyphenylglycolaldehyde; short-lived intermediate). 

DOPEGAL is converted to DHPG (3,4-dihydroxyphenylglycol) by the aldehyde reductase 

enzyme. The COMT enzyme deaminates DHPG to MHPG (3-methoxy-4-

hydroxyphenylglycol) (see Eisenhofer et al., 2004; also see Langlais et al., 1985). 
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Table 4.1: Composition of Amino Acids in the ATPD Mixture. The amount of each amino 

acid in the mixture was based on how much each animal would ingest if they consumed 0.55% 

of their body weight in high protein monkey chow (LabDiet 5045).  

Amino Acid Monkey B 

(amount g) 

Monkey F 

(amount g) 

Monkey D 

(amount g) 

Monkey P 

(amount g) 

Monkey X 

(amount g) 

Tryptophan 0.152 0.095 0.152 0.190 0.095 

Threonine 0.480 0.300 0.480 0.600 0.300 

Isoleucine 0.652 0.408 0.652 0.815 0.408 

Leucine 1.259 0.787 1.259 1.574 0.787 

Lysine 0.617 0.386 0.617 0.771 0.386 

Methionine 0.243 0.152 0.243 0.303 0.152 

Cysteine 0.187 0.117 0.187 0.234 0.117 

Valine 0.662 0.414 0.662 0.828 0.414 

Arginine 0.728 0.455 0.728 0.910 0.455 

Histidine 0.308 0.193 0.308 0.386 0.193 

Alanine 0.753 0.471 0.753 0.942 0.471 

Aspartic acid 1.315 0.822 1.315 1.643 0.822 

Glutamic acid 3.109 1.943 3.109 3.887 1.943 

Glycine 0.536 0.335 0.536 0.670 0.335 

Proline 1.082 0.676 1.082 1.352 0.676 

Serine 0.718 0.449 0.718 0.897 0.449 
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Table 4.2: Composition of Amino Acids in the BAL Mixture. The amount of each amino 

acid in the BAL mixture was based on how much each animal would ingest if they consumed 

0.55% of their body weight in high protein monkey chow (LabDiet 5045). Unlike the ATPD 

mixture, the BAL mixture contained Tyr and Phe. 

Amino Acid Monkey B 

(amount g) 

Monkey F 

(amount g) 

Monkey D 

(amount g) 

Monkey P 

(amount g) 

Monkey X 

(amount g) 

Tryptophan 0.152 0.095 0.152 0.190 0.095 

Threonine 0.480 0.300 0.480 0.600 0.300 

Isoleucine 0.652 0.408 0.652 0.815 0.408 

Leucine 1.259 0.787 1.259 1.574 0.787 

Lysine 0.617 0.386 0.617 0.771 0.386 

Methionine 0.243 0.152 0.243 0.303 0.152 

Cysteine 0.187 0.117 0.187 0.234 0.117 

Valine 0.662 0.414 0.662 0.828 0.414 

Arginine 0.728 0.455 0.728 0.910 0.455 

Histidine 0.308 0.193 0.308 0.386 0.193 

Alanine 0.753 0.471 0.753 0.942 0.471 

Aspartic acid 1.315 0.822 1.315 1.643 0.822 

Glutamic acid 3.109 1.943 3.109 3.887 1.943 

Glycine 0.536 0.335 0.536 0.670 0.335 

Proline 1.082 0.676 1.082 1.352 0.676 

Serine 0.718 0.449 0.718 0.897 0.449 

Tyrosine 0.470 0.294 0.470 0.588 0.235 

Phenylalanine 0.662 0.414 0.662 0.828 0.331 
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Figure 4.2: Outline of Experimental Procedures for the Time Course Study and the CSF 

and Plasma Sampling Experiment 
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Figure 4.3: Phe/Tyr Ratio. The first figure shows the animals’ Phe/Tyr ratio in the no-vehicle 

control sessions. The second figure shows the animals Phe/Tyr ratio at baseline and three hours 

post ingestion of the BAL mixture across all the experiments that they were tested with the 

BAL mixture. The third figure depicts the animals’ Phe/Tyr ratio at baseline and three hours 

after ingestion of the ATPD mixture across the experiments that they were administered the 

ATPD mixture. Monkey F’s Phe/Tyr ratio was greater than 1.30 in the no-vehicle control 

sessions as well as in the BAL and ATPD sessions. Individuals with Phe/Tyr ratio that is 

greater than 1.30 likely have slow or deficient phenylalanine hydroxylase. 

 

 

 

 

 
 

Figure 4.4: Relative Change in DBS Tyr and Phe Concentrations in the ATPD Mixture 

Sessions of the Time Course Study. All changes are relative to the BAL mixture. The light 

green lines show the change in DBS Tyr concentrations at baseline and every hour for up to 6 

hours. The dark green lines depict the relative change in DBS Phe levels at baseline and every 

hour for up to 6 hours. DBS Tyr and Phe concentrations decreased by about 80% across the 

three animals at 3 hours post ingestion of the ATPD mixture compared to the BAL mixture (t-

test, p < 0.001). 
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Figure 4.5: Relative Change in DBS Tyr and Phe Concentrations in the ATPD Mixture 

Sessions of all the Experiments. All changes are relative to the BAL mixture. The light green 

lines show the relative change in DBS Tyr concentrations during each session of the behavioural 

task experiment for monkey B and monkey F. The light green bars show the average change in 

DBS Tyr concentrations in the behavioural task experiment for monkey B and monkey F. The 

dark green lines depict the change in DBS Phe levels in each session of the behavioural task 

experiment for monkey B and monkey F. The dark green bars show the average change in DBS 

Phe levels in the behavioural task experiment in monkey B and monkey F. The dashed black 

lines depict the change in DBS Tyr concentrations and the solid black lines show the change in 

DBS Phe concentrations in the time course study for monkey B, monkey F and monkey P. The 

dashed grey lines and the solid grey lines depict the change in DBS Tyr and Phe concentrations, 

respectively on the days that plasma and CSF were sampled from monkey F, monkey D and 

monkey X. The dashed red line depicts the average change in DBS Tyr concentrations across all 

the animals and all the experiments. The solid red line shows the average change in DBS Phe 

concentrations across all the animals, in all the experiments. 
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Figure 4.6: Relative Change in Plasma and CSF Levels of the Biochemicals. The first 

figure depicts the percentage change in plasma concentrations of Tyr, Phe, Trp, prolactin, and 

norepinephrine at 3 hours post ingestion of the ATPD mixture compared to the BAL mixture. 

The second figure shows the percentage change in CSF levels of Tyr, Phe, Trp, prolactin, 

norepinephrine, MHPG, HVA, and 5-HIAA at 3 hours after administration of the ATPD 

mixture relative to the BAL mixture. The data is from 3 female Chinese rhesus monkeys.  
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Table 4.3: Correlations Between Levels of Peripheral and CSF Markers of Monoamines. 

Values in the table are Pearson correlation coefficients (r).  

 

 CSF 

Tyr 

CSF  

Phe 

CSF 

NE 

CSF 

Prol. 

CSF 

HVA 

CSF 

MHPG 

CSF 

Trp 

CSF 

5HIAA 

Plasma 

Prol. 

DBS 

Phe 

0.60 

 

0.96 

 

0.73 

 

-0.38 

 

-0.34 

 

0.64 

 

-0.33 

 

-0.33 

 

0.09 

 

Plasma 

Phe 

0.65 

 

0.97 

 

0.70 

 

-0.34 

 

-0.31 

 

0.58 

 

-0.32 

 

-0.29 

 

0.04 

 

DBS 

Tyr 

0.97 

 

0.85 

 

0.17 

 

-0.19 

 

-0.04 

 

0.14 

 

-0.35 

 

0.08 

 

-0.35 

 

Plasma  

Tyr 

0.97 

 

0.80 

 

0.10 

 

-0.13 

 

0.01 

 

0.06 

 

-0.31 

 

0.14 

 

-0.40 

 

Plasma 

NE 

0.55 

 

0.83 

 

0.41 

 

-0.18 

 

-0.08 

 

0.89 

 

-0.14 

 

0.01 

 

-0.16 

 

Plasma 

Trp 

-0.42 

 

-0.39 

 

-0.13 

 

0.52 

 

0.10 

 

0.00 

 

0.89 

 

0.38 

 

-0.28 

 

Plasma 

Prol. 

-0.47 -0.10 0.68 -0.78 -0.81 -0.04 -0.55 -0.96  
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Table 4.4: Correlations Between Concentrations of CSF Markers of Monoamines. 

Correlations between plasma prolactin levels and CSF concentrations of monoamine markers are 

also given in the table. Values presented are Pearson correlation coefficients (r). 

 

 CSF 

Tyr 

CSF  

Phe 

CSF 

NE 

CSF 

Prol. 

CSF 

HVA 

CSF 

MHPG 

CSF 

Trp 

CSF 

5HIAA 

Plasma 

Prol. 

CSF  

Tyr 

 0.81 -0.003 

 

-0.10 

 

0.13 

 

0.16 

 

-0.35 

 

0.22 

 

-0.47 

 

CSF 

Phe 

  0.53 -0.32 

 

-0.21 

 

0.53 

 

-0.37 

 

-0.16 

 

-0.10 

 

CSF 

NE 

   -0.63 -0.77 

 

0.40 

 

-0.35 

 

-0.81 

 

0.68 

 

CSF 

Prol. 

    0.89 -0.16 

 

0.81 

 

0.83 

 

-0.78 

 

CSF 

HVA 

     -0.19 0.49 

 

0.84 

 

-0.81 

 

CSF 

MHPG 

      0.10 0.01 

 

-0.04 

 

CSF 

Trp 

       0.66 -0.55 
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Chapter 5 

The effects of catecholamine precursor depletion on working memory and 

the activational aspects of motivation in rhesus macaques 
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5.1 Abstract 

While catecholamines are thought to be important for cognition, studies that have investigated the 

role of catecholamines in cognitive skills such as working memory have produced equivocal results. 

The aim of this study was to examine the role of catecholamines in working memory and 

behavioural activation in two adult female rhesus macaques (Chinese Macaca mulatta) using acute 

tyrosine phenylalanine depletion (ATPD) to impair catecholamine neurotransmission. A visual 

sequential comparison (VSC) task was used to assess working memory. Behavioural activation was 

assessed using reaction time, saccade peak velocity, trial completion, trial initiation, trial initiation 

time, and anticipatory trial initiation in the VSC task. A visual progressive ratio (PR) schedule of 

reinforcement task was also used to assess behavioural activation. For each animal, data from at least 

5 ATPD sessions were compared to data from at least 5 BAL mixture sessions as well as >50 no-

vehicle control sessions. The animals were assessed on the VSC and PR tasks at 3 hours after 

ingestion of the mixture. Dried blood spot (DBS) samples were obtained from the animals at baseline 

and at around 3 and 5 hours post mixture ingestion (i.e. right before and after the VSC and PR tasks) 

to assess the impact of the mixtures on DBS levels of Tyr and Phe. The ATPD mixture led to marked 

decreases in DBS Tyr and Phe concentrations, which coupled with our previous findings of reduced 

CSF markers of catecholamines after ATPD treatment (Chapter 4), indicate that ATPD impaired 

central catecholamine activity. The impact of ATPD on working memory was weak and the effect 

was in only one animal. ATPD significantly worsened behavioural activation as it impaired trial 

completion, trial initiation, trial initiation time, and anticipatory trial initiation in both animals. The 

ATPD mixture impaired reaction time and saccade peak velocity in one of the animals but not the 

other animal, indicating that the mixture affected one animal more than the other. Following ATPD, 

the breakpoint lowered in one animal and the other animal aborted more trials at each ratio in the PR 

task compared to the no-vehicle control. Overall, our findings suggest that catecholamines play an 

important role in behavioural activation but do not have a significant influence on working memory.  
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5.2 Introduction 

5.2.1 ATPD and Working Memory 

The acute tyrosine phenylalanine depletion (ATPD) technique has been used to study the 

relationship between catecholamines and various behaviours (see Barrett et al., 2008; Harrison et al., 

2004; Linssen et al., 2011; Palmour et al., 1998; Vrshek-Schallhorn et al., 2013). Here, we employed 

this technique to investigate the role of catecholamines in working memory and the activational 

aspects of motivation (speed, vigour and persistence). Similar to atomoxetine (ATX), 

methylphenidate (MPH) and other treatments that influence catecholamine neurotransmission, 

findings with respect to the effects of the ATPD mixture on cognitive skills such as working memory 

have been inconsistent. Harrison et al. (2004) examined the impact of the ATPD mixture on spatial 

and verbal working memory, long-term memory, attention, and perceptual processing in healthy 

adult women. Each participant completed three experimental sessions: (i) ATPD mixture, (ii) BAL 

mixture and (iii) an acute tryptophan depletion (ATD) mixture that targeted serotonin synthesis. 

During each session, the participants were tested on the cognitive tasks at baseline and 5 hours 

following ingesting of the amino acid mixtures. Harrison et al. (2004) found that the ATPD treatment 

significantly impaired performance on the spatial working memory task (i.e. modified version of the 

Sternberg 1966 maintenance task for working memory) compared to the BAL and ATD mixtures; 

the impact of the BAL and ATD mixtures on spatial working memory were not significantly 

different from each other. The ATPD mixture did not have a significant impact on the other 

cognitive tasks. Harmer et al. (2001) studied the effects of the ATPD mixture on a battery of 

cognitive tests (including spatial working memory) in CANTAB using healthy human subjects. They 

found that compared to the BAL mixture, the ATPD mixture impaired spatial working memory task 

performance. ATPD also worsened the participants’ performance on a spatial recognition memory 

task but did not lead to significant changes in performance on other cognitive tasks including pattern 

recognition and information processing (Harmer et al., 2001).  
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 In a study with healthy human subjects, Mehta et al. (2005) found that the ATPD mixture 

did not produce significant changes in spatial working memory task performance compared to the 

BAL mixture. However, there was a significant relationship between changes in accuracy on the 

spatial working memory task and changes in striatal dopamine levels (assessed using PET imaging) 

after ingestion of the ATPD mixture relative to the BAL mixture. The findings of Mehta et al. (2005) 

indicate that dopamine may play a role in modulating working memory. However, the ATPD 

mixture might have not produced a strong enough effect on dopamine synthesis to impact working 

memory task performance. Linssen et al. (2011) investigated the influence of ATPD on working 

memory in healthy participants using the Sternberg (1966) memory scanning task. They also 

assessed the impact of the mixture on electrophysiological correlates of working memory. Compared 

to the BAL mixture, the ATPD mixture had a significant effect on event-related potentials (ERPs) 

during the working memory task, but did not have a significant impact on accuracy or reaction time 

on the task. The effects of the ATPD mixture on spatial working memory and task-related regional 

cerebral blood flow (rCBF) were examined by Ellis et al. (2007) in healthy human subjects. Spatial 

working memory was assessed using an n-back task, a spatial delayed-recall task and a spatial 

delayed-recognition task. rCBF was assessed using PET imaging during performance of the n-back 

task. Relative to the BAL mixture, the ATPD mixture reduced rCBF in the pons, medial frontal 

gyrus and right inferior temporal gyrus. The ATPD mixture increased rCBF in the putamen, 

parahippocampal gyrus and left inferior frontal gyrus. In spite of these changes in rCBF, the mixture 

did not have a significant influence on accuracy or reaction time in all three of the working memory 

tasks.  

Other studies (e.g., Ellis et al., 2005; McLean et al., 2004; Roiser et al., 2005) have also 

failed to observe ATPD-related working memory deficits in human subjects. Ellis et al. (2005) 

investigated the effects of ATPD on spatial working memory using a spatial n-back task and the 

modified version of the Sternberg (1966) task that was used by Harrison et al (2004). Ellis et al. 



 

215 

 

(2005) also examined whether stimulation of dopamine receptors (using the D1/D2 receptor agonist 

pergolide) under conditions of ATPD would attenuate or reverse ATPD-induced impairment of 

working memory. Relative to the BAL mixture, the ATPD alone treatment did not have a significant 

effect on performance in any of the working memory tasks. The ATPD plus pergolide treatment led 

to significant impairment in working memory, which is contrary to the expectation that pergolide 

would improve working memory under conditions of ATPD. Ellis et al. (2005) suggested that 

pergolide may have acted differently in a dopamine depleted state as it has been shown (see Abi-

Dargham and Moore, 2003) that phasic release of dopamine within a dopamine-depleted system may 

overstimulate D1 or D2 receptors due to sensitization and postsynaptic effects of D1 receptors are 

complex and can be excitatory or inhibitory, depending on the functional status of the neuron (see 

Yang et al., 1999). Further studies are needed to test the replicability of the Ellis et al. (2005) 

findings and to elucidate the neural mechanisms whereby treatment with ATPD plus pergolide leads 

to impaired working memory.  

Overall, these studies show that the ATPD mixture has an inconsistent effect on working 

memory. The findings of these studies also suggest that either the ATPD mixture does not produce 

strong enough effects to consistently influence behaviour or that catecholamines do not play an 

important role in working memory.  

5.2.2 ATPD and the Activational Aspects of Motivation 

The ATPD method has been used to study the relationship between catecholamine function 

and mood (Leyton et al., 2000; McLean et al., 2004; Vrshek-Schallhorn et al., 2006). However, very 

few studies have examined the impact of the mixture on factors that can be seen as part of the 

activational aspects of motivation. Cawley et al. (2013) studied the effects of decreasing dopamine 

synthesis on motivation in healthy women with mild seasonal mood changes under either bright or 

dim light conditions. Motivation was measured using a PR task that offered the participants the 

chance to work for $5.00 amounts up to a maximum of $50.00 (10 reward units), under a PR 
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schedule of reinforcement. The average PR breakpoint achieved by the participants in the ATPD 

condition was significantly lower than that achieved in the BAL condition. These findings indicate 

that the ATPD mixture had a negative impact on the participants’ behavioural activation.  

 O’Hara et al. (2016) used the ATPD method to investigate the role of dopamine on the 

motivation to engage in behaviours associated with anorexia nervosa. Specifically, they tested the 

effects of the ATPD mixture on the drive to exercise in people who had recovered from anorexia 

nervosa and healthy controls using a PR exercise breakpoint task. In this PR task, the participants 

were given the opportunity to exercise (Xbox 360, Your Shape: Fitness Evolved 2012) on a 

computerized PR schedule. The participants were rewarded with 3 minutes of exercise after 

completing each ratio. Each session lasted for 30 minutes. The participants were made aware that 

they were not required to engage in the task, but they were required to remain in the testing room for 

30 minutes whether or not they used the time to do the task. The participants who had recovered 

from anorexia nervosa had higher PR exercise breakpoints than the healthy controls in both the BAL 

and ATPD conditions. Both groups were found to work for the opportunity to exercise, indicating 

that the physical activity had a greater reinforcing value than inactivity under the study conditions 

(O’Hara et al., 2012). Compared to the BAL mixture, the ATPD treatment resulted in a significant 

decrease in PR breakpoint in the healthy controls. This effect was not seen in the participants who 

had recovered from anorexia nervosa. These findings suggest that the ATPD mixture impairs 

behavioural activation in healthy individuals but might not have the same effect in people with health 

conditions like anorexia nervosa.  

 Barrett et al. (2008) used the ATPD mixture to examine the role of dopamine in alcohol self-

administration in adult males. The participants were able to earn up to 10 drinks of alcohol or water 

reward by engaging in a PR schedule of reinforcement task following administration of the ATPD 

mixture in one session, ATPD + L-DOPA in a separate session, and the BAL mixture in another 

session. The participants could also choose to not engage in the task but had to remain in the testing 
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room until the session was completed; each session was 2 hours in duration. Barrett et al. (2008) 

found that administration of L-DOPA did not affect the degree to which Tyr and Phe were depleted 

by the ATPD mixture. The PR breakpoint for the alcohol reward significantly decreased following 

the ATPD and ATPD+L-DOPA treatments compared to the BAL mixture. However, between the 

three mixture conditions, there were no significant differences in the PR breakpoints for the water 

reward. Overall, these studies suggest that the ATPD mixture has a negative impact on behavioural 

activation.  

5.2.3 Study Aims and Hypotheses 

The goal of this study was to determine the effects of decreasing catecholamine synthesis on 

working memory and the activational aspects of motivation using ATPD. Working memory and 

behavioural activation were assessed using the VSC task. The animals’ accuracy on the VSC task 

was used to measure working memory. To assess the activational aspects of motivation on the VSC 

task, we analyzed the animals’ reaction time, trial initiation time, saccade peak velocity, successful 

trial initiation, successful trial completion, and anticipatory trial initiation in the VSC task. Reaction 

time and trial initiation time in the VSC task both reflect speed, saccade peak velocity and 

anticipatory trial initiation indicate vigour, and trial initiation and completion reflect the persistence 

of motivated behaviour, which are all part of the activational aspects of motivation. The impact of 

ATPD on behavioural activation was also assessed using the animals’ breakpoints on a visual PR 

task as well as the proportion of aborted trials at each ratio in the PR task. A lower PR breakpoint 

and a higher proportion of aborted trials (i.e. less successful trial completion) would both indicate a 

reduction in the persistence of motivated behaviour. We hypothesized that decreasing the synthesis 

of catecholamines via the use of the ATPD mixture would significantly impair working memory and 

behavioural activation in the animals.  

5.3 Materials and Methods 

5.3.1 Subjects 
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Two adult female rhesus macaques (Chinese Macaca mulatta; 6.0-9.0 kg; 20 years old) were 

used in this research. The animal care and experimental protocols were approved by the Queen’s 

University Animal Care Committee and were in accordance with the Canadian Council on Animal 

Care guidelines. Both animals were used in the experiments that have been previously described in 

this thesis (see Chapters 2, 3 and 4) and in previous studies in the lab (Oemisch et al., 2016; Thurston 

and Paré, 2016). The animals have undergone surgery for implantation of a head restraint and 

subconjunctival search coils to monitor eye position (Shen and Paré, 2006). During the behavioural 

tasks, monkey F’s gaze was monitored using the search coils. However, as the search coils in 

monkey B had stopped working prior to this study, monkey B’s gaze was monitored using an 

infrared eye-camera system (Eyelink II, SR Research) running on a Dell Dimension 8300 computer 

with a sampling rate of 500 Hz. Both animals were housed in a large enclosure and were given 

analgesics and antibiotics in the post-operative recovery period of the head and search coil 

implantation surgeries. The animals were trained with positive reinforcement and operant 

conditioning to perform saccade and fixation tasks for a liquid reward until satiation. Water was used 

as a reward and motivator in the experimental tasks. The experimenters, animal care staff and 

university veterinarians closely monitored the animals to ensure that the experiments did not 

compromise their health. To make sure that the animals stayed within a healthy weight range, their 

body weights were recorded prior to each lab session.  

5.3.2 Amino Acid Mixture Composition 

The animals were tested with an ATPD mixture that was based on the amino acids in high 

protein monkey chow (LabDiet 5045) that is part of the animals’ normal diet. The ATPD mixture 

consisted to tryptophan, threonine, isoleucine, leucine, lysine, methionine, cysteine, valine, arginine, 

histidine, alanine, aspartic acid, glutamic acid, glycine, proline, and serine. The animals were also 

tested with a BAL mixture that served as a control. The BAL mixture contained the same amino 

acids as the ATPD mixture but also included Tyr and Phe. The amino acids in both the BAL and 
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ATPD mixtures were given in the amounts that each animal would intake if they consumed 0.55% of 

their body weight in high protein monkey chow (see Tables 5.1 and 5.2). Each mixture was brought 

up to a total of 40 ml with black currant juice as a vehicle.  

5.3.3 Experimental Procedures 

The effects of the amino acid mixtures on visual working memory and the activational 

aspects of motivation were assessed using a VSC task. Behavioural activation was also assessed 

using a PR task. The VSC and PR tasks are described in detail in Chapter 2 (see Figures 2.2 and 2.3). 

An outline of the experimental procedures is shown in Figure 5.1. The animals had months of 

training on the VSC and PR tasks and showed stable performance on the tasks prior to being tested 

with the amino acid mixtures. Both animals had previously demonstrated stable performance on the 

VSC task in more than 10,000 trials. Each animal had 5 VSC task sessions in which they were tested 

with the BAL mixture and 5 VSC task sessions that they were tested with the ATPD mixture. 

Monkey B completed 5 PR task sessions in which she was tested with the BAL mixture and 6 PR 

task sessions that she received the ATPD mixture. Monkey F completed 6 PR task sessions that she 

was tested with the BAL mixture and 5 PR task sessions that she received the ATPD mixture. The 

animals were assessed with either the BAL or ATPD mixture once per week, alternating between the 

two mixtures until they completed all the BAL and ATPD sessions. To counterbalance the order that 

the mixtures were tested between the animals, one animal (monkey B) was randomly chosen to start 

the experiment with an ATPD mixture session and the other animal (monkey F) started the 

experiment with a BAL session; the animals alternated between the ATPD and BAL mixtures based 

on the mixture that they were tested with first in this experiment. 

Two days prior to the day of each experiment, the animals were placed on a 48-hour special 

diet that was low in Tyr and Phe (Figure 5.1). This 48-hour special diet consisted of standard protein 

monkey chow (LabDiet 5038), carrots, Medjool dates, sweet potatoes, and red cabbage; the diet was 

formulated to provide each animal with the same number of calories as in their normal morning and 
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evening allotments of high protein monkey chow (LabDiet 5045). The study animal was brought to 

the lab at around 8:00 am on the day of the experiment. After being head restrained while seated in 

their primate chair, one of the animal’s ear (randomly chosen) was shaven and cleaned and xylocaine 

jelly was applied to a selected puncture site on the ear to numb the area for blood draw; the external 

ear was the ideal location for blood collection (see Lefevre et al., 2015, their Figure 1). Blood (50 µl) 

was drawn for the baseline DBS sample, 15 minutes after the xylocaine jelly was applied to the 

puncture site. A small amount of petroleum jelly was applied to the site to help the blood to pool in 

one area. A 24-gauge needle was used to puncture the area and a 1 ml syringe with an 18-gauge 

blunted needle was used to draw up the blood and deposit it on a filter paper (Whatman 903™). To 

minimize the possibility of collecting contaminated blood, the first drop of blood was systematically 

discarded.  

Right after the baseline DBS sample was drawn, the animal was given either the BAL or 

ATPD mixture, depending on which mixture they had to be tested with in that session. The mixture 

was administered through orogastric gavage (technique described in Chapter 4). The animal was 

monitored for coughing, regurgitation/vomiting and any signs of distress during and after the gavage 

procedure. Following administration of the amino acid mixture, the animal was returned to their cage 

until it was time to start the behavioural tasks. The start time of the behavioural tasks was chosen to 

be 3 hours post ingestion of the amino acid mixture. This start time was chosen as the time course 

study that was done in our lab, showed that DBS Tyr and Phe concentrations were maximally 

reduced at 3 hours after administration of the ATPD mixture, compared to baseline and the BAL 

mixture (Chapter 4). After being returned to their cage, the animal was fed a meal replacement diet 

(Figure 5.1) that was even lower in Tyr and Phe than the 48-hour special diet. The meal replacement 

diet consisted of carrots, Medjool dates, red cabbage, and sweet potatoes and was formulated to 

provide each animal with the amount of calories that they would consume if they ingested 0.55% of 

their body weight in high protein monkey chow (LabDiet 5045); this caloric value was chosen as it 
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was the estimated amount of each animal’s actual intake of their morning allotment of high protein 

monkey chow. The study animal was given the meal replacement diet throughout the day, until the 

end of the experimental session. 

Close to three hours after administration of either the BAL or the ATPD mixture, the 

animals were returned to the lab in their primate chair (Figure 5.1). A DBS sample was taken from 

one of the animal’s ears using the previously described procedures; typically, the sample was taken 

from the ear that we did not use for the baseline DBS sample. Precisely three hours following 

administration of either the BAL or the ATPD mixture, the animal began running on the PR task 

followed by the VSC task. The PR task was set up to precede the VSC task to prevent the water 

reward that the animals obtained during the VSC task from interfering with their performance on the 

PR task.  

The study animal worked on the VSC task until they consistently refused to initiate trials by 

not fixating on the fixation point for approximately 2-5 minutes despite encouragement (Oemisch et 

al., 2016). In a well-trained animal this moment is easy to identify and is associated with the point 

when the animal has received the amount of liquid that they usually work for in the behavioural 

sessions. On average, it took each animal about 10-15 minutes to complete the PR task and 

approximately one hour to complete the VSC task. During each experimental session, the animals 

usually completed a minimum of 600 trials on the VSC task. Upon completion of the VSC task in 

each BAL and ATPD session, a third DBS sample was taken from the ear capillary of the study 

animal before they were returned to their cage; this DBS sample was usually drawn from the ear that 

was used for the baseline DBS sample. At the end of the experiment, after completing the 

behavioural tasks, the animals were returned to their normal diet of high protein monkey chow 

(LabDiet 5045) and their usual fruits and treats.  

On the days that the animals were not tested with a BAL or ATPD mixture, they completed 

no-vehicle control sessions of the behavioural tasks. For the no-vehicle control sessions, the animals 
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ran on the behavioural tasks at the same time (usually at around 11:30 am) that they worked on these 

tasks in the ATPD and BAL mixture sessions. However, the animals were not brought to the lab in 

the early morning like they were on the ATPD and BAL session days. In the no-vehicle control 

sessions that proceeded a BAL or ATPD mixture day, DBS samples were taken from the animals 

right before they started the behavioural tasks. These samples were taken so that we could determine 

the animals’ normal DBS Tyr and Phe concentrations and compare them to their DBS Tyr and Phe 

levels from the samples that were taken in the BAL and ATPD mixture sessions.  

5.3.4 Chemical Analysis 

The filter paper that the DBS samples were collected on (Whatman 903TM) were left out 

overnight in the lab to dry at room temperature. The filter paper was then tightly wrapped and 

packaged in labelled Ziploc freezer bags. The Ziploc bags with the filter paper were then stored in a  

-20°C freezer before they were shipped by courier to Newborn Screening Ontario (NSO) for 

chemical analysis. DBS Tyr and Phe concentrations were analyzed by NSO using tandem mass 

spectrometry (MS/MS). The procedures for sample preparation and MS/MS analysis were performed 

based on NSO protocols and guidelines. A 3-mm punch was used to punch single disks from each 

DBS sample. One disk was added per well. The samples were extracted using daily working 

extraction solution then dried. The samples were derivatized by adding N butanolic HCL and then 

analyzed using positive electrospray ionization (ESI+) on a Waters tandem mass spectrometer. As 

per NSO’s protocol, each DBS sample was analyzed twice, providing two readings of the 

concentrations and the average of the two readings; we used the two readings and the average values 

for our data analysis.  

5.3.5 Data Analysis 

5.3.5.1 DBS Tyr and Phe Data Analysis 

We compared the DBS Tyr and Phe concentrations for all the ATPD mixture sessions to the 

DBS Tyr and Phe levels for all the BAL mixture sessions, using t-tests (p < 0.05); these comparisons 
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were done for the DBS samples that were taken at each time point (i.e. the baseline DBS samples, 

the DBS samples taken at around 3 hours post amino acid mixture ingestion, and the DBS samples 

that were drawn after the animals completed each behavioural task session, which was close to 5 

hours after ingestion of the mixture). We also determined the percentage difference between the DBS 

Tyr concentrations in the ATPD and BAL mixture sessions, at each time point. To do this, we 

calculated the average DBS Tyr concentrations in the ATPD sessions and did the same for the BAL 

sessions. We then subtracted the ATPD data and the BAL data, divided the resulting value by the 

BAL data and then multiplied by 100. The percentage difference between the DBS Phe 

concentrations in the ATPD and BAL sessions was determined using similar calculations. We also 

compared the DBS Tyr and Phe concentrations at the three time points (i.e. baseline, about 3 hours 

post mixture ingestion and around 5 hours after mixture ingestion) in the ATPD mixture sessions 

with each other using t-tests (p < 0.05) and percentage differences; the same was done with the BAL 

mixture data.   

 The animals DBS Tyr and Phe concentrations in the ATPD and BAL mixture sessions were 

compared to their DBS Tyr and Phe concentrations in the no-vehicle control sessions, using t-tests (p 

< 0.05) and percentage differences. These comparisons were made for each of the three time points 

that the DBS samples were taken in the BAL and ATPD mixture sessions. As DBS samples were 

only taken at one time point (i.e. right before the animals started the behavioural tasks) in the no-

vehicle control sessions, this was the data that was used in the comparisons with the DBS Tyr and 

Phe levels in the samples taken at baseline, about three hours post administration of the mixture, and 

around 5 hours after ingestion of the mixture in the BAL and ATPD sessions.  

5.3.5.2 Behavioural Data Analysis 

The animals’ data from the VSC task were analyzed using MATLAB (The MathWorks, 

Natwick, MA) and Microsoft Excel. To keep the number of trials used in the analyses consistent, we 

only used the data from the first 600 trials (approximately one hour each session) of the task. 
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Monkey B performed an average of 837 trials and monkey F completed an average of 780 trials, per 

session. The animals’ response accuracy on the VSC task was used as a measure of working 

memory. The activational aspects of motivation on the VSC task were assessed using reaction time 

(speed), saccade peak velocity (vigour), successful trial initiation (persistence), successful trial 

completion (persistence), trial initiation time (speed), and anticipatory trial initiation (vigour) in the 

VSC task.  

We first compared the response accuracy and the measures of behavioural activation in the 

VSC task from the BAL mixture and no-vehicle control sessions to each other. Statistically 

significant differences were not found in the animals’ response accuracies in the BAL mixture and 

no-vehicle control sessions. However, significant differences were found between the BAL and no-

vehicle control data for the measures of behavioural activation in one of the animals (i.e. monkey F); 

generally, monkey F’s behavioural activation in the no-vehicle control sessions was worse than in 

the BAL mixture sessions. Given these findings as well as the differences in the experimental 

procedures in the no-vehicle control and the amino acid mixture sessions, we were concerned that 

the no-vehicle control did not serve as a true control for this study. Hence, we excluded the no-

vehicle control data from comparisons with the ATPD data. Our decision to only use the BAL 

mixture data as control is in line with most of the studies in the literature (e.g., Ellis et al., 2007; 

Harmer et al., 2001; Linssen et al., 2011; Mehta et al., 2005; Palmour et al., 1998).  

To determine the effect of the ATPD mixture on working memory, the animals’ response 

accuracies in the ATPD mixture sessions were compared to their response accuracies in the BAL 

mixture sessions. The animals’ response accuracies in the ATPD and BAL mixture sessions were 

pooled and compared to each other using χ2 -test (p < 0.05). These comparisons were done for each 

set size of the VSC task. Effect sizes for the χ2 -tests were analyzed using phi (φ). Response accuracy 

in the VSC task was assessed using correct and incorrect trials. Omission errors were included as 

incorrect trials in the response accuracy analysis. However, the animals made very few omission 



 

225 

 

errors; less than 0.004% of total errors in each animal. The aborted trials that the animals made were 

excluded from the response accuracy analysis.  

The impact of the ATPD mixture on reaction time in the VSC task was analyzed by 

comparing the ATPD data to the BAL data using a 3-way ANOVA with treatment (ATPD vs. BAL), 

set size and outcome (correct vs. incorrect) as factors. The animals’ reaction times in the ATPD 

mixture sessions were pooled and compared to their reaction times in the BAL mixture sessions. 

Tukey-Kramer test was used for post-hoc comparisons. Hays’ omega squared (ω2) was used to assess 

the effect sizes. Further analyses of the animals’ reaction times (for correct responses only) were 

done using repeated t-tests with sequentially adjusted p-values (Holm, 1979). Effect sizes were 

determined using Cohen’s d (Cohen, 1988).  

The animals’ saccade peak velocity after the ATPD mixture was compared to that of the 

BAL mixture using a two-way ANOVA. The factors in the ANOVA were treatment (ATPD vs. 

BAL) and set size. Only the saccade peak velocities of the correct trials were used in this analysis. 

The data from all the ATPD mixture sessions were pooled and compared to data from the BAL 

mixture sessions. Post-hoc comparisons were done using the Tukey-Kramer test and effect sizes 

were computed using Hays’ omega squared.  

To assess the impact of the ATPD mixture on trial completion, trial initiation, anticipatory 

trial initiation, and trial initiation time in the VSC task, the ATPD data were compared to the BAL 

mixture data. The proportion of trials that the animals initiated and completed as well as their 

anticipatory trial initiation in the ATPD sessions were compared to those of the BAL sessions using 

χ2 -tests (p < 0.05). The animals’ trial initiation times after the ATPD mixture were compared to their 

trial initiation times following the BAL mixture using rank sum tests (p < 0.05). 

The animals’ breakpoint in the PR task was used as another measure of behavioural 

activation; the PR breakpoint indicates persistence. We first compared the breakpoints of the three 
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runs of the ATPD sessions to each other using t-tests (p < 0.05); the same was done for the BAL 

sessions and the no-vehicle control sessions. Since a significant difference was not found in the 

breakpoints of the three runs of the ATPD sessions or that of the BAL and no-vehicle control 

sessions in monkey B and monkey F, the data was pooled across the three runs and used in the 

analysis for both animals. After analyzing the no-vehicle control PR data, we found that over the 

course of the experimental sessions, there was a slight increase in monkey B’s PR breakpoints. The 

time that monkey F was required to fixate on the target in the PR task was changed from 1000 ms to 

500 ms because halfway through the data collection of this study, we noted that monkey F’s 

performance on the PR task was significantly worse than her performance on the task in our previous 

studies (experiments described in Chapter 2 and Chapter 3). Given these issues, we normalized both 

monkey B and monkey F’s breakpoints in this study and used the normalized data in the analyses. 

Following these parameters, we compared the animals’ breakpoints after the ATP mixture to that of 

the BAL mixture and no-vehicle control sessions using t-tests (p < 0.05). Cohen’s d was used to 

determine effect sizes. 

The proportion of aborted trials at each ratio of the PR task was also used as a measure of 

behavioural activation. The animals were given 10 attempts (i.e. trials) to complete each ratio. A 

higher proportion of aborted trials (i.e. less successful trial completion) would indicate a reduction in 

persistence. For each animal, the number of trials was pooled across the three runs of the PR task for 

each of the ATPD, BAL and no-vehicle control sessions. The breakpoints were also pooled across 

the three runs for each ATPD, BAL and no-vehicle control session. Each pooled breakpoint data was 

then subtracted from its corresponding pooled number of trials data and then normalized. The 

normalized data was used in the analysis. To determine the effects of ATPD on the proportion of 

aborted trials at each ratio of the PR task, we compared the ATPD data to the BAL and no-vehicle 

control data using t-tests (p < 0.05). Effect sizes were determined using Cohen’s d.  

5.4 Results 
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5.4.1 DBS Tyr and Phe Concentrations 

 The animals’ baseline DBS Tyr and Phe concentrations in the ATPD and BAL mixture 

sessions were not significantly different from each other (t-tests, p > 0.05). Across both animals, 

marked reductions in DBS Tyr and Phe concentrations were observed in the ATPD mixture sessions 

at 3 hours following administration of the mixture. Specifically, DBS Tyr and Phe levels decreased 

by 72.18% and 74.95%, respectively at 3 hours post ingestion of the ATPD mixtures relative to 

baseline. Compared to the BAL mixture sessions, DBS Tyr and Phe levels lowered by 88.08% and 

92.36%, respectively, three hours after administration of the ATPD mixture (Figure 5.2). Relative to 

the no-vehicle control sessions, DBS Tyr concentrations decreased by 78.26% and DBS Phe levels 

reduced by 79.80% at 3 hours post ingestion of the ATPD mixture. These changes were all 

statistically significant (repeated t-tests, sequentially rejective Holm-Bonferroni, p < 0.00001; 

Cohen’s d < -1.0). These findings are similar to what we observed in the time course study (which 

included monkey B and monkey F) and from the DBS samples that were obtained from the animals 

(did not include monkey B’s data) in the CSF and plasma sampling experiment (Chapter 4). 

5.4.2 VSC Task Performance in the No-Vehicle Control Sessions 

 Each animal completed 5 ATPD mixture sessions and 5 BAL control sessions of the VSC 

task; they were tested with either the ATPD or the BAL mixture once per week on an alternating 

week schedule. The animals received extensive training on the VSC task before starting this study. 

During the study, they completed no-vehicle control sessions on the days that they were not tested 

with a BAL or ATPD mixture. Overall, the animals worked five days per week for about 5 months 

during this study; monkey B completed 59 no-vehicle control sessions and monkey F completed 93 

no-vehicle control sessions over the course of this experiment. For each animal, we only analyzed 

the data from the first 600 trials of each session of the VSC task. Monkey B’s average response 

accuracy (proportion correct) in the VSC task for the no-vehicle control sessions was 0.91, 0.78, 

0.66, and 0.60 for set sizes 2, 3, 4, and 5, respectively (Figure 5.3). Monkey F’s average proportion 
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correct for set size 2 was 0.89, for set size 3 was 0.77, for set size 4 was 0.66, and for set size 5 was 

0.54 (Figure 5.3). The proportion correct in the no-vehicle control sessions declined as a function of 

set size (ANOVA, p < 0.0001) and exceeded chance probability across all the set sizes (z-test, p < 

0.0001) in both animals (Figure 5.3). The animals’ response accuracy in the VSC task was 

comparable to their previous performance on the task (see Chapters 2, and 3; also see Thurston and 

Pare, 2016) and to our previous records of rhesus macaque performance (Heyselaar et al., 2011; 

Oemisch et al., 2012).  

 We used a two-way ANOVA to analyze the animals’ reaction times (response latencies) for 

correct and incorrect trials in all the no-vehicle control sessions. Trial outcome (correct or incorrect) 

and set size (2 to 5) were used as factors in the two-way ANOVA. The animals’ reaction time was 

found to be significantly longer on incorrect trials than on correct trials across the set sizes (p < 

0.0001; Figure 5.4). This finding shows that the animals responded based on the mnemonic 

information that they were given and were not guessing on the trials (Heyselaar et al., 2011).  

It should be noted that the no-vehicle control data was not used in our analysis of the impact 

of the ATPD mixture on working memory and the activational aspects of motivation in the VSC task 

as we had concerns about how well the no-vehicle control sessions served as a control for this study. 

As the number of samples in the PR task was small, we included the no-vehicle control data in our 

analysis of the PR task despite our concerns about how well the no-vehicle control sessions served as 

a control for this research.  

5.4.3 The Effects of the ATPD Mixture on Working Memory 

The response accuracies in the ATPD mixture sessions were pooled and compared to the 

response accuracies in the BAL control sessions (Figure 5.5). For monkey B, a significant difference 

in response accuracy was not found between the ATPD and BAL mixture sessions for any of the set 

sizes of the VSC task (χ2-tests, p > 0.05; φ = 0.005-0.23). In monkey F, significant reductions in 

response accuracies were found following the ATPD mixture compared to the BAL mixture for set 
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sizes 2 and 3 of the VSC task (χ2-test, p < 0.05; φ = 0.07). No significant differences in response 

accuracies were found between the ATPD and BAL mixture sessions for set sizes 4 and 5 of the 

VSC task in monkey F (χ2-tests, p > 0.05; φ = 0.007-0.02).  

In addition to compiling and comparing the data from the first 600 trials of the ATPD and 

BAL sessions to each other, we separated the data into different time periods (i.e. the first 300 trials 

and the next 300 trials after those trials for each ATPD and BAL session). This was done to 

determine if the effect of the ATPD mixture on response accuracy changed at different time points of 

the task. For monkey B, response accuracy in the ATPD mixture sessions did not significantly differ 

from that of the BAL mixture sessions at any of the set sizes of the VSC task during the first 300 

trials (χ2-tests, p > 0.05; φ = 0.01-0.06) and the second 300 trials (χ2-tests, p > 0.05; φ = 0.01-0.03) of 

the task. In monkey F, response accuracy after the ATPD mixture did not significantly differ from 

that of the BAL mixture at any of the set sizes of the VSC task in the first 300 trials of the task (χ2-

tests, p > 0.05; φ = 0.01-0.05). For the second 300 trials of the VSC task in monkey F, response 

accuracy following the ATPD mixture was significantly lower than that of the BAL mixture for set 

sizes 2 and 3 (χ2-tests, p < 0.05; φ = 0.11-0.13). Response accuracy after the ATPD mixture was not 

significantly different from that of the BAL mixture for set sizes 4 and 5 (χ2-tests, p > 0.05; φ = 0.05-

0.06) during the second 300 trials of the VSC task in monkey F.  

Overall, the ATPD mixture had a marginal effect on response accuracy in the VSC task. 

ATPD only significantly lowered response accuracy in one of the animals (monkey F) and the effect 

was only at the easiest set sizes (set sizes 2 and 3) of the task. This effect depended on the time 

period of the VSC task as the ATPD mixture did not have a significant effect on response accuracy 

in monkey F at these set sizes in the first 300 trials of the task, but the effect became significant 

during the second 300 trials of the task. The ATPD mixture did not have a significant influence on 

monkey B’s response accuracy at any of these time points.  

5.4.4 The Effects of the ATPD Mixture on the Activational Aspects of Motivation 
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 The impact of ATPD on most of the measures of behavioural activation in the VSC task was 

observed to vary as a function of time, depending on the animal. As such we analyzed the data using 

two epochs (i.e. the first 300 trials and the second 300 trials of the VSC task); we also compiled and 

analyzed all 600 trials of the VSC task together. Our finding is similar to that of a study by Wilson et 

al. (2016) which used two MPTP treated rhesus monkeys performing a task that assessed cognitive 

control. Wilson et al. (2016) found that one of the animals showed reduced task engagement 

(motivation) at a later time period following the MPTP treatment, while the other animal showed 

reduced task engagement from the very onset of the treatment.  

5.4.4.1 The Impact of the ATPD Mixture on Reaction Time  

A three-way ANOVA with mixture (ATPD vs. BAL), set size and outcome (correct vs. 

incorrect) as factors was used to assess the effects of the ATPD mixture on the animals’ reaction 

time in the VSC task (Figure 5.6). For monkey B, reaction time was significantly longer following 

the ATPD mixture compared to the BAL mixture (ATPD mean reaction time = 212 ms, BAL mean 

reaction time = 209 ms; p < 0.05; ω2 = 0.001). Significant interactions between mixture and 

outcome, and between mixture and set size were not seen in monkey B (p > 0.05; ω2 < -0.001). A 

significant main effect of mixture on reaction time was not found in monkey F (ATPD mean reaction 

time = 248 ms, BAL mean reaction time = 244 ms; p > 0.05; ω2 = -0.0002). Repeated t-tests (p < 

0.05) were also used to compare the reaction times after the ATPD mixture to reaction times 

following the BAL mixture at each set size of the VSC task. In money B, the reaction times for set 

sizes 2 and 3 in the ATPD mixture sessions compared to the BAL mixture sessions approached 

statistical significance (repeated t-tests, sequentially rejective Holm-Bonferroni, p = 0.03-0.07; 

Cohen’s d = 0.16-0.18). The reaction times at set sizes 4 and 5 in the ATPD mixture sessions were 

not significantly different from that of the BAL mixture sessions (repeated t-tests, sequentially 

rejective Holm-Bonferroni, p = 0.10-0.22; Cohen’s d = 0.10-0.15). In monkey F, the reaction times 

at set sizes 2, 4 and 5 of the VSC task after the ATPD mixture were not significantly different from 
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that of the BAL mixture (repeated t-tests, sequentially rejective Holm-Bonferroni, p > 0.05; Cohen’s 

d = 0.03-0.10). The reaction time at set size 3 of the VSC task after the ATPD mixture compared to 

the BAL mixture approached statistical significance (repeated t-test, sequentially rejective Holm-

Bonferroni, p = 0.03; Cohen’s d = 0.13). 

The data were separated into different time periods (i.e. the first 300 trials and the next 300 

trials) to ascertain if the effect of the ATPD mixture on reaction time depended on the time period of 

the VSC task. For monkey B, there was a significant main effect of treatment on reaction time in the 

first 300 trials of the VSC task (ATPD mean reaction time = 210 ms, BAL mean reaction time = 206 

ms; p < 0.001; ω2 = 0.005). The interactions between mixture and outcome, and between mixture and 

set size were not significant (p > 0.05; ω2 < 0.001). A significant main effect of treatment on reaction 

time was not observed during the second 300 trials of the VSC task in monkey B (ATPD mean 

reaction time = 213 ms, BAL mean reaction time = 212 ms; p = 0.64; ω2 = -0.0003). For monkey F, a 

significant main effect of treatment on reaction time was not observed in the first 300 trials of the 

VSC task (ATPD mean reaction time = 245 ms, BAL mean reaction time = 241 ms; p = 0.10; ω2 = 

0.001) or during the second 300 trials of the task (ATPD mean reaction time = 252 ms, BAL mean 

reaction time = 247 ms; p = 0.62; ω2 = -0.0003) 

To sum up, the effect of the ATPD mixture on reaction time was mixed. The mixture 

significantly impaired reaction time in monkey B but did not have a significant effect on reaction 

time in monkey F. The impact of the ATPD mixture on reaction time in monkey B depended on the 

time period of the task. That is, the ATPD mixture significantly worsened reaction time in monkey B 

during the first 300 trials of the VSC task but did not have a significant effect on reaction time in the 

second 300 trials of the task. The ATPD mixture did not significantly influence reaction time in 

monkey F at any of the time periods of the VSC task.  

5.4.4.2 The Impact of the ATPD Mixture on Saccade Peak Velocity 
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A two-way ANOVA with mixture (ATPD vs. BAL) and set size as factors was used to 

determine the effects of the ATPD mixture on the animals’ saccade peak velocity for correct trials 

only (Figure 5.7). Monkey B’s saccade peak velocity was found to be significantly lower following 

the ATPD mixture compared to the BAL mixture (p = 0.001; ω2 = 0.18). In monkey F, a significant 

main effect of mixture on saccade peak velocity was not observed (p = 0.29; ω2 = 0.06). After 

compiling and comparing the data, we split the data into the first 300 and second 300 trials of the 

VSC task to determine if the effect of ATPD on saccade peak velocity depended on the time period 

of the task. In the first 300 trials of the VSC task for monkey B, the saccade peak velocity in the 

ATPD mixture sessions was significantly lower than that of the BAL mixture sessions (p = 0.005; ω2 

= 0.003). The difference in saccade peak velocity after the ATPD mixture and the BAL mixture was 

not statistically significant during the second 300 trials of the VSC task in monkey B (p = 0.08; ω2 = 

0.001). For monkey F, the saccade peak velocity in the ATPD mixture sessions wasn’t significantly 

different from that of the BAL mixture sessions during the first 300 trials (p = 0.13; ω2 = 0.001) or 

the second 300 trials (p = 0.91; ω2 = -0.001) of the VSC task.  

In summary, the ATPD mixture had a negative impact on saccade peak velocity in one 

animal (i.e. monkey B) but did not significantly affect saccade peak velocity in the other animal. The 

impact of ATPD on saccade peak velocity depended on the time period of the VSC task as a 

significant main effect of mixture on saccade peak velocity was found in monkey B in the first 300 

trials of the task, but not in the second 300 trials of the task. ATPD did not have a significant 

influence on saccade peak velocity in monkey F at any time period of the VSC task. 

5.4.4.3 The Impact of the ATPD Mixture on Successful Trial Completion  

The influence of the ATPD mixture on the completion of trials in the VSC task was assessed 

by comparing the proportion of trials that each animal completed after the ATPD mixture to that of 

the BAL mixture (Figure 5.8). Compared to the BAL mixture, the ATPD mixture was found to 

significantly decrease the proportion of trials that monkey B completed in the VSC task (χ2-test, p < 
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0.01; φ = 0.07). The ATPD mixture also significantly decreased the proportion of completed trials in 

monkey F (χ2-test, p < 0.05; φ = 0.07).  

We split the data into different time points (i.e. the first 300 trials and the next 300 trials of 

the VSC task) to determine if the effect of the ATPD mixture on trial completion differed based on 

the time period of the task. For the first 300 trials of the VSC task for monkey B, we found that there 

wasn’t a significant difference between the proportion of completed trials in the ATPD sessions 

compared to the proportion of trials completed in the BAL sessions (χ2-test, proportion of trials 

completed BAL = 0.80, proportion ATPD = 0.79; p > 0.05; φ = 0.004). However, during the next 

300 trials (i.e. 301-600 trials) in this animal, the ATPD mixture significantly decreased the 

proportion of completed trials compared to the BAL mixture (χ2-test, proportion BAL = 0.85, 

proportion ATPD = 0.75; p < 0.01; φ = 0.13). For monkey F, the proportion of completed trials in 

the first 300 trials of the ATPD sessions was not significantly different from that of the BAL sessions 

(χ2-test, proportion BAL = 0.99, proportion ATPD = 0.98; p > 0.05; φ = 0.03). However, trial 

completion was significantly lower in the ATPD sessions compared to the BAL sessions in the next 

300 trials of the VSC task for monkey F (χ2-test, mean proportion BAL = 0.90, mean proportion 

ATPD = 0.83; p < 0.01; φ = 0.07).  

Overall, the ATPD mixture had a negative impact on trial completion in both animals. 

However, the effect differed based on the time period of the task. That is, during the early period of 

the task, there wasn’t a significant difference in trial completion between the ATPD mixture and the 

BAL mixture. As the task progressed, the ATPD mixture significantly decreased the proportion of 

trials that the animals completed relative to the BAL mixture.  

5.4.4.4 The Impact of the ATPD Mixture on Successful Trial Initiation  

The proportion of trials that the animals successfully initiated by fixating the fixation point 

within the allotted time (1000 ms) in the VSC task was used as one of the measures of behavioural 

activation. We examined the effects of the ATPD mixture on successful trial initiation by comparing 
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the proportion of trials that the animals successfully initiated after the ATPD treatment to the 

proportion of trials that they successfully initiated after ingestion of the BAL mixture (Figure 5.9). 

Compared to the BAL mixture, the ATPD mixture significantly decreased the proportion of trials 

that both animals initiated in the VSC task (χ2-tests, monkey B: p < 0.01; φ = 0.08; monkey F: p < 

0.01; φ = 0.10).  

 After compiling and comparing the data from the first 600 trials of the VSC task, we 

separated the data into different time periods to determine if the effect of the ATPD mixture on trial 

initiation differed based on the time period of the task. For monkey B, there was a significant 

reduction in trial initiation after the ATPD mixture compared to the BAL mixture for the first 300 

trials of the VSC task (χ2-test, proportion of trials initiated BAL = 0.92, proportion ATPD = 0.88; p < 

0.01; φ = 0.07) and for the second 300 trials of the task (χ2-test, proportion BAL = 0.94, proportion 

ATPD = 0.88; p < 0.01; φ = 0.10). In monkey F, there was not a significant difference in trial 

initiation after the ATPD mixture relative to the BAL mixture for the first 300 trials of the VSC task 

(χ2-test, proportion of trials initiated BAL = 0.99, proportion ATPD = 0.99; p > 0.05; φ = 0.01). 

However, the ATPD mixture significantly reduced trial initiation in the second 300 trials of the VSC 

task compared to the BAL mixture (χ2-test, proportion of trials initiated after BAL = 0.89, proportion 

ATPD = 0.79; p < 0.01; φ = 0.14).  

 In summary, the ATPD mixture significantly decreased the proportion of trials that each 

animal successfully initiated. The effect was not statistically significant in monkey F during the first 

300 trials of the VSC task but became significant after the first 300 trials.  

5.4.4.5 The Impact of the ATPD Mixture on Trial Initiation Time  

As another measure of the activational aspects of motivation, we analyzed the time that it 

took each animal to initiate fixation on the fixation point on each trial of the VSC task (Figure 5.10). 

As many trials started with the animals’ gaze already on the fixation point, the distribution of trial 

initiation times was non-normal. As such, non-parametric statistics were used to analyze the data. 
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Monkey B’s trial initiation time was significantly slower in the ATPD treatment sessions relative to 

the BAL control sessions (rank sum test, p < 0.01). Monkey F’s trial initiation time was also found to 

be significantly slower in the ATPD sessions compared to the BAL sessions (rank sum test, p < 

0.01).  

 We also analyzed the data at different epochs (i.e. first 300 trials and the next 300 trials) to 

figure out approximately when the effects of the ATPD mixture on trial initiation time became 

significantly different from that of the BAL mixture. In both animals, we found that relative to the 

BAL mixture, the ATPD mixture significantly increased trial initiation time within the first 300 trials 

of the task (rank sum tests, monkey B: mean trial initiation time BAL = 20 ms, mean trial initiation 

time ATPD = 45 ms, p < 0.01; monkey F: mean trial initiation time BAL = 183 ms, mean trial 

initiation time ATPD = 222 ms, p < 0.01). Trial initiation time remained significantly higher in the 

ATPD mixture sessions compared to the BAL control sessions in both animals during the second 300 

trials of the VSC task (rank sum tests, monkey B: mean trial initiation time BAL = 21 ms, mean trial 

initiation time ATPD = 41 ms, p < 0.01; monkey F: mean trial initiation time BAL = 335 ms, mean 

trial initiation time ATPD = 364 ms, p < 0.01). Hence the ATPD mixture led to significantly slower 

trial initiation times in both animals across the different time periods of the VSC task. 

5.4.4.6 The Impact of the ATPD Mixture on Anticipatory Trial Initiation  

The animals’ anticipatory trial initiation in the VSC task was measured by computing the 

proportion of trials that started with their gaze already on the fixation point. Compared to the BAL 

mixture, the ATPD mixture led to significantly lower proportion of trials already initiated in monkey 

B (χ2-test, p < 0.01; φ = 0.12) and monkey F (χ2-test, p < 0.05; φ = 0.03). These results are shown in 

Figure 5.11. In addition to analyzing the data across the first 600 trials of the VSC task, we split the 

data based on the first 300 and next 300 trials of the task and assessed the data from these trial 

periods separately. For the first 300 trials, the ATPD mixture significantly decreased the proportion 

of trials already initiated in both animals compared to the BAL mixture (χ2-tests, monkey B: 
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proportion of trials already initiated BAL = 0.67, proportion ATPD = 0.78; p < 0.01; φ = 0.13; 

monkey F: proportion of trials already initiated BAL = 0.16, proportion ATPD = 0.12; p < 0.01; φ = 

0.06). During the second 300 trials of the task, the proportion of trials already initiated in monkey B 

was significantly lower in the ATPD sessions than in the BAL sessions (χ2-test, proportion of trials 

already initiated BAL = 0.78, proportion ATPD = 0.69; p < 0.01; φ = 0.10). However, the proportion 

of trials already initiated in monkey F was not significantly different in the ATPD sessions compared 

to the BAL sessions (χ2-test, proportion of trials already initiated BAL = 0.07, proportion ATPD = 

0.08; p = 0.44; φ = 0.01).  

In summary, the ATPD mixture had a negative influence on anticipatory trial initiation in 

both animals. The effect was significant in monkey B across the time periods of the VSC task but 

was only significant in monkey F during the first 300 trials of the task.  

5.4.4.7 The Impact of the ATPD Mixture on PR Task Performance 

The effects of the ATPD mixture on behavioural activation was also examined using a visual 

PR task. Monkey B completed 6 ATPD, 5 BAL, and 64 no-vehicle control sessions on the PR task. 

Monkey F completed 5 ATPD, 6 BAL, and 71 no-vehicle control sessions on the PR task. We first 

analyzed the animals’ data from the ATPD, BAL and no-vehicle control sessions separately to 

determine if there were significant differences in breakpoints between the three runs of the PR task. 

For the no-vehicle control sessions, a significant difference in breakpoints between the three runs of 

the PR task was not found in monkey B (repeated t-tests, sequentially rejective Holm-Bonferroni; 

mean breakpoint of first run: 6.69, second run: 6.13, third run: 6.55, p > 0.05) or monkey F (repeated 

t-tests, sequentially rejective Holm-Bonferroni; mean breakpoint of first run: 3.37, second run: 2.96, 

third run: 3.10, p > 0.05). In both animals, significant differences in breakpoints between the three 

runs of the PR task were also not found in the ATPD sessions (repeated t-tests, sequentially rejective 

Holm-Bonferroni; monkey B: mean breakpoint of first run: 5.60, second run: 4.40, third run: 5.20, p 

> 0.05; monkey F: mean breakpoint of first run: 4.60, second run: 4.00, third run: 3.40, p > 0.05) or 
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the BAL mixture sessions (repeated t-tests, sequentially rejective Holm-Bonferroni; monkey B: 

mean breakpoint of first run: 6.80, second run: 5.40, third run: 6.60, p > 0.05; monkey F: mean 

breakpoint of first run: 3.60, second run: 4.20, third run: 4.00, p > 0.05).  

As there were no significant differences in breakpoints between the three runs of the PR task 

in both animals, we pooled the data across the runs of the task for the ATPD, BAL and no-vehicle 

control sessions when comparing the animals’ breakpoints in these three experimental conditions. 

We also normalized the data before making the comparisons as the no-vehicle control data showed 

slight changes in both animals’ breakpoints overtime. For visualization purposes, we computed and 

plotted both animals’ standardized change in breakpoint after the ATPD mixture and the BAL 

mixture relative to the no-vehicle control data (Figure 5.12). For monkey B, a statistically significant 

difference in breakpoint was not seen between the BAL and the no-vehicle control sessions (repeated 

t-test, sequentially rejective Holm-Bonferroni, p = 0.81; Cohen’s d = -0.11). A significant difference 

was also not found between the breakpoints of the ATPD and the BAL mixture sessions in this 

animal (repeated t-tests, sequentially rejective Holm-Bonferroni, p = 0.18; Cohen’s d = -1.81). 

Compared to the no-vehicle control, the ATPD mixture decreased monkey B’s PR breakpoint to a 

level that approached statistical significance (repeated t-test, sequentially rejective Holm-Bonferroni, 

p = 0.03; Cohen’s d = -0.94). In monkey F, a statistically significant difference in breakpoint was not 

found between the BAL and the no-vehicle control sessions (repeated t-tests, sequentially rejective 

Holm-Bonferroni, p = 0.78; Cohen’s d = 0.12). A significant difference in breakpoint was also not 

observed between the ATPD and the BAL mixture sessions (repeated t-tests, sequentially rejective 

Holm-Bonferroni, p = 0.35; Cohen’s d = 0.96) or between the ATPD and the no-vehicle control 

sessions in monkey F (repeated t-tests, sequentially rejective Holm-Bonferroni, p = 0.10; Cohen’s d 

= 0.79).  

We also examined the proportion of aborted trials at each ratio across the three runs. The 

animals were given 10 trials to complete each ratio, and lower motivation could lead to more aborted 
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trials, i.e., less successful trial completion. For monkey B, there was no statistically significant 

difference in the proportion of aborted trials between the ATPD and BAL mixture sessions (repeated 

t-test, sequentially rejective Holm-Bonferroni, p = 0.90; Cohen’s d = 0.10) and between either 

mixture and the no-vehicle control sessions (repeated t-tests, sequentially rejective Holm-Bonferroni; 

p = 0.56 and 0.39, respectively; Cohen’s d = -0.28 and -0.37, respectively). For monkey F, the 

difference in the proportion of aborted trials between the ATPD and the no-vehicle control sessions 

(repeated t-test, sequentially rejective Holm-Bonferroni; p < 0.001; Cohen’s d = 2.09) was highly 

significant. There was no statistically significant difference in the proportion of aborted trials 

between the BAL sessions and either the no-vehicle control sessions (repeated t-test, sequentially 

rejective Holm-Bonferroni; p = 0.56; Cohen’s d = 0.24) or the ATPD sessions (repeated t-test, 

sequentially rejective Holm-Bonferroni; p = 0.09; Cohen’s d = 2.39) in monkey F. These results are 

depicted in Figure 5.13. In summary, after ingesting the ATPD mixture, monkey B reached a lower 

breakpoint and monkey F aborted more trials at each ratio in the PR task relative to the no-vehicle 

control. 

As the paradigms used in this study were set up so that the animals always completed the PR 

task before working on the VSC task, the time period in which the animals worked on the PR task 

may explain why the impact of the ATPD mixture on PR task performance was generally weak. 

Similar to trial completion and trial initiation in the VSC task, the PR breakpoint and aborted trials at 

each ratio of the PR task are indicators of the animals’ persistence in behaviour to obtain the reward. 

As trial completion and trial initiation were the measures that the ATPD mixture did not significantly 

impact during the first 300 trials of the VSC task across the animals, it is not surprising that the 

mixture also did not have a strong influence on PR task performance. In the first 300 trials of the 

VSC task, it is likely that a significant difference was not found between the ATPD and BAL 

mixtures on these measures of persistence in motivated behaviour as the animals started off with 

similar levels of persistence. Overtime, the ATPD mixture may have led to a greater decline in the 
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animals’ persistence than the BAL mixture. Hence, why there was a statistically significant 

difference between the ATPD and the BAL mixture in trial completion and trial initiation in both 

animals after the first 300 trials of the VSC task. To test these assumptions, a future study needs to 

be done with the PR task interspersed with the VSC task so that the animals don’t just complete the 

PR task at the beginning of each experimental session but also in the middle and towards the end of 

each session.  

5.5 Discussion 

Female Chinese rhesus macaques were tested on a VSC task and a PR task, three hours after 

administration of the ATPD mixture. In separate sessions, the animals were tested on the same 

behavioural tasks at 3 hours following administration of the BAL control mixture. The animals’ 

response accuracy in the VSC task was used to measure working memory. The activational aspects 

of motivation (speed, vigour and persistence) were assessed using the animals’ breakpoints and 

aborted trials at each ratio in the PR task as well as their reaction time, saccade peak velocity, 

proportion of trials successfully completed, proportion of trials successfully initiated, trial initiation 

time, and anticipatory trial initiation in the VSC task. Reaction time and trial initiation time reflect 

the speed of motivated behaviour. Saccade peak velocity and anticipatory trial initiation indicate 

vigour. Trial initiation and completion in the VSC task as well as the PR breakpoint and the 

proportion of aborted trials at each ratio in the PR task all measure persistence.   

 Marked reductions in DBS Tyr and Phe concentrations were seen in the ATPD mixture 

sessions during the time period (i.e. 3 hours post ingestion of the amino acid mixtures) that the 

animals were tested on the VSC and PR tasks. Specifically, DBS Tyr and Phe concentrations 

decreased by 72.18% and 74.95%, respectively at 3 hours after ingestion of the ATPD mixture 

compared to baseline. Relative to the BAL mixture, DBS Tyr and Phe levels lowered by 88.08% and 

92.36%, respectively at 3 hours post administration of the ATPD mixture. These results support 

findings from our previous research (Chapter 4) of reduced brain catecholamine synthesis and 
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function following the ATPD mixture. That is, compared to the BAL mixture, the ATPD mixture 

was found to lower plasma and CSF Tyr and Phe concentrations as well as CSF levels of 

norepinephrine, MHPG (norepinephrine metabolite) and HVA (dopamine metabolite) at 3 hours 

after administration of the mixture. The ATPD mixture also led to an increase in plasma prolactin 

levels and to a reduction in plasma norepinephrine concentrations, which are consistent with 

decreased central dopamine and norepinephrine activity, respectively (Chapter 4).   

The ATPD mixture had a weak impact on working memory. Namely, the ATPD mixture 

only led to a significant decrease in working memory response accuracy on the easiest set sizes of 

the VSC task (set sizes 2 and 3) in only one of the animals; this effect was not significant during the 

first 300 trials of the task but became statistically significant in the second 300 trials. ATPD 

significantly impaired behavioural activation in both animals. Specifically, the ATPD treatment led 

to a significant increase in trial initiation time as well as significant reductions in trial completion, 

trial initiation and anticipatory trial initiation in the VSC task in both animals compared to the BAL 

mixture. The ATPD mixture also increased reaction times in the VSC task in both animals but the 

effect only reached statistical significance in one of the animals. This same animal (monkey B) also 

had significantly lower saccade peak velocity in the VSC task after the ATPD mixture, while the 

mixture did not have a significant effect on the other animals’ saccade peak velocity; these results 

indicate that the ATPD mixture might have had a more negative impact on the activational aspects of 

motivation in one animal (i.e. monkey B) than in the other animal (monkey F).  

The impairing effect of ATPD on measures of speed (i.e. reaction time and trial initiation 

time) was observed early in the VSC task as the ATPD mixture was found to worsen reaction time in 

monkey B during the first 300 trials of the task and impaired trial initiation time in the first (and 

second) 300 trials of the VSC task in both animals. ATPD was also found to worsen measures of 

vigor (i.e. saccade peak velocity and anticipatory trial initiation) early on in the VSC task. That is, 

ATPD significantly reduced saccade peak velocity in monkey B in the first 300 trials of the VSC 
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task, but the effect wasn’t statistically significant in the second 300 trials of the task. ATPD was also 

found to significantly lower anticipatory trial initiation in monkey B and monkey F during the first 

300 trials of the VSC task; the effect remained statistically significant in monkey B in the second 300 

trials of the task, but was not significant in monkey F at this time point. The impact of ATPD on 

measures of persistence (i.e. trial initiation and trial completion in the VSC task) generally depended 

on the task epoch. That is, the ATPD mixture did not have a significant effect on trial completion 

during the first 300 trials of the VSC task in both animals, but the effect was statistically significant 

after the first 300 trials of the task. ATPD also did not have a significant impact on trial initiation in 

monkey F in the first 300 trials of the VSC task, but the effect became statistically significant in the 

second 300 trials of the task. Our finding that the impact of ATPD on most of the measures of 

behavioural activation in the VSC task varied as a function of time is similar to that of Wilson et al. 

(2016). Namely, one of the two MPTP treated rhesus monkeys that was used in the Wilson et al. 

(2016) study showed reduced engagement (i.e. motivation) in a cognitive control task at a later time 

point after MPTP treatment. The other animal had reduced motivation in the task from the onset of 

the treatment.  

The ATPD mixture was found to lower the PR breakpoint in one animal and to lead to more 

aborted trials at each ratio in the PR task in the other animal compared to the no-vehicle control. 

However, contrary to our prediction, the ATPD mixture did not significantly impact the animals’ PR 

task performance relative to the BAL mixture. The weak effects of the ATPD mixture on the PR task 

might be due to the time period that the animals completed the PR task. The study was designed so 

that the animals began each session by completing the PR task before they worked on the VSC task. 

As we observed in the VSC task, the effects of the ATPD mixture on some of the measures of 

behavioural activation depended on the time period of the task. Notably, the effects of ATPD on 

measures of persistence (trial completion and trial initiation) in the VSC task depended on the task 

epoch with the ATPD mixture generally not showing significant impact on these measures during the 
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first 300 trials of the task. As trial completion and trial initiation are similar to the breakpoint and 

aborted trials at each ratio in the PR task in that, they measure the persistence of motivated 

behaviour, these results suggest that the animals started off with similar levels of behavioural 

persistence in the ATPD and BAL mixture conditions and overtime, the ATPD mixture led to a 

significant decline in behavioural persistence compared to the BAL mixture. Hence, it is possible 

that the observed weak effect of ATPD on PR task performance was due to the animals completing 

the PR task in the time period that their behavioural persistence in the ATPD and BAL mixture 

conditions were at similar levels. A future study that intersperses the PR task with the VSC task 

needs to be done to test these assumptions.  

 A review of the literature shows conflicting evidence of the effects of ATPD on working 

memory. While some studies found evidence to suggest that ATPD impairs working memory 

(Harmer et al., 2001; Harrison et al., 2004), other studies found that the mixture did not have a 

significant effect on working memory (Ellis et al., 2005, 2007; Linssen et al., 2011; Mehta et al., 

2005; McLean et al., 2004; Roiser et al., 2005). The inconsistencies in the literature call into question 

whether catecholamines play a key role in the modulation of working memory. These inconsistencies 

could also be due to the ATPD mixture not producing a large enough effect on brain catecholamines 

to consistently impact behaviour. As to our knowledge, none of the previous studies in the literature 

that found a significant impairment in working memory following the ATPD mixture, examined the 

impact of the mixture on CSF concentrations of brain markers of catecholamines (e.g., CSF Tyr, 

Phe, HVA, and MHPG levels), we cannot determine if the findings in these studies were associated 

with larger reductions in brain markers of catecholamines than we found in our research (see Chapter 

4). However, in a study with healthy male and female volunteers, Harmer et al. (2001) found that 

plasma prolactin levels increased by about 50% at 5 hours after administration of the ATPD mixture 

relative to the BAL mixture. While the increase in plasma prolactin concentrations in the Harmer et 

al. (2001) study is comparable to what we observed in our research (Chapter 4), we only found a 
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weak effect of ATPD on working memory, while Harmer et al. (2001) observed that the ATPD 

mixture produced a significant impairment in working memory.  

Our review of the literature also shows that the previous studies that found no significant 

effects of the ATPD mixture on working memory obtained levels of depletion in peripheral Tyr and 

Phe concentrations that were generally similar to the studies that found the ATPD mixture to have a 

significant influence on working memory. For instance, Harrison et al. (2004) observed significant 

impairment in spatial working memory in healthy women, 5 hours post ingestion of the ATPD 

mixture compared to the BAL mixture. Relative to baseline, plasma Tyr and Phe concentrations in 

these subjects decreased by 63.8% and 80.6%, respectively at 5 hours after administration of the 

ATPD mixture. In the Harmer et al. (2001) study discussed above, plasma Tyr concentrations were 

observed to decrease by 392% at 4 hours after administration of the ATPD mixture compared to the 

BAL mixture. Moreover, the ratio of Tyr and Phe levels to the concentrations of the other LNAAs 

(i.e. Tyr and Phe/ΣLNAA ratio) fell from a mean of 0.11 at baseline to 0.001 (a decrease of 99.09%) 

at 4 hours post ingestion of the ATPD mixture; the Tyr and Phe/ΣLNAA ratio is often used as an 

index of the central effects of ATPD on catecholamine synthesis as competition between the LNAAs 

is what determines their brain entry (Reilly et al., 1997).  

 Using the same spatial working memory task as the Harrison et al. (2005) study as well as a 

spatial n-back task, Ellis et al. (2005) found that the ATPD mixture did not have a significant effect 

on working memory in healthy male subjects compared to the BAL mixture. Relative to baseline, the 

ATPD mixture led to a 67.90 and 82.17% reduction in plasma Tyr and Phe levels, respectively at 5 

hours after administration of the ATPD mixture. Compared to the BAL mixture, plasma Tyr 

concentrations fell by 81.08% and Phe levels decreased by 90.18% at 5 hours post ingestion of the 

ATPD mixture in the Ellis et al. (2005) study; we used the data presented in their Table 1 to calculate 

these values. The Tyr and Phe/ΣLNAA ratio decreased by 93.49% compared to baseline (Ellis et al., 

2005). In a study with healthy male and female participants, Lythe et al. (2005) found that ATPD did 
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not have a significant effect on measures of working memory (i.e. pattern recognition memory and 

spatial recognition memory) in the CANTAB. Plasma Tyr and Phe concentrations decreased by 

around 70% at four hours after administration of the ATPD mixture compared to baseline. Using the 

values given in Table 1 of their study, we determined that compared to 4 hours after the BAL 

mixture, plasma Tyr and Phe concentrations decreased by 89.70 and 96.96%, respectively at four 

hours post ingestion of the ATPD mixture (Lythe et al., 2005). The Tyr and Phe/ΣLNAA ratio 

lowered by 97.2% relative to baseline. As one can see from this review, the changes in brain markers 

of catecholamine synthesis and function in the studies that found ATPD to be effective at impairing 

working memory were generally comparable to those of the studies that did not find significant 

effects of ATPD on working memory.  

Questions still remain as to whether the impact of the ATPD mixture on central 

catecholamines is large enough to consistently impact behaviour. However, it should be noted that in 

the present study, ATPD significantly impaired measures of behavioural activation in both animals, 

while only having a weak effect on working memory. Hence, it cannot be said that the effects of 

ATPD on brain catecholamines were not large enough to impact behaviour, in general. The ATPD 

mixture could have had differential effects on catecholamine depletion in different brain areas, 

impacting catecholamine transmission in brain regions that are involved in the activational aspects of 

motivation (e.g., NAcc) more so than brain areas that are involved in working memory (e.g., 

dorsolateral PFC). Further studies that examine the effects of the ATPD mixture on brain markers of 

catecholamine synthesis and function are needed to address this issue.  

Differences in the catechol-O-methyltransferase (COMT) genotype might provide an 

explanation for the contradictory results of the effects of ATPD on working memory in human 

subjects. A non-synonymous single nucleotide polymorphism (SNP) has been located in exon 4 

(Val108/158Met; rs4680) of the human COMT gene (Pflüger et al., 2016). The Met allele results in up 

to 3-fold reduction in COMT enzymatic activity. This reduction in COMT activity leads to higher 



 

245 

 

cortical dopamine in met/met homozygotes compared to val/val homozygotes as COMT metabolizes 

dopamine and is the primary regulator of dopamine removal in the PFC (Kelm and Boettiger, 2013). 

In a study with healthy male subjects performing an n-back task, Kelm and Boettiger (2013) reported 

that when they pooled the data from all the subjects, they found no main effect of mixture (ATPD vs. 

BAL) on working memory. However, when they separated the data based on the variant of the 

COMT genotype that the participants had, they found significant impairments in working memory in 

the met carriers but not in the val/val participants, five hours following the ATPD mixture compared 

to the BAL mixture. While variations in the COMT genotype might account for the contradictory 

findings in the human literature, it is likely not a factor in the current research as a genotyping study 

done in our lab on Chinese rhesus macaques (Paré, unpublished data) found that all of the animals, 

this included the ones used in this study, had the COMT Met allele.  

It is unknown if a previous study has investigated the impact of ATPD on the activational 

aspects of motivation in NHP and only a few studies have done so in human subjects. The results of 

the previous research in humans are generally in line with the findings of the current study as these 

studies have usually found that the ATPD mixture has a negative impact on behavioural activation. 

For instance, Cawley et al. (2013) observed that relative to the BAL mixture, the ATPD mixture 

significantly decreased PR breakpoints in a study with healthy women with mild seasonal mood 

changes who were given the chance to work for up to a maximum of $50.00 in a task with a PR 

schedule of reinforcement. In a study with healthy controls and participants who had recovered from 

anorexia nervosa, O’Hara et al. (2016) observed that compared to the BAL control mixture, the 

ATPD mixture significantly decreased breakpoints in the healthy controls when they exercised on a 

computerized PR schedule. ATPD did not have a significant effect on the PR breakpoint of the 

participants with anorexia nervosa. Barrett et al. (2008) investigated the impact of ATPD on alcohol 

self-administration using a task with a PR schedule of reinforcement. Relative to the BAL mixture, 

the ATPD treatment led to a significant decrease in the PR breakpoint for the alcohol reward. 
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Overall, these results suggest that ATPD impairs behavioural activation. The consistency of these 

findings indicate that catecholamines play an important role in the activational aspects of motivation.  

5.5.1 Limitations 

Gender could be a factor in this study as estrogen has been linked to working memory 

(Hampson and Morley, 2013; Luine, 2014) and female rhesus macaques were used in this study. It is 

unlikely that circulating hormone levels influenced cognition in this study as changes in the animals’ 

response accuracy for all set sizes of the VSC task in the BAL and ATPD treatment sessions were 

within one standard deviation of the no-vehicle control average. A future study could control for 

possible effects of hormones by restricting testing of the animals to the follicular stage of their 

menstrual cycle.  

5.5.2 Conclusion 

 In summary, the ATPD mixture led to marked reductions in DBS concentrations of Tyr and 

Phe, which support findings from other research in our lab (Chapter 4) of reduced catecholamine 

synthesis and function after ATPD treatment in rhesus macaques. The ATPD-induced reductions in 

DBS Tyr and Phe concentrations in the present study were associated with a weak impact on 

working memory but significant impairments in the activational aspects of motivation in rhesus 

macaques. These results suggest that catecholamines play a significant role in behavioural activation 

but do not have a significant influence on working memory.   
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5.7 Tables and Figures 
 

Table 5.1: ATPD Mixture Composition. The amount of each amino acid in the ATPD 

mixture was based on how much each animal would consume if they ingested 0.55% of their 

body weight in high protein monkey chow (LabDiet 5045).  

Amino Acid Monkey B 

(amount g) 

Monkey F 

(amount g) 

Tryptophan 0.152 0.095 

Threonine 0.480 0.300 

Isoleucine 0.652 0.408 

Leucine 1.259 0.787 

Lysine 0.617 0.386 

Methionine 0.243 0.152 

Cysteine 0.187 0.117 

Valine 0.662 0.414 

Arginine 0.728 0.455 

Histidine 0.308 0.193 

Alanine 0.753 0.471 

Aspartic acid 1.315 0.822 

Glutamic acid 3.109 1.943 

Glycine 0.536 0.335 

Proline 1.082 0.676 

Serine 0.718 0.449 
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Table 5.2: BAL Mixture Composition. The amount of each amino acid in the BAL mixture 

was based on how much each animal would consume if they ingested 0.55% of their body 

weight in high protein monkey chow (LabDiet 5045). The BAL mixture contained Tyr and 

Phe, unlike the ATPD mixture.  

Amino Acid Monkey B 

(amount g) 

Monkey F 

(amount g) 

Tryptophan 0.152 0.095 

Threonine 0.480 0.300 

Isoleucine 0.652 0.408 

Leucine 1.259 0.787 

Lysine 0.617 0.386 

Methionine 0.243 0.152 

Cysteine 0.187 0.117 

Valine 0.662 0.414 

Arginine 0.728 0.455 

Histidine 0.308 0.193 

Alanine 0.753 0.471 

Aspartic acid 1.315 0.822 

Glutamic acid 3.109 1.943 

Glycine 0.536 0.335 

Proline 1.082 0.676 

Serine 0.718 0.449 

Tyrosine 0.470 0.294 

Phenylalanine 0.662 0.414 
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Figure 5.1: Outline of Experimental Procedures in the Behavioural Task Experiment 
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Figure 5.2: Relative Change in DBS Tyr and Phe Concentrations in the ATPD Mixture 

Sessions. All changes are with respect to the BAL mixture. The light green and dark green bars 

show the average change in DBS Tyr and Phe concentrations, respectively across the 

behavioural task sessions for each animal. The light green lines show the change in DBS Tyr 

levels and the dark green lines depict the change in DBS Phe concentrations for each session of 

the behavioural task experiment. The dashed red line and the solid red line depict the average 

change in DBS Tyr and Phe concentrations, respectively across the two animals at 3 hours after 

administration of the ATPD mixture.  
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Figure 5.3: No-Vehicle Control Response Accuracy. Each animal’s proportion correct in the 

no-vehicle control sessions is plotted against set size. The solid black lines represent the 

average response accuracy of the no-vehicle control sessions. The response accuracy of each 

individual no-vehicle control session is depicted by the grey lines. The dotted lines represent 

chance performance. 

 

 

 

Figure 5.4: No-Vehicle Control Reaction Time. The animals’ reaction times were lower on 

trials that they responded correctly (lighter grey bars) than on trials that they responded 

incorrectly (dark grey bars). 
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Figure 5.5: VSC Task Response Accuracy Following the ATPD and BAL Mixtures. Graphs 

A, B and C depict the proportion of correct trials in the BAL and ATPD mixture sessions for each 

set size during the first 300 trials, second 300 trials, and all 600 trials of the VSC task, 

respectively. Asterisks represent statistically significant differences (χ2-test, p < 0.05) in response 

accuracy between the BAL and ATPD data.  
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Figure 5.6: Mean Reaction Times in the VSC Task After the ATPD and BAL Mixtures.  

Graphs A, B and C depict the mean reaction times in the BAL and ATPD mixture sessions at each 

set size during the first 300 trials, second 300 trials, and all 600 trials of the VSC task, 

respectively. Compared to BAL, ATPD significantly impaired reaction time in monkey B in the 

first 300 trials (ANOVA, p < 0.5), but not the second 300 trials of the VSC task (ANOVA, p > 

0.5). The effect was statistically significant (ANOVA, p < 0.05) when all 600 trials were analyzed 

together. ATPD did not significantly impact reaction time in monkey F (ANOVA, p > 0.05) 
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Figure 5.7: Saccade Peak Velocity in the VSC Task After the ATPD and BAL Mixtures. 

The average saccade peak velocity in the first 300, second 300, and all 600 trials of the VSC 

task following the ATPD and BAL mixtures are depicted in this graph. ATPD significantly 

impaired saccade peak velocity in monkey B during the first 300 trials of the VSC task 

(ANOVA, p < 0.05). The effect was not statistically significant in monkey B in the second 300 

trials of the task (ANOVA, p > 0.05), but was statistically significant when all 600 trials were 

pooled and analyzed (ANOVA, p < 0.05). ATPD did not have a significant influence on 

saccade peak velocity in monkey F (ANOVA, p > 0.05). Asterisks represent statistically 

significant difference in saccade peak velocity between the BAL and ATPD mixtures.  

 

 

 

 

Figure 5.8: Trials Successfully Completed in the VSC Task After the ATPD and BAL 

Mixtures. The effect of ATPD on trial completion in the VSC task depended on the task epoch 

in both animals. That is, compared to the BAL mixture, ATPD did not have a significant effect 

on trial completion in the first 300 trials of the VSC task (χ2-tests, p > 0.05), but significantly 

impaired trial completion during the second 300 trials of the task (χ2-tests, p < 0.05). The effect 

was statistically significant (χ2-tests, p < 0.05) when all 600 trials were pooled and analyzed 

together. Asterisks indicate significant difference in mean trial completion between the ATPD 

and BAL mixture sessions.  
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Figure 5.9: Trials Successfully Initiated in the VSC Task After the ATPD and BAL 

Mixtures. The graph depicts the proportion of trials successfully initiated during the first 300, 

second 300, and all 600 trials of the VSC task in the ATPD and BAL mixture sessions. ATPD 

significantly impaired trial initiation in monkey B during the first 300 and second 300 trials of 

the VSC task (χ2-tests, p < 0.05). ATPD did not significantly impact trial initiation in monkey 

F during the first 300 trials of the task (χ2-test, p > 0.05), but significantly impaired trial 

initiation in the second 300 trials of the VSC task (χ2-test, p < 0.05). The effect in both animals 

was statistically significant when all 600 trials were pooled and analyzed (χ2-tests, p < 0.05). 

Asterisks indicate significant differences in trial initiation between the ATPD and the BAL 

sessions. 
 

 

 

 

Figure 5.10: Trial Initiation Times Following the ATPD and BAL Mixtures. The animals’ 

trial initiation times significantly increased following the ATPD mixture compared to the BAL 

mixture (rank sum tests, p < 0.01) across the different time periods of the VSC task. Asterisks 

indicate significant differences in trial initiation time between the ATPD and the BAL mixture 

sessions. 
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Figure 5.11: Anticipatory Trial Initiation Following the ATPD and BAL Mixtures.  

ATPD significantly impaired anticipatory trial initiation in monkey B during the first 300 and 

second 300 trials of the VSC task (χ2-tests, p < 0.05). ATPD significantly impaired anticipatory 

trial initiation in monkey F during the first 300 trials of the task (χ2-test, p < 0.05), but the 

effect was not statistically significant in the second 300 trials of the task (χ2-test, p > 0.05). 

When all 600 trials were pooled and analyzed, the effect was statistically significant in both 

animals (χ2-tests, p < 0.05). Asterisks indicate significant differences in anticipatory trial 

initiation between the ATPD and the BAL sessions. 
 

 

 

 

Figure 5.12: Relative Change in PR Breakpoints After the ATPD and BAL Mixtures.  

Dashed lines indicate 1 and 2 standard deviations of the no-vehicle control data. Compared to 

the no-vehicle control sessions, the PR breakpoints decreased in monkey B (t-test, sequentially 

rejective Holm-Bonferroni, p = 0.03) but not in monkey F (t-test, sequentially rejective Holm-

Bonferroni, p > 0.05). Relative to the BAL mixture, the PR breakpoints did not significantly 

change in either animal at 3 hours after ingestion of the ATPD mixture (t-tests, sequentially 

rejective Holm-Bonferroni, p > 0.05). 
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Figure 5.13: Relative Change in Aborted Trials in the PR Task After the ATPD and BAL 

Mixtures. Dashed lines indicate 1 and 2 standard deviations of the no-vehicle control data. 

Relative to the no-vehicle control sessions, ATPD did not significantly impact the proportion of 

aborted trials at each ratio in the PR task in monkey B (t-tests, sequentially rejective Holm-

Bonferroni, p > 0.05), but significantly increased monkey F’s proportion of aborted trials (t-tests, 

sequentially rejective Holm-Bonferroni, p < 0.01). Compared to the BAL mixture, the proportion 

of aborted trials at each ratio in the PR task did not significantly change in either animal following 

the ATPD mixture (t-tests, sequentially rejective Holm-Bonferroni, p > 0.05).  
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Chapter 6 

General Discussion 

 

The present investigations examined the effects of catecholamines on cognition (using 

working memory as a cognitive model) and the activational aspects of motivation (speed, vigour and 

persistence) in adult female rhesus macaques (Chinese Macaca mulatta). Working memory was 

assessed using the animals’ response accuracy in the VSC task. Behavioural activation was 

examined using reaction time (speed), saccade peak velocity (vigour), trial completion (persistence), 

trial initiation (persistence), trial initiation time (speed), and anticipatory trial initiation (vigour) in 

the VSC task. A visual PR task was also used to assess behavioural activation; the PR breakpoint 

reflects persistence of motivated behaviour. We tested the impact of enhancing catecholamine 

neurotransmission on working memory and the activational aspects of motivation using the 

catecholamine reuptake inhibitors, MPH and ATX. We also examined the effects of impairing 

catecholamine neurotransmission on working memory and behavioural activation using ATPD. The 

effectiveness of the ATPD mixture at depleting brain catecholamines was investigated through 

analyses of DBS, plasma and cisternal CSF concentrations of Tyr and Phe following ingestion of the 

ATPD mixture compared to the BAL mixture. Plasma and/or CSF concentrations of prolactin, 

norepinephrine and the catecholamine metabolites, HVA and MHPG were also analyzed in this 

research. The ATPD mixture was found to be effective at reducing brain catecholamine synthesis 

and function. Our studies of the effects of MPH, ATX and ATPD on the VSC and PR tasks revealed 

that catecholamines do not have significant influence on working memory but significantly impact 

the activational aspects of motivation.   

 Chapter 2 discussed our research on the effects of acute doses of MPH on working memory, 

behavioural activation, psychotomimetic behaviour, general behaviour, and social behaviour in two 

adult female Chinese rhesus macaques. MPH has been shown to increase extracellular levels of 
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catecholamines by blocking dopamine and norepinephrine transporters which are involved in the 

reuptake of these catecholamines (Hannestad et al., 2010; Volkow et al., 1998). MPH is widely used 

in the treatment of ADHD which is associated with deficits in working memory and other cognitive 

abilities. Contrary to our hypothesis, MPH did not significantly enhance working memory in the 

animals. The 1.8 mg/kg dose of MPH improved response accuracy at set size 5 of the VSC task in 

one of the animals. However, this dose did not have a significant impact on response accuracy at the 

other set sizes. None of the doses of MPH improved response accuracy in the other animal. In line 

with our prediction, MPH dose-dependently enhanced behavioural activation in both animals. 

However, the effect of MPH on persistence was weaker (i.e. MPH had a marginal effect on trial 

initiation and did not significantly improve trial completion in the VSC task, although it significantly 

enhanced PR breakpoints in both animals) than its impact on the other aspects of behavioural 

activation (i.e. speed and vigour; MPH improved saccade peak velocity, anticipatory trial initiation, 

reaction time, and trial initiation time in the VSC task). MPH was found to induce psychotomimetic 

behaviours in one of the animals (monkey F) and to decrease social behaviours in the other animal 

(monkey B); we did not detect a dose-dependence for these effects. The MPH-induced 

psychotomimetic behaviours may have countered some of the beneficial effects of MPH on 

behavioural activation in monkey F, particularly monkey F’s persistence in the VSC task. As social 

behaviour is a motivated behaviour, the reduction in social behaviour indicates that MPH actually 

impaired some aspects of motivation in monkey B. This might explain the finding that some of the 

doses of MPH impaired trial initiation (i.e. the 5.6 and 10.0 mg/kg doses of MPH) and completion 

(i.e. the 0.3, 1.0, 5.6, and 10.0 mg/kg doses of MPH) in the VSC task in monkey B and none of the 

doses of MPH improved these two measures of persistence in the VSC task in this animal.   

 Chapter 3 focused on our study which investigated the impact of acute doses of ATX on 

working memory and behavioural activation in three female Chinese rhesus monkeys. ATX is 

thought to increase extracellular concentrations of catecholamines through blockade of the 
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norepinephrine transporter which is involved in the reuptake of norepinephrine and dopamine 

(Moron et al., 2002). ATX is a non-stimulant with a lower abuse potential than MPH (Upadhyaya et 

al., 2013). ATX is typically used as an alternative to MPH in the treatment of ADHD. Given that it 

acts on catecholamines which are thought to be involved in cognition and motivation, we predicted 

that ATX would enhance working memory and the activational aspects of motivation in the animals. 

However, contrary to our prediction, ATX was found to have a weak and inconsistent effect on the 

animals’ working memory. A dose-dependent or memory-load dependent effect of ATX on working 

memory was not observed in the animals. In line with our hypothesis, ATX was found to 

significantly enhance the activational aspects of motivation. Specifically, ATX dose-dependently 

improved breakpoints in the PR task as well as trial completion, trial initiation, trial initiation time, 

and anticipatory trial initiation in the VSC task in all three of the animals. ATX had a weaker effect 

on the animals’ reaction time and saccade peak velocity in the VSC task. The weak impact of ATX 

on reaction time might be related to the fact that reaction time in the VSC task is also subjected to 

non-motivational factors such as the animals’ confidence in the accuracy of their intended responses.   

Chapter 4 covered our research on the impact of the ATPD mixture on brain markers of 

catecholamine synthesis and function. We first conducted a 6-hour time course study using three 

adult female Chinese rhesus macaques to determine the time period at which the ATPD mixture 

markedly reduced DBS concentrations of the catecholamine precursors, Tyr and Phe. The results of 

this study showed that the ATPD mixture led to marked reductions of DBS Tyr and Phe 

concentrations at 3 hours post ingestion of the mixture. Specifically, DBS Tyr and Phe levels 

decreased by 65.56% and 63.32%, respectively at 3 hours after ingestion of the ATPD mixture 

compared to baseline. Relative to the BAL mixture, DBS Tyr and Phe levels lowered by 79.67% and 

83.28%, respectively at 3 hours following administration of the ATPD mixture. The 3-hour post 

mixture ingestion time period was subsequently used as the time point for plasma and CSF sampling 

in four female rhesus macaques (due to issues that arose in one animal, we only analyzed and 
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reported the results of three of the animals in this paper). Plasma and CSF samples were taken to 

determine the impact of the ATPD mixture on plasma and/or CSF concentrations of Tyr, Phe, Trp, 

norepinephrine, HVA, MHPG, 5-HIAA, and prolactin. Relative to the BAL mixture, the ATPD 

mixture led to marked reductions in plasma and CSF concentrations of Tyr and Phe in the animals. 

The ATPD mixture also decreased plasma and CSF levels of norepinephrine and CSF concentrations 

of HVA and MHPG. A marked increase in plasma prolactin levels, which is consistent with a 

decrease in brain dopamine activity, was observed at 3 hours after administration of the ATPD 

mixture compared to the BAL mixture. The ATPD mixture only led to small changes in CSF Trp and 

5-HIAA concentrations, which suggest that any impact that the mixture might have had on serotonin 

synthesis was marginal. Our analysis of the correlational relationships between these biochemicals 

showed strong correlations between peripheral (i.e. DBS and plasma) Tyr and Phe concentrations 

and CSF Tyr and Phe levels. Peripheral and CSF concentrations of Phe correlated with CSF 

norepinephrine and MHPG. Correlations were also found between CSF norepinephrine and CSF 

HVA and MHPG. Plasma prolactin concentrations were observed to negatively correlate with CSF 

HVA. Plasma norepinephrine concentrations (a secondary measure of brain norepinephrine activity) 

correlated with CSF norepinephrine and MHPG levels. CSF HVA was found to strongly correlate 

with CSF 5-HIAA, which is often observed in primates (e.g., Weinberg-Wolf et al., 2018; Young 

and Ervin 1984) and might be due to a regulatory action of serotonin turnover on dopamine turnover 

(Agren et al., 1986) or to the shared cofactor (BH4) in the synthesis of serotonin and dopamine. 

Taken together, these findings indicate that ATPD-mediated depletion in peripheral catecholamine 

precursor concentrations led to reductions in brain catecholamine synthesis and function.   

Chapter 5 detailed the behavioural task experiments that were conducted to determine the 

effects of the ATPD mixture on working memory and behavioural activation. Two adult female 

Chinese rhesus macaques were used in this study. The animals’ response accuracy on the VSC task 

was used to assess working memory. The breakpoint and proportion of aborted trials at each ratio in 
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the PR task (both indicate persistence) as well as the reaction time, saccade peak velocity, successful 

trial initiation, successful trial completion, trial initiation time, and anticipatory trial initiation in the 

VSC task were used as measures of behavioural activation. Each animal had at least 5 experimental 

sessions in which they were tested with the ATPD mixture and at least 5 sessions that they were 

tested with the BAL mixture. The animals ran on the behavioural paradigms (i.e. PR and VSC tasks) 

at 3 hours after ingestion of either the BAL or ATPD mixture and completed the tasks at around 5 

hours post mixture administration. DBS samples were taken from the animals at baseline, right 

before they started the tasks and right after they completed the tasks to assess the impact of the 

mixtures on DBS Tyr and Phe concentrations. Compared to baseline and the BAL mixture, DBS Tyr 

and Phe concentrations were found to be markedly reduced at 3 hours after ingestion of the ATPD 

mixture. We predicted that by impairing the function of brain catecholamines through the depletion 

of Tyr and Phe, the ATPD mixture would significantly impair the animals’ working memory and 

behavioural activation. Relative to the BAL mixture, the ATPD mixture was found to have a weak 

impact on working memory as it only significantly reduced response accuracy on the easiest set sizes 

(2 and 3) of the VSC task in only one of the animals. In line with our prediction, the ATPD mixture 

significantly impaired behavioural activation in both animals. Namely, ATPD impaired trial 

completion, trial initiation, trial initiation time, and anticipatory trial initiation in the VSC task in 

both animals compared to the BAL mixture. ATPD was found to impair reaction time and saccade 

peak velocity in the VSC task in one of the animals but not in the other animal; this indicates that the 

mixture might have impacted behavioural activation more so in one animal than in the other animal. 

Compared to the no-vehicle control, ATPD reduced the PR breakpoint in one animal (the effect 

approached statistical significance) and significantly increased aborted trials at each ratio of the PR 

task in the other animal. However, these effects of ATPD were not statistically significant in either 

animal compared to the BAL mixture. The weaker effects of ATPD on PR task performance might 

be due to the time period in which the animals’ worked on the PR task. The animals began each 
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behavioural session by completing the PR task before working on the VSC task. However, the 

impact of ATPD on most of the measures of behavioural activation in the VSC task depended on the 

time period of the task. Hence, the weaker effects of ATPD on PR task performance might be due to 

the time point in which the animals ran on the task. A future study which intersperses the PR task 

with the VSC task is needed to test these assumptions.  

From the studies that tested the effects of MPH, ATX and ATPD on working memory and 

the activational aspects of motivation, a pattern emerged which shows that catecholamines have a 

strong impact on the activational aspects of motivation but little to no effect on working memory. 

Given that the literature shows equivocal results of the modulatory influence of catecholamines on 

working memory, our finding that catecholamines have a weak impact on working memory is not 

surprising. In the MPH literature, some researchers have found enhancing effects of MPH on 

working memory (Agay et al., 2010; Arnsten and Dudley, 2005; Bain et al., 2003; Bedard et al., 

2003; Berridge et al., 206; Cubillo et al., 2014; Devilbiss and Berridge, 2008; Dow-Edwards et al., 

2008; Elliott et al., 1997; Gamo et al., 2010; Kobel et al., 2009; Kodama et al., 2017; Mehta et al., 

2004; Yang et al., 2012), while other researchers have found no (Hutsell and Banks, 2015; Oemisch 

et al., 2016; Rajala et al., 2012; Rhodes et al., 2004; Soto et al., 2013; Studer et al., 2010; Tomasi et 

al., 2011; Yildiz et al., 2011) or even detrimental (Bartus, 1979) effects of MPH on working 

memory. The ATX literature is also divided with some studies finding ATX to benefit working 

memory (Adler et al., 2016; Brown et al., 2009; Cubillo et al., 2014; Gamo et al., 2010; Martinze-

Torres et al., 2018; Maziade et al., 2009; Ni et al., 2013; Yang et al., 2012) and other studies finding 

ATX to not have a significant influence on working memory (Bain et al., 2003; Callahan et al., 2019; 

Marquand et al., 2011; Thurston and Pare, 2016; Yildiz et al., 2011). Only a few studies have 

examined the impact of ATPD on working memory. Similar to the MPH and ATX literature, these 

studies are split with some researchers finding evidence that shows that ATPD significantly impairs 

working memory (Harmer et al., 2001; Harrison et al., 2004), while other researchers have found 
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ATPD to not have a significant impact on working memory (Ellis et al., 2005, 2007; Linssen et al., 

2011; Mehta et al., 2005; McLean et al., 2004; Roiser et al., 2005).  

 A review of the broader literature on the role of catecholamines in working memory reveals 

that studies using other means to modulate catecholamine neurotransmission have also produced 

inconsistent findings of the effects of catecholamines on working memory. As these studies have 

typically tested dopamine and norepinephrine receptor agonists and antagonists, those will be the 

focus here. Some of the most consistent findings of the modulatory role of catecholamines on 

working memory have been from studies examining the impact of dopamine D1 receptor agonists 

and antagonists in NHP performing delayed response tasks; dopamine is generally thought to 

enhance working memory and other cognitive functions through its actions on the D1 receptor 

(Arnsten et al., 1994; Castner and Goldman-Rakic, 2004; Müller et al., 1998). In young (4-10 years 

old) and aged (17 to over 30 years old) female rhesus macaques performing a delayed response task, 

Arnsten et al. (1994) observed that intramuscular injections of the D1 antagonist, SCH23390 

impaired working memory in the young but not the aged monkeys. Injections of the D1 partial 

agonist, SKF38393 improved the working memory of the aged monkeys but not the young monkeys. 

As the working memory performance of the aged monkeys was improved by the D1 partial agonist, 

Arnsten et al. (1994) predicted that the full D1 agonist, dihydrexidine would produce even greater 

improvement in the aged monkeys. However, contrary to their prediction, dihydrexidine impaired the 

working memory performance of most of the aged monkeys; dihydrexidine did significantly improve 

working memory in the young monkeys and in some of the aged monkeys, depending on the dose 

(Arnsten et al., 1994). The agonist-induced improvements in working memory were blocked by 

treatment with the D1 antagonist, SCH23390. Arnsten et al. (1994) argued that the differential 

effects of the drug treatments in the young and aged monkeys were likely due to dopamine system 

degeneration in the aged monkeys and that the detrimental effects of dihydrexidine in the aged 

monkeys was indicative of excessive D1 stimulation which may be deleterious to cognitive function. 
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Cai and Arnsten (1997) investigated the effects of the D1 full agonists, A77636 and SKF81297 on 

working memory in aged monkeys (about 16 to over 30 years old) performing a delayed response 

task. Both compounds produced significant, dose-dependent effects on working memory in the 

animals, with low doses improving the animals’ performance, while higher doses either impaired or 

had no effects on the animals’ performance. The D1 agonist-induced improvement in working 

memory task performance was reversed by pretreatment with the D1 antagonist, SCH23390 (Cai and 

Arnsten, 1997). Furthermore, the impairment in performance induced by higher doses of the D1 

agonists was blocked by SCH23390. Other studies in NHP using delayed response tasks have found 

D1 receptor agonists (Castner et al., 2000; Castner and Goldman-Rakic, 2004; Vijayraghavan et al., 

2007) and antagonists (Von Huben et al., 2006) to significantly influence working memory. 

Dopamine receptor agonist studies in human subjects have produced inconsistent findings of 

the modulatory effects of dopamine on working memory. Müller et al. (1998) observed differences 

between the D1/D2 receptor agonist, pergolide and the D2 receptor agonist, bromocriptine in healthy 

humans performing a delayed match-to-sample task. Namely, acute pergolide treatment (0.1 mg) 

significantly improved the participants’ scores on the task, while acute bromocriptine treatment (2.5 

mg) did not improve their task scores. In contrast to the Müller et al. (1998) study, Luciana et al. 

(1992) found acute treatment of the same dose of bromocriptine (2.5 mg) to facilitate working 

memory in healthy human subjects performing a spatial delayed response task. In line with the 

Luciana et al. (1992) study, Mehta et al. (2001) found bromocriptine (acute treatment; 1.25 mg) to be 

effective at improving working memory in healthy participants performing spatial working memory 

tasks from CANTAB. Contrary to these findings, Bartholomeusz et al. (2003) found that neither 

acute treatment of pergolide (0.05 mg) nor bromocriptine (2.5 mg) had an effect on working memory 

in healthy human participants performing an n-back task. Luciana and Collins (1997) also found that 

2.5 mg of bromocriptine did not have a facilitating effect on working memory in healthy participants 

performing a delayed response task and a delayed match-to-sample task. Although a lower dose of 
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bromocriptine (1.25 mg) improved performance on the delayed response task but not the delayed 

match-to-sample task and the D2 receptor antagonist, halperidol was effective at impairing the 

participants’ delayed response task performance (Luciana and Collins, 1997). Kimberg and 

D’Esposito (2003) tested the effects of pergolide on a variety of cognitive tests, including object and 

spatial versions of the delayed response task as well as digit span and spatial span tasks which 

assessed working memory. Across the battery of tasks, pergolide only had a significant effect on the 

delayed response tasks. In summary, studies using dopamine receptor agonists and antagonits have 

shown inconsistent results of their effects on working memory. Although, research that has tested 

these agents on working memory using NHP performing delayed response tasks have produced 

findings that are more consistent.  

Studies that have investigated the role of norepinephrine in working memory by testing  

adrenergic receptor agonists and antagonists have also produced inconsistent results; norepinephrine 

acts on alpha (alpha-1 and alpha-2) and beta (beta-1, beta-2 and beta-3) adrenergic receptors 

(adrenoceptors) and is widely thought to modulate working memory through its actions on alpha-2 

adrenergic receptors (Avery et al., 2000). Similar to the dopamine literature, studies (Arnsten and 

Cai, 1993; Arnsten and Goldman-Rakic, 1985; Arnsten and Leslie, 1991; Avery et al., 2000; Cai et 

al., 1993; Franowicz and Arnsten, 1998, 1999, 2002; Rama et al., 1996) that have used delayed 

response tasks in NHP to examine the effects of alpha-2 adrenergic receptor agonists and antagonists 

have produced the most consistent evidence to support the view that catecholamines play an 

important modulatory role in working memory. Avery et al. (2000) studied the influence of the 

alpha-2 adrenoceptor agonist, guanfacine (0.7 mg/kg; acute treatment) on working memory in female 

rhesus macaques performing a delayed response task. Guancafine improved the animals’ 

performance on the task and also increased regional cerebral blood flow (rCBF) in the dorsolateral 

PFC. Avery et al. (2000) also found high correlations between the guanfacine effects on cognitive 

performance and rCBF measures in some areas of the dorsolateral PFC (i.e. caudal dorsolateral PFC 
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and mid-dorsolateral PFC). Franowicz and Arnsten (1998) examined the impact of a range of doses 

(0.0001-0.7 mg/kg) of guanfacine on the delayed response task performance of female rhesus 

monkeys. Low doses of guanfacine (0.0001-0.01 mg/kg) were found to have no effect on the 

animals’ delayed response task performance, while high doses of guanfacine (0.1-0.7 mg/kg) 

significantly enhanced their performance.  In another study with female rhesus macaques performing 

a delayed response task, Franowicz and Arnsten (1999) found that the alpha-2 adrenergic receptor 

agonist, clonidine (0.02 and 0.1 mg/kg) significantly improved performance on the task compared to 

saline control. The effect of clonidine on delayed response task performance was reversed by 

treatment with the alpha-2 antagonist, idazoxan (0.1 mg/kg). Cai et al. (1993) treated rhesus 

macaques daily with the catecholamine-depleting agent, reserpine (0.1 mg/kg) which led to 

significant impairment in the animals’ delayed response task performance. The performance of the 

chronic reserpine-treated animals was restored following treatment with clonidine (0.0001-0.05 

mg/kg; all the tested doses of clonidine were found to significantly improve the animals’ 

performance).  

Research in NHP that has used other working memory tasks, has produced results that are 

less supportive of the view that norepinephrine plays an  important role in working memory. Decamp 

et al. (2011) investigated the impact of guanfacine on working memory in rhesus monkeys using a 

self-ordered spatial search task; this task was similar to the delayed response task in that it was a 

spatial working memory task but unlike the delayed response task (at least the ones used in the 

studies discussed above), it was not a single memorandum task as it involved several levels of 

difficulty in which the animals were required to maintain two to four items in working memory. The 

animals were acutely tested with both low (0.0015 mg/kg) and high (0.5 mg/kg) doses of guanfacine 

on separate experimental sessions (Decamp et al., 2011). Neither dose of guanfacine was found to 

improve the animals’ performance on the self-ordered task. Arnsten and Goldman-Rakic (1990) 

tested the effects of clonidine and guanfacine on working memory in rhesus monkeys using a 
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delayed nonmatch-to-sample task which measured object working memory. Clonidine had an 

inverted-U dose-dependent effect on task performance as very low and high doses impaired 

performance, while intermediate doses produced a modest improvement in performance. However, 

the effect of clonidine on working memory was inconsistent as the doses that improved performance 

did not usually produce the same effect when they were retested in the same animals (Arnsten and 

Goldman-Rakic, 1990).  

Adrenergic receptor challenge studies in humans have produced inconsistent findings of the 

effects of norepinephrine on working memory. Coull et al. (1995) investigated the impact of 

clonidine (1.5 µg/kg and 2.5 µg/kg) on the performance of working memory tasks from CANTAB in 

healthy human subjects. The higher dose of clonidine significantly improved spatial working 

memory task performance, while the lower dose had no effect on performance of the task (Coull et 

al., 1995). The lower dose of clonidine impaired the participants’ visual working memory task 

performance; the higher dose was not tested on the visual working memory task. Swartz et al. (2008) 

conducated a study to determine if guanfacine could improve working memory in patients with 

frontal lobe epilepsy and/or in those with focal epilepsy outside of the frontal lobe (i.e. temporal lobe 

epilepsy). A control group of healthy individuals were also tested with guanfacine. Compared to 

baseline performance, all three groups showed greater accuracy on a delayed match-to-sample task 

following acute guanfacine (2-3 mg) treatment (Swartz et al., 2008). Jakala et al. (1997) found that 

guanfacine improved spatial working memory task performance in healthy human subjects, while 

clonidine impaired performance. In contrast to these studies, several researchers did not find any 

effects of adrenocpetor agonists (Choi et al., 2006; Frith et al., 1985; Müller et al., 2005a; Veselis et 

al., 2004) or antagonists (Swann et al., 2005) on working memory in humans. Müller et al. (2005a) 

tested the effectivenss of guanfacine (1 or 2 mg) at enhancing cognition in healthy humans using 

several cognitive tasks including digit span and spatial working memory tasks to assess working 

memory. Guanfacine did not have a significant effect on any of the cognitive measures including the 
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working memory tasks. In a study with healthy human participants, Swann et al. (2005) found that 

the alpha-2 adrenergic receptor antagonist, yohimbine (a lower dose of 20 mg and a higher dose of 

30 or 40 mg were tested on the participants) did not significantly alter correct responses on the 

immediate memory task, which assesses working memory. However, the higher dose of yohimbine 

was found to increase impulsive responses on the task.  

A few studies in humans and NHP have been done to test the effects of beta-adrenergic 

receptor antagonists (i.e. beta-blockers such as propranolol, atenolol and betaxolol) on working 

memory. These manipulations have yielded mixed results in both humans and NHP. Ramos et al. 

(2005) investigated the impact of a range of doses (0.00000011-0.11 mg/kg) of betaxolol on working 

memory in rhesus macaques performing a delayed response task. Betaxolol produced a dose-

dependent improvement in the animals’ performance on the task. Li and Mei (1994) examined the 

effects of propranolol (10 μg) on working memory in female rhesus macaques performing a delayed 

response task. Propranolol did not induce any significant effects on the animals’ performance on the 

task. Arnsten and Goldman-Rakic (1985) also did not find a significant impact of propranolol on 

working memory in rhesus monkeys performing a delayed response task. In humans, studies using 

beta-adrenergic receptor antagonists have found improvement (Brooks et al., 1988; Campbell et al., 

2008; Oei et al., 2010), no (Alexander et al., 2007; Müller et al., 2005b) and detrimental (Frcka and 

Lader, 1988; Müller et al., 2005b; Oei et al., 2010) effects of these agents on working memory in 

nearly equal measure. Taken together, these studies show that findings of the effects of 

catecholamines on working memory are widely inconsistent. This inconsistency calls into question 

whether catecholamines have a significant role in the modulation of working memory and possibly 

other cognitive functions.  

MPH, ATX and ATPD were all found to have significant effects on the activational aspects 

of motivation in our research. These results are in line with a growing body of research (Brown et al., 

2012; Chong and Husain et al., 2016; Drui et al., 2014; Ishiwari et al., 2004; Marchant et al., 2016; 
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Remy et al., 2005; Salamone et al., 2001; Varazzani et al., 2015; see for review Bailey et al., 2016; 

also see Salamone et al., 2016) that have found evidence to suggest that catecholamines have a 

significant influence on behavioural activation. MPH and ATX were found to have differential 

effects on behavioural activation in the present research (see Figure 6.1). That is, MPH significantly 

enhanced vigour (i.e. saccade peak velocity and anticipatory trial initiation) and speed (i.e. reaction 

time and trial initiation time) in the VSC task, but had a weak impact on persistence in the task (i.e. 

trial initiation and completion). By contrast, ATX significantly improved persistence in the VSC task 

but had a weaker effect on vigour and speed in the VSC task compared to MPH. Specifially, ATX 

only enhanced reaction time in one out of three of the animals and saccade peak velocity in two of 

the animals, while MPH significantly improved reaction time and saccade peak velocity across the 

animals. Given that ATX selectively blocks the norepinephrine transporter (Moron et al., 2002) and 

does not increase dopamine in the NAcc (see Koda et al., 2010; the NAcc is thought to be important 

for behavioural activation), these findings suggest the dopamine and norepinephrine have differential 

effects on the activational aspects of motivation. That is, dopamine might influence the speed and 

vigour of motivated behaviour more than the persistence of the behaviour. While, norepinephrine 

might influence persistence more than speed and vigour. Support for this view comes from a study 

by Navarra et al. (2008), which compared the effects of MPH and ATX on the performance of rats in 

a 5-choice serial reaction time test used to assess attention and impulsivity. While MPH led to faster 

response latencies on the task, ATX did not have a significant influnece on reaction time, indicating 

that MPH (or dopamine) influences the speed of motivated behaivour moreso than ATX (or 

norepinephrine). Further studies are needed to determine if dopamine and norepinephrine have 

differential effects on the activational aspects of motivation. Thus far, no study has examined 

combined MPH and ATX treatments. Given their differential effects on behavioural activation, it 

might be a good idea to test the effects of combined MPH and ATX treatments (including the safety 

of combining MPH and ATX treatments). 
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Catecholamines may largely impact working memory task performance through their effects 

on motivation. In deed, researchers such as Volkow et al. (2001) have proposed that agents that 

influence catecholamine neurotransmission could enhance the salience of a cognitive task, 

facilitating interest in the task and thus improving performance. In addition to increasing interest in 

cognitive tasks, catecholamines might impact performance on these tasks by influencing activational 

aspects of motivation. That is, catecholamines could influence cognitive task performance by 

affecting the speed, vigour and persistence of the behaviour that individuals engage in when 

performing the tasks. Support for the view that catecholamines may largely impact cognition through 

motivation comes from a growing body of evidence that show that motivation can modulate working 

memory and other cognitive task performance (Dovis et al., 2012; Heitz et al., 2008; Jimura et 

al.2010; see for review Botvinick and Braver, 2015). Heitz et al. (2008) examined the effects of 

reward/incentives on working memory in people with low and high working memory capacities. The 

subjects’ pupil sizes were recorded during performance of the working memory task (i.e. reading 

span task) as a measure of mental effort. During the task, Heitz et al. (2008) manipulated incentive at 

three different levels: no incentive, feedback and feedback + monetary reward. Compared to the no 

incentive and feedback conditions, incentive significantly increased the performance of both the low 

and high capacity individuals. The extent of the increase in performance was statistically identical 

for both groups and the difference between the performance of the high and low capacity individuals 

remained, indicating that motivation improved performance on the task but did not have an impact 

on working memory capacity (Heitz et al, 2008). Pupil size was sensitive to changes in incentive as 

baseline pupil size measurments recorded at the beginning of each trial were larger for the incentive 

condition than for the feedback or no incentive conditions. These findings suggest that the 

improvement in working memory task performance was related to a boost in effort/arousal levels (as 

indicated by the increase in pupil size), which was induced by the incentive. Taken together, the 

results of the Heitz et al. (2008) study show that although behavioural activation (effort) might not 
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have an impact on working memory capacity, it does have a significant influence on working 

memory task performance. These findings suggest that changes in behavioural activation may have 

less of an effect on response accuracy in working memory tasks that account for capacity (e.g., the 

VSC task that we used in our research) than in single memorandum tasks that do not account for 

capacity, such as the delayed response task. In light of this, it is possible that studies using delayed 

response tasks have found more consistent results to suggest that catecholamines have a significant 

influence on working memory as they used a task in which accuracy might be more subjected to 

motivational influences, which are strongly modulated by catecholamines. 

Further support for the view that catecholamines might influence cognition through 

motivation come from neuroimaging studies that have shown that motivation can modulate the 

activity of brain regions that are involved in working memory. An fMRI study by Pochon et al. 

(2002) in humans found that the left dorsolateral PFC was not only activated by performance on an 

n-back task but was also modulated by changes in reward value. Marquand et al. (2011) examined 

the impact of MPH and ATX on brain activity during performance of a delayed match-to-sample 

task in which half of the trials carried a monetary reward (indicated by the colour of the stimulus). 

The participants made fewer errors on rewarded trials than on non-rewarded trials. However, their 

performance did not differ between drug conditions (comparisons were not made with a control) and 

there was no reward and drug interaction (Marquand et al., 2011). Reward was associated with 

enhanced activity in the working memory network and attenuated activity in the DMN. During the 

non-rewarded trials, MPH was found to produce a similar brain activiation pattern to that observed in 

the rewarded trials. That is, MPH increased activity in the working memory network and decreased 

activity in the DMN.  

Neuroimaging studies have also shown interactions between brain regions that are important 

for motivation and those that are involved in working memory during working memory task 

performance. Szatkowska et al. (2008) used fMRI and structural equation modeling (SEM) to 
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examine the interaction between the dorsolateral PFC and the OFC in healthy humans performing an 

n-back task; dopamine in the OFC is thought to be involved in the activational aspects of motivation 

(Cetin et al., 2004; Gourley et al., 2010; see for review Bailey et al., 2016). The participants 

performed the task under two reinforcment conditions: a low motivation condition that was not 

associated with monetary reward and a high motivation condition which involved the probability of 

winning a certain amount of money (Szatkowska et al.,2008). The medial and lateral regions of the 

OFC in both hemispheres positiviely influenced left dorsolateral PFC activity in the low motivation 

condition. In the high motivation condition, the connections in the network including the right OFC 

and left dorsolateral PFC decreased from a positive to a negative influence compared to the low 

motivation condition (Szatkowska et al., 2008). In contrast, the connections in the network including 

the left OFC and left dorsolateral PFC were more positive than in the low motivation condition. 

However, only the connection between the right OFC and the left dorsolateral PFC showed a 

statistically significant condition-dependent change. Szatkowska et al. (2008) suggested that this 

change appeared to be the functional correlate of motivational influence on working memory. They 

argued that the correlational relationship between the right OFC and the left dorsolateral PFC was 

negative (i.e. inhibitory) in their study as the right OFC is thought to be involved in the experience of 

pyschological stress and since the high motivation condition involved more stress than the low 

motivation condition, the inhibitory effect likely reflected stress-induced attenuation of cognitive 

function by the OFC. Overall, the Szatkowska et al. (2008) study shows evidence of functional 

connectivity between brain regions that are involved in motivation and working memory. The 

findings also indicate the neural pathway (i.e. interactions between the right OFC and the left 

dorsolateral PFC) through which the activational aspects of motivation might modulate working 

memory task performance.  

While we have argued here that catecholamines have little direct influence on working 

memory and may largely impact working memory through their influence on motivation, some 
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issues exist that need to be considered. The lack of significant findings of the effects of 

catecholamines on working memory in our research might be due to catecholamines in brain regions 

that are important for working memory (e.g., the dorsolateral PFC) not being affected by our 

pharmacological (i.e. MPH and ATX) and amino acid mixture (i.e. ATPD) manipulations. We used 

systemic administration of MPH and ATX as a first step in our research as generally that is how 

these drugs are taken when they are prescribed as treatments for conditions such as ADHD. 

However, it is possible that the systemic administration of these drugs led to very small or no 

amounts of them reaching brain regions that are part of the working memory network. While the 

ATPD mixture led to marked reductions in CSF Tyr and Phe concentrations and markedly increased 

plasma prolactin levels, its effects on CSF norepinephrine, HVA and MHPG concentrations were 

small. Hence, it is possible that the ATPD mixture did not deplete catecholamines enough in the 

working memory network for a significant, observable effect on working memory. Given these 

possiblities, the observed weak impact of MPH, ATX and ATPD on working memory may be due to 

these manipulations not producing a large enough effect on dopamine and norepinephrine 

transmission in brain regions that are involved in working memory. It should be noted that some 

studies that have found MPH or ATX to have an impact on the activity of brain regions that are 

important for working memory did not find MPH or ATX to have a significant influence on working 

memory task performance (see Marquand et al., 2011; Tomasi et al., 2011). Future studies should be 

done to test the impact of injecting MPH and ATX (and other drugs that influence catecholamine 

transmission) directly into brain areas (e.g., PFC and PPC) that are important for working memory. 

The effects of ATPD on catecholamine concentrations in brain regions that are involved in working 

memory should be examined in a future study. Futher studies should be done to test the impact of 

other catecholamine depleting agents such as reserpine, 6-OHDA and alpha-methyl-paratyrosine 

(AMPT; inhibits tyrosine hydroxylase) on working memory using the VSC task.  
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The animals’ familiarity with the VSC task might also explain the lack of significant impact 

of catecholamines on working memory in this research. All the animals had extensive training on the 

VSC task and had demonstrated stable performance on the task in more than 10,000 trials prior to 

taking part in this research. While the set size and the colours of the squares in the memory array 

were randomly choosen on each trial of the VSC task (this provided some novelty in the task to the 

animals), MPH, ATX and ATPD might have failed to significantly impact working memory due to 

the animals being familiar (trained) on the VSC task. It’s possible that catecholamines might have 

more of an influence on working memory when the individual is learning the task, as oppossed to 

when they have learned and become familiar with the task. Future studies should be done to test the 

impact of catecholamines on working memory during the learning phase of working memory tasks. 

Given that cognitive skills are mostly used in real-life settings, a naturalistic approach should be 

employed in a future study to test the impact of catecholamines on working memory and other 

cognitive functions in familiar and unfamiliar real-life tasks.  

The time of cognitive testing might also explain the lack of significant effects of 

catecholamines on working memory. In our research, the animals were tested on the behavioural 

tasks, 30 minutes after oral administration of MPH or ATX. In terms of the MPH study, this time 

frame was chosen based on pharmacokinetic studies in rhesus macaques which show that peak blood 

concentrations of MPH in rhesus macaques is reached after about 60 minutes (Doerge et al., 2000). 

A time course study that was done in our lab using rhesus macaques, assessed plasma concentrations 

of MPH in the animals at 30, 60 and 90 minutes after administration of a mid-range dose (1.0 mg/kg) 

of MPH (Oemsich et al., 2016). Compared to baseline, plasma concentrations of MPH were found to 

be significantly greater at 30, 60 and 90 minutes following administration of MPH. The plasma 

levels of MPH at these three time periods were also all within the therapeutic range (5-20 ng/ml; 

Swanson and Volkow, 2003). These findings suggest that the mid-range doses of MPH that we used 

in the present MPH study yielded blood concentrations that were within the therapeutic range during 
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the length of the experimental sessions. Hence, it is unlikely that the lack of effect of MPH on 

working memory was due to the time of cognitive testing in our research.  

We chose the 30-minute post ingestion time period for the experimental sessions in the ATX 

study based on pharmacokinetic studies in humans, which found the average time to peak blood 

concentration of ATX to be within 1 hour after oral administration (Nakano et al., 2016). As the 

pharacokinetics of ATX in rhesus macaques are currently unknown, it is possible that the time to 

peak blood concentration of ATX in rhesus macaques is different from that of humans. Hence, the 

time of cognitive testing might explain the lack of significant effects of ATX on working memory 

that we observed in our study.  

Each behavioural task session began at 3 hours post ingestion of the ATPD mixture based on 

our findings that DBS Tyr and Phe concentrations were markedly reduced at three hours after 

administration of the ATPD mixture. As this time point was earlier than the behavioural testing time 

period of most previous studies in the literature (e.g., Ellis et al., 2005, 2007; Harmer et al., 2001; 

Harrison et al., 2004; Linssen et al., 2011; Mehta et al., 2005; McLean et al., 2004; Roiser et al., 

2005), it is possible that we found a weak impact of ATPD on working memory because the time 

point that we used for the behavioural testing was too early; a later time of testing might have led to 

more catecholamine depletion which might have produced stronger effects on working memory. 

However, it should be noted that many of the previous studies (e.g., Ellis et al., 2005, 2007; Linssen 

et al., 2001; Mehta et al., 2005; McLean et al., 2004; Roiser et al., 2005) that used a later time point 

for behavioural testing than our study did not find ATPD to have a significant influence on working 

memory. Hence, time of testing was likely not a factor in our observed weak impact of ATPD on 

working memory. That being said, a future study should be done in which behavoural testing is 

conducted at more than one time point to examine if the ATPD mixture has a significant effect on 

working memory at a later time of testing.  
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The baseline working memory capacity of the subjects may explain the lack of signficant 

effects of MPH and ATX on working memory in our research as well as the inconsistencies in the 

findings of the MPH, ATX and catecholamine receptor agonist studies in the literature. Some 

researchers (e.g., Agay et al., 2014; Kimberg et al., 1997; Manktelow et al., 2017) have found 

evidence to suggest that the effectiveness of agents that enhance catecholamine neurotransmission 

depend on baseline working memory capacity. Generally it is thought that individuals with weak 

baseline working memory capacity will benefit from catecholamine enhancing agents, while those 

with high working memory capacity will experience no or detrimental effects from these agents 

(Manktelow et al., 2017). In support of this, Agay et al. (2014) found a significant correlation 

between poor baseline working memory task performance and the beneficial effect of MPH in 

people with ADHD. Manktelow et al. (2017) found that MPH normalized working memory task 

performance in patients with traumatic brain injury, compared to healthy controls and that patients in 

the middle range of baseline performance benefited the most from MPH. In healthy human subjects 

performing a spatial working memory task, Kimberg et al. (1997) found that the D2 receptor agonist, 

bromocriptine improved performance in low-capacity subjects, while the high-capacity subjects did 

poorly on the drug. Our research on MPH is limited as none of the animals used in the study had low 

baseline capacity. However, in the ATX study, one of the animals (monkey D) had a low baseline 

working memory capacity and ATX did not significantly improve working memory in this animal. 

Baseline capacity also doesn’t account for the weak findings of the effects of catecholamines on 

working memory in our ATPD study or in the studies in the literature that used catecholamine 

receptor antagonists. Hence, baseline capacity does not provide a statisfying explanation for the 

many studies that have found no significant effects of catecholamines on working memory.  

The lack of significant findings of the influence of catecholamines on working memory 

might be due to the type of working memory (i.e. verbal, visual or spatial working memory) that is 

assessed. The VSC task that we used in our research is a change detection task that measures 
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visual/object working memory (i.e. the individual has to retain the features of the object in working 

memory; in this case the colour of the squares in the array). Studies that have produced more 

consistent findings to support the view that catecholamines are important for working memory have 

typically used delayed response tasks which assess spatial working memory (Cai and Arnsten, 1997). 

In a PET study with human subjects, Smith et al. (1995) observed that spatial working memory tasks 

only activated right-hemisphere regions (included prefrontal and parietal areas in the right-

hemisphere), while object working memory tasks primarily activated left-hemisphere regions 

(included parietal areas in the left-hemisphere; prefrontal areas were not activated). As different 

brain regions might be involved in different types of working memory, it is possible that 

catecholamines might be more involved in spatial working memory than in object or verbal working 

memory. Hence, the inconsistent results in the literature and the lack of significant findings in the 

present research might be due to the use of working memory tasks that measure visual/object or 

verbal information. However, it should be noted that some studies that have examined the impact of 

catecholamines on working memory using the delayed response task (Bartus, 1979; Rajala et al., 

2012) and other spatial working memory tasks such as the self-ordered spatial search task (Decamp 

et al., 2011; Rhodes et al., 2004) have found catecholamines to not significantly enhance working 

memory. Future studies should be done to clarify the issue that catecholamines may play an 

important role in spatial working memory, while not having a significant effect on other types of 

working memory.  

The inconsistent findings in the literature may also be due to differences in the delay 

intervals of the working memory tasks. We used a delay interval of one second in the VSC task to 

limit the possible impact of long-term memory on the animals’ performance on the task. A study by 

Jeneson et al. (2012) found that people with damage to the medial temporal lobe performed 

significantly worst than controls in a change detection task with long delay intervals (3-8 seconds) 

but performed similarily to controls on trials in which the delay interval was 1 second. These results 
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indicate that delay intervals that are longer than 1 second allow for long-term memory processes to 

influence performance on working memory tasks. As iconic memory has been estimated to be about 

0.3-0.5 seconds after perception (Lu et al., 2005), we used a 1 second delay interval to ensure that we 

were assessing working memory, not iconic memory; iconic memory can be defined as very brief 

sensory memory or mental pictures that individuals have right after viewing visual stimuli (Lu et al., 

2005). The delay intervals used by studies in the literature vary greatly and many of the studies (e.g., 

Arnsten et al., 1994; Cai et al., 1993; Cai and Arnsten, 1997; Castner and Goldman-Rakic, 2004; Li 

and Mei, 1994; Mehta et al., 2005; Swartz et al., 2008) used delay intervals that are much longer than 

1 second. Hence, it is possible that the inconsistent findings in the literature are due to studies using 

delay periods that allow for the influence of other cognitive processes.  

The age of the animals might also explain the lack of significant effects of MPH, ATX and 

ATPD on working memory in this research. Catecholamine receptor agonists are thought to be more 

effective in aged monkeys as they are presumably undergoing a decline (see Arnsten et al., 1994; Cai 

and Arnsten, 1997). As MPH and ATX are similar to catecholamine receptor agonists in that they 

also enhance catecholamine transmission, MPH and ATX would be expected to be more effective in 

aged rhesus monkeys. Two of the animals in this research (monkey B and monkey F) can be 

considered as aged monkeys as they were both 18 and 19 years of age, respectively during the ATX 

and MPH studies. However, MPH and ATX did not significantly improve working memory in both 

animals. ATX also did not significantly enhance working memory in the young rhesus macaque that 

was used in the study (i.e. monkey D who was 8 years of age at the time of the ATX study; MPH 

was not tested in monkey D). Hence, age effects are unlikely to explain the lack of significant effects 

of catecholamines on working memory in this research.   

 We only tested female rhesus monkeys to reduce potential variability in the results as only a 

limited number of animals were used in the current research. However, there might potentially be sex 

differences in the impact of MPH, ATX and ATPD on working memory. This is because studies 
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(Higley et al., 1991; Young and Ervin, 1984) have shown that there is a difference between male and 

female NHP in terms of the concentration of catecholamine precursors and metabolites in CSF. This 

indicates that there might be sex differences in catecholamine concentrations in brain areas that are 

important for working memory and the activational aspects of motivation. This could lead to sex 

differences in the impact of MPH, ATX and ATPD on working memory and behavioural activation. 

While the use of only female rhesus monkeys is a limitation of this study, it should be noted that 

some of the previous studies that used male rhesus monkeys to study the impact of MPH (Hutsell 

and Banks, 2015; Rajala et al., 2012; Soto et al., 2013) and ATX (Bain et al., 2003) on working 

memory did not find a significant effect of these drugs on working memory in these animals. Hence, 

it is unlikely that the lack of significant effects of catecholamines on working memory in this 

research was due to only female rhesus monkeys being used in the research. A future study can be 

done to test the impact of MPH, ATX and ATPD in male rhesus monkeys.  

6.1 Conclusion 

 The present investigations have shown that catecholamines have little to no direct effects on 

working memory but significant influence on the activational aspects of motivation. As working 

memory capacity correlates with other cognitive abilities (see Fukada et al., 2010; also see Johnson 

et al., 2013), these findings indicate that catecholamines may not play an important role in cognition, 

in general. Catecholamines may exert most of their influence on working memory indirectly, through 

their impact on motivation. The extent to which catecholamines directly influence working memory 

and other cognitive functions remain a controversial issue. Here, we have shown that in healthy 

rhesus monkeys with presumably normal brain functions, catecholamines do not have a significant 

influence on working memory. Catecholamines may have significant impact on working memory in 

conditions in which working memory is impaired (e.g., ADHD and Parkinson’s disease). Given that 

conditions such as ADHD and Parkinson’s disease are associated with catecholamine dysfunction, a 

future study should be done to determine if boosting catecholamine transmission (e.g., using MPH or 
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ATX) in a catecholamine depleted state (e.g., using ATPD) will significantly impact response 

accuracy in the VSC task. A future study also needs to be done to examine the interactions between 

cognitive and motivational neural networks and the neural mechanisms whereby catecholamines 

might influence cognition through their impact on motivation. Future studies should also be done to 

assess the impact of MPH, ATX and ATPD on other cognitive skills such as attention and cognitive 

control.  

The findings of the current research indicate that drugs that act on catecholamines might be 

effective as treatments for motivational deficits (e.g., apathy) in neurodevelopmental (e.g., ADHD) 

and neurodegenerative disorders (e.g., Parkinson’s disease and Alzheimer’s disease) that are linked 

to dysfunction in catecholamine neurotransmission. Motivational dysfunction has been shown to be 

prevalent in Parkinson’s and Alzheimer’s disease (see den Brok et al., 2015; Le Heron et al., 2019; 

Nobis et al., 2018). Some studies have also found catechominergic treatments to be effective at 

reducing motivational deficits in people with these disorders (den Brok et al., 2015; Padala et al., 

2017). Newer models of ADHD now include motivational deficits and some researchers have argued 

that cognitive dysfunction in ADHD might stem from motivational deficits (see Haenlein and Caul, 

1987; Sergeant et al., 1999). In support of this, some studies have found incentives (motivation) to 

normalize cognitive task performance, including working memory task performance in people with 

ADHD (Kohls et al., 2009; Shiels et al., 2008). As ATX is a nonstimulant with lower abuse potential 

than MPH, ATX might be a better treatment than MPH for motivational deficits in ADHD and other 

disorders that are related to catecholamine dysfunction as both ATX and MPH were found to be 

effective at improving behavioural activation (while not being effective at enhancing working 

memory). Future studies should be done to compare the effectiveness of ATX and MPH at 

alleviating motivational deficits in people with ADHD and other disorders that have been linked to 

catecholamine dysfunction. As motivation plays an important role in behaviour and catecholamines 

(as shown here) have a significant influence on motivation, future studies that assess the impact of 
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catecholamines on cognition (especially in humans) should take steps to assess motivation during the 

performance of cognitive tasks; here we have shown that motivation can be easily quantified with 

task engagement measures such as trial initiation, trial completion, anticipatory trial initiation, 

reaction time, trial initation time, and saccade peak velocity during the performance of a working 

memory task. As MPH and ATX were found to have a dose-dependent effect on behavioural 

activation, a future study should model the dose-response of MPH and ATX on measures of 

behavioural activation using generalized liner model analysis or another modeling technique. 

Naturalistic approaches (see Shen and Paré, 2014; Shen et al., 2014) should also be used to study the 

impact of catecholamines on cognition and motivation as individuals typically use their cognitive 

skills in real-life tasks and motivation is central to engagement in everyday activities. Overall, our 

findings suggest that catecholamines do not play an important role in cognition but are important for 

the activational aspects of motivation. These findings have implications for the use (and abuse) of 

drugs that act on catecholamines for cognitive enhancement.  
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6.3 Figures 
 

 

Figure 6.1: Differential Effects of MPH and ATX on the Measures of Behavioural 

Activation. MPH and ATX had differential effects on the measures of behavioural activation in 

the animals. Namely, MPH significantly enhanced vigour (i.e. saccade peak velocity and 

anticipatory trial initiation) and speed (i.e. reaction time and trial initiation time) in the VSC task, 

but had a weak impact on persistence in the task (i.e. trial initiation and trial completion). In 

contrast, ATX significantly improved persistence in the VSC task, but had a weaker impact on 

vigour and speed in the task. Both MPH and ATX significantly improved the PR breakpoint which 

is a measure of persistence. The differential effects of MPH and ATX on the measures of 

behavioural activation in the VSC task indicate that dopamine and norepinephrine might have 

differential effects on behavioural activation with dopamine possibly being more effective at 

improving the speed and vigour of motivated behaviour compared to norepinephrine. While, 

norepinephrine might be more effective at enhancing the persistence of motivated behaviour 

compared to dopamine. 

 

 


