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Abstract 

 Working memory is the ability to store relevant information temporarily to guide future 

thought and behavior. It is a basic cognitive function instrumental to processes such as learning, 

reasoning, comprehension and mental arithmetic. Central to mental disorders, such as attention 

deficit hyperactivity disorder (ADHD), are impairments in cognition including working memory. 

It is essential to understand working memory, if we want to understand human cognition and 

mental disorders. 

 A neural correlate of working memory has been identified as selective persistent activity 

during the retention intervals of tasks that probe working memory. The signal-to-noise ratio of 

persistent activity can be modulated by catecholamines, neuromodulators that are depleted in 

many mental disorders, including ADHD. Such modulations should be evident at the level of 

behavior, particularly as the demands imposed on working memory are increased. To test the 

contribution of catecholamines to working memory, we opted to administer methylphenidate to 

three female macaque monkeys. Methylphenidate is a dopamine and norepinephrine reuptake 

inhibitor that effectively increases their availability in the brain. By having monkeys perform a 

visual sequential comparison task, which allows the systematic manipulation of working memory 

load, we tested the hypothesis that increased catecholamine levels modulate task performance in a 

dose- and memory load-dependent way. 

 Systematic administration of a wide range of doses of methylphenidate (0.1 – 9 mg/kg) 

did not affect performance on the visual sequential comparison task in either a dose- or memory 

load-dependent manner. Given these results, we further tested the effects of methylphenidate on 

overt attention in a visual search task. Again, we did not observe a dose-dependent effect on 

performance. Nevertheless, methylphenidate was found to generally increase the monkeys’ 

motivation. 
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 We suggest that the positive effect on motivation, elicited by an increased level of 

catecholamines, might have led to changes in performance observed in previous literature, but not 

to changes in the ability of retaining visual information per se. These findings question the 

previously suggested influence that catecholamines exert on cognition, and suggest that the role 

of catecholamines in working memory should be reevaluated. 
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Chapter 1 – Introduction 

1.1 Working Memory 

 Working memory is the ability to retain relevant information in mind for a short period of 

time. Among others, it allows us to perform mental arithmetic, to remember a newly read phone 

number until it is dialed, and to engage in conversation by remembering what has previously been 

said. Once the goal for the task at hand has been reached, i.e., the arithmetic problem has been 

solved, the phone number has been dialed, or the conversation has come to an end, the previously 

relevant information held in working memory storage is forgotten. Baddeley (1986) described 

this cognitive process as a mental sketch pad that can be differentiated from the effects of 

permanent learning. Since working memory is only active and relevant temporarily, it can be 

distinguished from other forms of memory that rely on fixed stimulus-response associations and 

are acquired through learning, such as declarative memory (explicit memory of facts and specific 

time-and-place events) or procedural memory (implicit memory for skills) (Squire, 1986). Rather 

than being and entirely independent memory system, working memory may be viewed as a 

connection between long-term memory, perception and action (Baddeley, 2003). As such, 

working memory represents the simultaneous maintenance and processing of goal-relevant 

information, which could have either been retrieved from long-term memory or been perceived 

through sensory input, to guide thought and behavior (Goldman-Rakic, 1995).  

 Two further fundamental characteristics, distinguishing working memory from forms of 

long-term memory, are its limited capacity and temporal persistence. At any given point in time, 

we can only retain very few items in working memory, usually more than one but certainly less 
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than ten. Furthermore, the longer we have to retain these items in working memory, the fewer we 

remember. Some of the earliest experimental investigations of working memory capacity go back 

to the 1930’s and 1940’s (e.g., Blankenship, 1938). In his well-known review, Miller (1956) for 

instance suggested that working memory is limited to the retention of approximately seven items. 

The studies in his review used letters, digits, decimals, binary digits, or monosyllabic words as 

items to be remembered. These items were read to subjects one by one and had to be reported 

back in any order afterwards (Hayes, 1952). More recent studies suggest a lower capacity range 

specifically for visual working memory. Sperling (1960) for instance reported a memory capacity 

of approximately four items. Sperling also used letters and numbers. However, rather than being 

read out to the subject, they were instead presented briefly (max. 500 ms) on a visual display. 

Sperling could show that performance declined with an increasing number of items to be 

remembered, emphasizing working memory’s limited capacity. Furthermore, he found that with 

increasing delay between the presentation and the subject’s response, performance declined as 

well. Using different approaches, this limited capacity and temporal decay of visual working 

memory has since been reported by several experimenters (e.g., Phillips, 1974; Pashler, 1988; 

Luck and Vogel, 1997). Although still under debate, one recent estimate of visual working 

memory capacity in humans is three to four items, with individual differences ranging from one 

to six items (Vogel and Awh, 2008). To this point, it is unclear how long information can be 

retained in working memory. Most human studies use retention interval durations of one second 

only (Luck and Vogel, 1997). Very few studies have investigated visual working memory using 

longer retention intervals of up to ten seconds, and the question still remains as to whether visual 

working memory decays gradually or whether it ends suddenly (Cornelissen and Greenlee, 2000; 

Lee and Harris, 1996; Zhang and Luck, 2009). To understand the neural basis underlying working 
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memory, many studies have been conducted using animal models, such as pigeons (e.g., White, 

1985), corvids (Gould-Beierle, 2000), rats (e.g., Dunnett, 1985), and non-human primates (e.g., 

Colombo and D’Amato, 1986; Petrides, 1991). Non-human primates show very similar working 

memory characteristics to humans; they have been found to be capable to retain more than one 

item in working memory, and their performance declines with an increasing number of items to 

remember (Petrides, 1991; Heyselaar et al., 2011). In addition, Sobotka et al. (2005) showed that 

when monkeys retained one item in working memory, they were able to retain this information 

for at least ten seconds. 

 Working memory is a basic cognitive ability that is crucial for the execution of complex 

behaviors, including learning, reasoning and comprehension, and that humans rely heavily on in 

the organization of their daily lives. Working memory has been shown to be impaired in several 

clinical populations, such as attention deficit hyperactivity disorder (ADHD), schizophrenia and 

Parkinson’s disease. ADHD is a disorder that is most prevalent in children and can be 

characterized by several symptoms including inattention, hyperactivity, and impulsivity (National 

Institute of Mental Health, 2008). Multiple studies have shown that individuals diagnosed with 

ADHD show impairments in regulating attention, in organizing, planning, inhibitory control, as 

well as working memory (Dowson et al., 2004; Martinussen et al., 2005; see for review: Arnsten, 

2006, 2009). Schizophrenia is a mental disorder that usually begins during young adulthood. 

Symptoms of schizophrenia are classified into positive and negative symptoms. Positive 

symptoms can include hallucinations, delusions, and disorganized behavior, while negative 

symptoms can include depression, lack of energy, poor concentration and cognitive impairments 

(Schizophrenia Society of Canada, Canadian Psychiatric Association, 2007). It has been argued 

that the multiple cognitive deficits found in schizophrenia patients reflect a basic underlying 
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cognitive dysfunction, specifically in working memory (e.g., Goldman-Rakic, 1994). Finally, 

Parkinson’s disease is a movement and degenerative disorder, with most symptoms reflecting 

movement impairments (National Institute of Neurological Disorders and Stroke, 2004). 

However, many studies have also found cognitive functions, including working memory, to be 

impaired in Parkinson’s disease patients (e.g., Richards et al., 1993; Gabrieli et al., 1996). 

Investigating working memory and its underlying neural basis can be a crucial step in gaining 

further insight into neurological diseases and mental disorders such as these. 

1.2 Studying Working Memory 

 Over the years, many different approaches to studying working memory have emerged. 

So far, most studies that have investigated the neural basis of working memory in animals have 

concentrated on visual working memory. As such, tasks that have been most prominent in 

assessing visual working memory will be introduced below.  

1.2.1 Delayed Response Task 

 The historical approach to assess working memory function is by using a delayed 

response task (Figure 1A). This approach is almost a hundred years old and was first introduced 

by Hunter (1913). In this task, the subject (originally a monkey) is placed in front of two wells 

that are out of reach but in full view. A piece of food is then placed by the experimenter in one of 

the two wells, which are identical and differ only in their spatial location. Immediately after, a 

screen is lowered between the wells and the subject, preventing it from seeing the two wells. 

Following a differential retention interval (usually between 0 and 100 seconds) the screen is 

raised and the subject is allowed to retrieve the piece of food from the well in which it is hidden. 
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The delayed response task allows a measure of working memory, as the subject needs to 

remember the location of the hidden food for the duration of the retention interval. Furthermore, 

establishing a long-term memory of the location is of little use in this case, as the rewarded 

location in previous trials is not predictive of the rewarded location in the current trial. Many 

experimenters manipulate the task difficulty by altering the duration of the retention interval (e.g., 

Arnsten and Jentsch, 1997). In addition, some experimenters use a larger number of 

wells/potential target locations (e.g., Bartus, 1978). This task has also successfully been 

implemented in the rat (e.g., Smith et al., 2011). More recent studies investigating the neural basis 

of working memory  have implemented an oculomotor version of the delayed response (ODR) 

task (Funahashi et al., 1989) (Figure 1B). This version allows the experimenter to conduct 

neuronal recordings during task performance, as the monkey is restrained and its head fixed. In 

this version the monkey executes a saccade towards the location of the target instead of reaching 

for the target.  

 Using the delayed response task to measure the neural substrate of working memory 

poses some difficulties. When recording from single neurons during the retention interval, the 

possibility that the neural substrate measured is not that of working memory, but for instance that 

of response preparation, cannot be fully excluded (Postle and D’Esposito, 1999). Furthermore, 

considering the two fundamental characteristics of working memory, namely its limited capacity 

and its temporal decay, the delayed response task allows only the investigation of the latter since 

the design of the task requires only one location to be remembered 
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Figure 1 Delayed Response task. A: Original version of the delayed response task as implemented by 

Walter S. Hunter in 1913 (Purves, D. et al., 2001). B: Oculomotor version of the delayed response task. 

The dotted circle indicates eye position. The arrow indicates a saccadic eye movement towards the 

remembered location of the target. 
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1.2.2 Self-Ordered Task 

 The self-ordered task was first introduced by Petrides and Milner (1982) to assess 

working memory impairments in patients with frontal lobe damage. In this task, patients were 

presented with several sheets of paper that each displayed six to twelve visual items. In the case 

of six items, six sheets of paper were presented one after the other; all papers showed the same 

six items but shuffled in different locations. The subject was asked to touch only one item per 

sheet of paper, and to touch every item only once in a self-ordered manner while working through 

the six sheets. This task has since been used to investigate the neural basis of working memory 

using animal models, such as the monkey (Petrides, 1995, 2000; Hasegawa et al., 2004) (Figure 

2A). Even though the self-ordered task is well suited to study the limited capacity of working 

memory, only few monkey studies explored this option, as often only one or two  items or 

locations had to be remembered (Kubota and Niki, 1971; Petrides, 2000; Hasegawa et al., 2004). 

In the few studies in which the monkey had to remember multiple items simultaneously, a 

different problem emerged. Collins et al. (1998) presented monkeys with up to five items on a 

visual display, and, as in the human study by Petrides and Milner, the monkey had to touch every 

item once. However, the display during the task did not change, thus the location of the 

previously touched items did not change either. Collins et al (1998) found that monkeys applied 

several strategies to solve the task, i.e., they could touch all items in a clockwise or 

counterclockwise manner, from left to right, from top to bottom, and so forth. Since this task is 

subject to strategy use, the resulting task performance cannot exclusively measure working 

memory ability. 
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Figure 2 Behavioral tasks used to test visual working memory. A: Self-ordered task. Heavy 

squares represent choice selection. B: Delayed match-to-sample task. C: Visual sequential 

comparison task.  
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1.2.3 Delayed Match-to-Sample Task 

 Considering the drawbacks of the delayed response and the self-ordered task, the delayed 

match-to-sample (DMTS) task is often preferred as it generally allows a more specific assessment 

of working memory function alone. This task has been used in various forms to study working 

memory (Fuster and Jervey, 1981; Horel and Pytko, 1982; Miller et al., 1991, 1993). In general, 

during the DMTS task the subject is briefly presented with a target stimulus that they are required 

to remember. After some time, several stimuli are presented and the subject has to find the match 

(i.e. the target they had to remember). In the Fuster and Jervey (1981) study for instance, 

monkeys were placed in front of a screen and presented with the target stimulus. A cue indicated 

whether they had to remember the color of the stimulus or the item itself. After a retention 

interval the monkey was presented with two to four stimuli, and depending on the cue, the 

monkey had to choose the same item or the item with the same color as the target stimulus. A 

somewhat different approach was used by Miller et al. (1993), in which the intervening stimuli 

(distracters) were presented sequentially, as a way to manipulate task difficulty (Figure 2B).

 The counterpart to the DMTS task is the delayed nonmatch-to-sample task (DNMTS). In 

this task, the correct response requires choosing a novel, rather than a familiar item. In the study 

by Bachevalier and Mishkin (1986) for instance, at the beginning of each familiarization trial the 

monkey was allowed to retrieve a reward from a well that was covered with an item. On the 

following test trial, two wells were presented, one covered with the previous item and one with a 

novel item; now a reward was hidden in the well covered with the novel item. Interestingly, 

immediate recognition of novel items is highly developed in monkeys, to the extent that they 

learn the DNMTS task faster than its DMTS counterpart, in an average of five sessions, compared 

to an average of twenty sessions, respectively (Mishkin and Delacour, 1975). For this reason the 
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DNMTS task has been extensively used and often preferred in monkey studies (Mishkin and 

Delacour, 1975; Bachevalier and Mishkin, 1986; Herndon et al., 1997). Nevertheless, a drawback 

to the DMTS and DNMTS task maintains. In both cases, often only one item has to be maintained 

in working memory. Since memory load cannot be manipulated using these tasks, they are not 

well suited when studying working memory as a whole, which includes studying its capacity 

limit. However, few studies have altered the design of the DMTS task to require the retention of 

more than one item, allowing the investigation of capacity limitations (Todd and Marois, 2004; 

Siegel et al., 2009). 

1.2.4 Visual Sequential Comparison Task 

 The general composition of a visual sequential comparison task involves the presentation 

of a visual array that may contain one or more items or patterns, followed by the presentation of a 

test array that may or may not be different from the initial array. Subjects are required to make a 

comparison between both arrays and decide whether they are the same or differ in one or multiple 

items, or dimensions. This procedure was initially used to study visual discrimination in humans 

(i.e. Egeth, 1966). Egeth (1966) was interested in the visual discrimination of stimuli that differed 

in more than one dimension. In this task, the stimuli to be compared were presented 

simultaneously, rather than sequentially. The later introduction of a retention interval between 

both presentations requires the subject to maintain the information from the first array in working 

memory until the test array is presented and a response can be made. Several experimenters have 

since used this task to assess working memory function in humans (Phillips, 1974; Pashler, 1988). 

In the study by Phillips (1974) for instance, subjects were presented with patterns that were made 

from black and white cells arranged in a square matrix. Following the retention interval, the 
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second pattern was presented and the subject had to indicate whether it was the same or different 

from the initial pattern. By manipulating the size of the matrix (i.e. 4x4 vs. 8x8) and the retention 

interval duration, Phillips could investigate the capacity and temporal limitations of working 

memory. In more recent versions of this task, the arrays of items to be remembered have been 

Chinese characters, shaded cubes, or colored squares (Luck and Vogel, 1997; Alvarez and 

Cavanagh, 2004; Awh et al., 2007). Luck and Vogel (1997) for instance presented their subjects 

with arrays that contained one to twelve colored squares. Subjects’ performance decreased with 

increasing memory loads as well as with increasing retention intervals.  

 With few modifications, this task has recently been successfully implemented in the 

monkey (Heyselaar et al., 2011) (Figure 2C). This work has shown that monkeys were able to 

perform a working memory task that required the simultaneous maintenance of multiple items. 

Moreover, in accordance with the known limitations of working memory, it was shown that the 

monkeys working memory task performance decreased with increasing memory load, as well as 

with increasing retention interval durations (Heyselaar et al., 2011; Oemisch et al., 2011). The 

visual sequential comparison procedure can be considered a combination of the previously 

introduced tasks, with the DNMTS task most closely resembling a precursor. The task combines a 

delayed response variable with multiple items and an emphasis on the selection of novel items. 

The task allows the manipulation of working memory load; it measures working memory more 

directly, as no response can be planned prior to the presentation of the test array, making it more 

difficult to apply a strategy to solve the task.  

1.3 Neural Basis of Working Memory 

1.3.1 Persistent Activity 
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 Many early studies in the macaque monkey have shown that when the prefrontal cortex 

(PFC) is removed, performance on the delayed response task drops to chance, and therefore, an 

involvement of the PFC in working memory was suggested (e.g., Blum, 1952). Kubota and Niki 

(1971), as well as Fuster and Alexander (1971) were the first to record from single neurons in the 

PFC while monkeys performed a delayed response task. They found neurons that were active 

specifically during the retention interval and in the absence of any external stimulus. This 

persistent activity remained for the entirety of the retention interval and ceased as soon as a 

response was made. Thus, persistent activity occurred specifically during the time that working 

memory was active and engaged. Considering the drawbacks of the delayed response task 

mentioned in the previous section, it has later been shown that this persistent activity correlated 

with the location of the memory cue, rather than with the location of the motor response (Takeda 

and Funahashi, 2002). Aside from the PFC, this persistent activity has also been reported in the 

posterior parietal cortex (PPC) (Gnadt and Andersen, 1988; Paré and Wurtz, 1997), the inferior 

temporal cortex (IT) (Miyashita and Chang, 1988; Miller et al., 1996), and the superior colliculus 

(SC) (Glimcher and Sparks, 1992; Munoz and Wurtz, 1995) of monkeys performing delayed-

saccade tasks. Moreover, persistent activity has been found to predict task performance. When a 

monkey makes an error, presumably when he cannot remember or remembers the target location 

incorrectly, persistent activity is either diminished or completely absent (Funahashi et al., 1989). 

Furthermore, when disrupting any of the cortical areas that show persistent activity, for instance 

through cortical cooling or lesions, task performance is impaired (Bauer and Fuster, 1976; 

Funahashi et al., 1993; Chafee and Goldman-Rakic, 2000). Accordingly, persistent activity has 

since been regarded a potential neural substrate for working memory (see for review Goldman-

Rakic, 1995).  
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 More recent human research using functional magnetic resonance imaging (fMRI) has 

identified similar activity in several cortical areas of the human brain during the performance of 

tasks that probe working memory (Courtney, 1998; Leung et al., 2002; Sakai et al., 2002; Curtis 

et al., 2004). Courtney (1998) for instance found persistent activity in the superior frontal sulcus 

of the frontal cortex in humans performing a delayed response task. Similarly, Leung et al. (2002) 

found such sustained activity in the dorsolateral PFC, the inferior frontal gyrus (IFG), the 

parietal/occipital junction and the lateral occipital region when human subjects performed a 

delayed response task. In the two latter studies, subjects had to remember a sequence of spatial 

locations before comparing them to a test location. Similar to what has been found in monkeys, 

persistent activity has also been found to predict task performance in humans (Pessoa et al., 2002; 

Sakai et al., 2002), and it has been found to correlate with working memory load. With an 

increasing number of items to be remembered, Todd and Marois (2004) found an increased 

BOLD signal above the posterior parietal cortex of humans performing a DMTS task with 

sequential comparison features. In this task, subjects were initially presented with an array of 

colored dots; following the retention interval one dot was presented and the subject had to 

indicate whether that dot matched a dot in the original array.  

 Using event-related potentials, a method that has a much higher temporal resolution, but 

a lower spatial resolution compared to fMRI, Klaver et al. (1999) identified a negative wave at 

posterior electrode sites that followed the onset of the memory array and persisted throughout the 

retention interval in subjects performing a DMTS task. This activity was specifically found in the 

hemifield contralateral to the position of the item to be remembered. Extended research using 

ERP, magnetic encephalography (MEG), and fMRI on this contralateral delay activity (CDA) 

found it to be highly sensitive to the known limitations of working memory capacity and strongly 
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predictive of individual differences (Vogel and Machizawa, 2004; Xu and Chun, 2006; 

Mccollough et al., 2007; Robitaille et al., 2009, 2010; Sauseng et al., 2009; Ikkai et al., 2010). 

This persistent activity was measured over the human parietal-occipital cortex and has been 

observed to strongly correlate with the number of items held in working memory when subjects 

performed a visual sequential comparison task. Once a subject’s individual working memory 

capacity was reached or exceeded, this activity reached a limit asymptotically (Vogel and 

Machizawa, 2004). Given that persistent activity, during the retention intervals of tasks that probe 

working memory, was found in similar cortical areas in both humans and monkeys, a common 

neural substrate underlying working memory in both species is suggested. 

1.3.2 Models of Persistent Activity 

 How persistent activity as a neural substrate of working memory is maintained has been a 

subject of debate for some time. Persistent activity relies on the maintenance of elevated firing 

rates in subpopulations of neurons in different brain areas. Several suggestions have been made of 

how these elevated firing rates could be stabilized (Durstewitz et al., 2000). One suggestion is 

that persistent activity is maintained via reciprocal loops between cortical areas (Wang, 2001). 

This theory is based on the notion that cortical areas such as the PFC, PPC and IT are 

interconnected as they all show enhanced persistent activity during the retention intervals of tasks 

that probe working memory. It is still not clear, however, whether such connections are necessary 

to build and stabilize persistent activity. Another suggestion is that persistent activity is 

maintained locally via recurrent excitation within a subpopulation of neurons (e.g. Amit, 1995). 

Goldman-Rakic (1995) suggested such a model for PFC neurons. In this model pyramidal 

neurons within the PFC with the same preferred directions are interconnected via local excitatory 

collaterals, while neurons with opposite preferred directions are interconnected via inhibitory 
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interneurons. In this case, persistent activity could be stabilized via recurrent excitation between 

neurons that are activated concurrently. Finally, a third suggestion is that persistent activity is 

maintained at the single-cell level via intrinsic cellular bistability (Durstewitz et al., 2000; Wang, 

2001). In this case, cells would have two different stable states, one resting state, and one active 

state sustained by continuous firing. The active state could be maintained via voltage-gated 

membrane currents, independent of synaptic input. It is suggested though, that the state of those 

single cells would be too sensitive to noise and distractors to reliably maintain a representation in 

working memory (Durstewitz et al., 2000). These different models are not entirely mutually 

exclusive, and a combination of them could provide the basis for persistent activity; however, the 

most widely accepted model that best resembles empirical data is based on reverberatory 

processes in cell assemblies, in which neurons selectively excite each other via recurrent 

connections (Amit et al., 1994; Amit, 1995; Lisman et al., 1998; Durstewitz et al., 2000). 

1.3.3 Role of the NMDA Receptor in Working Memory 

 The N-Methyl-D-Aspartate (NMDA) receptor is an ion channel that is abundant 

throughout the brain and that is fundamental to excitatory neurotransmission (Kemp and 

McKernan, 2002). The NMDA receptor requires the binding of the neurotransmitter glutamate, as 

well as the coagonist glycine to be activated. Additionally, the receptor is voltage-dependent; at 

resting potential it is blocked by a magnesium ion, which can only be removed by depolarization 

(Nowak et al., 1984). Thus, a depolarized membrane potential as well as the presence of 

glutamate and glycine are required for the receptor to be fully activated. Once activated, calcium 

and sodium can flow into the cell and potassium can flow out to produce excitatory postsynaptic 

potentials (EPSPs). Another crucial characteristic of the NMDA receptor is its slow receptor 

kinetics; glutamate binds to the receptor for an extended period of time and produces slowly 
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decaying currents, especially compared to its counterpart, the α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid (AMPA) receptor (Wang, 2001). For working memory to function 

properly, some neurons that were activated by the external stimulus that has to be remembered 

must continue to fire after that stimulus has disappeared, and additionally excitation should not 

spread to cells that were not activated by that stimulus. NMDA receptors are thought to 

successfully facilitate both of these processes. Due to their voltage-dependency, and slow 

receptor-kinetics they are thought to generate and stabilize selective persistent activity (Wang, 

1999). Considering the reverberatory processes in a small subset of neurons with NMDA 

receptors, the voltage-dependency allows the recurrent excitation to selectively target those cells 

that have been activated by the external stimulus, as only those cells have been depolarized. Once 

an ensemble of neurons is activated, synaptic reverberation, together with the slow kinetics of the 

NMDA receptor currents can provide a nearly constant synaptic drive and thus allow the 

maintenance of stable persistent activity (Lisman et al., 1998; Wang, 2001). In accordance with 

this model, the administration of NMDA antagonists such as ketamine in vivo has been shown to 

diminish up-state (persisting) activity in neurons of the prelimbic cortex in rats (Seamans et al., 

2003). It has also been shown to impair working memory ability in humans (Adler et al., 1998; 

Morgan et al., 2004; Lofwall et al., 2006) and monkeys (Heyselaar et al., 2011), suggesting that 

the NMDA receptor plays a crucial role in maintaining information in working memory. 

1.4 Catecholamine Modulations of Working Memory 

 Catecholamines are a type of neuromodulators that contain a catechol group and are 

derived from the amino acid tyrosine. Catecholamines include dopamine, norepinephrine, and 

epinephrine. Dopamine and norepinephrine have been shown to play a fundamental role in 

regulating normal working memory function in the cortex of humans (Arnsten, 2006; Swartz et 



 

17 

 

al., 2008), non-human primates (Brozoski et al., 1979; Arnsten and Goldman-Rakic, 1985) and 

rodents (Bubser and Schmidt, 1990; Ramos et al., 2005). Epinephrine, in turn, has a more 

prominent role in the sympathetic nervous system, and is less involved in higher cognitive 

functions (Bear et al., 2007). Serotonin is an indolamine; a group of neurotransmitters that falls 

together with catecholamines in the wider group of monoamines. Serotonin has also been shown 

to be involved in the modulation of working memory. Its exact effects on working memory, 

however, remain elusive. Some authors suggest that serotonin receptor activation leads to 

impaired working memory performance (Luciana et al., 1998; Anderson et al., 2012), while 

others find an enhancing effect on persistent activity in the PFC (Williams et al., 2002). In the 

following, the catecholamines dopamine and norepinephrine will be reviewed, as they are the 

primary neuromodulators relevant for the scope of this study. 

1.4.1 Dopamine 

 Dopamine is a prevalent neuromodulator in the brain. The majority of dopamine neurons 

are located in the substantia nigra and the ventral tegmental area, and project from there to many 

areas throughout the brain, including the cortex (Schatzberg and Nemeroff, 2009). There are two 

families of dopamine receptors, the D1 (D1 or D5) and the D2 (D2, D3, D4) receptor family, both 

of which show distinctive functions throughout the brain.  

 A lack of dopamine, induced for instance by the application of a selective 

catecholaminergic toxin (6-OHDA) in the prefrontal cortex, has been shown to lead to impaired 

working memory performance in monkeys (Brozoski et al., 1979; Roberts et al., 1994) as well as 

in rats (Bubser and Schmidt, 1990; Sokolowski and Salamone, 1994). The same deficit can be 

produced by the administration of either selective or non-selective dopamine D1 receptor 
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antagonists (Sawaguchi and Goldman-Rakic, 1991, 1994). Systemic administration of a D1 

receptor agonist has been shown to enhance working memory performance in aged monkeys 

(Arnsten et al., 1994; Cai and Arnsten, 1997).  

 Several electrophysiological studies have previously suggested an interaction between 

dopamine and glutamate and/or glutamate receptors in subcortical and striatal regions (Grace, 

1991; Levine et al., 1996; Harvey and Lacey, 1997). Using whole-cell clamp recordings layer V 

pyramidal neurons within the rat medial PFC, Wang and O’Donnell (2001) found a synergistic 

interaction between dopamine D1 and NMDA receptor activation. When administering a 

selective dopamine D1 receptor agonist together with NMDA they found a significant increase in 

the excitability of the neurons compared to when either of the two compounds was administered 

separately. This increased excitability was blocked by the administration of a selective D1 

receptor antagonist, a protein kinase A (PKA) inhibitor, or a calcium chelator. Therefore, 

dopamine D1 receptors could potentially enhance NMDA receptor activity via a PKA- and 

calcium-dependent signaling cascade (see Figure 3 for a suggested mechanism). Similar results 

were found by Gonzalez-Islas and Hablitz (2003), who used whole-cell clamp recordings from 

layer III pyramidal neurons in the rat anterior cingulate cortex. They found a dopamine-induced 

enhancement of excitatory post synaptic currents (EPSC) that may depend on a signaling cascade 

involving calcium, PKA, and calcium calmodulin-kinase II (CaMKII). Directly linking dopamine 

D1 and NMDA receptors, by characterizing the modulatory effects of D1 agonists on the 

glutamatergic inputs to prelimbic neurons of the rat PFC, Seamans et al. (2001) showed that low 

doses of dopamine led to an increase of the NMDA responses and to a slight decrease of the non-

NMDA responses. On the contrary, high doses of dopamine administration led to depressed 

NMDA responses, which likely arose from the activation of D2 receptors.  
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Figure 3 NMDA - Dopamine D1 receptor interaction. A: NMDA receptor activation. The entry 

of Ca
2+ 

and Na
+ 

ions leads to a local current propagating into the dendrite (red line). That current 

can activate voltage-gated Ca
2+ 

and Na
+
 channels. B: Suggested mechanism of D1-NMDA 

receptor synergistic interaction. D1-dependent phosphorylation of ligand-gated and voltage-gated 

channels may contribute to enhancing action potential firing. (Modified from Wang and 

O’Donnell, 2001) 
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 Dopamine D2 receptors seem to play a controversial role in working memory. Their 

activation has little to no effect on NMDA responses, but seems to decrease non-NMDA 

responses (Seamans et al., 2001), and they have been found to have no direct effect on persistent 

activity in dorsolateral PFC neurons recorded during the performance of an ODR  task (Wang et 

al., 2004). Their effect on working memory task performance remains unresolved, as some 

authors find no effect on performance of a DMTS task (Müller et al., 1998), while others find a 

D2-antagonist induced impairment (Mehta et al., 2004b), and a D2-agonist induced enhancement 

of delayed response performance (Luciana et al., 1998). One hypothesis is that D2-receptors have 

a ‘gating’ function in the striatum that enables working memory representations to be rapidly 

updated in the PFC (Frank et al., 2001; Dodds et al., 2009). 

 At this point, it seems reasonable to infer that enhanced dopamine D1 receptor activity 

leads to enhanced NMDA receptor activity and thus increased or stabilized persistent activity, 

which in turn leads to increased working memory performance. Vijayraghavan et al. (2007) 

recorded from neurons in the dorsolateral PFC while monkeys performed an ODR task. They 

locally administered small doses of a D1 receptor agonist. Rather than finding enhanced 

persistent activity, they reported suppressed firing rates to the neurons non-preferred direction, 

which ultimately led to an enhanced signal-to-noise ratio. High doses of the D1 agonist led to a 

loss of the neurons spatial tuning with suppressed firing rates in all directions. Additionally, 

pretreatment with a cyclic AMP (cAMP) inhibitor fully blocked the effects of D1-receptor 

activation, suggesting that cAMP is necessary for the D1-receptor’s suppressing effects. As 

reviewed above (Figure 3), cAMP is part of the pathway that potentially links D1 with NMDA 

receptor activation. Vijayraghavan et al. (2007) suggested that the intracellular availability of 

cAMP might have an effect on the activation of Hyperpolarization-activated Cyclic Nucleotide-
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gated (HCN) channels that attenuate synaptic currents when opened (Wahl-Schott and Biel, 

2009). This could provide the suppression of input from neurons tuned to non-preferred directions 

(Wang et al., 2007; Arnsten, 2011a). The previous review highlights that dopamine has been 

shown to positively affect working memory via D1 receptors, but that the exact neural 

mechanisms underlying this effect are still not fully understood. 

 As mentioned earlier on, working memory deficits are cognitive symptoms of several 

disorders, such as schizophrenia, ADHD and Parkinson’s disease. All of these disorders have in 

common a depletion of neural dopamine levels (Abi-Dargham et al., 2002; Lewis et al., 2005; 

Arnsten, 2006).  

1.4.2 Norepinephrine 

 Similar to dopamine, norepinephrine is a prevalent neuromodulator in the brain. 

Norepinephrine neurons originate in the locus coeruleus and the lateral tegmental area and project 

from there to many brain regions including the cortex (Schatzberg and Nemeroff, 2009). There 

are two norepinephrine receptor classes: the alpha family (α1 and α2), and the beta family (β1, 

β2, and β3); both show differential functions throughout the brain.  

 Even though the influence of catecholamines on working memory and PFC function has 

been mostly dominated by research on dopamine (e.g., Brozoski et al., 1979), the few studies that 

investigated norepinephrine suggest an important role in working memory (Arnsten and 

Goldman-Rakic, 1985; Li and Mei, 1994). Arnsten and Goldman-Rakic (1985) found that aged 

monkeys who were injected intramuscularly with a norepinephrine α2-receptor agonist showed 

enhanced delayed response performance. Monkeys that chronically received a catecholamine-

depleting agent showed dramatically impaired delayed response performance that was restored by 
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the administration of an α2-receptor agonist (Cai et al., 1993). Additionally, Li and Mei (1994) 

found impaired delayed response performance following local injections of a α2-receptor 

antagonist into the dorsolateral PFC. Together these results suggest a crucial role for 

norepinephrine α2-receptors in PFC function and working memory. On the contrary, α1-receptors 

have been shown to impair working memory. Arnsten and Jentsch (1997) found impaired 

performance on a delayed response task after administration of a α1-receptor agonist; this effect 

was prevented by pretreatment of a α1-receptor antagonist. Similarly, Mao and colleagues (1999) 

showed that local infusions of the α1-receptor agonist into the dorsolateral PFC led to diminished 

task performance. With α2-receptor stimulation increasing working memory performance and α1-

receptor stimulation decreasing performance, opposing roles for the two receptor types in the PFC 

are suggested. Furthermore, few studies have investigated the effect of β-receptor stimulation on 

working memory performance. The few studies that have, have suggested that, similar to α-

receptors, β-receptors seem to have opposing roles in working memory. Activation of β1-

receptors seems to have negative effects on working memory ability, as administration of a β1-

receptor antagonist has been shown to improve task performance in monkeys and rats (Ramos et 

al., 2005). In contrast, administration of β2-receptor agonists has been found to have enhancing 

effects on working memory ability (Ramos et al., 2008). 

 Since α2-receptor stimulation leads to pronounced enhancement of working memory 

performance, more recent research has investigated the effects of α2-receptor stimulation on 

neuronal excitability and persistent activity (Sawaguchi, 1998; Dembrow et al., 2010). Dembrow 

and colleagues (2010) recorded from prelimbic and infralimbic neurons of the rat PFC while 

administering α2-receptor agonists. They found that neurons fired significantly more action 

potentials in response to the same depolarization after α2-receptor agonist administration. 
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Recording from dorsolateral PFC neurons in awake behaving monkeys,  Sawaguchi (1998) 

showed that neurons firing specifically during the retention interval of an ODR task showed 

significantly decreased persistent activity after iontophoretic application of a α2-receptor 

antagonist. Similarly, Li and colleagues (1999) reported enhanced persistent activity in 

dorsolateral PFC neurons after injection of a α2-receptor agonist; this effect was reversed with 

application of α2-receptor antagonists.  

 Few studies have investigated the underlying molecular pathways that could facilitate this 

enhancement in persistent activity. One of the studies that did used the selective α2A-receptor 

agonist guanfacine, replicating much of the previously established results (Wang et al., 2007). 

The authors showed that iontophoretic administration of a specific activator of cAMP-dependent 

protein kinases (Sp-cAMPS) suppressed sustained firing rates in the majority of dorsolateral PFC 

neurons recorded. Similarly, administration of a cAMP blocker increased persistent activity. 

Furthermore, the authors reported that blocking of HCN channels, which can be opened by 

cAMP, also led to increased persistent activity; however, only if administered at very small doses. 

Consequently, the authors suggested that the observed enhanced persistent activity and working 

memory performance with stimulation of α2A-receptors might operate via a pathway that 

involves the selective deactivation of cAMP and HCN channels. This hypothesis could be 

reconciled with the potential role of D1 receptor activation in persistent activity. As described 

earlier, Vijayraghavan et al. (2007) suggested that D1-receptor activation might lead to 

suppressed persistent activity via HCN channel and cAMP activation for the non-preferred 

direction. However, it needs to be stressed that this is only one possible hypothesis, and to this 

point the exact mechanisms that lead to enhanced persistent activity and consequently enhanced 

working memory are still not understood.  
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 Dopamine as well as norepinephrine have been reported to affect working memory in an 

inverted-U dose manner, whereby either too little (depletion) or too much dopamine and/or 

norepinephrine impair working memory function (Williams and Goldman-Rakic, 1995; Arnsten 

and Goldman-Rakic, 1998; Lidow et al., 1998; Arnsten, 2011b) (see Figure 4). Work by Arnsten 

et al, and others has contributed much towards today’s hypotheses of catecholamine contributions 

to PFC function and working memory (Arnsten, 1997; Lidow et al., 1998; Franowicz and 

Arnsten, 1999; Goldman-Rakic et al., 2000). Their work ultimately led them to suggest that 

dopamine and norepinephrine hold complementary roles in improving working memory, whereby 

dopamine decreases noise and norepinephrine increases the signal (Vijayraghavan et al., 2007; 

Arnsten, 2011b). 

1.5 Methylphenidate 

 Based on the previously established, a potential way to enhance working memory 

performance pharmacologically would be to manipulate the activity dopamine and 

norepinephrine at their respective receptors. Methylphenidate (MPH) blocks presynaptic 

dopamine and norepinephrine reuptake transporters, which subsequently leads to an increased 

extracellular concentration of those catecholamines at the synaptic cleft in different cortical and 

subcortical regions (Kuczenski and Segal, 1997; Seeman and Madras, 1998). MPH has a high 

binding affinity for both the dopamine and norepinephrine reuptake transporters (DAT and NET 

respectively). Literature regarding whether the affinity for DAT or NET is higher is rather 

equivocal (Pan et al., 1994; Markowitz et al., 2006), although human in vivo studies suggest that 

MPH’s affinity is slightly higher for NET than for DAT (approximately 1:1.2 ratio) (Hannestad et 

al., 2010). Additionally, this matter seems to be only of secondary importance, as it has 
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Figure 4 Inverted-U dose response function of dopamine and norepinephrine. Depleted or excessive 

amounts of either catecholamine can have detrimental cognitive effects. (Modified from Arnsten and 

Pliszka, 2011)  
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previously been shown that NET has a higher affinity for dopamine than for norepinephrine, 

especially at lower doses (Pacholczyk et al., 1991), and that dopamine reuptake in the frontal 

cortex is primarily mediated by NET (Morón et al., 2002). MPH has only a negligible affinity for 

the serotonin reuptake transporter (Pan et al., 1994; Bymaster et al., 2002).   

1.5.1 Human Studies 

 MPH is considered a psychostimulant drug and under the brand name Ritalin® it has 

been widely used to treat ADHD in children and adults (American Psychiatric Association, 

2000). As previously mentioned, working memory impairment is a common deficit associated 

with ADHD (Martinussen et al., 2005). As such, MPH has been shown to enhance performance 

on tasks that probe working memory in children (e.g. Bedard et al., 2004; Mehta et al., 2004a; 

Rhodes et al., 2004) and adults (e.g. Turner et al., 2005) with ADHD. Many studies investigating 

this effect used tasks selected from the Cambridge Neuropsychological Test Automated Battery 

(CANTAB) to assess working memory ability. 

 Bedard et al (2004), as well as Mehta et al (2004a) found improved performance on a 

self-ordered task in children with ADHD after administration of clinically relevant doses of MPH 

(average doses: 0.28 – 0.59 mg/kg). Turner et al (2005) tested adults with ADHD and also found 

improved performance following administration of clinically relevant doses of MPH on a self-

ordered task. The different studies suggest that ADHD is reflected in similar cognitive deficits in 

children and adults.  

 Due to MPH’s psychostimulating potential, it has increasingly been used recreationally as 

a putative cognitive enhancer (McCabe et al., 2005; Sahakian and Morein-Zamir, 2007; de Jongh 
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et al., 2008). Especially college students have been shown to extensively misuse MPH as a ‘study 

aid’ (McCabe et al., 2005). However, at this point it is not entirely clear what the effects of MPH 

on healthy individuals are. Some studies that have investigated this problem, have reported 

enhanced performance in self-ordered (Elliott et al., 1997; Mehta et al., 2000) and spatial span 

tasks (Elliott et al., 1997) in healthy adults following MPH administration. In the spatial span task 

subjects had to reproduce a sequence of up to nine spatial locations. Another study by Agay et al 

(2010) found improved performance on a digit span task, in which participants needed to 

remember a series of digits. A meta-analysis by Repantis et al. (2010) analyzed 46 studies that 

investigated the effects of MPH on several cognitive functions in healthy adults. The authors 

found a potentially enhancing effect of MPH on the performance of tasks that probe working 

memory, but no consistent effect on any other cognitive functions. Two recent studies (Studer et 

al., 2010; Tomasi et al., 2011) found no effects of MPH on working memory performance in 

healthy adults. In these studies, participants were tested on different versions of the DMTS task. 

Overall, MPH has been shown to positively affect working memory ability in patients with 

ADHD, but the evidence is more equivocal regarding its effect in healthy individuals. 

1.5.2 Animal Studies 

 MPH has been shown to increase levels of dopamine and norepinephrine in the prelimbic 

cortex of the rat PFC, and to enhance task performance on a delayed-alternation tasks in rats 

(Arnsten and Dudley, 2005; Berridge et al., 2006; Devilbiss and Berridge, 2008). In this task rats 

were habituated to a T-maze; on each trial they were rewarded for entering the maze arm that 

they had not visited in the preceding trial. Delay periods in between trials were adjusted 

individually, but lasted on average 60 seconds (range from 25 to 120 seconds). Arnsten and 

Dudley (2005) administered oral doses of MPH ranging from 0.5 to 3mg/kg; individual best 
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doses led to enhanced performance while higher doses led to impaired working memory 

performance. Berridge et al (2006) administered two oral doses of MPH (2 and 8 mg/kg) before 

rats were tested on the delayed-alternation task. At 2 mg/kg MPH performance was enhanced, 

while no effect was observed at the 8 mg/kg dose.  

 Results for the effects of MPH on working memory task performance in monkeys are 

more equivocal. Early studies found either no (Bartus, 1978) or detrimental (Bartus, 1979) effects 

of acute doses of MPH on delayed response performance in monkeys. In the first study, adult 

monkeys (4 – 7 years old) received 0.0125 mg/kg MPH intramuscularly before being tested on 

the delayed response task. Subjects showed no difference in performance from control subjects 

(Bartus, 1978). Adult (5 – 6 years old) and aged monkeys (19 – 23 years old) in the second study 

received intramuscular MPH doses ranging from 0.1 to 0.8 mg/kg before being tested on the same 

task. Adults showed impaired performance at the doses 0.4, and 0.8 mg/kg, while aged monkeys 

showed a detrimental effect on performance at 0.8 mg/kg only (Bartus, 1979) (see Figure 5).  

 On the contrary, more recent studies found improved performance after administration of 

MPH (Prendergast et al., 1998; Bain et al., 2003; Gamo et al., 2010). In the study reported by 

Bain et al. (2003), which is a reanalysis from Prendergast et al., (1998) intramuscular injections 

of MPH doses, ranging from 0.125 to 1 mg/kg, were administered before monkeys (10 – 13 years 

old) were tested on a DMTS task with or without distracters at three different retention interval 

durations. The enhancing and detrimental effects of different doses of MPH on the regular DMTS 

performance were limited to single doses and single retention interval durations only (i.e. a 0.5 

mg/kg dose increased performance at the medium retention interval, while a 1 mg/kg dose 

decreased performance at the short retention interval) (see Figure 6). As such, a dose-dependent  
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Figure 5 MPH effect on working memory (Bartus, 1979). Performance was measured using a 

delayed response task with nine target options. Displayed data for ‘Young’ represents pooled 

results from four monkeys (5 – 6 years old); displayed data for ‘Aged’ represents pooled results 

from six monkeys (19 – 23 years old). Asterisks indicate significant changes from control 

performance. (Modified from Bartus, 1979) 
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Figure 6 MPH effect on working memory (Bain et al., 2003). Performance was measured using a 

delayed match-to-sample task with or without distracters. Z, S, M, and L indicate zero, short, 

medium, and long retention interval durations, respectively. Displayed data represents pooled 

results from five monkeys. Full red arrows indicate significant changes compared to vehicle. 

Dashed arrows indicate potentially significant changes, but no information was given in the text. 

(Modified from Bain et al., 2003, data originally published in Prendergast et al., 1998) 
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effect of MPH was not evident. An individually determined optimal dose potentially led to 

increased performance at the medium and long retention intervals and at all retention intervals in 

the distracter DMTS task. 

 Gamo et al. (2010) orally administered clinically relevant doses of MPH to monkeys. The 

authors reported that there is an optimal dose of MPH, which leads to enhanced delayed 

response performance. Figure 7A shows the inverted-U dose response curves in three individual 

monkeys. Doses tested ranged from 0.1 to 0.8 mg/kg, but not the same doses were tested in all 

animals. No statistical analysis was performed on the individual dose response curves, which 

themselves do not convincingly depict an inverted-U function. For each animals, an optimal dose 

was determined and performance pooled across animals (Figure 7B). A statistically 

significant enhancement in performance is reported for two groups of all animals tested: out of 

thirty possible trials, animals on average correctly executed twenty-one trials in control sessions 

and twenty-three trials following MPH administration.  

 Rajala et al. (2012) recently investigated MPH’s effect on visual working memory using 

an ODR task, in which they randomly manipulated the duration of the retention interval (1 – 6 

seconds) and the position of the target. Doses were administered orally and ranged from 1.5 to 9 

mg/kg. The authors reported an enhancing effect of acute doses of MPH on ODR task 

performance; however, this effect was due to a decrease in premature responses (saccade 

initiation prior to the offset of a fixation point), rather than an increased accuracy for the 

remembered target location. The authors additionally reported a dose-dependent increase in the 

time monkeys participated in a session, suggesting that MPH increased the monkeys’ motivation 

to perform the task. The effects of MPH followed an inverted-U dose function, with high doses 



 

32 

 

  

Figure 7 MPH effect on working memory (Gamo et al., 2010). Performance was measured using 

a classical delayed response task. A. Response curves for three individual monkeys. The asterisk 

represents the note that Monkey B was not tested with higher doses, because she was switched to 

a different study. B. Pooled data for the individually determined optimal doses. It is unclear 

whether both figures include the same six animals. Asterisks indicate significant difference from 

vehicle. (Modified from Gamo et al., 2010) 
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leading to impaired ODR task performance (see Figure 8).  

 Rodriguez and colleagues (2010) conducted a chronic MPH study. Monkeys were treated 

daily with MPH for one year; a low-dose group received doses that were increased from 0.15 to 

2.5 mg/kg, while a high-dose group received 12.5 mg/kg daily. Performance on a DMTS task of 

individuals in the low-dose MPH group was not different from performance of control subjects, 

while performance of the high-dose group was significantly impaired compared to that of control 

subjects.  

 Figure 9 summarizes the acute doses of MPH that have previously been investigated in 

non-human primates and those that are clinically relevant for the treatment of ADHD. Overall, 

the existing evidence regarding the effects of various doses of MPH on working memory ability, 

especially in healthy subjects, remains equivocal.  

1.6 Scope of this Study 

 As highlighted in the previous review, modulating dopamine and norepinephrine receptor 

activity seems to affect the signal-to-noise ratio of persistent activity in single neurons. If 

persistent activity is in fact the neural basis of working memory, increasing the signal-to-noise 

ratio should enhance mnemonic representations at the neural level. This, in turn, should be 

evident at the level of behavior, especially when the demands on working memory are high, such 

as with increasing memory load. Considering the equivocal evidence above, it is still not fully 

understood whether increased levels of catecholamines enhance working memory ability per se. 

To establish a link between catecholamine modulation and working memory performance, I 

manipulated both, the dopamine and norepinephrine system, by systematically administering 
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Figure 8 MPH effect on working memory (Rajala et al., 2010). Dissociated dose-response curves 

for performance and session length. Performance was measured using an oculomotor delayed 

response task. Filled symbols with solid lines represent normalized percent correct in the ODR 

task only; filled symbols with dashed lines represent normalized percent correct of the entire 

experimental session (including visually guided task). Open symbols with solid lines represent 

normalized session lengths in minutes. Data from three subjects are averaged. Significance 

evaluated with 95% confidence interval, p < 0.05 (two-tailed). (Modified from Rajala et al., 2012)  
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Figure 9 Summary of MPH doses from previous non-human primate studies. Top: Clinically 

relevant doses administered for the treatment of ADHD. The dashed line emphasizes that no 

specific doses in between the range are indicated. Bottom: Doses that were administered in the 

context of this study. Tick marks indicate MPH doses that were tested in each particular study. 
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MPH to monkeys performing a task that allowed the manipulation of working memory load.  

 My hypothesis is that MPH should alter performance on a visual sequential comparison 

task (Figure 2C) in a dose- as well as memory load-dependent way (Figure 10). Considering that 

dopamine and norepinephrine are thought to follow an inverted-U dose response curve, I 

expected to observe a similar response pattern with MPH. An optimal dose should lead to 

enhanced task performance, while higher doses should lead to diminished task performance. In 

addition, an optimal dose of MPH should lead to enhanced task performance consistently across 

all memory loads and with a more pronounced effect at the higher loads. The rationale for this 

hypothesis stems from the hypothesis that an increased signal-to-noise ratio should be especially 

important when demands on working memory are high. It has previously been shown that 

ketamine, an NMDA receptor antagonist, effects working memory performance in a dose- and 

memory load-dependent manner (Heijselaar, 2011). By blocking NMDA receptors, ketamine is 

thought to diminish persistent activity and thus impair working memory. Accordingly, increased 

doses of ketamine led to an increased impairment of performance; and this effect was more 

pronounced at the higher working memory loads. A second measure of task performance is 

response latency. Aside from MPH affecting response accuracy, it might also 

improve processing, which could be reflected in shorter response latency. If MPH were to affect 

response latency, an optimal dose would be expected to decrease response latency, while higher 

doses should either not affect or increase response latency. Administration of ketamine has been 

shown to increase response latency in a dose-dependent way (Heijselaar, 2011).  
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Figure 10 Hypothesis. A: Methylphenidate acts in a dose-dependent way. An optimal dose 

leads to enhanced working memory task performance, while higher doses lead to impaired 

working memory task performance relative to control behavior. B: Methylphenidate acts in a 

memory load-dependent way. An optimal dose leads to enhanced working memory task 

performance with a higher magnitude of effect at the higher memory loads. 
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Chapter 2 – Methods 

2.1 Subjects and Apparatus  

 Data were collected from three female rhesus macaques (Macaca mulatta; 5.0 – 8.0 kg; 

12-14 years old). All 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. Animals were prepared for experiments by undergoing a surgery, in 

which a head restraint and subconjunctival search coils for monitoring eye position were 

implanted. The surgical details have previously been described elsewhere (Shen and Paré, 2006). 

Monkeys were housed in large enclosures (Clarence et al, 2006), and received antibiotics and 

analgesic medications during the post-surgery recovery period. Following recovery, animals were 

trained with operant conditioning and positive reinforcement to perform fixation and saccade 

tasks for a liquid reward. To ensure the animal’s motivation, fluid intake was controlled during 

training and experimental sessions; unrestricted access to monkey chow was available, and 

additional daily treats consisted of fresh fruit and vegetable. The animal’s fluid intake, weight, 

and health were closely monitored by the experimenters, the animal care staff, and university 

veterinarians. 

 The visual displays, behavioral paradigms, and data acquisition were controlled by the 

QNX-based Real-Time Experimentation Software (REX) system running on a Pentium III PC 

(Hays et al 1982). Visual displays were generated by a display program using Matlab and the 

Psychophysics Toolbox (Brainard, 1997) running on a Power Mac G4 computer and presented on 

a 37" monitor (NEC MultiSync XP37 plus, 60-Hz non-interlaced, 800 x 600 resolution, 32-bit 

color depth) at a viewing distance of 57cm. Eye positions were monitored using the magnetic 



 

39 

 

search coil technique (Robinson, 1963). Field coils placed around the animal generated opposing 

horizontal and vertical magnetic fields, which allowed the recording of voltage proportional to the 

horizontal and vertical angular eye position generated from the scleral search coil.  

 Stimulus arrays consisted of two to five colored squares, each measuring 1.2° x 1.2°, 

presented at an eccentricity of 10° from a central fixation point. For each set size, the positions of 

the stimuli remained identical across trials. For set size two, the stimuli were located to the left 

and right of the central fixation point. For all other set sizes, all stimuli were presented at equal 

distances, with one stimulus always presented directly above the central fixation point. For each 

trial a set size was randomly assigned and colors for the stimuli were chosen at random from a 

library of six highly discriminable colors: red (CIE x = 0.633, y = 0.327, L = 9.8 cd/m
2
), green 

(CIE x = 0.288, y = 0.602, L = 9.8 cd/m
2
), blue (CIE x = 0.155, y = 0.063, L = 9.9 cd/m

2
), 

magenta (CIE x = 0.345, y = 0.168, L = 9.9 cd/m
2
), yellow (CIE x = 0.432, y = 0.485, L = 9.9 

cd/m
2
), or cyan (CIE x = 0.223, y = 0.337, L = 9.9 d/m

2
). Luminance and chromaticity were 

measured using a Minolta CA100-Plus photometer. Each color could only appear once in a given 

display.  

2.2 Behavioral Paradigm 

 Monkeys performed a visual sequential comparison task that was introduced earlier in 

this thesis (Figure 11). Every trial started with the appearance of a white central fixation point 

(CIE x = 0.323, y = 0.325, L = 9.9 cd/m
2
). Monkeys had 1000 ms to fixate on this point and had 

to maintain fixation for 500-800 ms within a 2° x 2° window. Subsequently, a memory array 

composed of a randomly assigned set of two to five colored squares was presented for 500 ms. 

The duration of the memory array presentation was chosen based on previous experiments  
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Figure 11 Visual Sequential Comparison Task.  A: Set size two. B: Set size three. C: Set size 

four. D: Set size five. Dotted circles represent eye position. White arrows indicate eye 

movement. All example set sizes displayed represent correctly executed trials. 
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showing that 500 ms are sufficient for the monkeys to perform this task accurately (Oemisch et 

al., 2011). The memory array was followed by a 1000 ms retention interval during which no 

stimuli, except for the central fixation point, were presented. The duration of the retention interval 

was chosen to correspond with that used in human studies using sequential-comparison tasks 

(Luck and Vogel, 1997; Vogel and Machizawa, 2004). Finally a test array appeared consisting of 

the original display but with one square a different color. Simultaneously, the central fixation was 

dimmed (L = 1.37 cd/m
2
) and the monkey had to indicate within 500 ms which stimulus had 

changed by making a single saccade to its location. If the monkey successfully identified the 

changed stimulus, a liquid reward was delivered directly to the monkey’s mouth and the trial was 

marked as ‘correct’. If the monkey made a saccade that did not land on the changed stimulus or 

did not respond within 500 ms (omission), no reward was given, the trial was marked as 

‘incorrect’, and was followed by a time out period of 3000 ms. If the monkey aborted an ongoing 

trial by making a saccade away from the fixation window, before the presentation of the memory 

array, this abort was considered a fixation break. If the monkey aborted an ongoing trial during 

the presentation of the memory array, this was considered an array break. Finally, if the monkey 

aborted an ongoing trial during the retention interval, this was considered a retention break (see 

Figure 12 for the different trial abortions). In between trials the monitor screen was illuminated 

with diffuse white light (1.5 cd/m
2
) to prevent dark adaptation. 

2.3 Experimental Procedure 

 Prior to starting these experiments, all animals had previously performed at least 10,000 

trials and showed stable performance on the task. Data regarding the performance on this task has 

been published previously for one of the animals (Monkey G) used in this study (see for details 

Heyselaar et al, 2011). None of the monkeys had received any methylphenidate (MPH) prior to  
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Figure 12 Illustration of the different variations of aborted trials. Red diagonal lines indicate 

abortion of the trial at that time point. In a fixation break, the monkey made a saccade away 

from the fixation window before the onset of the memory array. In an array break, the monkey 

made a saccade away from the fixation window during the memory array presentation. In a 

retention break, the monkey made a saccade away from the fixation window during the 

retention interval. In an omission, the monkey failed to make a response after test array 

presentation. 
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this study. A maximum of two treatment sessions per week were collected, with at least two days 

in between treatments. The average half-life of MPH following oral administration in monkeys 

has been determined to be approximately 1.8 hours (Doerge et al., 2000). All treatment sessions 

were compared to control sessions that were collected the day preceding the respective treatment 

session. All experimental sessions were conducted at the same time for each animal. The days 

following a treatment session were marked as ‘post-drug’ days and data collected on those days 

was not included in this analysis. In each session the monkeys performed a minimum of 600 

trials, which is equivalent to approximately one hour of testing. For each treatment session, 

methylphenidate (MPH) was administered orally 30 minutes prior to the session start. This time 

frame was chosen as previous studies have shown that the blood peak concentration of MPH in 

rhesus macaques is reached after approximately 60 minutes (Doerge et al., 2000). Immediately 

prior to oral administration, MPH was mixed with vehicle. Juice was used as vehicle for one 

monkey (Monkey M). Applesauce was first used in the other monkeys (for approximately half the 

sessions) and then replaced by yogurt, because of compliance issues. Doses of MPH were chosen 

randomly prior to a given treatment day. The following doses were tested in all three animals: 

0.1, 0.5, 1, 3, 6, and 9 mg/kg. In Monkey G a wider range of doses was tested, which was 

comparable to clinically relevant doses. Clinically relevant doses of MPH range from about 0.2 to 

0.9 mg/kg (Pietrzak et al., 2006). Thus, additional doses tested in Monkey G were: 0.13, 0.18, 

0.25, 0.35, 0.7, and 1.7 mg/kg.  

2.4 Data Analysis 

 All experimental data were analyzed offline using MATLAB (The MathWorks, Natwick, 

MA) and Microsoft Excel. To assess the effects of methylphenidate on working memory 

performance, response accuracy, defined as the probability that the first saccade landed on the 
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target, and response latency, defined as the time between onset of the test array and initiation of 

the first saccade, were computed. Data from within a given session (control or treatment) were 

combined. To verify that changes in response accuracy or latency were not due to varying session 

lengths, only the first 600 trials of every treatment and control session were evaluated. This 

corresponded to approximately one hour of testing. Data across all control and across all 

treatment sessions were compared using a χ
2
-test (p < 0.05). If there was no significant difference 

in either of the two groups, data from all sessions were pooled into treatment and control and 

compared using a χ
2
-test (p < 0.05). If there was a significant difference within the treatment 

sessions only, control sessions were pooled and compared to every treatment session using a 

repeated χ
2
-measure with adjusted p-value. The same was the case if there was a significant 

difference within control sessions only. If there were significant differences within control and 

treatment sessions, each treatment session was compared to its corresponding control session in a 

pairwise manner (χ
2
-test, p < 0.05). The average response accuracy or latency will from here on 

be defined as the mean response accuracy or latency of the means of the single sessions.  

 When evaluating response accuracy in control and treatment sessions, only the trials 

labeled as either correct or incorrect were analyzed; trials that were aborted before the onset of 

the test array were excluded from the analysis. Omission errors were counted as error trials and 

included in the analysis; the number of omission errors were usually small (one or two omission 

errors per experimental session). Additionally, percent changes from the average control response 

accuracy were computed for all set sizes and all doses for each monkey. Percent changes were 

assessed regarding their position within or outside of two standard deviations from the average 

control response accuracy. 
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To assess differences in response latency, for each treatment session the percent change 

in response latency from the average response latency in control sessions was calculated. The 

statistical significance of percent changes in treatment session latency was assessed regarding 

their difference from zero (t-test, p < 0.05), and whether they fell within or outside of two 

standard deviations from the average control latency. Differences between latencies across 

different control sessions were assessed using one-way ANOVA (p < 0.05). 

 To assess a monkey’s motivation, the proportion of all aborted trials, including fixation, 

array, and retention breaks in treatment and control sessions were compared. As a secondary 

measure of motivation, the number of trials that were initiated were calculated (i.e. when the 

monkey fixated the fixation point), and compared to the total number of times the fixation point 

appeared, to obtain the number of trials that were failed to initiate in each session.  

2.5 Visual Search Experiment 

 In an additional experiment with Monkey F, the effects of MPH on visual discrimination 

ability in a luminance visual search task were tested (Figure 13). The following doses of MPH 

were administered: 0.1, 0.13, 0.18, 0.25, 0.35, 0.5, 0.7, 1, 1.7, 3, 6 and 9 mg/kg. Every visual 

search trial started with the appearance of a central fixation point, which the monkey was required 

to foveate within 1000 ms. The visual search display was presented with the simultaneous 

disappearance of the fixation point. The display contained six stimuli arranged concentrically; 

five of them had a fixed luminance (10.8 cd/m
2
), while one had a higher luminance that varied 

randomly between 11.4, 11.9, 13.8, 15.6, 19.3, 31.5, and 65.2 cd/m
2
 (Figure 13). The target 

position also varied randomly between trials. The monkey was required to make a saccade 

towards the target stimulus within 500 ms, and maintain fixation on the target for 200 – 300 ms. 

If the target was found with the first saccade, the trial was marked as ‘correct’ and the maximum  
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Figure 13 Luminance Visual Search Task. The white arrow indicates eye movement. The trial 

depicted represents a correctly executed response in one out of seven possible levels of 

luminance differences between the target and distracters.  
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liquid reward was given. If the target was found with more than one saccade, the trial was marked 

as ‘incorrect’ and a smaller reward was given. If the target was not found within 2000 ms after 

display onset, the trial was marked as ‘incorrect’ and no reward was given (see for details of the 

task: Shen et al., 2010). 

 To assess visual search performance, response accuracy for each stimulus luminance 

difference with and without treatment was calculated. For each treatment session, the 

psychometric function describing how response accuracy changed with stimulus luminance 

difference was calculated with a best-fit Weibull function (Weibull, 1951): 

(1) W(l) = γ – (γ – δ) * exp ( - ( t / α) 
β
 ) 

Where l is the stimulus luminance difference, α is the time at which the function reaches 64% of 

its full growth, β is the slope, γ is the upper limit of the function (constrained to 1.0, i.e., perfect 

discrimination), and δ is the lower limit of the function (constrained to 0.167, i.e., chance 

discrimination). The discrimination threshold and the sensitivity to luminance differences were 

taken as measures of response accuracy. The discrimination threshold was determined as the 

stimulus luminance difference at which the Weibull function reached 64% of its maximum. The 

sensitivity to luminance differences was determined by calculating the slope of the mid tertile of 

the Weibull function. Alternatively, as a second measure of slope, the maximum of the 

differential of the Weibull functions was calculated. To determine the statistical significance of 

accuracy differences between MPH and control sessions, repeated χ
2
 tests were performed on the 

three intermediate levels of luminance differences (adjusted significance level: p< 0.01667); these 

three levels fell between the inflection points of the Weibull functions. The effects of MPH on 

response latency were quantified by calculating the percent change from average control response 

latency. Changes in treatment session latencies were assessed regarding their difference from zero 



 

48 

 

(t-test, p < 0.05), and their position within or outside of two standard deviations from the average 

control latency. Differences between latencies across different control sessions were quantified 

with one-way ANOVA (p < 0.05). As a measure of motivation, the number of trials that Monkey 

F initiated was compared to the total number of times the fixation point appeared. A comparison 

was made between the number of trials Monkey F failed to initiate across treatment and control 

sessions (χ
2
 test, p < 0.05). To verify that changes in response accuracy or latency were not due to 

varying session lengths, only the first 1000 trials of every treatment and control session were 

evaluated. This corresponded to approximately one hour of testing. 
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Chapter 3 – Results 

3.1 Control Performance 

 All three animals received extensive training on the visual sequential comparison task 

before entering this study. Proportion correct across all control sessions was pooled and plotted as 

a function of set size for each animal in Figure 14. For Monkey G, proportion correct averaged 

0.88, 0.56, 0.52, and 0.38 for set sizes two to five, respectively. For Monkey F, these values were 

0.86, 0.55, 0.52, and 0.36, and for Monkey M, these values were 0.87, 0.68, 0.64, and 0.55. These 

proportions exceeded chance probability at all set sizes across all monkeys (z-test, p < 0.0001) 

and they significantly decreased as a function of set size (ANOVA, p < 0.0001). These results 

correspond well with performance levels that were previously observed and that have been 

published before for Monkey G (Heyselaar et al., 2011).  

Response latency for correct and incorrect responses across all control sessions were 

assessed using two-way ANOVA, with set size (two to five) and trial outcome (correct or error) 

as factors. Monkey G showed a significant interaction (p < 0.05) and post-hoc comparisons 

indicated that response latency was significantly longer on error trials compared to correct trials 

for set size two, but not significantly different for set sizes three to five (average latency: 157 vs. 

155 ms, Student-Newman-Keuls test, p < 0.05). Monkey F showed a significant interaction (p < 

0.05) and post-hoc comparisons indicated that response latency was significantly longer on error 

trials, compared to correct trials for all set sizes (average latency: 185 vs. 175 ms, Student-

Newman-Keuls test, p < 0.05). Monkey M showed significant main effects for set size and trial 

outcome, but no significant interaction. Again, response latency on error trials was significantly 

longer than on correct trials for all set sizes (average latency: 173 vs. 162 ms, Student-Newman-  
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Figure 14 Response accuracy on control sessions. Error bars represent standard error of the 

mean. Dashed lines indicate chance performance.  
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Keuls test, p < 0.05). These results indicate that the errors made by the monkeys were diligent 

guesses, made on the basis of mnemonic information rather than random responses (Heyselaar et 

al., 2011). 

3.2 Methylphenidate Effect on Response Accuracy 

 Response accuracy following the administration of methylphenidate (MPH) was 

compared with response accuracy from control sessions. Figure 15 shows proportion correct as a 

function of dose for the three monkeys. Each panel shows the proportion correct for all treatment 

and all control sessions. Response accuracy declined as a function of set size across all treatment 

sessions in each monkey (ANOVA, p < 0.0001). According to the hypothesis (see Figure 10), a 

dose-dependent effect of MPH was expected, in which an optimal dose should lead to enhanced 

working memory task performance; this optimal dose should have an effect that increases with 

increasing memory loads. However, as indicated in the figures, response accuracy within 

treatment sessions generally fell within the range of that found in control sessions.  

 Figure 16 and Figure 17 show how the percent changes in response accuracy in treatment 

sessions for each monkey generally fell within two standard deviations of the average response 

accuracy in control sessions and that there was no consistent dose- or memory load-dependent 

effect. For Monkey G, response accuracies across all treatment sessions for each set size were not 

significantly different from each other (χ
2
 test, p > 0.05). Response accuracies across all control 

sessions were significantly different from each other for set size four and five (χ
2
 test, p < 0.05). 

Pooled data from all treatment and all control sessions for set size two revealed a significant 

difference (χ
2
 test, p < 0.05). For set size two, Monkey G generally performed worse with MPH  
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Figure 15 Response accuracy following MPH administration. Monkey G, MPH Doses: 0.1, 

0.13, 0.18, 0.25, 0.35, 0.5, 0.7, 1, 1.7, 3, 6, and 9 mg/kg. Monkey F, MPH Doses: 0.1, 0.5, 1, 

3, 6, and 9 mg/kg. Monkey M, MPH Doses as in Monkey F. The left panels show proportion 

correct for each control sessions. The dashed lines extend the maximum and minimum 

proportion correct observed during control sessions for each set size. 
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Figure 16 Percent change in response accuracy for Monkey G. Dashed lines indicate two 

standard deviations from mean control response accuracy. Asterisk indicates significant 

difference between the pooled control and treatment data.(χ
2 
test, p < 0.05). 
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Figure 17 Percent change in response accuracy for Monkey F and Monkey M. Dashed lines 

indicate two standard deviations above and below mean control response accuracy.  Asterisk 

indicates a treatment session significantly different from pooled control data (repeated χ
2
 test, 

p = 0.0083).  
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compared to control, but this effect was dose-independent. This statistically significant difference 

corresponds to a performance change of 2.8%, a difference that was likely rendered significant 

due to the large data set (> 3000 trials). Pooled data from all treatment and all control sessions for 

set size three revealed no significant difference (χ
2
 test, p > 0.05). For set size four and five, data 

from all treatment sessions were pooled and compared to single control sessions in a pairwise 

manner; no significant differences were found after correcting for multiple comparisons (repeated 

χ
2
 test p > 0.00417).  

 For Monkey F, response accuracy within each set size and across control sessions did not 

differ significantly (χ
2
 test, p > 0.05), but response accuracy across all treatment sessions for set 

size two and five differed significantly. For set size two, all control sessions were pooled and 

compared to individual treatment sessions. Compared to control, only the response accuracy at 

the 3-mg/kg MPH dose was found to reach significance level (repeated χ
2
 test, p = 0.0083). For 

the set sizes three and four, comparison between pooled treatment and pooled control sessions did 

not reveal any statistical difference (χ
2
 test, p > 0.05). For set size five, all control sessions were 

pooled and compared to individual treatment sessions. No significant difference between any of 

the treatment sessions and the control data was found (repeated χ
2
 test, p > 0.00833).  

 For Monkey M, no statistically significant difference was found in response accuracy 

within each set size and across control or treatment sessions (χ
2
 test, p > 0.05). Comparison 

between pooled treatment and pooled control sessions did not reveal any statistical difference (χ
2
 

test, p > 0.05).  

 Overall, MPH showed minimal effects on response accuracy for all doses and set sizes 

tested, with most effects found only at single doses and for single set sizes. A dose-dependent or 

memory load-dependent effect of MPH on response accuracy in the visual sequential comparison 
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task was not observed. A pattern that would indicate an inverted-U-dose response curve was not 

apparent. This was the case for all three monkeys. 

3.3 Methylphenidate Effect on Response Latency 

 I next tested whether MPH affects response latency, in particular, the prediction that an 

optimal dose is associated with a reduction in response latency.  

 To quantify the effects of MPH on response latency, the percent change from control 

response latency was calculated for each treatment session. Monkey G showed an average control 

response latency of 156 ± 6 ms across all sessions; differences in latencies between control 

sessions were significantly different (range: 146 – 168 ms) (one-way ANOVA, p < 0.001). 

Changes in response latency were significant in six (out of twelve) treatment sessions, with a 

lengthening observed in five of them (t-test, p < 0.05) but response latency across treatment 

sessions fell within two standard deviations of the average control response latency (Figure 18). 

Monkey F showed an average control response latency of 181 ± 2 ms; differences in latencies 

between the control sessions were not significantly different from each other (one-way ANOVA, 

p > 0.05). Positive changes in response latency were found to be significant in two (out of six) 

treatment sessions (t-test, p < 0.05) but all changes fell within two standard deviations of the 

average control response latency (Figure 18). Monkey M showed an average control response 

latency of 166 ± 6 ms; differences in latencies between the control sessions were significantly 

different (one-way ANOVA, p < 0.001). All treatment session latencies fell within 7%  below the 

average control session latency, which corresponds to a latency difference of approximately 11.6 

ms. Three treatment sessions showed changes in response latency that were significantly below 
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zero (t-test, p < 0.05), however, all treatment sessions fell within two standard deviations above 

and below the average control session latency (Figure 18). 

 Overall, changes in response latency following the administration of MPH were generally 

small, they fell within the range of variability of average control session latency, and they were 

inconsistent across monkeys. A dose-dependent U-shaped modulation of response latency was 

not observed for any of the monkeys. 

3.4 Methylphenidate Effect on Motivation 

 To investigate the potential effects of MPH on the monkey’s motivation to perform the 

task, the proportion of trials that were not completed (i.e., aborted) were compared between 

treatment and control sessions (see Methods and Figure 12). The proportion of aborted trials 

across all sessions and monkeys averaged 5% of the total trials. Figure 19 contrasts these 

proportions between treatment and control sessions for each monkey, while Table 1 and 2 show 

the number and proportions of fixation, array, and retention breaks in individual sessions for 

Monkey G and for Monkey F and M, respectively. Monkey G committed overall significantly 

fewer breaks in treatment compared to control sessions (χ
2
 test, p < 0.001). This effect was due to 

a decrease in the proportion of fixation, array, as well as retention breaks (χ
2
 test, p < 0.001) 

(Figure 19). Furthermore, this effect was independent of dose (see Table 1). For Monkey F, there 

was a trend towards less overall aborted trials occurring in treatment compared to control 

sessions, but this effect failed to reach significance (χ
2
 test, p = 0.079). However, Monkey F 

committed significantly fewer retention breaks in treatment compared to control sessions (χ
2
 test, 

p < 0.05) (Figure 19). Monkey M showed no significant overall effect on the proportion of trials 

that were aborted (χ
2
 test, p = 0.99), and no effect on the type of breaks that were committed (χ

2
 

test, p > 0.42) (Figure 19). 
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Figure 18 Percent change in response latencies. Dashed lines represent two standard 

deviations from control response latency. Asterisks indicate significantly different from zero 

(t-test, p < 0.05).  
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Figure 19 Effect of MPH on trial abortions. Numbers inside the bars indicate the proportion for 

the specified kind of break (i.e. retention break). Significant differences between the total 

proportion of breaks in control and MPH sessions are indicated with an asterisk (χ
2
 test, p < 

0.05).  
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Monkey G       

Dose MPH 
(mg/kg) 

No. Fixation 
Breaks 

No. Array 
Breaks 

No. 
Retention 
Breaks 

Total 
Breaks 

Proportion of 
total Breaks out 
of total Trials 

0.1 4 5 4 13 0.022 
0.13 0  5 2 7 0.012 
0.18 5 10 6 21 0.035 
0.25 9 8 2 19 0.032 
0.35 63 30 20 113 0.193 
0.5 0 5 2 7 0.012 
0.7 4 8 4 16 0.027 
1 6 4 3 13 0.022 
1.7 3 6 4 13 0.022 
3 1 6 4 8 0.013 
6 0 3 3 6 0.010 
9 0 3 1 4 0.007 

Total 95 (0.013) 93 (0.013) 52 (0.007) 240 0.033 

Control      
 5 2 3 10 0.017 
 3 6 1 10 0.017 
 71 24 15 110 0.183 
 53 23 22 98 0.163 
 91 41 16 148 0.247 
 11 14 11 36 0.060 
 23 14 9 46 0.077 
 22 15 12 49 0.082 
 6 11 7 24 0.040 
 0 2 4 6 0.010 
 5 15 9 29 0.048 
 2 4 6 12 0.020 

Total 292 (0.041) 171 (0.024) 115 (0.016) 578 0.080 

Table 1 Number and proportion of breaks for Monkey G. The number of breaks for each treatment 

and control session is listed. Highlighted in grey is the total of that respective row. In brackets are 

shown the respective proportions out of the total number trials. Shown in bold are those proportions 

of breaks that were significantly different from control sessions. Highlighted in blue are those 

treatment sessions, that were significantly different from their respective control sessions. Note: 

The first treatment session (i.e. 0.1 mg/kg) belongs to the first row of control sessions; the second 

treatment session to the second row of control sessions, and so forth. 
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Monkey F       

Dose MPH 
(mg/kg) 

No.  
Fixation 
Breaks 

No.  
Array Breaks 

No.  
Retention 
Breaks 

Total 
Breaks 

Proportion of total 
Breaks out of total 
Trials 

0.1 0 7 23 30 0.050 
0.5 1 7 12 20 0.033 
1 1 16 6 23 0.038 
3 0 16 8 24 0.040 
6 2 13 17 32 0.053 
9 0 5 13 18 0.030 

Total 4 (0.001) 64 (0.018) 79 (0.022) 147 0.041 

Control      
 0  11 20 31 0.052 
 1 6 23 30 0.050 
 1 17 11 29 0.048 
 3 14 22 39 0.065 
 0 10 18 28 0.047 
 0 6 15 21 0.035 

Total 5 (0.001) 64 (0.018) 109 (0.030) 178 0.049 

      
Monkey M      

Dose MPH 
(mg/kg) 

No.  
Fixation 
Breaks 

No.  
Array Breaks 

No. 
Retention 
Breaks 

Total 
Breaks 

Proportion of 
Breaks out of total 
Trials 

0.1 8 24 22 54 0.090 
0.5 2 8 3 13 0.022 
1 1 4 3 8 0.013 
3 3 21 6 30 0.050 
6 0 9 5 14 0.023 
9 0 6 10 16 0.027 

Total 14 (0.004) 72 (0.020) 49 (0.014) 135 0.038 

Control      
 4 19 16 39 0.070 
 3 14 6 23 0.046 
 0 4 2 6 0.013 
 0 4 2 6 0.013 
 4 10 15 29 0.048 
 2 5 6 13 0.022 

Total 13 (0.004) 56 (0.017) 51 (0.015) 120 0.038 

Table 2 Number and proportion of breaks for Monkey F and Monkey M. Table descriptions are the 

same as in Table 1. 
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 Using a second measure of motivation, the number of trials each monkey failed to initiate 

was compared in control and treatment sessions. In control sessions Monkey G on average failed 

to initiate 17.8 % of the trials, while in treatment sessions, she failed to initiate 10.4 % of the 

trials. This difference was statistically significant (χ
2
 test, p < 0.001). Monkey F failed to initiate 

on average 3.9 % of the trials in control sessions and 3.6 % in treatment sessions, a difference that 

was not statistically significant (χ
2
 test, p = 0.45). Monkey M failed to initiate on average 6.0 % 

of the trials in control sessions, and 9.0 % in treatment sessions; this increase was statistically 

significant (χ
2
 test, p < 0.001).  

 Overall, MPH had a positive effect on motivation in Monkey G, with a tendency towards 

that effect in Monkey F. Monkey M showed an inconsistent effect on motivation; independent of 

dose, she initiated less trials with MPH compared to control. However, she showed no effect on 

the proportion of trials that were aborted. No effect on locomotor activity was observed in any of 

the monkeys following MPH administrations. 

3.5 Methylphenidate Effect on Visual Search Behavior 

 Given the mitigated effects of MPH found in the previous results, I tested whether MPH 

affects performance on a luminance visual search task that probes visual discrimination ability 

and overt attention in Monkey F. Response accuracy in this task was quantified using 

discrimination threshold and sensitivity to luminance differences (Figure 20). An 

improved performance should lead to a dose-dependent decrease in discrimination threshold (i.e. 

U-shaped response curve), in which an optimal dose of MPH lead to a minimal threshold, and a 

dose-dependent increase in psychometric function slope (i.e. inverted-U shaped response curve), 

in which an optimal dose of MPH leads to a maximum slope.  
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Figure 20 Response accuracy of Monkey F on the luminance visual discrimination task. The 

data displayed represent an MPH session with a dose of 0.25 mg/kg (red) and its 

corresponding control session (black). Data was fit by a best-fit Weibull function (R
2
 > 0.98). 

The black dashed horizontal line represents the point at which the Weibull function reached 

64% of its maximum. The x-intercept of the red (MPH) and black (control) dashed vertical 

line represents the luminance threshold of the MPH and control session, respectively (MPH: 

5.57 cd/m
2
, Control: 6.07 cd/m

2
). The grey shaded area represents the middle tertile of the 

Weibull function; slopes were quantified within this section. 
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 The percent changes of discrimination threshold from the average control session 

threshold across the different treatment sessions were compared (Figure 21A). No clear pattern of 

threshold differences between the different treatment sessions was observed (i.e. U-shaped dose 

response curve). Percent changes of threshold between control and treatment sessions seemed to 

alternate between positive and negative changes inconsistently, however all changes fell within 

two standard deviations of the average threshold in control sessions. Furthermore, changes in the 

slope of the psychometric functions were compared between control and treatment sessions 

(sensitivity to luminance differences) (Figure 21B). No clear pattern (i.e. inverted-U shaped 

function) was observed, and all changes fell within two standard deviations of the average slope 

in control sessions. When calculating slopes with the maximum of the differential of the Weibull 

function, percent changes in slopes between control and treatment sessions were similar to those 

obtained with the previously described measure. 

 To evaluate the statistical significance of the differences in accuracy between treatment 

and control sessions, response accuracies across the three intermediate levels of luminance 

differences were compared (differences of 3.0, 4.8, and 8.5 cd/m
2
). Response accuracy at one of 

the three luminance levels (3.0 cd/m
2
)

 
was significantly different across control sessions (χ

2
 test, p 

< 0.01). Response accuracy for the remaining two control session luminance levels was pooled. 

Repeated comparisons between the different treatment sessions and single or pooled control 

sessions for each luminance level revealed no significant differences (χ
2
 test, p > 0.0167). 

 To quantify the effects of MPH on response latency, the percent change in response 

latency was calculated for each treatment session relative to the average control session latency. 

Monkey F had an average control response latency of 202 ± 9 ms. Differences in response 

latencies across control sessions were significantly different from each other (one-way ANOVA,  
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Figure 21 Visual search response accuracy and latency. A: Percent change from control 

discrimination threshold for every MPH treatment session (Threshold range: 4.38 – 6.74 cd/m
2
).  

B: Percent change from control slope of the mid tertile of the Weibull function for all MPH 

treatment sessions (Slope range: 9.2x10
-4

- 15x10
-4

). C: Response latencies (Range: 193-216 

ms). Significantly different response latencies are indicated by asterisks (t-test, p < 0.05). 

Dashed lines represent two standard deviations from control.  
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p < 0.001). Seven treatment sessions showed significantly positive changes and three showed 

significantly negative changes in response latency (t-test, p < 0.05). It seemed as if doses between 

0.13 and 1 mg/kg MPH generally increased response latency, and doses between 3 and 9 mg/kg 

MPH generally decreased response latency; however all changes fell within two standard 

deviations of the average control session latency (Figure 21C). 

 As a measure of motivation, the number of trials Monkey F failed to initiate was 

compared across treatment and control sessions. In general, the number of trials that were not 

initiated was small (on average 3.8 %). A significant difference was found within treatment (χ
2
 

test, p < 0.001) and within control sessions (χ
2
 test, p < 0.001). When comparing each treatment 

session to its corresponding control session, a significant difference was only found for the 

6mg/kg-dose (χ
2
 test, p < 0.001). In this case, Monkey F failed to initiate significantly less trials 

with MPH. None of the other doses showed a statistically significant effect. 

 Overall, no dose-dependent effect (i.e. inverted-U-shaped curve) of MPH on visual 

discrimination accuracy, response latency, or motivation in the luminance visual search task was 

observed.  
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Chapter 4 – Discussion 

 Monkeys received a wide range of doses of the catecholamine reuptake inhibitor 

methylphenidate (MPH) before being tested on a visual sequential comparison task that measured 

their working memory ability. Neither a dose-dependent (i.e. inverted-U dose response curve), 

nor a memory load-dependent effect on response accuracy or latency was found. An MPH-

induced effect on motivation was observed in at least one monkey. This monkey aborted 

significantly fewer trials in treatment compared to control sessions. The results obtained in this 

thesis suggest that MPH has no effect on working memory ability per se, and they question the 

influence catecholamines potentially exert on cognition. 

4.1 Methylphenidate Modulation of Working Memory 

4.1.1 Non-Human Primates 

 The findings of this thesis are at odds with my predictions, considering the 

pharmacological characteristics of MPH and its implications in the treatment of attention deficit 

hyperactivity disorder (ADHD). However, closer inspection of previous non-human primate 

studies suggests that my results are not entirely inconsistent with the reported effects of MPH and 

that it is possible to reconcile putative inconsistencies.   

 Previous studies, investigating the effects of MPH on working memory task performance 

in monkeys, have been limited and their results equivocal, ranging from induced impairments to 

enhancing effects of MPH. According to the theorized inverted-U dose function, this could imply 

that the subjects from different studies rest at different positions on this inverted-U dose function. 

Early studies by Bartus revealed either no (Bartus, 1978) or detrimental (Bartus, 1979) effects of 
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MPH on delayed response performance, depending on the dose and age of the subjects. Higher 

doses of MPH (0.4 – 0.8 mg/kg) had a more detrimental effect in young adults compared to aged 

monkeys (see Figure 10). In this thesis, adult monkeys showed no impairments in working 

memory ability following MPH administration. A possible explanation for the discrepancy could 

be the difference in methodology; Bartus used a different task design and his monkeys were 

injected intramuscularly, as opposed to receiving oral administrations in this thesis. The exact 

correspondence between doses is unclear, because of the potential difference in drug 

bioavailability. 

 Studies by Bain et al. (2003) and Gamo et al. (2010) reported enhancing effects of MPH 

on working memory ability. However, neither of the two studies was able to report a clear dose-

dependent effect. In the study of Bain et al. (2003), varying doses of intramuscular administered 

MPH affected DMTS performance differentially at different retention intervals (see Figure 6). 

Furthermore, the major effect reported was an increase in monkeys’ performance in the distracter 

version of the task. This suggests that MPH might have mainly reduced distractibility rather than 

increased working memory ability. The task used in this thesis study requires the retention of 

information over only a short delay (500 ms) therefore minimizing distraction as a factor to affect 

task performance. In the study by Gamo et al. (2010), monkeys received oral administrations of 

MPH and performed a classical delayed response task (see Figure 1A). The authors reported 

inverted-U dose response curves for all individuals that were, however, far from convincing 

(Figure 7A). The authors determined optimal doses for each individual (the dose at which 

performance was maximally enhanced), and performed statistical analyses on the pooled optimal 

doses of six to seven animals (Figure 7B). A significant effect was obtained this way. However, 

statistical analyses were not performed on a potentially dose-dependent effect in each individual; 
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thus, it remains uncertain whether an optimal dose led to significantly increased performance 

compared to control. Overall, it is unclear whether the effects observed in the previous two 

studies reflected MPH-induced effects on working memory ability per se. 

 A recent study by Rajala et al. (2012) also reported an inverted-U shaped response to 

MPH administration. However, the improvements were attributable to a decrease in the number 

of premature responses, rather than an increase in accuracy for the remembered target location. 

This suggests that it was not working memory per se that was affected by MPH. Furthermore, the 

authors reported an MPH-induced increase in session length, suggesting that subjects were able to 

stay on task for longer. This effect correlated with decreased performance, such that when 

participation was maximally extended, delayed response performance was impaired. 

 Overall, it seems possible that MPH mainly affects motivation, rather than working 

memory ability. Similar to Rajala et al (2012), an increase in the time monkeys participated in the 

task was qualitatively observed in this thesis, while, however, their working memory ability was 

not affected. According to the Yerkes-Dodson law, it is possible that changes in the levels of 

arousal or motivation can affect performance in an inverted-U manner (Yerkes and Dodson, 

1908). Therefore, increased motivation could occasionally lead to increased performance and 

could potentially explain the equivocal results reported by Gamo et al (2010) and Bain et al 

(2003).  

 To conclude, previous literature that investigated the effects of MPH on working memory 

in monkeys has, in line with the results obtained here, not conclusively found a dose-dependent 

effect of MPH on working memory ability directly. Furthermore, none of the previously reviewed 
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studies were capable of testing whether MPH exerts a load-dependent effect on working memory 

ability. 

4.1.2 Rodents 

 The results obtained in this thesis study suggest that MPH does not affect working 

memory ability directly. However, literature investigating MPH’s effect on working memory in 

rodents suggests a dose-dependent effect. The discrepancy in these results could suggest species 

differences in the effects of MPH on working memory.  

 Recent studies that investigated the effects of MPH on working memory in rats used 

delayed-alternation tasks to probe working memory ability (Arnsten and Dudley, 2005; Berridge 

et al., 2006; Devilbiss and Berridge, 2008). For successful performance, animals needed to 

remember which arm of a T-maze they entered in the preceding trial. All studies reported 

inverted-U dose response curves with lower doses leading to enhanced performance, while higher 

doses either impaired performance or showed no effect.  Statistical analyses were performed after 

data from eight to fifteen rats were pooled; it was not reported whether statistically significant 

inverted-U dose response curves were observed in individual animals. Additionally, all studies 

reported percent changes in accuracy below 20%; similar to the changes in accuracy observed in 

this thesis study that usually remained within control variance. Furthermore, while a dose-

dependent effect of MPH was found in all three studies, it remains unclear whether MPH affected 

working memory specifically. The delayed-alternation task used in these studies probes cognitive 

functions aside from working memory, such as inhibition of proactive interference and 

inappropriate motor responses (Zahrt et al., 1997). Other studies have suggested that MPH affects 

attention (Navarra et al., 2008), impulsivity (Navarra et al., 2008; Bizot et al., 2011), and 
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inhibitory control (Pattij et al., 2012) in rats. An effect on the inhibition of inappropriate motor 

responses might be similar to the decrease in premature responses observed by Rajala and 

colleagues (2012) in monkeys. Thus, it is possible that MPH mainly affected cognitive processes 

other than working memory, a similar conclusion to the one reached earlier for non-human 

primate studies. Species differences regarding the effects of MPH therefore seem unlikely. 

4.1.3 Humans 

 MPH was expected to alter working memory ability in monkeys, largely because of its 

application in ADHD treatment. MPH is the most prevalent drug used to treat ADHD in children 

as well as adults, and it has been shown to positively affect working memory in patients with 

ADHD (Bedard et al., 2004; Mehta et al., 2004a; Rhodes et al., 2004; Turner et al., 2005). This 

suggests that MPH has the potential to improve working memory ability in subjects that show 

working memory deficits under normal conditions. The discrepancy between my results and those 

obtained by most studies investigating MPH’s effect on working memory ability in ADHD, might 

at least partially be explained by the different methodological approaches. The majority of human 

studies used a self-ordered task to measure working memory ability, while a visual sequential 

comparison task was implemented in this thesis. As discussed in the introduction, a self-ordered 

paradigm often allows for strategy use, in which case it might not measure working memory 

exclusively. 

The apparent discrepancy might furthermore be explained by the fact that a disease 

model was not used in this thesis. The animals used in this study have, to the best of my 

knowledge, unimpaired catecholamine systems, clearly distinguishing them from ADHD patients. 

However, MPH has increasingly been used recreationally by healthy humans as a putative 
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cognitive enhancer, suggesting that MPH might affect working memory ability in healthy 

subjects as well. However evidence for an enhancing effect of MPH on working memory ability 

in healthy subjects is equivocal. Some studies suggest a positive effect of MPH administration on 

working memory (Elliott et al., 1997; Mehta et al., 2000; Agay et al., 2010). However, this effect 

often only holds true in special circumstances, such as an increased performance only in subjects 

with low baseline scores (Mehta et al., 2000), or only when the task was novel, rather than 

familiar (Elliott et al., 1997). The meta-analysis of Repantis et al. (2010) found only a potentially 

enhancing effect of MPH on spatial working memory, but no effect on other cognitive functions 

in healthy adults. Other studies, however, found neither an enhancing nor a detrimental effect 

following administration of MPH in healthy individuals (Studer et al., 2010; Tomasi et al., 2011).  

Considering the rather equivocal evidence regarding the beneficial effects of MPH in 

healthy humans, it is possible that the lack of effect observed in this thesis resulted from studying 

subjects that do not have impaired catecholamine systems, which would correspond to the low 

catecholamines, fatigue-associated end of the inverted-U curve (see Figure 4).Furthermore, all 

monkeys used in this study were Met-Met COMT genotypes. The catechol-O-methyltransferase 

(COMT) is a gene that codes for an enzyme which catalyzes the degradation of catecholamines 

(Lotta et al., 1995). A polymorphism of COMT (substitution of methionine for valine at codon 

158) alters the efficiency of this enzyme. The Met-Met polymorphism is characterized by 

decreased COMT activity and has been associated with potentially improved cognitive functions, 

including working memory (Egan et al., 2001; Goldberg et al., 2003). An explanation for the 

limited effects on task performance previously observed in studies using non-human primates 

might also be the use of subjects with unimpaired catecholamine systems (Bain et al., 2003; 

Gamo et al., 2010; Rajala et al., 2012). It may be that MPH potentially enhances working 
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memory ability specifically in those individuals that show working memory deficits, but not in 

those that show unimpaired working memory ability. As suggested by Elliot et al (1997), it is also 

possible that an effect of MPH was not observed in this thesis as the subjects were highly trained 

animals, proficient at the task, and that showed stable baseline performance before being tested 

with MPH.  

4.2 Catecholamine Modulation of Working Memory in Non-Human Primates 

The catecholamines dopamine and norepinephrine have previously been reported to play 

an important role in working memory function. Thus, the rationale for investigating the effects of 

MPH on working memory ability is its function as a catecholamine reuptake inhibitor that 

effectively increases extracellular catecholamine levels. The results obtained in this thesis, 

however, suggest that MPH might not significantly alter working memory ability in healthy, well-

trained individuals. Thus, the question remains whether dopamine and norepinephrine themselves 

alter working memory ability in healthy non-human primate subjects.    

 Many studies that have previously investigated, and largely contributed to the 

understanding of the roles of dopamine and norepinephrine in working memory, have studied the 

catecholaminergic influence on catecholamine-depleted systems.  

4.2.1 Dopamine 

 Many studies have either investigated the effects of dopamine D1 antagonists (Sawaguchi 

and Goldman-Rakic, 1991, 1994), or of total catecholamine depletion (Brozoski et al., 1979), and 

have found pronounced impairments in working memory performance. Others have specifically 

investigated the effects of dopamine D1 receptor agonists in either aged monkeys (Arnsten et al., 
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1994; Cai and Arnsten, 1997) or in combination with acute or chronic stress. However, the age-

dependent decline in cognitive functions seems to go hand in hand with a decline of 

catecholamine concentrations in the aged population (Goldman-Rakic and Brown, 1981; Wang et 

al., 1998), suggesting that such studies also investigated catecholamine depleted systems. 

Similarly, chronic stress has been found to lead to decreased levels of dopamine in the prefrontal 

cortex and to impair working memory performance. Systemic administration of dopamine 

receptor agonists can ameliorate these impairments (Castner et al., 2000). Conversely, acute stress 

has been shown to increase dopamine transmission beyond the normal range, also leading to 

impaired performance on working memory tasks (Arnsten and Goldman-Rakic, 1998). All of the 

previously mentioned studies have therefore investigated effects of dopamine on systems that 

were partially catecholamine-depleted.  

 Few studies have investigated the effects of increased dopamine levels on the healthy 

brain via systemic administrations. It has been suggested that not a partial, but a full dopamine D1 

receptor agonist leads to enhanced delayed response performance in healthy young subjects 

(Arnsten et al., 1994), while others have reported enhancing effects of dopamine agonists only on 

performance of aged monkeys, but no or even diminishing effects in young adults (Dudkin et al., 

2003; Castner and Goldman-Rakic, 2004). Considering this evidence, it seems possible that 

moderately increased levels of dopamine in the healthy brain lead only to minimal effects on 

working memory ability. Regarding the results obtained in this thesis, this might explain why 

MPH did not induce an effect on working memory ability in the subjects used. 
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4.2.2 Norepinephrine 

 Norepinephrine is another catecholamine that plays a crucial role in working memory 

function. Similar to dopamine, norepinephrine α2-receptor agonists have been shown to enhance 

performance and reduce distractibility on tasks that probe working memory specifically in aged 

monkeys  (Arnsten and Goldman-Rakic, 1985; O’Neill et al., 2000). Norepinephrine’s actions in 

the healthy brain have been addressed by several studies. Local infusions of low doses of α2A-

receptor agonists in young adults have been shown to enhance delayed response performance 

(Ramos et al., 2006). Two similar studies using systemic administrations of α2A-receptor 

agonists have also found enhanced delayed response performance in adult monkeys (Franowicz 

and Arnsten, 1998, 1999). Both of these studies found significantly improved task performance; 

however, only at high, not at low or intermediate doses for both agonists. It is possible that 

norepinephrine, at the high doses required for this effect, would have activated not only the α2A-

receptors but also lower affinity α1- and β1-receptors, thus potentially halting or reversing the 

enhancing effects on working memory.  

 Considering the evidence above, it remains unclear whether increased levels of dopamine 

and norepinephrine, achieved via systemic administrations, alter working memory ability in 

healthy adult monkeys. By administering methylphenidate, not the activity at specific receptor 

sites was increased, but rather the general availability of dopamine and norepinephrine. In a 

healthy brain optimal concentrations of these catecholamines is assumed; moderately increased 

levels might have negligible effects considering the interactions between different receptor types. 

However, significantly higher levels should lead to impaired working memory ability, according 

to an inverted-U response curve. It is possible that the MPH doses that were administered as part 

of this study were not high enough to elicit measurable impairments in working memory.   
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4.3 Methylphenidate Effects on Response Latency 

 As a second measure of performance, the effects of MPH on response latency were 

investigated. Even though MPH did not affect response accuracy, it might have 

improved processing, which could be reflected in shorter response latency. As such, an optimal 

dose of MPH was hypothesized to maximally decrease response latency in the visual sequential 

comparison task. Most studies investigating the effects of MPH on working memory task 

accuracy did not discuss its effects on response latency. Bain et al. (2003) reported decreased 

response latency following the administration of the optimal dose of MPH. The authors did not 

report latency effects on other doses than the optimal dose, making it difficult to determine 

whether a dose-dependent effect on response latency was observed or not. In rats, no changes in 

response latency on a delayed-alternation task were observed (Arnsten and Dudley, 2005; 

Berridge et al., 2006). In ADHD patients, no changes in response latency in a DMTS task were 

found following MPH administration (Rhodes et al., 2004). Tomasi et al. (2011), however, found 

shorter response latencies in healthy adults performing a verbal working memory task. Overall, it 

remains unclear whether MPH affects response latency of task performance. It is possible that 

changes in response latency were not observed, because the doses of MPH administered did not 

elicit such an effect, i.e. higher doses of MPH could have potentially slowed response latency. 

Alternatively, it is possible that a further decrease in response latency following an optimal dose 

was not observed, because all monkeys responded already with short latencies in control sessions 

(155 – 175 ms for correct trials).  

4.4 Limitations 

4.4.1 Methylphenidate Effect on Motivation 
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The measure of motivation implemented in this study might not have captured the full 

extent of MPH’s effect on motivation. It was qualitatively observed that at least two out of the 

three animals (Monkey F and M) were engaged in both tasks longer when an oral dose of MPH 

preceded that session, compared to control sessions. This observation is similar to the one made 

by Rajala et al (2012), who reported increased session lengths, especially following 

administration of higher doses of MPH. Measuring how long an individual animal participates in 

an experimental session poses some problems, as it usually depend on several parameters, such as 

thirst, size of reward, and MPH-independent motivation on a given experimental day. These 

combined factors make it difficult to quantify such an effect. Nevertheless, this observation 

suggests that MPH affected motivation or the ability to focus in all three subjects, and it provides 

additional evidence that MPH was successfully absorbed (see Chapter 4.4.3).   

4.4.2 Visual Discrimination 

 Visual search performance is considered to measure a subject’s visual discrimination 

ability and overt attention. Since attention is another cognitive function often impaired in ADHD 

patients, MPH administration of an optimal dose was expected to increase accuracy on the 

luminance visual search task. However, changes in accuracy, measured as either altered threshold 

luminance difference or sensitivity to changes in luminance difference, were not observed 

following MPH administration of varying doses. The question remains: do increased levels of 

catecholamines enhance visual attention and discrimination performance?  

 Patients diagnosed with ADHD have previously been shown to make more errors and 

have increased response latency when performing visual search tasks, compared to their healthy 

counterparts (e.g. Karatekin and Asarnow, 1998; Berman et al., 1999; Booth et al., 2005; see for 
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review Mullane and Klein, 2008). However, administrating MPH prior to the performance of a 

visual search task has led to equivocal results. Berman et al. (1999) tested children with ADHD 

on a visual search task after administering doses ranging from 0.3 to 0.9 mg/kg. Subjects had to 

remember one to four consonants, which they then had to search for in a set of four to sixteen 

letters. The authors found an increase in response latency after MPH administration, specifically 

when the conditions were demanding (four targets to remember, and target was absent), and a 

decrease in the error rate with increasing doses of MPH. In another study by Mehta et al. (2004b), 

children with ADHD performed a match-to-sample visual search task. In this task, subjects were 

presented with a target stimulus and then had to find the matching pair among the distracters. 

Following MPH administration, subjects made fewer errors; there was no effect found on 

response latency. A different study, conducted by Lubow et al. (2005) found no effect of MPH on 

either response accuracy or response latency in children with ADHD. In this study, children 

received a dose of 0.3 mg/kg MPH and performed a visual search task in which they had to 

search for a precued target among distractors. Tucha and colleagues performed two studies 

investigating the effects of MPH on performance of a visual search task in children (Tucha et al., 

2006b) and adults (Tucha et al., 2006a) with ADHD. Subjects were presented with 25 squares on 

a screen; each had an opening to one side. The target was a square that had an opening at the top. 

Subjects were instructed to respond as fast as possible whether the target was present or absent. In 

children, MPH significantly enhanced response accuracy and decreased response latency, to the 

extent that ADHD children with MPH performed no different from healthy children (Tucha et al., 

2006b). In adults, no significant differences in response accuracy or latency were found between 

ADHD subjects off MPH treatment and healthy adults; this did not change after MPH 

administration (Tucha et al., 2006a). This discrepancy between children and adults with ADHD 
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could suggest that either the task was not challenging enough for adults, or the cognitive 

functions relevant for performing this task were not affected equally in children and adults with 

ADHD. Finally, a study investigating the effects of MPH on healthy adults performing a visual 

search task found no effect on response accuracy or latency. Subjects received 0.2 mg/kg MPH 

and performed a visual search task in which they had to search for a precued target among 

distracters; on 50% of the trials the target was absent (Oken et al., 1995). None of the previously 

reviewed studies investigated the effects of MPH on the motivation of subjects performing a 

visual search task.  

 To the best of my knowledge literature investigating visual search performance following 

MPH administration in animals does not exist. However, the five-choice serial reaction time task 

(5CSRTT) is often used to assess visuospatial attention and impulsivity in rats (Robbins, 2002). 

In this task, rats are trained to detect a brief visual stimulus at one of five locations in a central 

aperture. As such, administration of MPH has been shown to affect response accuracy and 

latency, and premature responding in the 5CSRTT in rats (Bizarro et al., 2004; Navarra et al., 

2008; Robinson, 2011). However, the results obtained differ in parts substantially between 

studies. Bizarro et al (2004) administered subcutaneous injections of 2.5 to 10 mg/kg MPH. 

Administration of MPH led to increased accuracy and decreased premature responding; however, 

these effects were independent of dose. MPH also decreased response latency of correct 

responses. Conversely, Robinson et al (2011) found an enhancing effect of MPH on response 

accuracy only at the highest dose (10 mg/kg) and only for poorly performing animals. No effect 

on premature responses was observed, however MPH decreased response latency for correct 

responses in the 10 mg/kg doses. MPH was administered orally, and doses ranged from 1 to 10 

mg/kg. Finally, Navarra et al (2008) injected rats intraperitoneally with doses ranging from 2.5 to 
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5 mg/kg MPH. Rats performed the 5CSRTT with four different inter-trial intervals. MPH seemed 

to increase accuracy only for the 5 second inter-trial interval and only for the 2.5 mg/kg dose, 

while that same dose increased premature responding in the 10 second inter-trial interval. Overall, 

a consistent dose-dependent effect of MPH on either attention, or impulsivity in rats performing 

the 5CSRTT could not be observed.   

 It seems possible that an effect on response accuracy or latency of MPH on visual search 

performance was not observed because the subject in this thesis was an adult monkey that was 

presumed to have an unimpaired catecholamine system, which differentiates it from ADHD 

patients. However, a previous study found that low doses of ketamine could increase response 

accuracy in monkeys performing this luminance visual search task (Shen et al., 2010), showing 

that an increase in performance through pharmacological intervention is possible. In that study, 

low doses of ketamine led to a decrease in the discrimination threshold, but had no effect on the 

slope of the psychometric function. Furthermore, in this thesis, the sensitivity towards luminance 

differences should have generally allowed improvement, suggesting that an absent effect of MPH 

on the slopes of the psychometric functions was not due to already optimal sensitivity. It is 

possible that higher doses than those tested here could have led to impaired performance 

measured as decreased accuracy and increased response latency. Additionally, no measurable 

effect of MPH administration on motivation was found. It is possible that such an effect was not 

captured as the proportion of trials that Monkey F failed to initiate was generally very small (on 

average 0.03). However, an increase in session lengths was qualitatively observed when higher 

doses of MPH were administered (3 – 9 mg/kg).  

4.4.3 Methylphenidate Blood Levels 
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 MPH was administered orally in this study to resemble administration in humans. One 

way to verify that the drug has entered a subject’s system is to detect the drug directly via a blood 

serum analysis. It was outside of the scope of this thesis project to perform a blood analysis that 

would have verified MPH’s concentration in the subjects’ systems. As part of the experimental 

procedure, it was ensured that all animals always ingested the entire amount of applesauce/juice 

that was mixed with MPH. If it occurred that an animal did not consume parts of this mixture, the 

experimental session including the preceding control session was repeated (this occurred in four 

out of thirty-six sessions).  

 Another potential reason why a substantial effect following MPH administration was not 

observed is that the doses were too low. A recent study investigating blood MPH levels after oral 

administration in juvenile (2 – 2.5 years) monkeys (Wilcox et al., 2008) found that MPH blood 

plasma concentrations (20 ng/ml) were only comparable to human MPH blood plasma 

concentrations after 5 to 10-fold higher doses (17 – 32 mg/kg). However, another study using 

preadolescent monkeys (3 – 4.5 years) found that oral administration of 3 mg/kg MPH resulted in 

blood plasma concentrations (16 ng/ml) similar to those obtained in humans after administration 

of 0.3 mg/kg (6 – 11 ng/ml) (Human: Wargin et al., 1983; Volkow et al., 1998; Monkey: Doerge 

et al., 2000). Since adult rather than juvenile monkeys were used in this thesis, according to the 

latter study, sufficient MPH concentration in blood and brain were likely obtained with the wide 

range of doses tested. Overall, I believe that the route of administration that was chosen, and the 

range of doses that were administered, should have enabled me to observe the potential effects of 

MPH on working memory and visual discrimination ability. Despite the lack of behavioral effect, 

MPH in doses tested here may have affected neural activity. This possibility needs to be 

investigated. 
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4.4.4 Age, Health and Gender effect 

 As was briefly discussed previously, it is possible that an effect of MPH on visual 

sequential comparison performance was not observed because the subjects used were adult 

monkeys whose catecholamine systems were unimpaired. Increased catecholamine activation, via 

dopamine or norepinephrine agonist administration, has been found to be most efficacious in aged 

monkeys and less so in young adults (Arnsten and Goldman-Rakic, 1985; Castner and Goldman-

Rakic, 2004). The aged brain, in humans (Wang et al., 1998) as well as monkeys (Goldman-Rakic 

and Brown, 1981), is thought to undergo a decline of the dopamine system. Dopamine D1 and 

norepinephrine α2 receptor binding in the PFC are potentially reduced in the aged primate brain 

(Bigham and Lidow, 1995; Moore et al., 2005). This could also explain why administration of 

MPH is most effective in ADHD patients whose brains have been shown to suffer from a 

depletion of neural dopamine levels (Arnsten, 2006). Interestingly, in contrast to dopamine and 

norepinephrine agonist administration, MPH seems to have lower efficacy in healthy aged adults, 

in monkeys (Prendergast et al., 1998), and in humans (Turner et al., 2003) performing tasks that 

probe working memory. So far, no previous studies have investigated the effects of MPH on 

working memory in juvenile monkeys or in monkeys with a catecholamine depletion.  

 A further topic that should be addressed is that all subjects in this thesis were female 

macaque monkeys, who have cycling levels of estrogen. Previous research in rats has shown that 

high levels of estrogen can cause a high sensitivity to stress-induced working memory 

impairments (Shansky et al., 2006). Rats were tested on a delayed-alternation task in a T-maze; 

prior to testing, they were either restraint for 60 or 120 minutes (stress induction) or kept in their 

home cage (no stress). After 60 minutes of restraint, only female rats with high estrogen levels 

showed impaired task performance. After 120 minutes, all rats (males, as well as females with 
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either low or high estrogen levels) showed impaired performance. A recent human study 

investigated the effects of estrogen levels on working memory performance in healthy young 

women (Jacobs and D’Esposito, 2011). The authors reported that, depending on the women’s 

genotype (COMT, met/met or val/val, see end of Chapter 4.1.3), their performance either 

increased or decreased when their levels of estrogen were elevated. Since in this thesis, control 

data was always collected the day before treatment sessions, the effect of varying estrogen levels 

in the monkeys was largely controlled for. Furthermore, no significant differences between 

sessions were found, suggesting that varying estrogen levels played a minor role in the working 

memory ability of these subjects. 

4.5 Future Directions 

 There are several steps that could be taken to either enhance this thesis work or to further 

advance our understanding of catecholamine contributions to working memory. As a crucial next 

step, to verify that MPH has reached the monkeys’ system blood level analyses should be 

conducted at varying time points following the oral administration of potentially different doses 

of MPH.  

 As a next step in the visual search study, Monkey G’s performance on the luminance 

visual search task will be tested following the administration of MPH. Since Monkey G showed 

the strongest potential for MPH-improved performance, as assessed by the motivation measure, it 

is possible that MPH could improve response accuracy in this task. 

 As a future study, different drugs could be investigated for their enhancing effects on 

working memory ability. One candidate drug is atomoxetine, a non-stimulant drug and selective 
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norepinephrine reuptake inhibitor, which has also been approved for the treatment of ADHD 

symptoms. Atomoxetine has for instance been shown to improve inhibitory control in healthy 

(Chamberlain et al., 2006) and ADHD subjects (Chamberlain et al., 2007), as well as attention in 

rats (Robinson et al., 2008; Robinson, 2011). 

 A further option would be to investigate the effects of MPH on the performance of the 

visual sequential comparison task when monkeys show impaired working memory function. By 

blocking NMDA currents, via the administration of the NMDA antagonist ketamine, it can be 

tested whether subsequent administration of MPH could rescue impaired working memory 

ability. Administration of ketamine has previously been shown to impair performance on the 

visual sequential comparison task in a dose- and memory load-dependent way. Administration of 

MPH might partially prevent ketamine’s detrimental effects. Furthermore, dopamine depletion 

(i.e. via dietary restrictions) could be another way to induce impaired working memory function. 

Again, administration of MPH could potentially rescue the detrimental effects of such a 

dopamine-depleted system. 

 According to the model that was originally proposed by Baddeley and Hitch (1974), 

working memory contains three components: a visuospatial sketch pad, a phonological loop and a 

central executive. The central executive is generally believed to provide cognitive control 

(Baddeley, 2003). It is possible that what was described as motivation in this thesis, for instance 

the ability to perform a task more diligently and to stay on task for longer, could reflect the 

function of the central executive. MPH may not affect the ability to retain visual information 

temporarily (i.e., the visuospatial sketch pad), but it may rather impact cognitive control and 

therefore task performance. 
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4.6 Conclusion 

 Overall, methylphenidate did not affect response accuracy or latency in the predicted 

dose- or memory load-dependent way. By implementing a working memory task designed to 

minimize the influence of other cognitive functions on performance, these findings suggest that 

MPH did not affect working memory ability per se. Additionally, MPH did not affect overt 

attention, as measured by performance on a visual search task. Therefore, it remains controversial 

whether putative cognitive enhancers, such as methylphenidate, directly improve cognitive 

functions, such as working memory and attention, or whether they affect motivation, and 

potentially distractibility and impulsivity. These findings question long-held beliefs about the 

influence catecholamines exert on cognition, and suggest that the role of catecholamines in 

working memory should be reevaluated.    
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