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ABSTRACT 

 Adaptive decision making depends on multiple processes, including fast and efficient 

processing of stimulus events for effective responding and slow trial-to-trial learning of action values 

for optimization of the selection process. I applied the event-related brain potential (ERP) technique 

to investigate the involvement of two neuromodulatory systems in learning and decision making: 

The locus coeruleus-norepinephrine (LC-NE) system and the mesencephalic dopamine system (DA 

system). I present evidence that the "oddball" N2, a negative deflection in the ERP elicited by task-

relevant events that begins approximately 200 ms after onset of the eliciting stimulus and that is 

sensitive to low-probability events, is a manifestation of cortex-wide noradrenergic modulation 

recruited to facilitate the processing of unexpected stimuli. Further, Holroyd and Coles (2002) 

proposed that the impact of DA reinforcement learning signals on the anterior cingulate cortex 

(ACC) produces a component of the ERP called the feedback-related negativity (FRN). I present 

electroencephalographic evidence that both the DA system and the LC-NE system act in concert 

when learning from rewards that vary in expectedness, but that the DA system is relatively more 

exercised when subjects are highly engaged/challenged by learning tasks, whereas the impact of the 

LC-NE system is attenuated by this manipulation. 



iv 
 

TABLE OF CONTENTS 

Supervisory Committee         ii 

Abstract           iii 

Table of Contents          iv 

List of Figures           v 

Acknowledgements          vi 

Dedication           vii 

 

General Introduction          1 

Chapter One: Experiment One        29 

Chapter Two: Experiments Two through Five       39 

General Discussion          84 

References           100 

Appendix           116 

    

 

 



v 
 

LIST OF FIGURES 

Figure 1. Single-cell recordings from the locus coeruleus in a target discrimination task 2 

Figure 2. Single-cell recordings from dopamine neurons in a conditioning paradigm.  7 

Figure 3. Comparing the attentional blink and the P3 ERP component   13 

Figure 4. Comparing the time of movement initiation with onset of the P3   17 

Figure 5. Comparing the time course of the N2-P3 complex with the time course 

   of LC-NE system phasic activity       20 

Figure 6. Experiments One: Raw and difference-wave ERPs with scalp maps   35 

Figure 7. Experiments Two to Five: Graphic representation of the tasks   48 

Figure 8. Experiment Two: Raw and difference-wave ERPs with scalp maps   52 

Figure 9. Experiment Three: Raw and difference-wave ERPs with scalp maps   56 

Figure 10. Experiment Four: Raw and difference-wave ERPs with scalp maps  60 

Figure 11. Experiment Five: Raw and difference-wave ERPs with scalp maps   63 

Figure 12. Experiments Two to Four: dN2 and dFRN ERPs across experiments  67 

Figure 13. Experiments Two to Four: Raw ERPs across experiments    69 

 

 



vi 
 

ACKNOWLEDGEMENTS 

 First and foremost, I want to thank my PhD adviser, Clay Holroyd, for inspiring me, for 

teaching me, and for patience and diligence in working with me.  I want to thank my Master's 

adviser, Mike Masson, also for teaching me and for encouraging me to work on the questions that 

interested me most. I also thank Steve Lindsay for showing unwavering confidence in me through 

my 5 years of graduate school at the University of Victoria, and both Steve and Raad Nashmi for 

serving on my committee. And finally, I thank Sander Nieuwenhuis for the two brilliant papers cited 

herein that provoked this work, for agreeing to serve as my external examiner, and for the 

stimulating and insightful discussion that resulted. 

 

  



vii 
 

DEDICATION 

 

 

 

 

 

 

For Nikki. 

Because you did everything while I did nothing but work on this. 

 

 



 
General Introduction 

 The central question of this thesis concerns how specific neuromodulators act to influence 

brain activity in an adaptive manner. Neuromodulators are neurotransmitters that target large 

populations of neurons and regulate the way those neurons respond to direct synaptic transmission 

of other neurotransmitters such as glutamate and γ-aminobutyric acid (GABA) (e.g. Aston-Jones & 

Cohen, 2005; Briand, Gritton, Howe, Young, & Sarter, 2007). Thus, neuromodulators change 

communication between neurons, and can have a profound effect on cognition and behaviour. For 

example, many clinical disorders have been associated with and are treated with pharmacological 

interventions that target specific neuromodulators, such as selective serotonin reuptake inhibitors 

for increasing serotonin levels to alleviate depression (e.g. Aston-Jones, & Cohen, 2005; Briand et al., 

2007; Fournier et al., 2010 ). In this thesis I work toward establishing and further developing links 

between specific electrophysiological manifestations of brain activity and the two catecholinergic 

neuromodulators, norepinephrine (NE) and dopamine (DA), respectively. In particular, I propose 

that an event-related brain potential (ERP) component called the N2 is a manifestation of 

noradrenergic modulation. In addition, I provide support for the theory that phasic DA activity, 

which is intimately involved in reinforcement learning, is indexed by an ERP component known as 

the feedback-related negativity (FRN). The experiments reported herein specifically address the 

relationship between NE and the N2, and the interaction of NE and DA in producing the N2 and 

FRN to better understand both components. At a more general level, this work is directed toward 

validating these ERP components as indexes of specific neuromodulatory activity that can be used 

to examine non-invasively the function or malfunction of these neuromodulatory systems in diverse 

populations and situations.  

 The locus coeruleus-norepinephrine system 
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 The primary source of NE to the forebrain is the locus coeruleus (LC), a nucleus in the 

pontine region of the brainstem composed of approximately 10,000 to 15,000 NE containing 

neurons per hemisphere (Berridge & Waterhouse, 2003). The LC-NE system projects to virtually the 

entire central nervous system except the basal ganglia and is the exclusive source of noradrenergic 

innervation to the hippocampus and neocortex. The LC receives its major afferent connections 

from the prefrontal cortex, especially the anterior cingulate cortex (ACC) and the orbital frontal 

cortex (OFC), which is held up in support of the view that LC activity can be mediated by high-level 

cognitive and affective processes (Aston-Jones & Cohen, 2005; Aston-Jones, Foote, & Bloom, 1984; 

Berridge & Waterhouse, 2003). 

 

 Figure 1. LC activity recorded from monkeys during a visual target-discrimination task, 
during epochs of good target-detection performance (left) and bad target-detection 
performance (right). The dotted vertical line indicates target onset. Activity prior to target 
onset is representative of tonic LC activity, whereas the pronounced peak in firing following 
target onset is representative of phasic LC activity. Immediately following the phasic burst of 
activity, the LC firing is inhibited, leading to a short, refractory-like period of reduced 
activity. Periods of poor performance are marked by high tonic activity, attenuated phasic 
activity, and reduced auto-inhibition. This figure was adapted from Usher, Cohen, Servan-
Schreiber, Rajkowski, and Aston-Jones (1999). 

 

 The LC is associated with two characteristic components of activity: Tonic activity and 

phasic activity (see Fig. 1). Tonic activity consists of firing rates between 0 and 5 Hz, and is 

associated with the level of arousal and the sleep-wake cycle of an organism (Berridge & 

Waterhouse, 2003). Within the tonic component of LC activity, the relationship between LC firing 
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rate and the behaviour of an organism parallels the Yerkes-Dodson curve relating arousal to 

performance (Yerkes & Dodson, 1908). Greater LC firing frequencies are associated with greater 

arousal, alertness, wakefulness, and vigilance up to about 3 Hz, when further increases in firing rate 

are associated with distractibility and erratic behaviour (Aston-Jones, Rajkowski, Kubiac, & 

Alexinsky, 1994).  

 LC phasic activity is characterized by bursts of rapid firing (up to 20 Hz) in response to task-

relevant or especially salient environmental stimuli. These bursts tend to involve 2 to 3 action 

potentials approximately 100 ms to 150 ms following onset of the eliciting stimulus (in monkeys). 

The bursts are followed by a sudden period of suppressed firing lasting approximately from 200 ms 

to 500 ms post-stimulus onset (Berridge & Waterhouse, 2003). The period of suppressed firing is 

due to the self-inhibitory nature of the LC-NE system. Although NE increases the responsivity of 

target neurons outside the LC itself, LC neurons are inhibited by the NE they release, reducing the 

chance that they will fire again for a brief refractory-like1 period (Aghajanian, Cedarbaum, & Wang, 

1977). 

 NE impacts brain function by potentiating neuronal responses to both excitatory and 

inhibitory inputs while having little to no impact on the background firing rate (e.g. Foote, 1987; 

Waterhouse, Hoffer, & Freedman, 1979a; Woodward, Moises, Hoffer, & Freedman, 1979b). For 

example, Woodward et al. (1979b) iontopheretically applied NE to Purkinje neurons in the 

cerebellum. NE did not affect the spontaneous firing rate of the neurons, but when glutamate was 

also applied to excite the neuron, the excitation was enhanced relative to when glutamate was 

applied in the absence of NE. Similarly, when GABA was applied, inhibition was increased in the 

presence of NE. This impact of NE is similar across all cortical regions (Foote & Morrison, 1987; 

Waterhouse et al., 1980, 1981).  

                                                           
1
 As opposed to the potassium-mediated refractory period common to individual neurons throughout the brain. 
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 Servan-Schreiber, Prinz, and Cohen (1990) demonstrated that at the level of the neural 

network, increases in the responsivity of each individual neuron improves the signal-to-noise ratio of 

the network. They modelled the effect of NE as an increase in the gain of the activation function of 

the neural units. The activation function that describes neural responsivity is a sigmoidal curve 

relating input power to output power, giving the appearance of asymptote at extreme positive or 

negative inputs, while approximating a linear relationship at inputs close to zero. Gain is a parameter 

that impacts the shape of the activation function, such that when gain is higher, smaller differences 

in input will cause the system to respond maximally (steepening the slope of the line at values of 

input close to zero). When applied to neurons, an increase in gain means that small inhibitory or 

excitatory inputs yield larger inhibitory or excitatory outputs. When such an increase in gain is 

applied to a multilayered neural network, the network demonstrates an improvement in signal 

detection. Thus, the presence of NE in target neural networks will improve performance of the 

network. However, Servan-Schreiber and colleagues noted three costs associated with this kind of 

improvement. First, the enhancement of a signal relative to background noise encourages rigid 

responding to the signal only, at the expense of variability cultivated by noise. Noise can be 

important for eliciting random responses in an exploratory manner (e.g. Aston-Jones & Cohen, 

2005; Yu & Dayan, 2005). A second cost of noradrenergic boosts in signal detection involves the 

case when a weak signal carries important information that is overshadowed by a stronger signal. In 

the presence of NE, the weaker signal would suffer and ultimately lose a competition with the 

stronger signal in early layers of the network, whereas in the absence of noradrenergic modulation it 

would have a chance to gain traction through the layers of the network to ultimately provide an 

important influence on the outcome of network processing. Finally, there is evidence that 

maintaining enhanced signal detection is metabolically demanding (e.g. McCulloch, 1982, as cited by 
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Servan-Schreiber et al.). These costs illustrate why the recruitment of NE to improve signal 

detection should be used in a sparing and strategic manner. 

 Usher, Cohen, Servan-Schreiber, Rajkowski, and Aston-Jones (1999) characterized the 

phasic burst of NE as a temporal attention filter that selects for the occurrence of motivationally 

salient events, responding with a NE release that briefly facilitates responding to these events by 

speeding/improving signal detection throughout the cortex. When monkeys are trained to respond 

to infrequent visual targets but not frequent distracters, single-cell recordings from the LC 

demonstrate increased phasic firing to targets (Aston-Jones et al., 1994). Using the same paradigm, 

Usher et al. (1999) categorized epochs of behavioural performance (within subjects) into periods of 

good performance and periods of bad performance on the basis of false alarms and misses. Periods 

of better performance were associated with low tonic activity overall and high phasic activity in 

response to presentation of a target stimulus. In contrast, poor performance was associated with 

high tonic activity and decreased phasic responses to target presentation. Periods of good behaviour 

were also associated with a narrower distribution of reaction times, interpreted as the effect of low 

tonic activity in eliminating anticipatory responses, and the effect of strong phasic activity in 

speeding up slow responses. Usher et al. noted that the timing of NE-mediated improved signal 

detection corresponded closely with the period of effective target processing that precedes a 

cognitive phenomenon known as the attentional blink (e.g., Raymond, Shapiro, & Arnell, 1992). 

When two targets are embedded within a rapid serial visual presentation, the first target is processed 

effectively, and so is the second if it is presented within approximately 200 ms of onset of the first 

target (called "lag-1 sparing"). If the second target is presented between approximately 200 ms and 

600 ms after onset of the first, it suffers from a deficit in processing that Usher et al. implied is due 

to the LC refractory-like period. This relationship was developed extensively by Nieuwenhuis, 

Gilzenrat, Holmes, and Cohen (2005b) and will be discussed further below. 
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The mesencephalic dopamine system 

 The DA system is composed of several nuclei of DA-releasing neurons including the 

substantia nigra, the pars compacta, and the ventral tegmental area. These nuclei project mainly to 

the basal ganglia and to frontal structures associated with cognitive control such as the ACC and 

prefrontal cortex (e.g., S. M. Williams & Goldman-Rakic, 1993). Dopaminergic modulation can 

weaken or strengthen neural connections when changes in dopamine levels at the relevant synapse 

coincide with associated neural activity (Calabresi, Pisani, Mercuri, & Bernardi, 1996; Wickens, Begg, 

& Arbuthnott, 1996; Wickens & Kotter, 1995). In some cortical regions, particularly the prefrontal 

cortex, the impact of DA on cortical processing is similar to NE, increasing the signal-to-noise ratio 

of target neural networks (Durstewitz & Seamans, 2008; Servan-Schreiber et al., 1990). The dual-

state theory of DA system function (Durstewitz & Seamans, 2008) distinguishes between the effect 

of DA on two classes of dopamine receptors. D1 receptors are preferentially activated by moderate 

concentrations of DA (<500 nmol/L), and produce an enhancement of the signal-to-noise ratio in 

prefrontal cortex that stabilizes working memory representations in the face of noise or interference. 

D2 receptors are preferentially activated by low or high concentrations of DA(>1µmol/L, < 10 

nmol/L), and reduce the signal-to-noise ratio in target networks to allow for flexible integration of 

new information when the contents of working memory need to be updated.  

 Single cell recordings from primates show that DA neurons exhibit phasic firing in response 

to rewards or reward-predicting stimuli (see Fig. 2), and exhibit decreases in firing in response to 

aversive events, such as pain (e.g., Schultz, 1998, 2002). Phasic bursts of DA release in response to 

reward tend to be elicited within 50 ms to 110 ms after onset of the eliciting stimulus, and last 

approximately 200 ms or less (Schultz, 2002). Depressions in the firing of DA neurons in response 

to pain tend to occur with similar latency as to rewards, but with longer duration (Schultz, 2002; 

Schultz & Romo, 1987). In conditioning paradigms, before a task is learned DA neurons fire at  
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Figure 2. Dopamine neuron activity recorded from monkeys in a visual discrimination task. 
The y-axis indicates the sequence of trials plotted from top to bottom, and the x-axis 
represents time. R stands for onset of reward, and CS stands for presentation of a 
conditioned stimulus. Each dot represents an action potential. Before conditioning, a R 
produces an increase in DA-neuron firing (top). Once the animal has learned to predict the 
R from the CS, the CS but not the R produce increased DA-neuron firing (middle). If the CS 
is presented without the predicted R, a dip in DA-neuron firing is observed (bottom). This 
figure was taken from Schultz, Dayan, and Montague (1997). 

 

reward presentation, whereas after a task has been learned the DA neurons fire at presentation of 

the conditioned stimulus. At intermediate points in learning, DA neurons fire at both the 

conditioned stimulus and the reward. Furthermore DA neurons show decreased firing from baseline 

activity at the time of the expected reward if the reward is not provided (Schultz et al., 1993; Schultz 
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2002). Similarly, the probability of a reward (based on previous experience with a task or 

conditioned stimulus) impacts the degree to which DA neurons respond to the presentation or lack 

of presentation of a reward (Fiorillo, Tobler, & Schultz, 2003; Romo & Schultz, 1990; Schultz, 

2002). Fiorillo et al. presented monkeys with distinct visual stimuli that indicated the probability of a 

subsequent reward. The probabilities varied from 0, to .25, .5,.75, and 1. DA activity in response to 

the stimuli increased as probability of reward increased, whereas DA activity in response to reward 

decreased as probability of reward increased. Furthermore, suppression of DA firing in response to 

the absence of reward was greatest when the probability of reward was high. These observations 

indicate that DA neurons respond to rewards contingent on the disagreement between the actual 

and predicted reward outcome (Schultz, Dayan, & Montague, 1997). 

 Schultz and colleagues (1997) argued that the firing patterns of DA neurons in response to 

rewards operated like temporal difference (TD) error signals, a concept that originated as a means by 

which engineered systems could learn to predict action outcomes (Sutton, & Barto, 1981; 1990; see 

also Rescorla & Wagner, 1972). TD errors are computed as the difference between the experienced 

"value" of ongoing events and the predicted value of those events. A positive TD error indicates 

that an event has greater value than originally predicted, whereas a negative TD error indicates that 

an events has less value than predicted. The TD hypothesis of the DA system was presented with a 

computational model that successfully demonstrated a diverse pattern of animal behaviour in 

conditioning paradigms, including "blocking," the phenomenon in which an animal will not learn the 

relationship between a new predictor and a reward if the new predictor is redundant to a previously 

learned predictor. Furthermore, the structure and implementation of the model maps well onto the 

structure and function of the DA system (Holroyd, 2001; Holroyd & Coles, 2002). Under the TD 

hypothesis of the DA system, the value of an event is computed in the basal ganglia, and the TD 
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error is computed either in the basal ganglia or in the DA-releasing neurons themselves, which refer 

the TD signal via dopaminergic projections to target structures, including the ACC. 

The ACC 

 Neuroimaging investigations of ACC function have implicated the ACC in decision making 

and the exertion of cognitive control (e.g., Botvinick, Nystrom, Fissell, Carter, & Cohen, 1999; 

Holroyd & Coles, 2002; Rushworth, Behrens, Rudebeck, & Walton, 2007; Holroyd & Yeung, in 

press). The ACC is activated by error commission or by feedback indicating a failure to obtain 

reward (e.g., Debener, Ullsperger, Siegel, Fiehler, von Cramon, & Engel, 2005; Holroyd, 

Nieuwenhuis, Yeung, Nystrom, Mars, & Coles, 2004). Lesion studies with monkeys have also 

demonstrated a critical role for the ACC in learning specifically from rewards (e.g., Kennerley, 

Walton, Behrens, Buckley, & Rushworth, 2006).  

 However, the ACC is also activated by infrequent, unexpected or conflict-inducing events, 

where conflict is defined as the simultaneous activation of competing neural processes (e.g., 

Botvinick, Braver, Barch, Carter, & Cohen, 2001; Braver, Barch, Gray, Molfese, & Snyder, 2001; 

Carter, Braver, Barch, Botvinick, Noll, & Cohen, 1998; Clark, Fannon, Lai, Benson, & Bauer, 2000; 

Crottaz-Herbette & Menon, 2006; Nieuwenhuis, Yeung, van den Wildenberg, & Ridderinkhof, 2003; 

Kiehl, Laurens, Duty, Forster, & Liddle, 2001; Ullsperger & von Cramon, 2001; van Veen, Cohen, 

Botvinick, Stenger, & Carter, 2001; van Veen & Carter, 2002a, 2002b; Yeung et al., 2004; Yeung & 

Cohen, 2004). This second set of findings has led to the conflict-monitoring hypothesis of ACC 

function (Botvinick et al., 1999), that the ACC monitors for response conflict and recruits additional 

control mechanisms to resolve that conflict.  

 The topic of ACC function is controversial but there is general consensus that the ACC 

plays a central role in behavioural control. A new theory of ACC function has recently been 

proposed that integrates key characteristics of four major classes of ACC theories (Holroyd 
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&Yeung, in press). The hierarchical reinforcement learning theory of ACC function holds that the 

ACC is involved in motivating extended sequential behaviours and that DA facilitates this function 

(Holroyd & Yeung, in press).  

Catecholinergic modulation and the event-related potential 

 The event-related brain potential (ERP) technique is particularly well suited to investigating 

catecholinergic modulation because of its high temporal resolution. In particular, phasic bursts of 

NE are thought to impact processing in the cortex within 170 ms of onset of the eliciting event 

(Aston-Jones & Cohen, 2005), and the impact is thought to only last approximately 180 ms (Usher 

et al., 1999). Such a brief change in activity (that involves both a brief enhancement but also a 

subsequent dampening of activity due to the LC-NE system's refractory-like period) would likely not 

be detected with imaging techniques that operate on longer timescales such as functional magnetic 

resonance imaging (fMRI). Hence the ERP technique provides a means for assessing changes in 

neural activity in real time. Further, ERP components are mainly believed to be generated by cortical 

activity, and the broad efferent projection schemes of the LC-NE and DA systems to cortical areas 

suggest that phasic NE and DA releases should modulate cortical areas with a neural organization 

most suitable for producing changes in the ERP. For example, Holroyd and Coles (2002) note that 

layer 5, "gigantopyramidal" neurons in the ACC are structured particularly well to contribute to the 

EEG. Furthermore, the putative impact of NE and DA on neuronal responsivity suggest their 

action should produce detectable changes in the ERP. 

Relevant ERP Components 

 In discussing the electrophysiological impact of catecholinergic modulation, I will refer to 

several ERP components. It is useful to give a general overview of these components. In response 

to any attended stimulus, the ERP will display several positive and negative deflections. Among 

these are the P2, N2, and P3, which get their names from being the second positive deflection, 
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second negative deflection, and third positive deflection after onset of the eliciting stimulus, 

respectively. Each of these deflections can be categorized into specific variants, or components, 

defined by the scalp distribution and the experimental manipulation that exercises their amplitude. 

For example, the N2 is the second negative deflection elicited by a task-relevant stimulus, whereas 

the conflict N2 is a modulation of the N2 by conflict-inducing events that is maximal over frontal-

central electrode channels. In addition, some ERP components are defined as a difference between 

two conditions: The component is revealed in a difference wave, where the "raw" ERP from one 

condition is subtracted from another to isolate the difference in the ERP specifically due to the 

manipulation. Examples are the error-related negativity (ERN) and the feedback-related negativity 

(FRN), constructed by subtracting the ERP to positive events from the ERP to negative events, 

revealing a prominent negative difference over frontal-central electrodes approximately 200 ms to 

300 ms after the eliciting stimulus. It is important to distinguish between raw ERP components, and 

difference-wave ERP components, as I will discuss further below. 

The LC-P3 Theory 

 The LC-NE system has been associated with an ERP component known as the P3 

(Nieuwenhuis, Aston-Jones, & Cohen, 2005a; Nieuwenhuis et al., 2005b; Pineda, Foote, & Neville, 

1989). The P3 is a positive deflection typically peaking around 300 ms. It exhibits a broad scalp 

distribution that is maximal over parietal cortex and is thought to represent the summation of 

activity from widely distributed areas (e.g., Johnson, 1993; Kok, 2001). The P3 has been strongly 

associated with the successful updating of working memory, or ―context updating‖ (Donchin & 

Coles, 1988). 

 The LC-P3 theory (Nieuwenhuis et al., 2005a) proposes that the arrival of NE in the cortex 

and the resulting change in processing dynamics is manifested electrophysiologically at the scalp as 

the P3. In support of this hypothesis, Nieuwenhuis et al. (2005a) presented a comprehensive review 
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of the literature to support the LC-P3 theory, marshalling abundant evidence that phasic LC activity 

shares antecedent conditions with the P3. They characterize four important mediating antecedent 

events that the P3 has in common with LC phasic activity: Subjective probability (infrequent events 

elicit a larger P3 than frequent events), motivational salience (targets elicit a larger P3 than 

distracters), applied attention (attended stimuli elicit a larger P3 than ignored stimuli, and targets 

elicit a larger P3 under conditions that demand full attention compared to dual-task conditions), and 

attention-capturing stimuli (task-irrelevant stimuli that are highly deviant from the stimulus context 

elicit a larger P3 than less deviant stimuli). Additionally, Nieuwenhuis and colleagues. (2005a) refer 

to psychopharmacological and animal lesion studies in support of the link between the P3 and 

noradrenergic modulation. Generally speaking, noradrenergic agonists such as clonidine and direct 

lesions of the LC have been reported to reduce the amplitude of a P3-like potential observed in 

monkeys (e.g. Pineda, Foote, & Neville, 1989; Pineda & Westerfield, 1993; Swick, Pineda, & Foote, 

1994; Swick, Pineda, Schacher, & Foote, 1994). Further, in one psychopharmacological study 

involving human participants, Halliday et al. (1994) found that clonidine reduced the amplitude of 

the P3.  

Issues with the LC-P3 Theory 

 The LC-P3 theory possesses considerable explanatory power and accounts for a wide range 

of existing data. However, at least three issues need further explication. First, the LC-NE system is 

auto-inhibitory, such that phasic bursts of NE are followed by a refractory-like period lasting 

approximately 500 ms characterized by reduced or arrested NE supply to the cortex. If enhanced 

signal detection produces electrophysiological changes detectable at the scalp (the P3), then 

degraded signal detection associated with reduced NE supply should presumably likewise be visible 

in the ERP. However, no such deflection is visible in the ERP following the P3. 
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 Second, the attentional blink, a deficit in target processing attributed to the LC refractory 

period (e.g. Nieuwenhuis et al., 2005a, 2005b; Usher et al., 1999; Warren et al., 2009), typically lasts 

from 200 to 600 ms, corresponding closely to the temporal profile of the P3 (Fig. 3).  

 

Figure 3. Accuracy and electroencephalographic data from an attentional blink study. The 
two plots compare second-target accuracy over time (top plot) with the P3 elicited by the 
first target (bottom plot). P stands for probe target (second target), and T stands for the first 
target, which was present in the ―T+P‖ condition, but not in the ―P‖ condition. When the 
onset of the first target in the accuracy plot is aligned with the peak of the N2 in the ERP 
plot (see arrow), accuracy correlates with P3 amplitude across time. This figure was taken 
from MacArthur, Budd, and Mitchie (1999). 

 

Nieuwenhuis et al. (2005a, 2005b) proposed that the onset of the first target in the AB task elicits a 

LC-NE system phasic response, with the subsequent flood of NE to the cortex benefitting 
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processing of the first target, and also the second target if the second target is presented within 

approximately 100 ms of the first (lag-1 sparing). After this initial period of effective target 

processing (~200 ms from onset of the first target to offset of a second target presented 100 ms 

later), the LC is inhibited and cortical levels of NE are not sufficient to effectively process any 

targets presented 200 ms to 600 ms after onset of the first target. This description of the timing of 

the attentional blink relative to the LC-NE system response raises the question: Why does the timing 

of the P3 correspond so closely with the timing of the attentional blink, rather than the timing of 

effective processing preceding the attention blink, as it should if it were an electrophysiological 

manifestation of effective target processing? Adding to this seeming contradiction, MacArthur, 

Budd, and Mitchie (1999) showed a significant negative correlation between the amplitude of the 

first-target P3 and second-target accuracy, such that the size and temporal profile of any subject's 

attentional blink mirrored the size and temporal profile of that subject's first-target P3, highlighting 

the close relationship between the time course of the P3 and the time course of the attentional blink. 

 The fact that the P3 occurs during the attentional blink, rather than before it, may not be as 

large a discrepancy as it first appears because the relative timing of the P3 and the attentional blink 

should be corrected for the time it takes target-related information to reach the cortex (MacArthur 

et al., 1999; Nieuwenhuis et al., 2005a, 2005b). MacArthur and colleagues (1999) estimated that it 

takes about 235 ms for information related to a stimulus to reach the decision stage in cortex that 

determines whether that stimulus is a target. Thus, electrophysiological activity 235 ms after onset of 

the target reflects neural processing at that critical decision stage. Therefore, the neural processing 

relevant to the identification of a target presented at time 0 ms is exhibited at time 235 ms in the 

ERP, and 335 ms for a target presented at time 100 ms, and so on. Following from this, MacArthur 

and colleagues calculated the correlation between P3 amplitude and second-target accuracy across 

time after adjusting the timing of the ERP relative to the attentional blink to align time 0 ms in the 
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attentional blink with time 235 ms in the ERP "to account for the propagation delay between probe 

stimulus onset and the arrival of the signal at the cortex, and [their] best estimate of the latency of 

neural processing underlying probe discrimination" (p. 3692). This correction was done assuming 

the P3 is a manifestation of a processing deficit that produces the attentional blink, but I suggest the 

correction should have been smaller. Aston-Jones and Cohen (2005) maintain that the timing of NE 

arrival in cortex (~170 ms after target onset) is effective for facilitating a behavioral response to the 

eliciting stimulus, including "internal" responses such as coding the stimulus into memory. Further, 

examination of Figure 3, taken from MacArthur and colleagues (1999) suggests the correlation 

between the temporal profile of the attentional blink and of the P3 would be stronger if they had 

used an adjustment of 170 ms (onset of the N2) instead of 235 ms (peak latency of the N2). In 

contrast, in assuming the P3 is a manifestation of facilitated processing that precedes the attentional 

blink deficit Nieuwenhuis et al. (2005b) implicitly suggest such a correction should be larger. If the 

peak of the P3 (~ 400 ms in Fig. 3) reflects the peak of noradrenergic modulation, the peak should 

correspond to processing of the target exhibiting the highest accuracy, typically the lag-1 target at 

100 ms. This suggests a correction of 300 ms is required to map the P3 onto the processing 

enhancement that precedes the attentional blink, conspicuously longer than the estimates I have 

cited of how long it should take target-related information to reach the cortex. 

 Not only the latency, but also the duration of the P3 is inconsistent with the timing of the 

attentional blink. A conservative estimate of the duration of the P3 in the attentional blink paradigm 

is about 300 ms to 400 ms (e.g., MacArthur et al., 1999), much longer than the period of effective 

target processing preceding the attentional blink deficit (~200 ms). It may be possible to reconcile  

the theory with this discrepancy – for example, Nieuwenhuis and colleagues. (2005b, p. 516) 

speculated that the duration of the P3 may be longer than NE facilitation due to "the slow speed of 

electronic conduction of current from the active zone at the soma through the apical dendrites of 
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cortical pyramidal neurons," or that the "depolarization (associated with the P3 potential) may 

outlast the increased responsivity of pyramidal neurons to extrinsic inputs due to recruitment of 

inhibitory interneurons or other unknown mechanisms." However, MacArthur et al.'s position, that 

the P3 reflects a processing deficit rather than the period of effective processing that precedes the 

deficit does not require additional explanation. 

 Finally, the NE phasic burst appears to arrive in cortex too early to be manifested by the P3. 

Aston-Jones and Cohen (2005) suggest NE should reach the cortex within approximately 170 ms of 

target onset, but the P3 typically doesn't begin for another 60 ms until about 230 ms following target 

onset (if onset of the P3 is taken as the peak latency of the preceding negativity, the N2). Although 

this estimate of the timing of NE arrival is based on single-cell recordings in monkeys, Aston-Jones, 

Foote, and Segal (1985) demonstrated that conduction speeds in NE-releasing neurons vary across 

species such that the actual timing of NE arrival in cortex is relatively preserved despite varying 

axonal distances. Further, P3 onset sometimes occurs after motor response initiation suggesting that 

the underlying mechanism does not directly implement the stimulus-response mapping but rather is 

involved in a subsequent, related process (Duncan-Johnson, & Donchin, 1982; Krigolson, Holroyd, 

Van Gyn, & Heath, 2008; Ritter, Simson, Vaughan, & Friedman, 1979). In contrast, phasic LC 

activity consistently precedes behavioural responding and has been strongly associated with 

processes that lead to the response (e.g., Clayton, Rajkowski, Cohen, & Aston-Jones, 2004; 

Rajkowski, Majczynski, Clayton, & Aston-Jones, 2004).  

Nieuwenhuis and Jepma (2010) suggested two possible explanations of this temporal 

discrepancy. First, they argued that overt behaviours can occur despite minimal NE prior to the 

arrival of an LC phasic release, such that the P3 need not be generated before the response. 

Although this is a reasonable allowance to consider, support for this possibility is not evident in 

single cell recording studies of the LC in animals (e.g., Clayton et al., 2004; Rajkowski et al., 2004). 
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Second, they have pointed out that even when the peak of the P3 occurs after the behavioural 

response, the onset of the P3 often occurs before the response, suggesting that some part of the 

response generation process may have benefitted from NE modulation. However, this argument 

does not appear to be true for the results from Krigolson and colleagues (2008), in which the 

corrective movement was initiated even before onset of the P3 (Fig. 4). Nevertheless,  

 

Figure 4. Comparison of the onset of a movement correction (top) with the timing of onset 
of the P3 and the N2 (bottom). Subjects were required to move an on-screen cursor from a 
starting point to a target, and the target could either remain stationary (Control), change 
location immediately after subjects began to move the cursor, forcing them to correct their 
aim (Correction), or the target could move but the cursor would not respond to a correction 
(Blocked). The comparison of the timing of movement associated with a 
correction/attempted correction (Vertical Acceleration) and the timing of associated ERPs 
reveals the onset of the corrective movement preceded onset of the P3, but followed onset 
of the N2. Adapted from Krigolson, Holroyd, Van Gyn, and Heath (2008). 
 

Nieuwenhuis holds that the P3 is comprised of both the P2 (the positive deflection preceding the 

N2) and the P3, with the N2 appearing as a "dent" on the rising flank (Nieuwenhuis, personal 
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communication). This position ameliorates the timing issues I have raised in that it moves the 

putative onset of the NE arrival approximately 100 ms forward in time, which is more consistent 

with the relative timing of behavioural responses and also with observations from single-cell 

recordings in monkeys. On the other hand, this position widens the temporal window of NE 

facilitation by approximately 100 ms (to about 450 ms) and thus is even more inconsistent with the 

duration of effective target processing preceding the attentional blink, as discussed above. 

Additionally, the view that the P2 is part of the P3, though compelling, does not appear to be widely 

held as researchers typically analyze the two ERP phenomena as distinct ERP components (e.g., 

Luck & Hillyard, 1994; Rozenkrantz, & Polich, 2008; Simson et al., 1976).   

The Modified LC-P3 Theory 

  The P3 is typically preceded by a negative deflection in the ERP known as the N2. The N2 

typically peaks between 200 ms and 300 ms after onset of the eliciting stimulus. There are several 

variants of the N2 that are defined according to their specific antecedent events and variations in 

scalp distribution (for reviews see Pritchard, Shappell, & Brandt, 1991; Folstein & Van Petten, 

2007). For example, the "mismatch N2" is observed when comparing the presentation of a stimulus 

that was preceded by exactly the same stimulus versus a different stimulus (mismatches produce a 

larger N2), is distributed frontal centrally, and in the auditory modality can be elicited when subjects 

are not attending to the stimuli (for a review see Naatanen, 2007). The "oddball" N2 is a larger N2 in 

response to the presentation of a stimulus that is representative of a relevant, seldom-presented 

category, such as a male face when 80% of stimuli are female faces. The oddball N2 has a frontal 

central scalp distribution in the auditory modality, but in the visual modality has been observed 

sometimes with a frontal-central distribution (e.g., Holroyd et al., 2008; Nieuwenhuis et al., 2003) 

and sometimes with a more posterior distribution (Folstein & Van Petten, 2007; Luck & Hillyard, 

1994; Ritter, Simson, & Vaughan, 1983). The "novelty" N2 is elicited by stimuli that are entirely 
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unexpected in the experimental context, such as a picture of a rainbow appearing within a set of 

numerical stimuli when the task is for the subject to count prime numbers. These novel stimuli 

produce a larger N2 that is frontally distributed. Finally, the frontal-central "conflict" N2 has been 

identified as having an amplitude exercised by infrequent, unexpected, or conflict inducing events 

(e.g., Nieuwenhuis et al., 2003; Yeung, Botvinick, & Cohen; 2004). 

 In early studies of the impact of stimulus probability on the ERP, the N2 and P3 were 

collectively termed the N2/P3 complex because of their tendency to co-vary in amplitude and 

latency (e.g. Duncan-Johnson & Donchin, 1977; see also Ritter et al., 1979), and because principal 

component analyses (Donchin & Heffley, 1978) of ERP data indicated that the two deflections load 

on a single temporal factor (Rohrbaugh et al., 1978, 1979; Squires, Donchin, Herning, & McCarthy, 

1977; Squires, Squires, & Hillyard ,1975). In fact, all of the antecedent conditions noted by 

Nieuwenhuis and colleagues to apply to both P3 amplitude and LC phasic activity also apply to N2 

amplitude. For example, both N2 amplitude and P3 amplitude increase with increasing 

unexpectedness of an event, and both are larger to targets than non-targets (e.g. Courchesne, 

Hillyard, & Galambos, 1975; Duncan-Johnson & Donchin, 1977; Nieuwenhuis et al., 2003; Ritter et 

al., 1979; Simson, Vaughan, & Ritter, 1976; Squires, Squires, & Hillyard, 1975; Squires, Wickens, 

Squires, & Donchin, 1976). Both also scale to the amount of attention paid to a stimulus, with a 

larger N2 and larger P3 to attended versus unattended stimuli, and to attention-capturing/highly 

deviant stimuli versus less deviant stimuli (Courchesne, Hillyard, & Galambos, 1975; Daffner, 

Mesulam, Scinto, Calvo, Faust, & Holcomb, 2000; Daffner, Scinto Calvo, Faust, Mesulam, West, & 

Holcomb, 2000; Folstein, van Petten, & Rose, 2008; Ford, Roth, & Kopell, 1976; Hillyard, Squires, 

Bauer, & Lindsay, 1971; Squires et al., 1977; Squires et al., 1975). Thus, it is equally possible that the 

phasic burst of NE that enhances signal detection in the cortex produces the N2, whereas the 

subsequent depletion of NE due to the LC refractory period produces the P3 (see Fig. 5). 
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Figure 5. Comparison of the time course of a typical N2-P3 complex (top) amplified to 
infrequent events (dotted line) relative to frequent events (solid line) (negative is plotted up), 
and the typical time course of LC-NE system phasic activity (bottom). Note that the peak of 
the N2 occurs approximately 180 ms after the peak of LC firing, and the peak of the P3 
occurs approximately 180 ms after complete inhibition of the LC. LC-NE system figure 
adapted from Usher, Cohen, Servan-Schreiber, Rajkowski, and Aston-Jones (1999); N2-P3 
figure adapted from Nieuwenhuis, Yeung, van den Wildenberg, and Ridderinkhof (2003). 

 

 This idea modifies the LC-P3 theory by proposing that the LC refractory period, rather than 

the LC burst, produces the P3. Note that according to this account the duration of the refractory 

period of the LC is directly related to the size of the initial NE burst such that the 

electrophysiological manifestation of the refractory period (the P3) covaries in size with the 

electrophysiological manifestation of the phasic burst (the N2); thus this modification of the theory 

naturally accounts for the observed relationship between the N2 and the P3. 
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 The modified LC-P3 theory also eliminates each of the issues I described with the original 

LC-P3 theory. First, the modified LC-P3 theory provides an ERP correlate of both NE abundance 

due to a phasic release and NE depletion due to the subsequent refractory-like period of the LC. 

Second, the modified LC-P3 theory accounts for the close relationship between the temporal profile 

of the P3 and the temporal profile of the attentional blink (MacArthur et al., 1999). The 

correspondence reflects the real relationship between the electrophysiological manifestation (the P3) 

and the cognitive manifestation of the NE depletion (the attentional blink), whereas the timing of 

the N2 should correspond to the timing of effective target processing that precedes the attentional 

blink. Examination of Figure 1 (adapted from Usher et al., 1999) suggests that the phasic burst of 

NE has a shorter duration than the refractory like period, just as the N2 has a shorter duration than 

the P3, and furthermore the duration of the N2s observed in this work (see Figs. 6, 8-11) is 

approximately equal to Usher et al.'s assessment of the NE-mediated effective target processing that 

precedes the attentional blink (180 ms). Thus, the modified LC-P3 theory holds that for a brief 

moment following the eliciting stimulus, cortical NE is plentiful, target processing is effective and 

the N2 occurs, followed by a longer period of depleted cortical NE, impaired target processing (the 

attentional blink) and P3 generation.   

 Finally, the modified LC-P3 theory better aligns the timing of the putative ERP response to 

LC-NE activity (the N2, onset at about 180 ms post-stimulus) with the actual timing of the phasic 

LC-NE signal (at about 170 ms post-stimulus). Furthermore, the N2 more consistently precedes 

behavioural responding than does the P3 (e.g. Krigolson et al., 2008), and there is evidence N2 peak 

latency is more tightly correlated to reaction time than P3 peak latency (Ritter et al., 1979).  

 The reinforcement learning theory of the ERN and FRN 

The error related negativity (ERN) was discovered independently by Falkenstein, Hohnsbein, 

Hoormann, and Blanke (1991) and Gehring, Coles, Meyer, and Donchin, (1990), and given its name 
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by the Gehring et al. group (see also Gehring, Goss, Coles, Meyer, & Donchin, 1993). It is observed 

by comparing the ERP for error trials with the ERP for correct trials in speeded response time tasks. 

Error trials show a negative deflection peaking around 80 ms after commission of the error. Miltner, 

Braun, and Coles (1997) later discovered that when the ERP to reward feedback is subtracted from 

the ERP to no-reward feedback, the difference wave reveals a negative deflection approximately 200 

ms - 300 ms after onset of the eliciting feedback, termed the feedback-related negativity (FRN). 

They argued that the ERN and FRN were different instances of the same ERP component elicited 

by a generic system for error processing. 

The error-monitoring theory of the ERN/FRN was substantially extended by Holroyd and 

Coles (2002) who linked the ERN and FRN to the activity of the DA system. The reinforcement 

learning theory of the ERN/FRN (RL-ERN theory) holds that the ACC is responsible for 

developing intentions into actions by selecting from multiple response options on the basis of a 

reinforcement history implemented by the DA system. The ACC acts as a motor control filter, 

selecting between different actions that are appropriate for the task at hand according to a history of 

reinforcement. TD-error DA signals indicating the degree to which an event was better or worse 

than expected are used by the ACC to adjust the probability of responding with a specific action to a 

specific event based on reinforcement learning principles. The impact of DA signals on ACC 

processing are reflected by the ERN/FRN. 

The RL-ERN theory was presented with abundant neurophysiological evidence of the role 

of the ACC in developing intentions into actions (e.g. Bentivoglio, Kultas-Illinsky, & Illinsky, 1993; 

Morecraft & Van Hoesen, 1998), along with an extensive review of the role of the basal ganglia in 

reinforcement learning (e.g. Berridge & Robinson, 1998). Holroyd and Coles also provided two 

computational simulations coupled with behavioural studies examining the ERN and FRN and 

demonstrated that the ERN and the FRN are the same component. In a probabilistic learning task, 
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Holroyd and Coles varied the degree to which subjects could be sure an action would result in 

reward. When subjects were not sure if their response would be rewarded, the ERN at the time of 

response was smaller than the FRN at the time of the feedback. However, when subjects were sure 

their response would be rewarded (or not) the response ERN was larger than the FRN, an effect 

mirrored by the simulation. This result follows from the assertion that the ERN/FRN reflects a 

reward-prediction error signal carried by the DA system that propagates back in time to the earliest 

predictor of reward. Thus the ERN is a FRN that has propagated back to the commission of an 

error, from later (redundant) feedback that an error has been made. 

 A wealth of research has since been published supporting the RL-ERN theory (e.g. Baker & 

Holroyd, 2009; Butterfield & Mangels, 2003; Cohen & Ranganath, 2007; Donkers & van Boxtel, 

2005; Dunning & Hajcak, 2007; Eppinger, Kray, Mock, & Mecklinger, 2008; Hajcak, Moser, 

Holroyd, & Simons, 2007; Hewig et al., 2007, 2008; Holroyd & Coles, 2002, 2008; Holroyd & 

Krigolson, 2007; Holroyd, Krigolson, Baker, Lee, & Gibson, 2009; Holroyd, Nieuwenhuis, Yeung, 

& Cohen, 2003; Krigolson & Holroyd, 2007; Krigolson, Pierce, Holroyd, & Tanaka, 2009; Morris, 

Heerey, Gold, & Holroyd, 2008; Nieuwenhuis, Nielen, Mol, Hajcak, & Veltman, 2005; Nieuwenhuis 

et al., 2002; Yasuda, Sato, Miyawaki, Kumano, & Kuboki, 2004). One finding that is particularly 

relevant to the work reported here is that the probability of reward/no-reward impacts ERN/FRN 

amplitude (just as probability impacts DA system activity as observed in the 2003 paper by Fiorillo 

and colleagues). When a probability manipulation is added to the standard reward/no-reward FRN 

paradigm, the FRN constructed by subtracting the ERP to infrequent rewards from the ERP to 

infrequent no-rewards produces a larger "difference wave FRN" (dFRN) than the dFRN 

constructed from frequent rewards and no-rewards (e.g., Holroyd & Krigolson, 2007). Note that 

though the ERN and FRN are typically assessed in the difference wave, the names themselves 

suggested they are driven by a change in the raw ERP to errors or negative feedback, even though 



24 
 

positive feedback may also contribute to the difference. I therefore use the terms "dFRN" and 

"dERN" to refer to the difference-wave components, and will reserve the terms ERN and FRN to 

refer to the negative deflections in the raw ERP to error or negative feedback. 

Relationship between the FRN and the N2 

 Commonalities between the ERN and FRN and the conflict N2 have provoked questions as 

to whether they are really distinct components. Holroyd (2004) noted the similar timeframe, 

topology, and polarity of the FRN and the conflict N2 and suggested that they may be 

manifestations of a common underlying mechanism that is affected by both stimulus probability and 

valence. Yeung and colleagues (2004) further noted that the ERN and the conflict N2 have 

reconcilable antecedent events and suggested that they are the same component. These 

considerations warrant close examination of these ERP components as they relate specifically to 

reinforcement learning on the one hand, and to conflict detection/resolution on the other. 

 The RL-ERN theory originally emphasized that unexpected negative events produce the 

dERN and dFRN, but recent research by Holroyd and colleagues (e.g. Baker & Holroyd, 2011; 

Eppinger et al., 2008; Holroyd, Pakzad-Vaezi, & Krigolson, 2008; Hosseini & Holroyd, in press) 

suggest the dFRN is driven more by unexpected reward than by unexpected errors. According to 

this position, a standard N2 deflection is produced in response to the task-relevant event, but 

rewards also elicit a ―reward positivity‖ that is superimposed over the N2, attenuating its 

manifestation at the scalp (Baker & Holroyd, 2011; Holroyd et al., 2008). Hence, the dFRN reflects 

variance in the ERP associated with both the N2 to error feedback and the reward positivity to 

positive feedback. However, in addition to the reward positivity elicited by positive feedback, the 

RL-ERN theory proposes that dips in DA in response to negative feedback should amplify the size 

of the N2. To date there has been little if any experimental work that indicates that N2 amplitude is 

enhanced by negative feedback. 
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The role of the conflict N2 in the modified LC-P3 theory 

 The modified LC-P3 theory benefits from the strengths of the original theory while 

resolving three apparent discrepancies. At the same time, this view contrasts with a current theory of 

the origin of the N2 that, based mainly on the results of ERP and fMRI studies, holds that conflict 

detection by the ACC produces the N2 (ACC-N2 theory) (Botvinick et al., 2001; Yeung, et al., 

2004). Conflict is typically elicited in paradigms such as the Eriksen flanker task (Eriksen & Eriksen, 

1974) in which incompatible stimuli evoke activity associated with both the correct response to the 

central character and the incorrect response associated with the distracting flankers. In addition, 

according to this position infrequently occurring target stimuli in speeded response tasks elicit 

conflict between the erroneous response associated with the frequently occurring stimulus and the 

correct response associated with the infrequently occurring stimulus (Nieuwenhuis et al., 2003; 

Yeung et al., 2004). Prominent projections from the ACC to the LC may be responsible for 

recruiting the LC-NE system to resolve the conflict (e.g. Gilzenrat et al., 2002).  

 The original LC-P3 and ACC-N2 theories hold that the N2 and P3 co-vary in amplitude 

because the conflict signal (N2) dictates -- via the projection from the ACC to the LC -- the amount 

of NE release (P3). The modified LC-P3 theory also holds that the ACC produces the conflict N2 

upon the detection of conflict, which in turn stimulates a phasic burst of LC activity. However, the 

modified LC-P3 theory holds that the NE burst increases the signal to noise ratio of all active 

cortical areas, including the ACC, resulting in increased ERP amplitudes generated by those areas. 

Thus the modified LC-P3 theory describes a positive feedback loop: ACC activity produces the N2 

and activates the LC, which in turns boosts the activity of the ACC and increases the N2. 

Furthermore, according to this account the subsequent LC refractory period and concomitant 

reduction in cortical NE produces the P3. 
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 Although the ACC-N2 and modified LC-P3 theories overlap, a key difference concerns their 

predictions about the scalp distribution of the N2. Specifically, the ACC-N2 theory holds that 

changes in N2 amplitude reflect changes in ACC activity specifically, and thus the N2 is (always) 

maximal at scalp locations dorsal to the ACC, whereas the modified LC-P3 theory predicts that the 

scalp distribution of the N2 should vary according to task specifics--even within the same general 

task paradigm (e.g. the oddball task). This latter position follows from the idea that the modulatory 

impact of NE is greatest on the cortical regions that are most activated by the task at hand 

(Nieuwenhuis et al., 2005a; Nieuwenhuis, de Geus, & Cohen, 2011). Thus, if the N2 is modulated by 

the presence of NE, then the change in N2 amplitude due to NE should appear maximal over 

whatever area is working the hardest.  

Summary and Objectives 

 Neuromodulators impact brain function by modifying neuronal responses to other 

neurotransmitters, thus changing communication between neurons. Both the LC-NE and the DA 

neuromodulatory systems have been associated with specific ERP components. The LC-P3 theory 

holds that the P3 is a manifestation of enhanced cortical activity due to noradrenergic modulation, 

whereas I propose in this thesis that the P3 is a manifestation of dampened cortical activity due to 

auto-inhibition of the LC, and the preceding N2 reflects the phasic NE release that precedes LC 

auto-inhibition. A key prediction of the modified LC-P3 theory is that the N2 should demonstrate a 

scalp distribution that varies according to task specifics because NE differentially impacts cortical 

activity dependent on the relative level of activity at the time of NE arrival. The RL-ERN theory 

holds that the dFRN and dERN reflect phasic DA signals being processed in the ACC that carry 

information relevant to reinforcement learning. Current thinking on this theory is that phasic bursts 

of DA in response to rewards attenuate the N2, such that when the dFRN/dERN is constructed by 
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subtracting reward trials from no-reward trials a negative difference is observed. These theories 

intersect where they characterize or have implications concerning the N2 ERP component. 

 In five experiments I tested the prediction of the modified LC-P3 theory that the N2 should 

demonstrate a variable scalp distribution dependent on the task by conducting oddball experiments 

using faces as stimuli. Previous research suggests face discrimination highly exercises the fusiform 

face-processing area (FFA) producing a negative deflection in the ERP at lateral occipital electrode 

sites (e.g. Tanaka, Curran, Porterfield, & Collins, 2006). In my experiments, the faces were either 

male or female and were tinted either yellow or blue. Within each block one color and one sex 

occurred infrequently. Between blocks, subjects were instructed to discriminate faces based on the 

sex of the face or on the color. This design allowed us to isolate the putative LC effects by 

subtracting the frequent category ERPs from the infrequent category ERPs. Thus, comparison of 

the difference-wave N2 due to frequency/conflict (hereafter called the ―dN2‖) between the attend-

color and attend-sex conditions reveals the impact of NE modulation in each condition. I predicted 

that discriminating faces based on distinctive colors should be relatively easy, resulting in a dN2 

distributed over frontal areas of the scalp as commonly observed in oddball tasks (but see Folstein & 

Van Petten, 2007, for a different characterization of the visual dN2), whereas discriminating faces on 

the basis of sex should be more difficult and require greater involvement of the fusiform face-

processing area (FFA), resulting in a dN2 distributed over lateral-occipital regions. By contrast, other 

theories of the N2, in particular the ACC-N2 theory, predict no difference in the topology of the 

dN2 between these two conditions as the frequency manipulation should impact any specific neural 

generator (i.e. the ACC) identically in both. 

  In addition, in four of these experiments, I deviated from the typical oddball paradigm by 

having the target stimuli carry reward information. That is, within each block the category of the 

tinted face stimuli indicated whether or not a subject had received a reward; depending on condition 
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either the male faces, the female faces, the blue color or the yellow color indicated that participants 

received 5 cents for that trial. The inclusion of reward values allowed me to compare simultaneously 

the way the dN2 and FRN scalp distributions are impacted by attending to either the color or the 

sex of the stimulus. The RL-ERN theory holds that the FRN is specifically generated in the ACC, 

whereas the modified LC-P3 theory posits the dN2 has no specific cortical generator. Thus, I 

predicted that the dN2 would exhibit changes in scalp distribution across task but that the dFRN 

would not. This result addresses the possibility that a variable scalp distribution observed for the 

dN2 could be due to a methodological flaw or to a confounding third variable. For example, it is 

conceivable that a variable scalp distribution is a general characteristic of ERP components in the 

200 to 400 ms time range; if this were the case then the result would also be true of the dFRN. 

 Finally, across these four experiments that included rewards, I manipulated the degree to 

which subjects were challenged/engaged by the task in a manner that encouraged trying to learn the 

task to maximize rewards. If the RL-ERN theory is correct in positing that rewards produce a 

positivity in the ERP, increasing the engagement of learning systems across experiments should 

simultaneously increase the size of the dFRN (by increasing the size of the reward positivity), and 

decrease the apparent size of the dN2 (because of component overlap with the reward positivity). 

Furthermore, the RL-ERN theory holds that the amplitude of the raw N2 should be increased due 

to no-reward feedback, but empirical evidence for this prediction remains to be demonstrated. I 

predicted that across Experiments 2 to 5, comparison of the individual ERPs to infrequent no-

reward and frequent no-reward conditions will reveal enhanced negativities to no-rewards as 

subjects are increasingly more challenged/engaged by the task. 
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Chapter One: Experiment One2 

Abstract 

A prominent theory of the N2 event-related potential component holds that the "oddball" N2 is 

generated in the anterior cingulate cortex. However, observations of oddball N2s with posterior 

scalp distributions are inconsistent with this hypothesis. I suggest that variability in the topology of 

the oddball N2 is a key characteristic of the component that can inform theories of its neural basis. I 

propose that the oddball N2 reflects cortex-wide noradrenergic modulation of ongoing cortical 

activity and thus should have a topology that varies systematically according to task specifics. 

Subjects engaged in an oddball task with male and female faces tinted either yellow or blue, counting 

targets according to color or sex. Between blocks, targets were frequent or infrequent, 

counterbalanced across task (attend-color, attend-sex) and category (blue male, yellow male, blue 

female, yellow female). I created difference waves by subtracting frequent from infrequent category 

trials to isolate the oddball-N2. When subjects attended to color the oddball N2 was maximal over 

frontal-central areas and when they attended to sex it was maximal over lateral-occipital areas. Thus, 

the oddball N2 has a variable scalp distribution that depends on the relative engagement of cortical 

areas, consistent with noradrenergic modulation having the greatest impact in those areas most 

engaged by the task at hand.  

                                                           
2
 This experiment has been published: Warren, C. M., Tanaka, J. W., & Holroyd, C. B. (2011). What can topology 

changes in the oddball N2 reveal about underlying processes? NeuroReport, 22(17): 870-874. 
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Introduction 

The N2 is a negative deflection in the human event-related brain potential (ERP) occurring 

approximately 200-300 ms after an eliciting stimulus. Two prominent reviews have classified the 

visual N2 into three subcomponents based on antecedent conditions (Folstein & Van Petten, 2007; 

Pritchard, Shappell, & Brandt, 1991). The "novelty" N2 exhibits an anterior scalp distribution and is 

sensitive to highly deviant or attention-capturing but task-irrelevant stimuli. The "conflict" N2 

exhibits an anterior distribution and is exercised by the exertion of cognitive control, for example, 

when inhibiting a pre-potent response or when responding to incongruent stimuli as in the Eriksen 

Flanker Task (Eriksen & Eriksen, 1974). Finally, the "oddball" N2 is modulated by the probability of 

task-relevant stimulus categories, being largest for infrequently occurring target stimuli; it is said to 

exhibit an anterior scalp distribution in the auditory modality and a posterior scalp distribution in the 

visual modality (Folstein & Van Petten, 2007; Pritchard et al., 1991; Ritter, Simson, Vaughan, & 

Friedman, 1979). However, several research groups have also reported a visual oddball N2 that is 

maximal at frontal-central sites (e.g., Holroyd, 2001; Holroyd, Pakzad-Vaezi, & Krigolson, 2008; 

Nieuwenhuis, Yeung, Van den Wildenberg, & Ridderinkhof, 2003).  

 A prominent theory proposes that both the oddball and conflict N2s are manifestations of 

conflict monitoring/detection in the anterior cingulate cortex and constitute the same ERP 

component (Nieuwenhuis et al., 2003; Yeung, Botvinick, & Cohen, 2004). Neural conflict is defined 

as the simultaneous activation of incompatible response channels (Botvinick, Braver, Barch, Carter, 

& Cohen, 2001). On the incongruent trials in the Eriksen Flanker Task, conflict is elicited by having 

information relevant to two responses appear simultaneously on the screen. Likewise, in oddball 

tasks, a frequently appearing stimulus cultivates a bias to respond to the frequent stimulus that must 

be overcome on infrequent trials. The conflict monitoring theory of the N2/anterior cingulate 

cortex is supported by source localization studies (Nieuwenhuis et al., 2003; Yeung et al., 2004) and 
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by functional neuroimaging studies that show increased anterior cingulate cortex activation for 

events that produce the conflict and the oddball N2 (Botvinick, Nystrom, Fissell, Carter, & Cohen, 

1999; Braver, Barch, Gray, Molfese, & Snyder, 2001; Mathalon, Whitfield, & Ford, 2003).  

 We investigated the discrepancy in reports of oddball N2 topology by conducting a typical 

oddball experiment using faces as stimuli. The faces were either male or female and were tinted 

either yellow or blue. Subjects discriminated faces based on the sex or the color of the face. Thus, 

the stimuli were exactly the same across conditions; only the attended dimension changed. If the 

oddball N2 scalp distribution is produced by specific cortical generators then it should be the same 

across task conditions, but if it is sensitive to task demands then it should change accordingly. I 

predicted that, consistent with previous observations from my own lab and others (Holroyd, 2001; 

Holroyd et al., 2008; Nieuwenhuis et al., 2003), the oddball N2 in the color condition would exhibit 

an anterior scalp distribution. By contrast, based on previous observation of the N250 -- a negative 

deflection in the ERP that is maximal over lateral-occipital areas and believed to be generated by the 

―fusiform face area‖ (Tanaka, Curran, Porterfield, & Collins, 2006) -- I predicted that the oddball N2 

in the sex condition would exhibit a lateral-occipital scalp distribution. I argue that the variability of 

the topology of the oddball N2 is a key characteristic of the component that suggests the 

involvement of the locus coeruleus-norepinephrine (NE) system in its production. 

Method 

Participants 

Twenty-six people (19 females, mean age 20.6 years, SD = 2.8 years) signed up through the research 

participation system at the University of Victoria, Canada, and were compensated with extra credit 

in an undergraduate psychology course. The study was approved by the human subjects review 

board at the University of Victoria and conducted in accordance with the ethical standards 

prescribed in the 1964 Declaration of Helsinki. 
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Apparatus and Procedure 

Participants were seated comfortably, approximately 50 cm in front of a computer screen, in an 

electromagnetically shielded booth. Stimuli consisted of male or female faces (40 examples of each, 

excluding hair and contour of head) tinted either blue or yellow (~4.4º visual angle). For both 

stimulus dimensions (color, sex), one stimulus type occurred infrequently (20% of all trials). This 

manipulation was counterbalanced across task conditions such that the unattended dimension 

occurred with 20/80% frequency within each level of the attended dimension. The order of stimulus 

presentation was randomized with replacement, and the rate of presentation was one item every 

1500 ms. Subjects were required to count target stimuli silently. The task consisted of 8 blocks of 

100 trials each, counterbalanced such that each of the four stimulus types occurred in two blocks as 

the target, and of those two blocks, once as a frequent target and once as an infrequent target. 

Subjects reported their count every fifty trials (halfway through the block) using the keyboard.  

Data Acquisition 

The electroencephalogram (EEG) was recorded from 41 electrode locations arranged in the 

standard 10-20 layout using Brain Vision Recorder software (Version 1.3, Brainproducts, Munich, 

Germany). During recording, the EEG data were referenced to the average voltage across channels, 

sampled at 250 Hz, and amplified (Quick Amp, Brainproducts) and filtered through a passband of 

0.017-67.5 Hz (90 dB octave roll off). Impedances were below 12 kΩ. 

EEG Data Analysis 

The EEG data were filtered off-line through a 0.1-20 Hz passband phase-shift-free Butterworth 

filter and re-referenced to linked mastoids. Ocular artifacts were removed using the algorithm 

described in Gratton, Coles, and Donchin (1983). Trials in which the change in voltage at any 

channel exceed 35 µV per sampling point were removed. In total, .4% of the data were discarded. 

1200 ms epochs of data were extracted from the continuous EEG from 200 ms before stimulus 
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onset to 1000 ms after. The data were baseline-corrected according to the average amplitude of the 

EEG over the 200 ms preceding stimulus presentation and ERPs were created by averaging the 

EEG data for each condition, electrode site, and participant. To isolate the effect of frequency while 

holding the effect of attentional demands constant, I first constructed four ERPs by averaging the 

data associated with all the infrequent stimulus presentations (infrequent targets and infrequent non-

targets) together, and the data associated with all the frequent stimulus presentations (frequent 

targets and frequent non-targets) together, separately for each task condition. I then created 

difference waves by subtracting the frequent-stimulus ERP from the infrequent-stimulus ERP, 

yielding attend-sex and attend-color oddball N2s that were purely sensitive to frequency of 

occurrence. This method has previously been prescribed for assessing the oddball N2 without 

confounding it with target status (e.g., Folstein & Van Petten, 2007; Pritchard et al., 1991). 

 Visual inspection of the grand average difference waves (Fig. 6) suggested that the oddball 

N2 varied in latency and duration across the attend-sex and attend-color conditions, with the N2 

occurring later and lasting longer in the attend-sex condition. For this reason, I assessed mean 

oddball N2 amplitude in time windows adjusted for each condition according to the approximate 

period of oddball N2 manifestation, as follows. For both the attend-color and attend-sex conditions, 

the location of maximum amplitude was obtained from the grand average ERP by averaging the data 

recorded at each electrode channel within a temporal window post-stimulus (attend color, 220 - 300 

ms; attend-sex, 240 - 420 ms) and identifying the channel with the most negative value. Attend-

colour and attend-sex oddball N2 amplitudes were then assessed for each subject by averaging the 

difference-wave values within the corresponding temporal windows at these two channels.  

 I conducted a secondary analysis of the impact of frequency on "raw" N2 amplitude. For 

this secondary analysis, I first determined the raw P3 peak (because it is the most prominent 

component in the ERP) as the most positive point in the ERP occurring between 210 ms and 800 
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ms in the attend-color condition, and between 310 ms and 800 ms in the attend-sex condition. I 

then defined the raw N2 peak as the most negative deflection preceding the raw P3 peak, and 

occurring no earlier than 200 ms in the attend color condition, and 300 ms in the attend-sex 

condition. To determine the topology of the difference in raw N2 peak amplitude, I subtracted the 

frequent raw N2 peak amplitude value from the infrequent value for each electrode and task 

condition. 

Results 

Behavioural Results 

 We assessed error rate by dividing the absolute value of the difference between the reported 

and correct counts by the correct count, giving a percentage of the correct count. I excluded the data 

of 2 out of 26 participants who exhibited error levels more than two standard deviations above the 

mean, corresponding to error rates of 39.0% and 40.5%. For the remaining subjects, the mean error 

rate for categorizing faces was 14.6% whereas for color it was 5.2%. This difference in performance 

between categorizing faces based on sex versus color was significant, t(23) = 5.1 , p <.001. 

EEG Results 

 The attend-sex oddball N2 was maximal at lateral-occipital channel P8 (mean amplitude = -

.89 µV), and the attend-color oddball N2 was maximal at frontal-central channel C4 (mean 

amplitude = -2.31 µV). Conversely, the mean amplitude of the attend-sex oddball N2 at channel C4 

was -.29 µV and the mean amplitude of the attend-color oddball N2 at channel P8 was -1.47 µV. 

Figure 6 shows the ERPs elicited by the frequent and infrequent target stimuli for the attend-sex and 

attend-color conditions, recorded at channels P8 and C4, and the difference waves associated with 

the two tasks. A 2 x 2 ANOVA on oddball N2 amplitude with task (attend-color vs. attend-sex) and 

electrode channel (P8 vs. C4) as repeated measures revealed a main effect of task such that the  
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Figure 6. Grand average ERPs recorded from channel C4 (top) and P8 (bottom), and scalp 
distributions associated with the difference waves. The top distribution (in red) is of the 
mean amplitude between 220 ms and 300 ms, in the attend-color condition. The bottom 
distribution (in blue) is the mean amplitude from 240 ms to 420 ms, in the attend-sex 
condition. Note that negative is plotted up. 

 

oddball N2 was larger to attend-color than to attend-sex, F(1, 23) = 14.10, p < .01, and no main 

effect of electrode, F < 1. Importantly, there was an interaction between electrode and task such that 

the oddball N2 was larger at channel P8 in the attend-sex condition whereas the oddball N2 was 

larger at channel C4 in the attend-color condition, F(1, 92) =55.00, p < .01. Paired t-tests confirmed 

these results, attend-sex: t(23) = -3.35, p < .01; attend-color: t(23) = -3.45, p < .01. 

 We performed a secondary analysis on raw N2 peak amplitude to check that my results were 

not specific to mean amplitude measures. The difference between frequent and infrequent raw N2 

peak amplitude was greatest at frontal-central site FCz (-2.28 µV) in the attend-color condition and 
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at P8 (-1.74 µV) in the attend-sex condition. Paired t-tests revealed that the peak difference was 

significantly larger at FCz than P8 in the attend-color condition (-2.28 µV vs. -.39 µV , t(23) = -2.70, 

p = .01), but larger at P8 than FCz in the attend-sex condition (-1.74 µV vs. .06 µV , t(23) = 3.06, p 

< .01).  

Discussion 

 Subjects were asked to discriminate blue- or yellow-tinted, male or female faces based on the 

color or on the sex of the face, with the target occurring on either 80% or 20% of the trials. When 

the participants attended to color, the oddball-N2 was maximal over frontal-central areas, but when 

they attended to sex, the oddball-N2 was maximal over lateral-occipital sites. my results demonstrate 

that the effect of stimulus frequency on the scalp distribution of the N2 depends on the attended 

dimension of the stimulus. Such a dramatic shift in the topology of the N2 within the same task and 

modality has, to my knowledge, never been shown before. 

 I also observed a main effect of task such that the size of the oddball N2 was larger on 

attend-color than attend-sex trials across channel locations. Possibly the longer latency associated 

with categorizing by sex resulted in greater latency jitter that disrupted the N2 in that condition. 

Additionally, different levels of accuracy and confidence across conditions may have affected N2/P3 

amplitude. Subjects were less accurate in the attend-sex task and, with intermittent feedback 

indicating their accuracy, were probably less confident as well. Confidence is related to N2/P3 

amplitude, with less confident judgements giving rise to smaller N2/P3s (Donchin, 1968; Hillyard, 

Squires, Bauer, & Lindsay, 1971). 

 Inspection of the raw ERPs suggest that this effect may have resulted from N2-related 

latency differences rather than amplitude differences across conditions. That is, if subjects 

categorized frequent categories faster than infrequent categories, perhaps the N2 occurred earlier for 

frequent categories and the difference between the N2 to frequent and infrequent categories actually 
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reflects a latency difference rather than an amplitude difference. However, I observed the same 

effect of task on topology (frontal-central vs. lateral-occipital across task conditions) when I 

analyzed the frequency-related difference in raw N2 peak amplitudes, a measure independent of the 

difference in latency. 

 One may question why my attend-color oddball N2 was maximal over frontal central 

regions, rather than regions specific to color processing. In both task conditions, I expected 

engagement of the anterior cingulate cortex because the anterior cingulate cortex is sensitive to 

conflict/infrequent events. However, I used the easy, color-discrimination task as a baseline with 

which to compare different levels of fusiform gyrus engagement, anticipating that the anterior 

cinglulate cortex would be the most active brain area in the attend-color task, and that the difficulty 

of the attend-sex task would increase fusiform gyrus activity above anterior cingulate cortex activity. 

 Some ERP components, such as the C1 and the Readiness Potential, exhibit multiple scalp 

distributions (Luck, 2005). Of relevance to the present case, release of norepinephrine (NE) by the 

locus coeruleus, which has broadly distributed afferent projections capable of impacting neural 

processing throughout the neocortex (Berridge & Waterhouse, 2003), increases the responsivity of 

individual neurons and improves the signal-to-noise ratio of associated neural networks (Servan-

Schreiber, Prinz, & Cohen, 1990) As a consequence, the impact of NE is greatest in whatever area 

of the brain is most activated by the task at hand (Nieuwenhuis, Aston-Jones, & Cohen, 2005; 

Nieuwenhuis, de Geus, & Aston-Jones, 2011). In view of this, I suggest that the N2 reflects the 

impact of NE on active brain areas. This position develops a recent theory that the P3 ERP 

component reflects the impact of a phasic NE release on cortical processing (Nieuwenhuis et al., 

2005). Notably, phasic activity of the locus coeruleus-NE system is characterized by two stages, the 

phasic burst in firing and a subsequent refractory-like period of quiescence due to auto-inhibition. 

Thus, large releases of NE are followed immediately by a depletion of NE dependent on the amount 
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of the initial release. In contrast to the original theory, which holds that the P3 is elicited directly by 

the phasic increase in NE, I suggest that the N2 reflects the initial NE release and the P3 reflects the 

subsequent depletion of NE. This hypothesis accounts naturally for the close relationship between 

the N2 and the P3, which together have historically been termed the ―N2/P3 complex‖ (Duncan-

Johnson & Donchin, 1977) and is consistent with the evidence supporting involvement of the locus 

coeruleus-NE system in P3 production. 

 Conclusion 

 The different oddball N2 scalp distributions observed here indicate that they are associated 

with different neural computations. On the one hand, the N250 has previously been linked to face 

processing and to familiarity for the target face (Tanaka et al., 2006), and on other hand, the frontal-

central N2 has been associated with conflict monitoring by the anterior cingulate cortex. 

Nevertheless, the oddball N2 – as measured as a difference wave – indicates a common function 

underlying these very different brain processes: both brain areas respond comparably to changes in 

stimulus frequency. By this definition, the oddball N2 is the same ERP component despite the 

different scalp distributions. I propose that this variability reflects the task-dependent impact of 

phasic NE release on face processing activity in the fusiform gyrus, conflict-related activity in the 

anterior cingulate cortex, and processing by other cortical areas (e.g., Folstein & Van Petten, 2007; 

Pritchard et al., 1991). 
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Chapter Two: Experiments Two through Five3 

Abstract 

I applied the event-related brain potential (ERP) technique to investigate the involvement of two 

neuromodulatory systems in learning and decision making: The locus coeruleus-norepinephrine (LC-

NE) system and the mesencephalic dopamine system (DA system). I have previously presented 

evidence that the N2, a negative deflection in the ERP elicited by task-relevant events that begins 

approximately 200 ms after onset of the eliciting stimulus and that is sensitive to low-probability 

events, is a manifestation of cortex-wide noradrenergic modulation recruited to facilitate the 

processing of unexpected stimuli (Warren, Tanaka, & Holroyd, 2011). Further, Holroyd and Coles 

(2002) proposed that the impact of DA reinforcement learning signals on the anterior cingulate 

cortex (ACC) produces a component of the ERP called the feedback-related negativity (FRN). The 

N2 and the FRN share a similar time range, a similar topography, and similar antecedent conditions. 

I varied factors related to the degree of cognitive deliberation across a series of experiments to 

dissociate these two ERP components. Across four experiments I varied the demand for a 

deliberative strategy, from passively watching feedback, to more complex/challenging decision tasks. 

Consistent with my predictions, the FRN was largest in the Active Learning experiment and smallest 

in the Passive Learning experiment whereas the N2 exhibited the opposite effect. Within each 

experiment, when subjects attended to color, the N2 was maximal at frontal-central sites, and when 

they attended to sex it was maximal over lateral-occipital areas, whereas the topology of the FRN 

was frontal-central in both task conditions. I conclude that both the DA system and the LC-NE 

system act in concert when learning from rewards that vary in expectedness, but that the DA system 

is relatively more exercised when subjects are relatively more challenged/engaged by the learning 

task. 

                                                           
3
 These experiments have been invited for submission to a special issue of Frontiers in Decision Neuroscience. 
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Introduction 

 Adaptive decision making depends on both fast and efficient processing of stimulus events 

for effective responding (e.g. Servan-Schreiber, Prinz, & Cohen, 1990) and slow trial-to-trial learning 

of action values for optimizing the selection process (e.g. Schultz, Montague, & Dayan, 1997). The 

catecholinergic neuromodulatory systems that distribute norepinephrine (NE) and dopamine (DA) 

have been implicated in these two groups of processes, respectively (Schultz et al., 1997; Servan-

Schreiber et al., 1990). Further, putative manifestations of these systems have been identified in the 

human electroencephalogram (Holroyd, & Coles, 2002; Nieuwenhuis, Aston-Jones, & Cohen, 

2005a; Nieuwenhuis Gilzenrat, Holmes, & Cohen, 2005b; Warren, Tanaka, & Holroyd, 2011). 

However, the way these two systems interact has yet to be explored. 

 The locus coeruleus-norepinephrine system (LC-NE system) is believed to play a key role in 

facilitating fast and effective processing of task-relevant stimuli (Usher, Cohen, Servan-Schreiber, 

Rajkowski, & Aston-Jones, 1999). The locus coeruleus (LC) is a neuromodulatory nucleus in the 

midbrain that briefly enhances cortical processing in reaction to motivationally salient or conflict-

inducing events (Gilzenrat, Holmes, Rajkowski, Aston-Jones, & Cohen, 2002; Usher et al., 1999). 

The LC is the primary source of NE to the cortex and other regions (Berridge, & Waterhouse, 

2003), where NE release increases the responsivity of individual neurons and improves the signal-to-

noise ratio of associated neural networks (Servan-Schreiber et al., 1990). Single cell recordings from 

the LC in monkeys show that the LC releases NE in phasic bursts to motivationally salient events, 

and periods of greater phasic release of NE are associated with better performance in target 

discrimination tasks (Usher et al., 1999). The LC-NE system is also auto-inhibitory, such that phasic 
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bursts of NE are followed by a refractory-like4 period lasting approximately 500 ms characterized by 

reduced or arrested NE supply to the cortex. 

 In a previous paper (Warren et al., 2011), I proposed that the impact of phasic bursts of NE 

on cortical processing manifests in the human electroencephalogram as an increase in amplitude of 

the N2, a negative deflection of the human event-related brain potential (ERP) occurring between 

about 200 ms and 300 ms after the onset of the eliciting stimulus, the amplitude of which is 

exercised by unexpected or conflict-inducing events (e.g. Nieuwenhuis, Yeung, van den Wildenberg, 

& Ridderinkhof, 2003). This theory is a modification of a previous ―LC-P3 theory‖ that holds that 

the phasic bursts of NE produce the P3 – a prominent, positive deflection in the ERP that 

immediately follows the N2 – rather than the N2 itself (Nieuwenhuis et al., 2005a). Thus, my 

―modified LC-P3 theory‖ develops this account by proposing that the LC burst impacts cortical 

activity somewhat earlier than originally proposed, during the time period of the N2 (~ 250 ms post-

stimulus), whereas the LC refractory period coincides with P3 generation.  

 The timing of the N2 makes it an excellent candidate to reflect the impact of phasic NE 

release. Aston-Jones and Cohen (2005) estimate NE should begin to arrive in the cortex about 170 

ms after onset of the eliciting event, and Usher and colleagues (1999) assess the duration of phasic 

LC firing in monkeys to be about 180 ms. Thus the impact of NE should appear between 170 ms 

and 350 ms after the eliciting stimulus, roughly equivalent to the typical onset and offset latencies of 

the N2. 

 A key prediction of my proposal is that any change in the ERP due to noradrenergic 

modulation should exhibit a variable scalp distribution dependent on relative engagement of the 

different cortical areas giving rise to the ERP. This position follows from two key characteristics of 

the LC-NE system. First, the broadly dispersed efferent projection system of the LC distributes NE 

                                                           
4
 As opposed to the potassium-mediated refractory period common to individual neurons throughout the brain. 
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to all regions of the cortex, so any given phasic release can modulate neural activity (and the 

associated N2) anywhere in cortex (Berridge & Waterhouse, 2003; Nieuwenhuis, Nieuwpoort, 

Veltman, & Drent, 2007). Second, NE-mediated changes in activity should be greatest in cortical areas 

that are most engaged by the task at hand because increasing the signal-to-noise ratio in the entire 

cortex will have the greatest impact in those areas (Nieuwenhuis et al. 2005; Nieuwenhuis, de Geus, 

& Cohen, 2011). This position contrasts with theories of the N2 which posit that the N2 is 

produced specifically by the anterior cingulate cortex (ACC) and should therefore exhibit a relatively 

fixed topology, maximal at frontal-central regions of the scalp (e.g. Van Veen, & Carter, 2002a, 

2002b; Yeung, Botvinick, & Cohen, 2004). 

 In previous work, I supported the modified LC-P3 theory by demonstrating that the scalp 

distribution of the N2 varies widely according to task changes that relatively engage different cortical 

areas (Warren et al., 2011). I presented subjects with pictures of male and female faces that were 

tinted either blue or yellow. Subjects attended to either the sex or the color of the faces and counted 

targets in an oddball task. The impact of frequency was isolated by subtracting frequent stimulus 

trials from infrequent stimulus trials, yielding a difference wave representative of the change in 

neural activity specifically caused by differences in stimulus probability (and putatively due to 

differences in NE recruitment). When subjects attended to the color of the face, the N2 in the 

difference wave was maximal over frontal-central regions as is often observed in simple oddball 

tasks (e.g. Holroyd Pakzad-Vaezi, & Krigolson, 2008; Nieuwenhuis et al., 2003; but see Folstein and 

Van Petten, 2007), consistent with arguments that the N2 is generated in the ACC (Van Veen, & 

Carter, 2002a, 2002b; Yeung et al., 2004). By contrast, when subjects attended to the sex of the faces 

the N2 in the difference wave was maximal over lateral occipital regions, consistent with a relatively 

large change in activity within the fusiform face-processing area (FFA). This study demonstrated 

that identical task stimuli (colored faces) presented with identical task designs (standards and 
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deviants) can nevertheless radically alter the topology of the N2 depending on which aspect of the 

stimuli participants are instructed to attend. 

 An interesting special case of the N2 occurs when the eliciting stimulus is a feedback 

stimulus in a reward/no-reward paradigm. A negative feedback stimulus (e.g., that indicates a 

potential reward was not received) elicits a frontal-central negative deflection in the same time range 

as the N2 called the feedback error-related negativity (FRN), but positive feedback does not 

(Miltner, Braun, & Coles, 1997); the FRN is usually measured with a difference wave approach 

whereby the ERP to reward feedback is subtracted from the ERP to error feedback. The negative 

deflection observed in this difference wave is characterized by variance in the ERP associated with 

both negative and positive feedback, and therefore I distinguish it from the FRN by calling it the 

difference-wave feedback-related negativity (dFRN). Source localization studies suggest that the 

dFRN is generated in, or very close to, the ACC (Gehring, & Willoughby, 2002; Hewig, Trippe, 

Hecht, Coles, Holroyd, & Miltner 2007; Miltner, Lemke, Weiss, Holroyd, Scheffers, & Coles, 2003). 

Additionally, a neurocomputational theory of this ERP component is based on the seminal 

observation that rewarding events elicit phasic bursts of dopamine (DA) activity that are utilized by 

the targets of the DA system for the purpose of adaptive decision making (Schultz et al., 1997). In 

particular, single-cell recordings from primates show increased phasic DA activity in response to 

unexpected rewards or reward predictors, and shallow dips from baseline DA activity in response to 

punishment or to the absence of expected rewards (e.g. Schultz, 2002). Holroyd and Coles (2002) 

proposed the reinforcement learning theory of the dFRN, which holds that the dFRN reflects the 

impact of these phasic DA signals on the ACC such that motor neurons in the ACC are inhibited 

and disinhibited by phasic increases and decreases of DA, respectively. 

 Recent evidence suggests that these phasic DA signals specifically modify the amplitude of 

the N2. According to this position, the ACC produces a negative deflection to unexpected task 
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relevant events (the N2), including unexpected negative feedback and unexpected reward feedback. 

However, unexpected reward feedback also elicits a dopamine-induced positive deflection (―the 

reward positivity‖) that is superimposed over the N2 and cancels it out (Holroyd et al., 2008). In 

other words, unexpected error and reward feedback elicit the N2, but unexpected reward feedback 

also elicits a reward positivity that obscures the N2, creating the difference observed between the 

ERPs to positive and negative feedback (the dFRN). 

 To dissociate the reward positivity from the N2, a recent multi-experiment study presented 

subjects with complicated reward-feedback that indicated not only whether a subject had won or lost 

money, but also what response was required of them for the subsequent trial (Baker & Holroyd, 

2011). In one experiment, a stimulus-induced delay in reward processing caused the reward positivity 

to appear about 100 ms later than usual (peaking at about 350 ms), thereby exposing the N2 on 

those trials. When the reward-feedback stimulus was simplified in further experiments, the reward 

positivity appeared earlier and attenuated the N2. Furthermore, factors related to response conflict 

impacted N2 amplitude and reduced the reward positivity on high-conflict reward trials. Additional 

research has demonstrated that the reward positivity to monetary rewards is alternatively larger in 

problem gamblers (Hewig et al., 2010) and smaller in substance abusers, who evidence a large N2 to 

reward feedback (Baker, Stockwell, Barnes, & Holroyd, 2011).  

 The ACC has been posited to be the neural generator of both the N2 (Van Veen & Carter, 

2002a, 2002b; Yeung et al., 2004) and the dFRN (Holroyd & Coles, 2002). Furthermore, here I have 

proposed that noradrenergic modulation enhances activity in the ACC and all across the cortex, 

amplifying the N2 in target areas. Thus, there are three factors that push the amplitude of the N2 at 

frontal-central scalp locations up and down; ACC activity, noradrenergic modulation, and 

dopaminergic modulation. If we have any chance of understanding how the frontal-central N2 
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provides insight into ACC function, I need to understand how these systems interact - otherwise I 

will be at a loss to interpret N2 data.  

 To investigate this issue, I employed the same paradigm used in my previous study (Warren 

et al., 2011), presenting subjects with male or female faces tinted either blue or yellow, with frequent 

or infrequent category presentations based on either the sex or the color of the faces. But here the 

stimuli also indicated reward or no-reward, allowing me to simultaneously examine the N2 and the 

dFRN. I manipulated the amplitudes of the reward positivity and the N2 along two independent 

dimensions. Along one dimension, I varied (across subjects) the degree of participant engagement in 

a feedback task, which is known to affect dFRN amplitude. For example, Yeung, Holroyd, and 

Cohen (2005) manipulated degree to which a deliberative strategy was required of subjects, from 

passively observing reward/no-reward outcomes, to actively making a decision that would result in 

either reward or no-reward. The dFRN was significantly larger when subjects utilized the feedback 

to optimize their decisions, as opposed to passively collecting rewards (see also Holroyd, Krigolson, 

Baker, Lee, & Gibson, 2009; Li, Han, Lei, Holroyd, & Li, 2011; Peterson, Lotsz, Halfren, Sejnowski, 

& Poizner, 2011; Zhou, Yu, & Zhou, 2010). I implemented this manipulation across three 

experiments wherein subjects passively collected rewards in Experiment 1 (Passive Learning), made 

a decision based on multiple stimulus feature-response combinations in Experiment 2 (Active 

Learning), and intermediate to these, made a decision based on relatively simple response-reward 

contingencies in Experiment 3 (Moderate Learning). I predicted that the dFRN would be largest in 

the Active Experiment and reduced or absent in the others. By contrast, I predicted that the N2 

would be smaller with increasing task engagement because of component overlap with the reward 

positivity elicited by infrequent rewards.  

Along the second dimension I varied N2 amplitude by manipulating (within subjects) the 

attended dimension of the feedback: As in my previous study, subjects were required to attend to 
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either the color or the sex of the feedback stimuli (male or female faces tinted either blue or yellow). 

I predicted that switching from color to sex would move the N2 from frontal-central to lateral-

occipital regions of the scalp. By contrast, I predicted that the dFRN would remain frontal-central 

irrespective of the attended dimension of the feedback. Further, I predicted that I would observe 

maximal interference between the two components in the color condition of the Active Experiment, 

where both the N2 and the reward positivity are frontal central. These results would validate my 

claim that the N2 and dFRN are produced by distinct neural mechanisms, one that produces a 

negativity to infrequent events that has a variable scalp distribution consistent with a noradrenergic 

origin, and one that produces a positivity to rewards and a negativity to no-rewards that has a 

frontal-central scalp distribution consistent with genesis in the ACC. 

Experiment 1: Passive Learning 

 In the Passive Experiment I sought to replicate the results of my previous study by engaging 

the LC-NE system and the N2 in an oddball task with minimal involvement of reinforcement 

learning systems and therefore minimal interference from the dFRN. I employed the exact same 

paradigm as reported in my previous work (Warren et al., 2011) except that instead of counting 

stimuli associated with a target category (e.g., male faces), subjects counted earnings accrued with 

each stimulus presentation (e.g., if subjects were told that they would be given 5 cents for each male 

face); they were asked to report the sum once during the block and a second time at the end of the 

block. Importantly, because participants were not required to make an overt response on each trial, I 

expected this task to elicit only a small dFRN, if any (Holroyd et al., 2009; Li et al., 2011; Yeung et 

al., 2005). Further, as I observed previously, I predicted that relative engagement of the fusiform 

face-processing area in the attend-sex condition would enhance the N2 over lateral-occipital sites, 

whereas relative engagement of the ACC in the attend-color condition would enhance the N2 over 
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frontal-central sites. Finally, I predicted that the dFRN – to the extent that it was present -- would 

not exhibit any changes in scalp topography.  

Method 

 Methods were identical across all four experiments except where indicated. 

 Participants. 21 people (3 males) completed this experiment. For all experiments reported 

in this paper, participants signed up through the research participation system at the University of 

Victoria, Canada, and were compensated with extra credit in an undergraduate psychology course or 

were paid $20.00 Canadian for their time. This project (experiments 1 through 4) was approved by 

the human subjects review board at the University of Victoria and conducted in accordance with the 

ethical standards prescribed in the 1964 Declaration of Helsinki. 

Apparatus and Procedure. Participants were seated comfortably, approximately 50 cm in front of a 

computer screen, in an electromagnetically shielded booth. Stimuli consisted of male or female faces 

(30 examples of each, lifted from black and white photos, excluding hair and contour of head) tinted 

either blue or yellow (~4.4º visual angle). In a previous experiment (Warren, et al., 2011), I used a 

larger set of the same stimuli (40 males and 40 females), but because the error rates in discriminating 

between male and female faces were high, here I selected a subset of those stimuli: The 75% that 

were most accurately discriminated previously. For both stimulus dimensions (color, sex), one 

stimulus type occurred infrequently (20% of all trials). The order of stimulus presentation was 

randomized with replacement. At the beginning of each block, subjects were instructed by the 

computer program to keep track of presentations of a specific target stimulus (blue faces, yellow 

faces, male faces or female faces). The task consisted of 8 blocks of 75 trials each (600 total trials), 

counterbalanced such that each of the four stimulus types (blue males, yellow males, blue females, 

yellow females) occurred in two blocks as the target, and of those two blocks, once as a frequent 

target and once as an infrequent target. Stimuli were presented for 1200 ms and were separated by a 
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fixation cross displayed for 300 ms (see Fig. 7, Passive Learning, for a graphic representation of the 

task). 

 

 

Figure 7. Graphic representation of the procedure for each of the four experiments in 
Chapter 2. 

 

 Each presentation of the target stimulus category indicated that the subject won $0.05. 

Subjects were instructed to keep track of the money won and were required to report their count 

twice per block (at a random trial number about halfway through each block, and at the end of each 

block). This method yielded 16 reports of the subject's money count. Subjects reported their count 

by answering an eight-choice multiple choice question, choosing from several ranges within which 

the correct count fell (e.g. between $0.30 and $0.50, or between$ 0.55 and $0.75, etc...). I assessed 

accuracy by dividing the number of correct reports by the number of total reports. 
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 Data Acquisition. The electroencephalogram (EEG) was recorded from 41 electrode 

locations arranged in the standard 10-20 layout using Brain Vision Recorder software (Version 1.3, 

Brainproducts, Munich, Germany). During recording, the EEG data were referenced to the average 

voltage across channels, sampled at 250 Hz, and amplified (Quick Amp, Brainproducts) and filtered 

through a passband of 0.017-67.5 Hz (90 dB octave roll off). Impedances were below 12 kΩ. 

 EEG Data Analysis. The EEG data were filtered off-line through a 0.1-20 Hz passband 

phase-shift-free Butterworth filter and re-referenced to linked mastoids. Ocular artifacts were 

removed using the algorithm described by Gratton, Coles, and Donchin (1983). Trials in which the 

change in voltage at any channel exceed 35 µV per sampling point were removed. In total, .02% of 

the data were discarded. 1000 ms epochs of data were extracted from the continuous EEG from 200 

ms before stimulus onset to 800 ms after. The data were baseline-corrected according to the average 

amplitude of the EEG over the 200 ms preceding stimulus presentation and ERPs were created by 

averaging the EEG data for each condition, electrode site, and participant.  

 To isolate the effect of reward independent of frequency, I subtracted the ERPs associated 

with reward from the ERPs associated with no-reward yielding an attend-color dFRN and attend-

sex dFRN that were equated for the effect of stimulus probability. This method maximized the 

signal-to-noise ratio in the ERPs, as opposed to averaging the ERPs separately for the infrequent 

reward trials, frequent reward trials, infrequent no-reward trials, and frequent no-reward trials. 

Similarly, to isolate the effect of frequency independent of reward feedback, I subtracted the ERP 

associated with the frequently occurring stimuli from the ERP associated with the infrequently 

occurring stimuli, collapsed across reward condition, yielding a difference-wave N2 for each task 

condition (attend-color, attend-sex ). Thus, each of the infrequent and frequent ERPs contained 

equal numbers of reward and no-reward trials such that the difference between these ERPs were 

equated for the effects of reward. The interaction of the "raw" N2 (as opposed to difference-wave 



50 
 

N2) and the reward positivity to the four individual conditions was examined separately in an across-

group comparison (below). 

 Note that because LC-NE system activity causes a change in the relative activation of the 

underlying cortical systems (i.e. making ERP components larger), the impact of NE on the ERP is 

most appropriately measured in a difference wave that isolates that change. In the oddball paradigm, 

the infrequent stimulus category putatively recruits a larger NE release than the frequent stimulus 

category (Nieuwenhuis et al., 2005a). Thus to assess the impact of NE, I subtract the frequent-

stimulus ERP from the infrequent-stimulus ERP. When this is done, the difference wave typically 

exhibits a prominent negativity between about 200 ms and 300 ms post stimulus (sometimes later if 

the stimulus is more difficult to categorize) that hereafter I refer to as the difference-wave N2 (dN2). 

 The amplitudes of the dN2 and dFRN (in the difference waves) were assessed using a base-

to-peak measure as follows: For each subject in each condition, the most negative peak between 200 

ms and 280 ms in the attend color condition, or 300 ms vs. 380 ms in the attend-sex condition was 

identified and recorded as the dN2/dFRN peak amplitude. The base amplitude of the dN2/dFRN 

was then taken as the most positive voltage prior to the dN2/dFRN, and these values were 

subtracted from the dN2/dFRN peak amplitude, yielding my base-to-peak measures. This 

procedure controls for overlap with the P2, a positive deflection that typically immediately precedes 

the dN2, that can push the dN2 into positive peak values. Note that because the dFRN is not 

typically preceded by any notable deflection in the ERP, the base measure is approximately 0 µVs; 

for this reason the base-to-peak measure of the dFRN is equivalent to a peak amplitude measure. 

However, I chose to assess dFRN base-to-peak for consistency with my method for assessing dN2 

amplitude. 

 In assessing the change in component topology across task conditions, I focused on two 

electrode sites representative of frontal-central and lateral-occipital scalp regions as I did in my 
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previous study, specifically at channel locations FCz and P8. Both the dFRN and the dN2 are 

typically maximal at channel FCz (e.g. Holroyd et al., 2008) and the dN2 was maximal at channel P8 

in the attend-sex condition of my previous study (Warren et al. in press). Single-tailed t-tests were 

applied to assess the amplitudes of these ERP components at these channels because of my a priori 

hypotheses of the direction of each difference. For example, I predicted that the dN2 would be 

larger at channel P8 than at channel FCz for the attend-sex condition; a dN2 that was larger at FCz 

than at P8 would run contrary to my hypothesis. 

Results 

 Behavioral Results. Mean accuracy was 79.2% (SD = 14.4%) for the attend-color 

condition and 68.5% (SD = 21.2%) for the attend-sex condition. The data of one subject were 

eliminated from further analysis because the accuracy score was more than two standard deviations 

below the mean in the attend-color condition. For the remaining 20 subjects, mean accuracy was 

80.6% (SD = 13.1%) for the attend-color condition and 70% (SD = 20.4%) for the attend-sex 

condition. This difference approached significance using a two-tailed t-test, t(19)= -2.0, p < .10. 

 EEG Results. The raw ERPs, difference waves and scalp distributions are shown in Figure 

8. Inspection of the scalp distributions suggests that the attend-color dN2 was maximal over frontal-

central sites (FCz, -4.5 µV) whereas the attend-sex dN2 is maximal at lateral-occipital regions (PO8, 

-3.5 µV). This impression was confirmed with a 2x2 ANOVA on dN2 amplitude with electrode 

(FCz vs. P8) and task (attend-color vs. attend-sex) as repeated factors. There was an effect of task 

such that the dN2 was larger in the attend-color condition (-4.0 µV) than the attend-sex condition (-

2.8 µV), F(1,19) = 10.8, p < .01, ŋ2 = .36. There was also an interaction of electrode and task, F(1,19) 

= 6.8, p < .05, ŋ2 = .26, and one tailed paired samples t-tests revealed that in the attend-color 

condition, the dN2 was larger at FCz than P8 (-4.5 µV vs. -3.4 µV), t(19) = -2.0, p < .05, whereas in 
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the attend-sex condition the dN2 was larger at P8 than at FCz (-3.2 µV vs. -2.5 µV), t(19) = 2.0, p < 

.05. 

 

Figure 8. Grand average ERPs for experiment 1, recorded from channel FCz and P8 (see 
labels) and scalp distributions associated with the difference waves. The top row shows the 
"raw" ERPs for each of the frequency by reward conditions across tasks and electrodes. The 
middle row shows the dN2 and dFRN difference waves across task and electrodes. The 
bottom row shows the scalp distributions of the dN2 and dFRN across tasks. The scalp 
distributions reflect the base-to-peak measure of each of the dN2 and dFRN. The black star 
on the scalp map denotes channel FCz, and the white star denotes P8. Note that negative is 
plotted up.  

 

 Inspection of the scalp distributions in Figure 8 further indicates that the dFRN was 

distributed over posterior, rather than frontal, regions of the head in both the attend-color (Pz, -5.2 

µV) and attend-sex (POz, -4.0 µV, followed by Pz, -4.0 µV) conditions. A 2x2 ANOVA on dFRN 

amplitude with electrode and task as repeated factors revealed an effect of electrode such that the 
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dFRN was larger at FCz than at P8 (-3.5 µV vs. -2.9 µV), F(1,19) = 4.8, p < .05, ŋ2 = .20. There was 

a trend toward a main effect of task such that the attend-color task yielded a larger dFRN than the 

attend-sex task (-3.5 µV vs. -2.9 µV), F(1,19) = 4.0, p < .10, ŋ2 = .18). There was also a trend toward 

an interaction of electrode and task, F(1,19) = 3.2, p < .10, ŋ2 = .14, and one-tailed paired samples t-

tests revealed that in the attend-color condition, the dFRN was larger at FCz than P8 (-4.1 µV vs. -

3.0 µV), t(19) = -2.3, p < .05, whereas there was no significant difference in the attend-sex condition 

(FCz: -3.0 µV; P8: -2.9 µV, p > .05). For an additional check of the dFRN scalp distribution, I ran 

two t-tests to examine the difference between channel Pz and FCz. These tests indicated that the 

dFRN was larger at Pz than FCz in the attend-sex condition, t(19) = 2.9, p < .01, but not in the 

attend-color condition, t(19) = 1.4, p > .05. 

Discussion 

 We proposed that the dN2 is a manifestation of cortex-wide NE neuromodulation, and 

predicted that the impact of NE modulation on cortex and therefore the topology of the dN2 

should vary according to task demands. By contrast, a standard theory of the dFRN holds that it is 

produced by the impact of DA signals on ACC activity, and therefore that the dFRN should appear 

with a consistent frontal-central scalp topology across task conditions. Here, I replicated my 

previous finding that the dN2 changes from exhibiting a primarily central scalp distribution when 

subjects categorize tinted faces based on color to a more lateral-occipital distribution when subjects 

categorize the same face stimuli based on the sex of the face. Further, although the dFRN was larger 

at frontal central regions in both the attend-color and attend-sex conditions, it was not significantly 

larger at FCz than P8 in the attend-sex condition, it was relatively small overall (ranging from -2.9 

µV to -4.1 µV), and it exhibited a scalp distribution that was mostly posterior (see Fig. 8). These 

results are inconsistent with the identification of this component with the dFRN (Miltner et al., 
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1997) and indicate that (as predicted) this task did not produce a robust dFRN. I conclude that, with 

minimal interference from the dFRN, the dN2 exhibits a prominent yet variable scalp distribution. 

Experiment 2: Active Learning 

 The Active Experiment maximized engagement of the system underlying the dFRN by 

presenting subjects with an apparently complex decision task that encouraged deliberation. Subjects 

were asked to choose between two elaborate images of tarot cards presented side-by-side on a 

computer screen by pressing either a left or right key on a keyboard. Six different cards were paired a 

total of 15 different ways. The subjects were told that with each pairing one card had a better chance 

of winning than the other, and that they were required to learn which card to pick in any specific 

pairing (as opposed to finding which of the six cards had the best chance of winning overall). The 

complexity of the stimulus displays was intended to cultivate a sense that the task was challenging 

yet learnable (when in fact it was not). In so doing I expected the feedback stimuli to elicit a 

relatively large dFRN with a frontal-central scalp topography for both the attend-sex and attend-

color conditions. I further predicted that the dFRN would interfere with the production of the dN2 

in both the attend-color and attend-sex conditions. 

Method 

 Participants. 20 people (6 males) participated in this study. 

 Apparatus and Procedure. Stimuli and procedure were the same as in the Passive 

Experiment except where indicated. Each trial began with presentation of two tarot cards appearing 

on a computer display side by side (see Fig. 7, Active Learning). Instead of passively counting their 

accumulated winnings as in the Passive Experiment, subjects were required to choose between the 

two tarot cards by pressing the appropriate key on the keyboard. The choice screen was displayed 

until the participant made their decision. When a selection was made the cards were replaced by a 

fixation cross for 600 ms and then the face feedback stimulus was presented for 1200 ms. 
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 Tarot cards were detailed images (six images in total) presented in random pairs. Subjects 

were instructed to try and learn which cards had a better chance of "paying-off" in any given pairing, 

and to maximize their winnings by consistently making the best choice. In addition, subjects were 

told there would be "hard" blocks in which the pay-off chances for making the right choice were 

only 10% and 30%, and "easy" blocks in which the pay-off chances were 70% and 90%. Because of 

the length of the task, the number of trials was reduced from 600 in the Passive Experiment to 400 

for the Active Experiment. The task consisted of 8 blocks of 50 trials each and the conditions were 

counterbalanced across blocks as in the Passive Experiment. Additionally, I included only 8 (rather 

than 16) money-count reports (one per block). As in the Passive Experiment, I assessed accuracy in 

reporting the money count for the Active Experiment by dividing the number of correct reports by 

the number total reports. 

 EEG Data Acquisition and Analysis 

 The EEG data were acquired and analyzed and the dN2 and dFRN were assessed in the 

same way as in the Passive Experiment. 

Results 

 Behavioral Results.. The mean accuracy was 82.5% (SD = 21.6%) for the attend-color 

condition and 86.2% (SD = 15.1%) for the attend-sex condition. This effect of task condition on 

accuracy was not significant (p>.05). 

 EEG Results. The raw ERPs, difference waves and scalp maps are shown in Figure 9. 

Inspection of the scalp distributions suggests that the attend-color dN2 was mostly flat across the 

scalp, but with a maximum over lateral-occipital sites (PO7, -3.8 µV). This was also true for the 

attend-sex dN2 (PO7, -3.7 µV). A 2x2 ANOVA on dN2 amplitude with electrode (FCz vs. P8) and 

task (attend-color vs. attend-sex) as repeated factors yielded no significant effects (all ps >.05). The 
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mean dN2 amplitudes were as follows: Attend-color: FCz , -3.1 µV, P8, -3.1 µV; attend-sex: FCz, -

3.1 µV, P8, -3.1 µV.  

 

Figure 9. Grand average ERPs for experiment 2, recorded from channel FCz and P8 (see 
labels) and scalp distributions associated with the difference waves. The top row shows the 
"raw" ERPs for each of the frequency by reward conditions across tasks and electrodes. The 
middle row shows the dN2 and dFRN difference waves across task and electrodes. The 
bottom row shows the scalp distributions of the dN2 and dFRN across tasks. The scalp 
distributions reflect the base-to-peak measure of each of the dN2 and dFRN. The black star 
on the scalp map denotes channel FCz, and the white star denotes P8. Note that negative is 
plotted up. 
 
 

 Inspection of the scalp distributions of the dFRN indicates the dFRN was strongly frontal-

central in both conditions (attend-color: FCz, -6.7µV; attend-sex: Cz -5.2 µV followed by CP1, -5.1 

µV, and FCz, -5.0 µV). A 2x2 ANOVA on dFRN amplitude with electrode and task as repeated 

factors confirmed this impression, revealing an effect of electrode such that the dFRN was larger at 



57 
 

FCz than at P8 (-5.9µV vs. -4.3 µV), F(1,19) = 14.3, p < .01, ŋ2 = .43. There was also an effect of 

task such that the attend-color dFRN was larger than the attend-sex dFRN (-5.6 µV vs. -4.5 µV), 

F(1,19) = 5.9, p < .05, ŋ2 = .24. The interaction of electrode and condition was not significant (p 

>.05). Further analysis revealed that in the attend-color condition the dFRN was significantly larger 

at FCz than at P8 (-6.7 µV vs. -4.6 µV), t(19) = -3.2, p < .01, and in the attend-sex condition the 

dFRN was also larger at FCz than at P8 (-5.0 µV vs. -4.0 µV), t(19) = -2.2, p < .05. An additional t-

test examining the scalp distribution of the attend-sex dFRN revealed it was not significantly larger 

at Cz than FCz (p> .05). 

Discussion 

 As predicted, increasing the complexity of the stimulus display resulted in a larger dFRN for 

both the attend-color and attend-sex conditions, evidently because these task elements were better 

able to engage the system that produces the dFRN. Further, the dFRN appeared frontal central in 

both conditions, as predicted. By contrast, the dN2 was relatively small and noisy, and its topology 

was relatively flat in contrast to the results of the Passive Experiment and my previous work 

(Warren et al., 2011). I suggest that component overlap with the dFRN reduced dN2 amplitude in 

this task in both the attend-color and attend-sex conditions, a question to which I will return in my 

across-experiments analysis (see below).  

Experiment 3: Moderate Learning 

 The probability manipulation in the Passive Experiment elicited a strong dN2 but the 

passive nature of the task failed to strongly engage the systems that produce the dFRN. By contrast, 

the challenging learning task utilized in the Active Experiment produced a large dFRN that strongly 

attenuated the dN2. In the Moderate Experiment, I sought to utilize a task that would produce both 

a dN2 and dFRN to compare the two components within a single experiment. I therefore simplified 

the decision task in the Active Experiment such that it would engage (putatively) the DA system 
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sufficiently to produce a dFRN, but not so strongly that the dFRN would obscure the dN2. I 

predicted that in this task the dN2 would exhibit a variable scalp distribution across the attend-color 

and attend-sex conditions, whereas the dFRN would not. 

Method 

 Participants. 22 people (5 males) participated in this study. 

 Apparatus and Procedure. Stimuli and procedure were the same as in the Passive 

Experiment and the Active Experiment except where indicated. Instead of passively watching faces 

or choosing between two tarot cards, on each trial participants made a choice between a left or right 

key press. The decision screen consisted only of the words "left or right?" (see Fig. 7, Moderate 

Learning). Participants chose between a left or right key press and were subsequently presented with 

the face-feedback stimulus. Subjects were told that for a random number of consecutive trials, each 

key had a set probability of "paying off," and the underlying probabilities would change randomly 

approximately every 20 trials. Subjects were instructed to try and maximize their winnings by finding 

and choosing the "better" key during any given set of trials, and to switch their choice whenever 

they suspected the underlying probabilities had changed. Subjects were told there would be easy 

blocks of trials with high probabilities of pay-off, and hard blocks of trials with low probabilities of 

pay-off, just as in the Active Experiment. The decision screen was presented until subjects made a 

choice whereupon a fixation cross was presented for 500 ms, followed by the face feedback for 1000 

ms. Trial numbers were increased to 100 trials per block over 8 blocks, counterbalanced across 

blocks in the same manner as in the Passive Experiment. Subjects were told in the debriefing that in 

fact the pay-off chances were set at 20% and 80% throughout the experiment, independent of their 

key presses. 

 Subjects were required to report their exact reward earnings count for each set of trials 

(starting at zero from the last accuracy test), twice per block, for a total of 16 reports. Responses 
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within $0.25 of the correct count were coded as correct; total accuracy was defined as the number of 

correct reports divided by the number of total reports (16). 

EEG Data Acquisition and Analysis 

 The EEG data were acquired and analyzed, and the dN2 and dFRN were assessed as in the 

Passive and Active experiments. 

 Behavioral Results. Mean accuracy was 90.3% (SD = 11.5%) in the attend-color condition 

and 84.7% (SD = 18.5%) in the attend-sex condition. I eliminated the data from three subjects for 

having either attend-color or attend-sex accuracy scores more than two standard deviations below 

the mean. With these subjects eliminated, attend-color accuracy was 92.8% (SD = 7.6%) and attend-

sex accuracy was 90.8% (SD = 8.2%). This difference in accuracy was not significant (p > .05). 

 EEG Results. The raw ERPs, difference waves and scalp maps are shown in Figure 10. 

Inspection of the scalp distributions suggest the attend-color dN2 was mostly frontal central (FCz, 

4.5 µV), but with a left-lateral-occipital maxima (PO7, -4.6 µV). A two-tailed t-test indicated these 

channels were not significantly different (p>.05). The attend-sex dN2 was maximal at PO8 (-3.2 µV). 

The impression of a mostly frontal-central attend-color dN2 was supported by the results of 2x2 

ANOVA on dN2 amplitude with electrode and task as repeated factors. There was an effect of task 

such that the attend-color dN2 was larger than the attend-sex dN2 (-4.1 µV vs. -2.5 µV), F(1,18) = 

13.9, p < .01, ŋ2 = .44, and there was an interaction of task and electrode such that the attend-color 

dN2 was larger at FCz than P8 (-4.5 µV vs. -3.7), whereas the attend-sex dN2 was larger at P8 than 

FCz (-2.9 µV vs. -2.1 µV), F(1,18) = 10.0, p < .01, ŋ2 = .36. One-tailed paired t-tests indicated these 

differences were significant, attend-color: t(18) = -1.9, p < .05; attend-sex: t(18) = 2.7, p < .01.  
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Figure 10. Grand average ERPs for experiment 3, recorded from channel FCz and P8 (see 
labels) and scalp distributions associated with the difference waves. The top row shows the 
"raw" ERPs for each of the frequency by reward conditions across tasks and electrodes. The 
middle row shows the dN2 and dFRN difference waves across task and electrodes. The 
bottom row shows the scalp distributions of the dN2 and dFRN across tasks. The scalp 
distributions reflect the base-to-peak measure of each of the dN2 and dFRN. The black star 
on the scalp map denotes channel FCz, and the white star denotes P8.Note that negative is 
plotted up.  

 

 By contrast, inspection of the scalp maps in Figure 10 suggests that the attend-color dFRN 

was shallow, and maximal at central channels (CPz, -4.6 µV, followed by Pz, -4.5 µV, Cz, -4.5 µV, 

CP1, -4.5 µV, and FCz, -4.4 µV). The attend-sex dFRN was maximal at CPz (-4.2), followed by Cz (-

4.0 µV). FCz was the seventh most negative channel (-3.6 µV). A two-tailed t-test indicated the 

amplitude of the dFRN at CPz and FCz did not differ significantly in the attend-color condition 

(p>.05), but the attend-sex dFRN was larger at CPz than FCz, t(18) = 2.6, p < .05. A 2x2 ANOVA 
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on dFRN amplitude revealed an effect of electrode such that the dFRN was larger at FCz than at P8 

(-4.0 µV vs. -2.7 µV), F(1,18) = 10.4, p < .01, ŋ2 = .37. The effect of task was also significant such 

that the attend-color task yielded a larger dFRN than the attend-sex task (-3.7 µV vs. -3.0 µV), 

F(1,18) = 5.8 p < .05, ŋ2 = .24. The interaction of electrode and task was not significant (p >.05). As 

in experiments 1 and 2, I used one-tailed paired samples t-tests comparing dFRN amplitude at FCz 

and P8 in the attend-color and attend-sex conditions. In the attend-color condition, the dFRN was 

significantly larger at FCz than at P8 (-4.4 µV vs. -2.9 µV), t(18) = -2.9, p < .01. In the attend-sex 

condition, the dFRN was also larger at FCz (-3.6 µV vs. -2.5 µV), t(18) = -2.7, p < .01.  

Discussion 

 We found that in a task designed to engage the learning system only moderately, a dFRN 

was elicited over central scalp sites irrespective of whether participants attended to the faces or tint 

of the feedback stimuli, but there was a slight change in the scalp distribution in that the attend-sex 

dFRN was more parietal than the attend-color dFRN suggesting that its amplitude overlapped with 

the enhanced P3 to reward feedback. This slight change in the scalp distribution likely reflects a less 

prominent dFRN in this experiment because the reinforcement learning systems that putatively 

generate the dFRN should be only moderately engaged. This moderate dFRN seems to be more 

susceptible to overlap from the P3 to rewards, and more susceptible to being obscured by increased 

noise in the attend-sex condition. The scalp distribution of the dN2 varied between frontal-central 

and lateral-occipital locations depending on which of these stimulus attributes they attended, 

however, there was enhanced processing at PO7 comparable to FCz in the attend-color condition. 

The dN2 at FCz should have been attenuated because of interference with the dFRN, possibly 

pushing activity down to levels comparable to activity in PO7. Furthermore, the posterior activity 

may have developed from processing of the irrelevant dimension. This question is addressed with 

my Control Experiment. 
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Experiment 4: Control Task 

 As a control, I ran an additional experiment that followed a more standard approach for 

eliciting the dN2 and dFRN. Namely, I dissociated face processing from color processing entirely by 

employing the same task as in the Moderate Experiment, but in one condition the stimuli consisted 

only of yellow and blue colors (without faces), and in a second condition the stimuli consisted of 

male and female faces (without colors) (see Fig. 7, Control). In principle, in the previous 

experiments the mere presence of the information on the unattended dimension could have 

influenced processing along the attended dimension, thereby disrupting the dN2 or dFRN. Thus the 

control experiment allowed for a pure assessment of these ERP components in a relatively standard 

oddball task. The Control Experiment was identical to the Moderate Experiment except for this 

change. 

Method 

 Participants. 19 people (5 males) participated in this study. 

 Apparatus and Procedure. Stimuli and procedure were exactly the same as in the Moderate 

Experiment except that in the attend-sex task, monochromatic faces were presented as feedback, 

and in the attend-color task, blue and yellow rectangles (exact same size as the face stimuli) were 

presented as feedback. 

EEG Data Acquisition and Analysis 

 The EEG data were acquired and analyzed, and the dN2 and dFRN were assessed as in the 

Passive, Active, and Moderate Experiments. 

Results 

 Behavioral Results. Mean accuracy was 94.1% (SD = 9.7%) in the attend-color condition 

and 88.2% (SD = 16.9%) in the attend-sex condition. I eliminated the data from one subject whose 

accuracy scores on both the attend-sex and attend-color trials was more than 2 standard deviations 
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below the mean. For the remaining subjects, attend-color accuracy was 95.8% (SD = 6.1%) and 

attend-sex accuracy was 91.0% (SD = 12.0%). This difference was not significant (p >.05). 

 

Figure 11. Grand average ERPs for experiment 4, recorded from channel FCz and P8 (see 
labels) and scalp distributions associated with the difference waves. The top row shows the 
"raw" ERPs for each of the frequency by reward conditions across tasks and electrodes. The 
middle row shows the dN2 and dFRN difference waves across task and electrodes. The 
bottom row shows the scalp distributions of the dN2 and dFRN across tasks. The scalp 
distributions reflect the base-to-peak measure of each of the dN2 and dFRN. The black star 
on the scalp map denotes channel FCz, and the white star denotes P8.Note that negative is 
plotted up.  

 

 EEG Results. The raw ERPs, difference waves and scalp maps are shown in Figure 11. 

Inspection of the scalp maps suggests the attend-color dN2 was maximal at frontal-central sites 

(FCz, -4.8 µV) and the attend-sex dN2 was maximal lateral-occipital sites (PO8, -3.0 µV). This 

impression was confirmed by A 2x2 ANOVA on dN2 amplitude with electrode and task as repeated 
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factors, indicating an effect of task such that the attend-color dN2 was larger than the attend-sex 

dN2 (-4.3 µV vs. -2.5 µV), F(1,17) = 34.0, p < .001, ŋ2 = .67, and an interaction of task and electrode 

such that the attend-color dN2 was larger at FCz than P8 (-4.8 µV vs. -3.8), whereas the attend-sex 

dN2 was larger at P8 than FCz (-3.0 µV vs. -2.0 µV), F(1,17) = 18.0, p < .01, ŋ2 = .51. One-tailed 

paired t-tests indicated that these differences were significant, attend-color: t(17) = -2.5, p < .05; 

attend-sex: t(17) = 3.0, p < .01.  

 By contrast, inspection of the scalp maps in Figure 11 suggests that the attend-color dFRN 

was shallowly distributed over central channels (CPz, -6.5 µV, FCz was the fifth most negative 

electrode, -6.3 µV). A paired t-test indicated no significant difference between these channels 

(p>.05). The attend-sex dFRN also appeared shallowly distributed over central channels (FCz, -4.3 

µV, followed by CPz, -4.3 µV). Another paired t-test indicated no significant difference between 

these channels ( p> .05). A 2x2 ANOVA on dFRN amplitude revealed an effect of electrode such 

that the dFRN was larger at FCz than at P8 (-5.3 µV vs. -3.5 µV), F(1,17) = 12.8, p < .01, ŋ2 = .43. 

The effect of task was also significant (-5.2 µV vs. -3.6 µV), F(1,17) = 15.3, p < .01, ŋ2 = .47, and 

there was no interaction of electrode and task (p >.05). One-tailed paired samples t-tests indicated 

that the dFRN was significantly larger at FCz than P8 in both the attend-color and attend-sex 

conditions, attend-color: -6.3 µV vs. -4.1 µV, t(17) = -3.3, p < .01; attend-sex: . -4.3 µV vs. -2.8 µV, 

t(17) = -3.0, p < .01.  

Discussion 

 The Control Experiment confirmed the variability vs. stability of the dN2 and dFRN scalp 

distributions. Further, this experiment eliminated the potentially confounding influence of stimulus 

information along the unattended dimension. The left-lateral-occipital maxima observed in the 

Moderate Experiment was not reproduced in the Control Experiment, suggesting that some 
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processing of the irrelevant dimension in the Moderate Experiment contributed to exercising the 

FFA in the attend-color condition. 

 Across four experiments I have demonstrated that the topology of the dN2 changes reliably 

from a frontal-central to a lateral occipital distribution when task requirements increasingly engage 

lateral occipital face-processing areas. By contrast, the dFRN, when present, remained frontal-

centrally or centrally distributed across these two conditions. This indicates that the observed 

variability of the dN2 scalp distribution does not result from a methodological flaw, nor is it 

associated with a general characteristic of ERP components in the 200 to 400 ms time range; if this 

were the case then the result would also be true of the dFRN. Furthermore, the dissociation in the 

behavior of the dN2 and dFRN supports the position that these ERP components manifest distinct 

neural processes, despite their considerable spatial and temporal overlap. The reinforcement learning 

theory of the dFRN holds that the dFRN is produced by DA signals being processed in the ACC, 

and as such, the dFRN should always exhibit a frontal-central scalp distribution consistent with this 

neural generator. In contrast, the modified LC-P3 theory holds that the dN2 is a manifestation of 

cortex-wide noradrenergic modulation, an index of the change in neural activity due to NE phasic 

release by the LC; it follows that the dN2 should exhibit a variable scalp distribution contingent on 

relative cortical activation at the arrival of NE. My results are consistent with these predictions.  

Between-Subjects Analysis (Across Experiments) 

 Experiments 1-4 confirmed my prediction that the scalp distribution of the dFRN would 

remain frontal central whereas that of the dN2 would change according to task demands. Further, I 

found that the dFRN interfered with the dN2 in conditions where the dFRN was large. However, 

the specific nature of the interference remains to be investigated. To do so, I compared how these 

components varied across (rather than within) experiments to examine systematically the effects of 

increasing dFRN amplitude on the dN2. For this purpose I focused on the attend-color condition 
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where the effects of the interaction were greatest (because both components in this condition are 

frontal-central). Furthermore, I compared the results of the Passive, Active, and Moderate Learning 

Experiments, but not the Control Experiment, as the stimuli in the last experiment deviated from 

the first three and thus are not fully comparable. Finally, to investigate the specific mechanism 

driving changes in the dFRN and dN2 across experiments, I assessed the base-to-peak amplitude of 

"raw" N2 in each of the four conditions separately: frequent reward, frequent non-reward, 

infrequent reward, and infrequent non-reward. I predicted that, all other things being equal, the raw 

N2 would be larger to infrequent relative to frequent events (due to the LC), but that this increase 

would be attenuated in the case of infrequent rewards (due to overlap with the DA-driven reward 

positivity). 

Method 

 We began with an across-experiment comparison of dN2 and dFRN amplitudes. Then, to 

analyze the raw N2s for each of the four reward by frequency conditions for each experiment, I 

quantified the size of the raw N2 base-to-peak as the change in voltage between the peak of the raw 

P2 and the peak of the raw N2. The N2 peak was assessed as the maximum negative amplitude in 

the ERP between 200 ms and 300 ms after onset of the feedback stimulus, and the raw P2 peak was 

assessed as the maximum positive voltage between 100 ms after onset of the feedback stimulus and 

the latency of the N2 peak for each subject and condition. 

 Lastly, I normalized N2 amplitude across subjects to assess within-subject variance in raw 

N2 amplitude across conditions. To do so, I converted the raw N2 values to z-scores as follows: For 

each subject, I determined the mean and standard deviation of the raw-N2 values across the 

infrequent no-reward, infrequent reward, frequent no-reward and frequent reward conditions. I then 

divided the difference between each raw-N2 value and the mean raw-N2 value by the standard 

deviation of the raw-N2 values (see Fig. 13 for raw (top) and normalized (bottom) means). 
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Results 

 A 3 x 2 mixed ANOVA with component (dN2 vs. dFRN) as a repeated factor and 

experiment (1-3) as a between-subjects factor revealed a significant main effect of component such 

that the dFRN was larger than the dN2 (-5.1 µV vs. -4.0 µV), F(1,56) = 6.4, p <.05, ŋ2 = .10. There 

was also an interaction of experiment and component indicating that the dFRN and dN2 changed in 

different ways across experiments, F(3,56) = 10.2, p <.001, ŋ2 = .27 (see Fig. 12). The between-

subjects effect of experiment was not significant (p >.05). 

 

 

Figure 12. Mean dN2 and dFRN base-to-peak amplitudes across experiments. Note that 
negative is plotted up. Error bars represent 95% within-subjects confidence intervals. 

 

 We decomposed the interaction of component and experiment with a set of three two-tailed 

independent-samples t-tests (exp. 1 vs. exp. 2, exp. 1 vs. exp. 3, exp. 2 vs. exp. 3) for each 

component. The dN2 was larger in the Passive Experiment than in the Active Experiment (-4.5 µV 

vs. -3.1 µV), t(38) =2.0, p = .05. The dN2 in the Moderate Experiment (-4.5 µV) was not 

significantly different than in the Passive Experiment, p >.05). The dN2 in the Moderate 
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Experiment trended toward being significantly larger than the dN2 in Active Experiment, t(37) =1.9, 

p < .10. By contrast, the dFRN exhibited a different pattern across experiments. The dFRN in the 

Active Experiment was significantly larger than in the Passive Experiment (-6.7 µV vs. -4.1 µV), 

t(38) =3.0, p < .01, and also significantly larger than the dFRN in the Moderate Experiment (-4.4 

µV), t(37) =-2.5, p < .05, whereas the dFRN between the Passive and Moderate Experiments did not 

differ significantly (p>.05). Levene's test for equality of variances was significant for the dFRN 

comparison between the Passive and Active, and Active and Moderate Experiments, but the 

difference remained significant when the correction was applied (p < .01, p <.05, respectively). 

These results suggest that the Active Experiment was the critical experiment for demonstrating a 

change in the dN2 and dFRN across experiments: The dN2 was smallest in the Active Experiment 

and similar between the Passive and Moderate Experiments, whereas the dFRN was largest in Active 

Experiment and similar between the Passive and Moderate Experiments. 

 To investigate what caused the changes in the dN2 and dFRN amplitudes across 

experiments, I examined the normalized "raw" N2 values (see methods). I subjected raw N2 z-

scores (Fig. 13, bottom) to a 2 x 2 x 3 mixed ANOVA with reward condition (reward vs. no-

reward), frequency condition (infrequent vs. frequent) as repeated factors, and experiment (1- 3) as a 

between subjects factor. This analysis revealed a main effect of reward condition such that rewards 

produced a less negative raw N2 than no-rewards, F(1,56) = 19.5, p < .001, ŋ2 = .26, and a main 

effect of frequency condition such that the infrequent raw N2 was more negative than the frequent 

raw N2, F(1,56) = 27.3, p < .001, ŋ2 = .33. There was also an interaction of reward condition and 

frequency condition such that the effect of reward was larger in the infrequent condition than in the 

frequent condition, F(1,56) = 6.1, p < .05, ŋ2 = .10. In addition, Experiment interacted with both 

reward condition, F(2,56) = 3.6, p < .05, ŋ2 = .11, and frequency condition, F(2,56) = 4.7, p < .05, ŋ2 

= .14, such that the difference between frequency and infrequent normalized raw N2s was smallest, 
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and the difference between reward and no-reward normalized raw N2s was largest in the Active 

Experiment.  

 

Figure 13. Normalized (bottom) and un-normalized (top) raw N2 z scores and amplitudes 
across experiments for each of the frequency by reward conditions. Note that negative is 
plotted up. Error bars represent 95% confidence intervals for the mean of each condition by 
experiment. 

 

 We used independent samples t-tests on normalized raw N2 values to uncover which of the 

four normalized raw N2s (infrequent no-reward, infrequent reward, frequent no-reward and 

frequent reward) best accounted for the change in the dFRN and dN2 in across experiments (Figure 
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13, bottom). The infrequent, no-reward raw N2 was similar across experiments (all ps > .05), as was 

the frequent, reward raw N2 (all ps >.05). The frequent, no-reward raw N2 was significantly larger in 

the Active Experiment than in the Passive Experiment, t(38) = -3.0, p < .01, whereas the infrequent, 

reward raw N2 was significantly smaller in the Active Learning than Passive Experiment, t(38) = -

3.1, p < .005. Results were the same in comparing the Active Experiment with the Moderate 

Experiment: The frequent, no-reward raw N2 was larger in the Active Experiment, t(37) = -3.1, p 

<.005, whereas the infrequent reward raw N2 was smaller in Active Experiment, t(37) = 2.9, p < .01. 

There were no significant differences between the Passive Learning and Moderate Experiments (all 

ps>.05). These results suggest that the apparent need for greater deliberative strategy in the Active 

Experiment produced a larger negativity to frequent no-reward trials, and a greater attenuation of 

the raw N2 on infrequent reward trials. 

Discussion 

 We examined how challenging subjects with an involving learning and decision making task 

impacted dN2 and dFRN amplitude across experiments. I demonstrated that across three 

experiments, the task that most engaged a deliberative learning strategy enhanced the dFRN and 

simultaneously attenuated the dN2, albeit the latter finding only trended toward statistical 

significance for the comparison between the Active versus Moderate Experiments. I also examined 

the raw N2s that underlie the dN2 and dFRN as a function of frequency, reward, and learning 

engagement. I converted the raw N2 values to z-scores to control for between-subjects variability in 

the overall size of the raw N2, and then analyzed how the normalized N2s for each of the frequent 

reward, frequent no-reward, infrequent reward, and infrequent no-reward conditions changed across 

experiments according to task demands. The interaction of reward and frequency on raw N2 

amplitude indicates that these factors both contribute to the dN2 and dFRN amplitudes. That is, the 

effect of infrequent no-rewards versus rewards is larger than the effect of frequent rewards versus 
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no-rewards5. This is consistent with the prediction of the reinforcement learning theory of the FRN 

that infrequent rewards should elicit a greater positivity than frequent rewards, and that the 

infrequent no-rewards should elicit a greater negativity than frequent no-rewards. Finally, 

independent samples t-tests on raw N2 z-scores indicated that the larger dFRN and smaller dN2 in 

the Active Learning experiment were driven both by a larger raw N2 to frequent no-rewards and 

greater attenuation of the raw N2 to infrequent rewards compared to the Passive Learning and 

Moderate Experiments. These contrasting changes work synergistically to increase the amplitude of 

the dFRN but against each other to decrease the amplitude of the dN2.  

General Discussion 

 The modified LC-P3 theory holds that the dN2 is produced by the impact of a brief, cortex-

wide increase in cortical NE due to phasic LC firing in response to infrequent, task-relevant events. 

In support of this, I demonstrated that the dN2 exhibits a scalp distribution that changes according 

to task specifics in a manner consistent with a noradrenergic origin. Furthermore, the modified LC-

P3 theory and the reinforcement learning theory of the dFRN together hold that the dN2 and dFRN 

are driven independently by modulation of the raw N2 at frontal-central channels by both the LC-

NE system and the DA system. Whereas NE amplifies the raw N2, DA depresses it, such that these 

influences interfere with one another in producing scalp potentials over anterior regions of the scalp. 

I demonstrated that factors that exercise learning and decision making systems enhance the dFRN 

but attenuate the dN2. Furthermore, I provided evidence that these changes in the dFRN and dN2 

are driven most strongly by an enhanced negativity to frequent no-rewards and an enhanced 

positivity to infrequent rewards.  

                                                           
5 Note that for the purpose of brevity I did not include analyses of the effect of reward on the dN2 difference wave 

and of the effect of frequency on the FRN difference wave, although both of these effects were statistically 
significant. 
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 As the name indicates, my account of the relationship between LC-NE system activity and 

the dN2 is a modification of the original LC-P3 theory (Nieuwenhuis et al., 2005a). Below I review 

the LC-P3 theory in detail and provide the motivation for my modification to it. 

The Original LC-P3 Theory 

 The P3 is a positive deflection in the ERP typically peaking approximately 300 ms to 500 ms 

after the eliciting stimulus. It has a broad, parietal scalp distribution that is thought to represent the 

summation of activity in multiple, dispersed neural generators (e.g. Johnson, 1993). Nieuwenhuis 

and colleagues (2005a) characterize four main categories of conditions that influence P3 amplitude: 

Subjective probability (unexpected events elicit a larger P3 than expected events), motivational 

salience (targets elicit a larger P3 than distracters), applied attention (attended stimuli elicit a larger 

P3 than ignored stimuli, and targets elicit a larger P3 under conditions that demand full attention 

compared to dual-task conditions), and attention-capturing stimuli (task-irrelevant stimuli that are 

highly deviant from the stimulus context elicit a larger P3 than less deviant stimuli). 

 The LC-P3 theory (Nieuwenhuis et al., 2005a) proposes that the P3 is an electrophysiological 

manifestation of cortex-wide noradrenergic modulation through the LC efferent projection system. 

In support of the LC-P3 theory, Nieuwenhuis and colleagues presented a comprehensive review of 

the literature, marshalling abundant evidence that conditions antecedent to phasic LC firing are the 

same as those conditions that exercise the P3. Additionally, Nieuwenhuis and colleagues (2005a) 

refer to psychopharmacological and animal lesion studies for support for the link between the P3 

and noradrenergic modulation. By and large, noradrenergic agonists such as clonidine and direct 

lesions of the LC have been reported to reduce the amplitude of a P3-like potential observed in 

monkeys (e.g. Pineda, Foote, & Neville, 1989; Pineda & Westerfield, 1993; Swick, Pineda, & Foote, 

1994). Further, in one psychopharmacological study involving human participants, Halliday and 

colleagues (1994) found that clonidine reduced the amplitude of the P3.  
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Issues with the Original LC-P3 Theory 

 The LC-P3 theory possesses considerable explanatory power and accounts for a wide range 

of existing data. However, three issues warrant further examination. First, neurophysiological 

evidence indicates that the NE phasic burst arrives in cortex too early to produce the P3 directly. 

Aston-Jones and Cohen (2005) suggest NE should reach the cortex within approximately 170 ms of 

target onset, but the P3 typically doesn't begin for another 50 ms until about 220 ms following target 

onset (and reaches maximum amplitude from about 300 – 600 ms post-stimulus). Thus there is 

greater than a 50 ms discrepancy between the time of NE arrival in cortex and the onset of the P3. 

Although this estimate of the timing of NE arrival is based on single-cell recordings in monkeys, 

Aston-Jones, Foote, and Segal (1985) demonstrated that conduction speeds in NE-releasing neurons 

vary across species such that the actual timing of NE arrival in cortex is relatively preserved despite 

varying axonal distances. Further, P3 onset sometimes occurs after motor response initiation 

suggesting that the underlying mechanism does not directly implement the stimulus-response 

mapping (as would be expected if it reflected a signal detection process mediated by the LC) but 

rather is involved in a subsequent, related process (Duncan-Johnson & Donchin, 1982; Krigolson, 

Holroyd, Van Gyn, & Heath, 2008; Ritter, Simson, Vaughan, & Friedman, 1979). For example, 

Krigolson and colleagues (2008) found that when a target changed location in a continuous tracking 

task, participants adjusted their motor behavior accordingly even before the change in target location 

elicited the P3. In contrast, studies in monkeys indicate that (unlike the P3) phasic LC activity 

consistently precedes behavioral responding and has been strongly associated with processes that 

lead to the response (e.g. Clayton, Rajkowski, Cohen, & Aston-Jones, 2004; Rajkowski, Majczynski, 

Clayton, & Aston-Jones, 2004). 

 A second issue with the original LC-P3 theory is that the auto-inhibitory nature of the LC-

NE system produces a biphasic change in cortical NE levels: A flood of NE followed by a depletion 
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of NE due to the refractory-like period of the LC. If enhanced signal detection produces 

electrophysiological changes detectable at the scalp (the P3), then degraded signal detection 

associated with reduced NE supply should presumably likewise be visible in the ERP. However, no 

such deflection is visible in the ERP following the P3. 

 A third issue with the original LC-P3 theory is related to the ―attentional blink," a deficit in 

stimulus processing attributed to the LC refractory period (e.g. Nieuwenhuis et al., 2005a, 2005b; 

Usher et al., 1999; Warren et al., 2009). When two targets are embedded within a rapid serial visual 

presentation, the first target can be reported with high accuracy, but the second target is reported 

with significantly worse accuracy if it is presented within a window 200 ms to 600 ms after onset of 

the first target (Raymond, Shapiro, & Arnell, 1992). The spared accuracy for the second target if it 

appears within 200 ms of onset of the first is termed "lag-1 sparing." Nieuwenhuis and colleagues 

(2005a, 2005b) argued that the properties of the LC-NE system could account for the attentional 

blink: They proposed that the onset of the first target elicits LC-NE system phasic response, with 

the subsequent flood of NE to the cortex benefitting processing of the first target, and also the 

second target if the second target is presented within ~ 100 ms of the first. After this initial period 

of effective target processing (~200 ms from onset of the first target to offset of a second target 

presented 100 ms later), the LC is inhibited and cortical levels of NE are not sufficient to process 

effectively any targets presented 200 ms to 600 ms after onset of the first target. Consistent with this 

proposal, MacArthur, Budd, and Mitchie (1999) showed a significant negative correlation between 

the amplitude of the first-target P3 and second-target accuracy, such that the size and temporal 

profile of any subject's attentional blink mirrored the size and temporal profile of that subject's first-

target P3; according to the LC-P3/LC-AB theories, larger bursts of NE to the first target result in 

larger P3s, followed by a relatively deep or extended refractory periods that produces a larger 

attentional blink.  
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Nevertheless, this proposal raises the question: If the P3 reflects the LC-NE burst, which 

should facilitate stimulus processing, then why does the P3 peak during the period of the attentional 

blink (between 300 ms and 500 ms after the first target), which by definition is a period of impaired 

stimulus processing? Instead, one might predict that the electrophysiological manifestation of LC-

NE activity would precede the attentional blink, during the time of effective of stimulus processing 

known as lag 1 sparing.  

The Modified LC-P3 Theory 

 Nieuwenhuis and colleagues provide alternative explanations for these apparent 

discrepancies within the LC-P3 account (see Nieuwenhuis et al., 2005b; Nieuwenhuis, & Jepma, 

2010). However, the assumption that the dN2 (rather than the P3) reflects the LC-induced 

enhancement of cortical processing eliminates these issues outright. According to this position, the 

subsequent P3 reflects the cortex-wide depletion of NE due to the refractory-like period of the LC-

NE system. This modification accounts for the three issues above as follows. First, it aligns the 

timing of the putative ERP response to LC-NE activity (the dN2, occurring at about 200 ms post-

stimulus, as opposed to the P3, which occurs about 300 ms – 600 ms post-stimulus) with the actual 

timing of the phasic LC-NE signal (about 170 ms post-stimulus). Furthermore, unlike P3 onset, the 

onset of the N2 consistently precedes the overt behavior (e.g. Krigolson et al., 2008); in fact, detailed 

analyses of RT data to compatible stimuli in a speeded response compatibility task suggests that 

stimulus information begins to impact the response selection mechanism at about 170 ms post-

stimulus and exerts the maximal impact on the response selection process about 250 ms post-

stimulus (Holroyd, Yeung, Coles, & Cohen, 2005). Second, the modified theory provides an ERP 

correlate of both NE abundance (the dN2) and NE depletion (the P3) in the cortex. And third, the 

modified theory associates the P3 with the period of impaired cortical processing due to NE 

depletion (rather than abundance), which corresponds naturally to the time profile of the attentional 
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blink. This position also naturally accounts for the evidently close relationship between the N2 and 

the P3, because the duration of the refractory period of the LC (P3) is directly related to the size of 

the initial NE burst (N2). 

 Critically, the evidence reviewed by Nieuwenhuis and colleagues (2005a) as support for the 

original LC-P3 theory applies equally well to the modified LC theory. For example, the amplitudes 

of both the P3 and the N2 are sensitive to the same factors: The P3 is typically preceded by the N2, 

and in early studies of the impact of stimulus probability on the ERP, these two ERP components 

were collectively termed the N2/P3 complex because of their tendency to co-vary in amplitude and 

latency (e.g. Duncan-Johnson & Donchin, 1977; see also Ritter et al., 1979). In fact, all of the 

antecedent conditions noted by Nieuwenhuis and colleagues to apply to both P3 amplitude and LC 

phasic activity also apply to N2 amplitude. Thus, both N2 amplitude and P3 amplitude increase with 

increasing unexpectedness of a task-relevant event, and both are larger to targets than non-targets 

(e.g. Courchesne, Hillyard and Galambos, 1975; Duncan-Johnson & Donchin, 1977; Nieuwenhuis et 

al., 2003; Ritter et al., 1979; Simson, Vaughan, & Ritter, 1976; Squires, Squires, & Hillyard, 1975; 

Squires, Wickens, Squires, & Donchin, 1976). Both also scale to the amount of attention paid to a 

stimulus, with a larger N2 and larger P3 to attended versus unattended stimuli, and to attention-

capturing/highly deviant stimuli versus less deviant stimuli (Courchesne, Hillyard and Galambos, 

1975; Daffner, Mesulam, Scinto, Calvo, Faust, & Holcomb, 2000; Daffner, Scinto Calvo, Faust, 

Mesulam, West, & Holcomb, 2000; Folstein, van Petten, & Rose, 2008; Ford, Roth, & Kopell, 1976; 

Hillyard, Squires, Bauer, & Lindsay, 1971; Squires, Donchin, Herning, & McCarthy, 1977; Squires, 

Squires, & Hillyard, 1975). 

 To summarize, evidence supporting the original LC-P3 theory is equally supportive of the 

modified LC-P3 theory. In addition, the modified LC-P3 theory reconciles three discrepancies 
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associated with the original theory while simultaneously providing an explanation of why the N2 and 

P3 ERP components co-vary in amplitude and latency.  

Interaction of the LC-NE and DA Systems 

 The reinforcement learning theory of the FRN holds that DA dips and bursts modulate 

ongoing activity in the ACC. Specifically, reward feedback elicits a phasic burst of DA that produces 

a positivity in the ERP typically between 200 ms and 300 ms of the eliciting stimulus (Holroyd et al., 

2008), whereas no-reward feedback elicits a dip in DA that produces a negative deflection in the 

same time range (Holroyd & Coles, 2002). Furthermore, the theory holds that DA signals scale 

according to the degree of expectedness of the feedback, such that infrequent rewards elicit a larger 

DA burst and reward positivity than frequent rewards, and infrequent no-rewards elicit larger DA 

dips and negative deflections than frequent no-rewards. Critically, the theory proposes that the 

dFRN reflects DA-dependent modulation of ACC activity but does not specify exactly what neural 

process is being modulated. However, empirical evidence suggests that the ACC produces a negative 

deflection (the N2) that perhaps reflects response conflict or a related stimulus/response decision-

making process (e.g. Botvinick et al., 2001). Thus it has been argued that the reward positivity 

elicited by phasic DA activity attenuates the N2 produced in the ACC (Holroyd, 2004; Holroyd et 

al., 2008). Prior to this work, it had yet to be determined whether dopamine dips increase N2 

amplitude by disinhibiting ACC activity as originally proposed (Holroyd & Coles, 2002); this may be 

because the phasic decreases from baseline activity of the DA system are relatively shallow when 

compared to large increases in DA activity associated with phasic bursts. 

 According to the modified LC-P3 theory, infrequent events elicit a phasic release of NE that 

enhances cortical processing and produces an amplified negative deflection in the ERP between 

about 200 ms and 300 ms after onset of the eliciting stimulus. Critically, NE modifies activity in the 

same time range as the putative DA signals, including ACC activity when it is present. According to 
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this position, increased NE gives rise to a larger N2 produced in the ACC. Thus, the two factors 

push and pull the frontal-central N2 associated with ACC activity up and down.  

 Here I examined the interaction of the LC-NE and DA systems by including both a 

frequency and reward manipulation within the same experiment. I hold that frequency insofar as it 

relates to the expectedness of reward or no-reward has an effect on the DA system independent of 

its effect on the LC-NE system. For the LC-NE system, infrequent events consistently increase NE 

release and the associated negativity, whereas for the DA system infrequent rewards produce a 

relatively large burst in DA and associated positivity and infrequent no-rewards elicit a relatively 

large dip in DA and an associated negativity. Consistent with this, I observed a significant interaction 

of frequency and reward such that the difference in N2 amplitude between reward and no-reward 

was larger when rewards and no-rewards were infrequent relative to when they were frequent. This 

replicates previous work on the effect of reward-expectedness on the dFRN (Baker & Holroyd, 

2009; Hajcak, Moser, Holroyd, & Simons, 2007; Holroyd et al., 2009; Holroyd, Nieuwenhuis, Yeung, 

& Cohen, 2003). 

 We further examined the interaction of the LC-NE and DA systems by systematically 

manipulating the degree of participant engagement in reward tasks—and by extension putatively the 

degree of DA system engagement—across three experiments. In doing so, I observed an interaction 

of experiment and ERP component, such that the dFRN was largest and the dN2 was smallest in 

the Active Experiment. Further, I decomposed the dFRN and dN2 across the three experiments by 

examining the raw N2s to frequent versus infrequent rewards and non-rewards. In keeping with the 

reinforcement learning theory of the dFRN, I predicted that the enhanced dFRN in the Active 

Experiment would be driven by both a greater attenuation of the raw N2 to reward feedback and by 

a greater enhancement of the raw N2 on no-reward trials. Consistent with this, independent-samples 

t-tests on normalized raw N2 amplitude indicated that the raw N2 to infrequent reward feedback 
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was significantly smaller (DA-associated positivity attenuates the raw N2) in the Active Experiment 

than in both the Passive and Moderate Experiments, and the raw N2 to frequent no-reward 

feedback was significantly larger (DA dip enhances negativity) than in both the Active Learning than 

Passive and Moderate Experiments. These differences cannot be attributed to greater engagement of 

the LC-NE system in the Active Experiment to both infrequent and frequent events, because 

although this would explain the greater negativity observed to frequent no-reward feedback, it is 

inconsistent with the smaller negativity to infrequent reward feedback. 

 The finding of a decrease in the amplitude of the raw-N2 to infrequent reward feedback in 

the Active Experiment relative to the other experiments is expected in light of previous work 

associating reward processing with a positive deflection in the ERP that attenuates the N2 (e.g. 

Baker, & Holroyd, 2011; Holroyd et al., 2008). However, the finding of an increased raw N2 to 

frequent no-reward feedback in the Active Experiment relative to the other experiments to my 

knowledge constitutes the first evidence of an increased negative deflection elicited by no-rewards 

feedback. Although the reinforcement learning theory of the dFRN holds that brief decreases in DA 

activity in response to unexpected no-reward feedback increase the amplitude of a negative 

deflection in the ERP (Holroyd & Coles, 2002), the dFRN difference wave approach cannot 

determine whether the difference between the ERPS is due to a positivity to rewards, a negativity to 

no-rewards, or both (Holroyd et al., 2008). My results indicate that the raw N2 is in fact increased to 

no-reward feedback as predicted by the reinforcement learning theory of the FRN (Holroyd & 

Coles, 2002), especially under conditions that demand high task engagement. 

  The raw N2s to infrequent no-rewards and frequent rewards were not statistically different 

between the Active Experiment and either of the Passive or Moderate Experiments. This raises the 

question: Why are frequent no-rewards and infrequent rewards particularly sensitive to changes in 

deliberative strategy, whereas infrequent no-rewards and frequent rewards are relatively insensitive? 
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The answer may have to do with the fact that both the infrequent no-reward feedback and the 

frequent reward feedback always occurred in the same blocks of trials. In this context rewards 

accumulated frequently (and therefore non-rewards were infrequent). Perhaps this condition of the 

Active Experiment is much like the Passive and Moderate experiments, in the sense that subjects 

could disengage from the task because it was apparently easy. By contrast, subjects would have 

remained engaged in the blocks where rewards were infrequent and non-rewards frequent. Hence 

with increasing engagement of learning and decision systems across experiments, subjects may have 

been similarly "unfazed" by rewards and no-rewards in easy blocks but differentially reactive to 

rewards and no-rewards in difficult blocks. 

 It is also possible the ACC activity may be characterized by floor and ceiling effects in terms 

the range of activation elicited by each experimental context. Consider what DA and NE appears to 

do in each of the four frequency by reward conditions. In the infrequent no-reward condition, a 

large dip in DA disinhibits the ACC producing greater activity, and simultaneously a larger NE 

release further increases that activity. It is reasonable to imagine that two processes acting in concert 

to drive ACC activity upwards could cause the amplitude of the N2 to reach a maximum, even when 

the DA system is only minimally or moderately engaged by the task. By contrast, in the frequent 

reward condition, a small burst of DA inhibits the ACC, while simultaneously minimal NE release 

does little to enhance ACC activity. In this case the ACC is quiescent and varying the engagement of 

the DA system cannot quiet it any further, resulting in a consistently small N2. The variability across 

conditions occurs when the DA and NE systems drive ACC activity in opposite directions. 

Infrequent rewards produce a large burst in DA that inhibits the ACC, but at the same time a larger 

release of NE enhances ACC activity; together these competing processes maintain N2 amplitude in 

a range between the floor and ceiling, revealing changes in the relative impact of each of the systems. 

Similarly, frequent no-rewards produce a small dip in DA that disinhibits the ACC and a small 



81 
 

release of NE that has little impact on ACC activity, producing an N2 that is small but consistently 

above floor.  

Other Issues 

 These experiments were intended to exercise the system that produces the dFRN 

differentially -- most in the Active Experiment, least in the Passive Experiment, and to an 

intermediate degree in the Moderate Experiment6. Whereas the Active Experiment elicited the 

largest dFRN as expected, the dN2 and dFRN results from the Passive Experiment and Moderate 

Experiment did not differ significantly. In the Active Experiment, subjects were required to pick one 

of two cards (out of six possible cards; 15 possible combinations), and were told the cards had 

specific relationships with each other such that in any combination one card was associated with a 

better chance of winning than the other. Specifically, they were told to try to figure out the right card 

to pick in each situation (pairing) as opposed to which card was most "powerful" and would win in 

any given situation. In passive learning, there was no decision to be made at all, so any learning was a 

consequence of a passive evaluation of the reward frequency in a given block of trials. In the 

Moderate Experiment, subjects chose between a left or right key press with the cover story that one 

key was associated with a better chance of winning on any given trial, and that the "winning" key 

was stable for approximately 20 trials whereupon it would be reassigned randomly (sometimes 

remaining where it was, sometimes changing). Note that the Active Experiment was characterized 

by 15 potentially learnable relationships, whereas the Moderate Experiment was characterized by 

only two such relationships (left button vs. right button). Thus although the degree of engagement 

in the Moderate Experiment was likely larger than in the Passive Experiment, this difference may 

have been small relative to the Active Experiment. 

                                                           
6
 In fact, a linear regression analysis demonstrated dFRN amplitude was significantly predicted by task engagement 

across experiments, while the dN2 exhibited a trend toward the inverse relationship, see Appendix. 
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 A second notable issue is the fact that the base-to-peak measure of the raw N2s can fail to 

capture some variability in the ERP due specifically to the reward positivity. That is, the base-to-

peak method is insensitive to positive deflections that go beyond attenuating the N2 to create a 

positive deflection in the same time range: The most positive value for the raw N2 that can be 

assessed is 0 µV, because the algorithm finds the most negative value in the N2 time window, and 

subtracts from that the most positive value preceding it. Despite this limitation, the method 

nevertheless yielded significant differences in the raw N2 across experiments that confirmed my 

hypotheses.  

Conclusion 

 Both the LC-NE system and the DA system modulate processing in the ACC. However, 

whereas the LC-NE system includes the ACC among many cortical targets, innervation by the DA 

system of frontal midline cortex is especially great. Consistent with this distinction, I demonstrated 

that the dN2, an ERP component that I propose reflects noradrenergic modulation of cortical 

activity, exhibits a scalp distribution that is maximal at varying locations dependent on the relative 

engagement of specific cortical areas. By contrast, the dFRN, which has been associated with DA 

system activity, is consistently maximal at scalp locations over the ACC. Furthermore, I 

demonstrated that under conditions in which the DA system should be highly engaged – specifically, 

in an apparently complex learning and decision making task – the neural processes underlying the 

dFRN and dN2 appeared to interfere with one another such that the dFRN was enhanced and the 

dN2 was attenuated. Finally, I demonstrated that negative feedback stimuli (i.e., feedback associated 

with the absence of a potential reward) were associated with a negative deflection in the ERP that 

was larger than the raw N2 typically elicited by motivationally salient events. Taken together, these 

results paint a picture of two neuromodulatory systems that have relatively independent effects on 

the ERP despite considerable overlap in the space and time domains as well as shared antecedent 
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conditions. The ACC seems to be at the center of this overlap, with its putative role in recruiting the 

LC-NE system to facilitate processing, with its processing subsequently facilitated by NE, and with 

its activity putatively inhibited by DA bursts and excited by DA dips. These considerations suggest 

the ACC plays a crucial role in both fast and efficient processing of task relevant events, and 

adaptive decision making based on a reinforcement history implemented by the DA system. 
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General Discussion 

 The work reported here contributes to the current understanding of the LC-NE system, the 

DA system, and associated ERPs with several novel ideas and findings. I propose that the N2 ERP 

component is a manifestation of noradrenergic modulation, and demonstrate that the scalp 

distribution of the dN2 changes according to task specifics in a manner predicted by this position. 

When subjects attended to the color of tinted male and female faces, the negativity associated with 

infrequent events was maximal over frontal-central regions, whereas when they attended to the sex 

of the faces it was maximal over lateral-occipital regions. This result was obtained despite the fact 

that the stimuli and the probability manipulation were exactly the same across task conditions. To 

my knowledge, this is the first example that the scalp distribution of the oddball N2 can move from 

a frontal-central to a lateral-occipital distribution simply by directing attention to a different aspect 

of the stimulus, even when the task demands otherwise remain constant. 

 I also dissociate the dN2 from the dFRN. The modified LC-P3 theory and the RL-ERN 

theory are distinct theories of two ERP components that in typical circumstances occur in the same 

time range and in the same scalp area, raising concerns that the components themselves may not be 

distinct. In order to understand both theories, it is essential to explore how the associated ERP 

components interact. I demonstrate that these components are independent by showing that 

conditions which relatively exercise the dFRN attenuate the dN2, and that whereas the dN2 has a 

variable scalp distribution, the dFRN does not. Furthermore, I present the first experimental 

evidence that a failure to obtain reward is associated with an increase in N2 amplitude, i.e., a 

negative deflection above and beyond the negativity associated with infrequent or unexpected 

events. When subjects were presented with frequent feedback indicating no-reward, increasing the 

engagement of learning across experiments increased the associated negativity. According to the RL-

ERN theory, a dip in dopamine following negative feedback caused this increase in the N2. This 
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result should not be interpreted as greater engagement of the LC-NE system, because the negativity 

associated with infrequent rewards was not similarly enhanced.  

General theories of LC-NE system function 

 The modified LC-P3 theory is consistent with the original LC-P3 theory and with 

Nieuwenhuis et al.'s LC-AB theory in terms of the effect of noraderenergic modulation on neural 

processing. That is, the modified LC-P3 theory holds that noradrenergic modulation enhances the 

signal-to-noise ratio of target neural networks, producing a brief period of especially effective neural 

processing. This position is also consistent with another more general theory of LC-NE system that 

describes the function of both LC phasic and tonic activity (Aston-Jones & Cohen, 2005) . However 

there are other theories of LC-NE system function that posit phasic bursts of NE are directed 

toward facilitating a change in the organization of target neural networks, as opposed to facilitating 

signal detection in those networks. I briefly describe all three theories below.  

 Adaptive gain theory. Usher et al. (1999) demonstrated two modes of LC activity: Low 

tonic activity that is characterized by pronounced phasic bursts in response to motivationally salient 

events, and high tonic activity characterized by less pronounced phasic bursts of firing. The low-

tonic/high-phasic mode of activity is associated with good performance on a target detection task, 

whereas the high-tonic/low-phasic mode is associated with poor performance and erratic behaviour. 

Based on the ideas and results presented in Usher et al. (1999), Aston-Jones and Cohen (2005) 

proposed the adaptive gain theory of LC-NE system function. Under the adaptive gain theory, low-

tonic/high-phasic activity is optimum for the exploitation of a learned/effective pattern of stimulus 

and response mappings. This mode promotes effective responding to events that elicit phasic bursts, 

while simultaneously limiting NE release to irrelevant events. In contrast, high-tonic/low-phasic 

activity is optimum when an organism finds itself in an unknown environment and must explore 

many possible stimulus-response mappings to discover the most effective pairings (or when a 
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learned/effective pattern of stimulus and responses mappings has lost utility, such as if the 

environment has changed so that actions which formally led to reward do so no longer). The high-

tonic/low-phasic mode promotes exploratory responding to events that have not yet been deemed 

motivationally salient, without giving preference to events which may have been motivationally 

salient in the past.  

 The unexpected uncertainty theory of LC-NE system function. Yu and Dayan (2003, 

2005, Dayan & Yu, 2006) proposed that increases in LC firing signal unexpected uncertainty. 

Unexpected uncertainty is defined in relation to expected uncertainty, where expected uncertainty 

refers to an event that may be uncommon, but does not indicate that an organism should reassess 

what it knows about its environment. For example, in a probabilistic learning task, if a subject has 

selected a given box many times and has come to believe such a selection is rewarded about 80% of 

the time, infrequent no-rewards will be synonymous with expected uncertainty – the subject is not 

certain any given choice will be rewarded, but does expect a percentage of selections will be 

rewarded. Yu and Dayan link expected uncertainty to cholinergic activity (2003, 2005). 

 By contrast, unexpected uncertainty refers to events that suggest the organism's current 

notions about the environment may no longer apply. For example if the subject in the probabilistic 

learning task receives several no-rewards in a row, they may begin to suspect that the reward 

contingencies have changed, and that their favoured selection is no longer paying off 80% of the 

time. This unexpected uncertainty, according to Yu and Dayan, triggers greater NE release which 

promotes exploratory behaviour in a manner consistent with adaptive gain theory. Dayan and Yu 

(2006) have also argued that phasic NE release promotes rapid change from one behavior to another 

within any given task, such as moving from ignoring distracters to remembering targets in the 

attentional blink task.  
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 The Network Reset Theory of LC-NE System Function. Bouret and Sara (2005) 

proposed phasic bursts of NE release serve to interrupt activity in target neural networks to 

promote reorganization of the elements into new functional networks. Thus, Network Reset Theory 

holds that the function of phasic NE release is to promote a change in current behaviour or a 

current pattern of beliefs about the environment/task. This change in behaviour could be as simple 

is switching from inaction to action when a motivationally salient stimulus is presented. 

 The modified LC-P3 theory vs. other theories of the LC-NE system. Insofar as the 

modified LC-P3 theory asserts that noradrenergic modulation produces the N2 ERP component, 

and the subsequent refractory period produces the P3, the theory is not inconsistent with any of the 

above theories. It can be true that NE promotes a network reset or a behavioural change and at the 

same time that NE produces the N2.  

Implications of the modified LC-P3 theory for other ERP components 

 An ERP component is typically defined by its polarity, latency, scalp distribution and the 

particular experimental manipulation that produces it (Luck, 2005). I have argued that the LC-NE 

system enhances ERP components, producing its own electrophysiological manifestation (the dN2 

followed by a P3, together forming the N2-P3 complex) that is not specific to any cortical generator. 

However, this position does not take anything away from the importance of spatially-specific ERP 

components. The cortical areas most engaged by a given task will be most impacted by NE, but 

insofar as those cortical generators are activated by the task, they can inform us of the timing and 

location of specific kinds of neural processing. Critically, understanding the impact of noradrenergic 

modulation on the ERP is essential for understanding any ERP component within the time range of 

NE-mediated changes in cortical activity, to distinguish between a change in the ERP component 

due to a manipulation that impacts NE release, and a change in the ERP component due to a 

manipulation that impacts cortical activity independent of NE. For example, the relative probability 
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of stimulus events will drive NE activity and produce differences in the ERP in any region of the 

cortex that is engaged by the task. Tanaka et al. (2006) interpreted an enhanced N250 to target faces 

as indexing familiarity for the face. However, I have shown how a simple probability effect could 

explain the result. In this case, a difference in relative levels of cortical NE confounds the conclusion 

that the FFA is particularly sensitive to familiar faces.  

 Noradrenergic modulation can also impact the peak latency of an ERP component. When 

NE amplifies an ERP component, the resulting peak of the component could reflect either the 

timing of maximal engagement of that cortical area, or the timing of maximal amplification by NE. 

Therefore, a full understanding of how NE may be impacting the ERP is necessary to interpret 

peak-latency data. 

 In addition, the prominence of the N2-P3 complex in ERPs elicited by a multitude of 

experimental manipulations supports the modified LC-P3 theory in that it provides additional 

evidence that the N2-P3 complex is produced by a pervasive neural process, such as noradrenergic 

modualtion. In particular, several negative-going ERP components seem to overlap with the N2-P3 

complex, as evidenced by the characteristic negative-positive deflection that often appears with these 

ERPs.  

 The Mismatch Negativity. Closely related to the oddball N2 is the mismatch negativity 

(MMN), a negative deflection typically peaking between 150 ms and 250 ms after presentation of an 

infrequent tone amidst a stream of frequent, standard tones (Näätänen, Gaillard, & Mäntysalo, 1978; 

Näätänen, Paavilainen, Rinne, & Alho, 2007; Näätänen, Simpson, & Loveless, 1982; Sams, Alho, & 

Näätänen, 1983; Sams, Alho, & Näätänen, 1984). The infrequent tones are typically presented on 

only 10% of the trials, sometimes even more seldom, (e.g. Näätänen et al., 1982; Sams et al., 1984), 

however the MMN is also observed when the two stimuli are presented with equal probability and 

the MMN is assessed by subtracting the ERP to a repeated stimulus from the ERP to a mismatch 
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(Sams et al., 1983). This finding is very similar to the finding from the oddball N2 paradigm, that the 

N2 and P3 are exercised not only by globally infrequent events (i.e. within a block of 100 trials), but 

also by events that are infrequent in the context of the preceding few trials (Squires et al., 1976). 

Indeed, adaptation of the same paradigm from Squires et al. (1976) produced a MMN that was 

similarly exercised by its relative infrequence in the preceding five presentations (Sams et al., 1983). 

Despite this commonality, the MMN is believed to be a different ERP component for three reasons. 

The MMN peaks a little earlier than the typical visual-oddball-N2, has a more frontal scalp 

distribution than the visual-oddball-N2, and, most notably, the MMN is observed in response to 

ignored stimuli while the visual oddball N2 is usually not (ignored stimuli in the visual domain do 

not elicit a N2 or a P3 unless they capture attention by virtue of being emotionally salient or highly 

deviant in the experimental context, such as produce the novelty N2 as described in the 

introduction) (Näätänen et al., 2007). Näätänen, Gaillard, and Mantysalo (1978) presented 

independent series of tones simultaneously to each ear of subjects, with the instructions to attend to 

and detect rare deviations in only one ear. Deviations in the unattended ear elicited a MMN and a 

P3, but the P3 was reduced compared to the attended ear. Further, Näätänen and colleagues later 

showed the MMN appeared to infrequent tones even when subjects ignored all tones altogether and 

instead read a book, but no P3 was observed in some of these experiments (Näätänen, Simpson, & 

Loveless, 1982; Sams, Alho, & Näätänen, 1984). Näätänen (2001; 2007; see also Sams et al., 1984) 

has argued that infrequent tones elicit both a MMN and a N2-P3 complex, but that the MMN is 

elicited independent of attention whereas that stimuli must be attended to in order to fully exercise 

the N2-P3 complex. Importantly, the MMN is maximal over frontal electrode site Fz, and when the 

MMN overlaps with the dN2, it is enhanced at Fz (Näätänen, et al., 1978; Näätänen et al., 1982; 

Sams et al., 1984 ), suggesting amplification by NE. 
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 The N250. When subjects are required to discriminate target faces from a sequence of 

distracter faces, a negativity peaking approximately 250 ms after stimulus onset is observed over 

occipital-temporal sites, followed by an enhance P3 at central-parietal sites (Tanaka, Curran, 

Porterfield, & Collins, 2006). This finding is interpreted as a variation of the repetition priming 

N250, an ERP elicited by a repeated face that is also maximal over occipital-temporal sites (e.g. 

Schweinberger, Pfütze, & Sommer, 1995; Schweinberger, Pickering, Jentzsch, Burton, & Kaufmann, 

2002). Both N250 variants are thought to be generated in the FFA, an area known to be especially 

active and important in face recognition. In the Tanaka et al. experiment subjects were required to 

respond to a query on every trial indicating if the preceding face had been the target. Critically, the 

target face only occurred on 17% of the trials. Thus, this experiment is another example of an 

oddball paradigm, which in this case produces a lateral-occipital N2 to targets because the targets are 

face stimuli that highly engage face-processing areas. In contrast, the standard repetition priming 

N250 may not be related to the N2, as it does not demonstrate a straightforward negative-positive 

deflection in succession (Schweinberger et al., 1995; 2002). 

 N2pc. In visual search tasks subjects usually are presented with an array of stimuli and must 

identify the presence of a distinguishable target. A well-researched "pop-out" effect occurs when all 

the distracter stimuli are the same and the target stands out by virtue of a color, orientation, or size 

difference (e.g. Luck, & Hillyard, 1994), such that the presence of the target registers with the 

subject almost immediately, and reaction time is minimally impacted by increasing the number of 

distracters in the stimulus array (e.g. Trick, & Enns, 1998). When subjects are required to fixate on a 

central point and determine whether any presented stimulus array contains a target, an enhanced P2, 

N2, and P3 appear to target-present displays (e.g. Luck, & Hillyard, 1994). Additionally, the 

enhanced N2 demonstrates a hemispheric difference such that it is largest contralateral to the target, 

with the difference peaking between 200 ms and 300 ms after display onset (Eimer, & Mazza, 2005; 
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Heinze, Luck, Mangun & Hillyard, 1990; Luck, & Hillyard, 1994; Suwanzono, Machado, &Knight, 

2000; Woods, Alho, & Algazi, 1992). This component has been dubbed the N2pc, because the 

hemispheric difference is maximal over posterior sites (and contralateral to the target). The modified 

LC-P3 theory would predict such a finding, given that one hemisphere should be working harder 

than the other when a target is off center, thus the impact of NE should be different across 

hemispheres. However the N2pc is not followed by a P3, which seems problematic at first until one 

takes into account that the N2pc is observed by creating a difference wave of the ERP from each 

hemisphere. Since the P3 is not lateralized (because NE depletion has less of a spatially specific 

impact on the EEG, and later stages of processing are less lateralized than earlier stages), it 

disappears in the difference wave. Of course, in the raw waveforms, the P3 appears to the target in 

each hemisphere (Luck & Hillyard, 1994).  

The N400. The N400 is a negative deflection in the ERP that peaks around 400 ms post stimulus 

onset, is maximal at central-parietal channels, and that is elicited by violations of semantic 

expectancy. Kutas and Hillyard (1980) first demonstrated this effect. They presented subjects with 

sentences, one word at time, that could either end with a word that was expected due to the context 

of the sentence (e.g., ‗he spread the warm bread with butter‘) or unexpected (e.g., he spread the 

warm bread with socks.‖). When the final word was unexpected the word elicited an N400. 

In a 1991 review directed at the relationship between the N2 and the N400, Pritchard, Shappell and 

Brandt wrote: 

―On the component level, I believe that the evidence extant in the literature points 
to the conclusion that N200 [N2] and N400 are best considered to be different 
components. However […] I believe that N200 and N400 should be linked on a 
level that is higher in the taxonomy than the component level […]. I call 
conceptually identical phenomena at this level a supracomponent. On this level, then, I 
assert that the N200 and N400 are the same supracomponent.‖ 
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Pritchard et al. characterize the N2/N400 supracomponent as a violation of expectancy, with the N2 

occurring to physical violations and the N400 occurring to conceptual violations. Under the 

modified LC-P3 theory, both should elicit an LC response. 

 Examination of the figures from Kutas and Hillyard (1980) revealed that the N400 was 

followed by a late positivity that looked very much like a late, enhanced P3 to the unexpected word. 

This pattern was also seen in a replication of this work done by Polich, Vanasse, and Donchin in 

1981, and again by Polich in 1985, who then claimed that the N400 was in fact a generic N2 with its 

typical compliment, the P3. However, the literature contains some examples of a N400 without a 

subsequent positive enhancement (Brown, Hagoort, & Chwilla, 2000; Franklin, Dien, Neely, Huber, 

& Waterson, 2007; Holcomb, 1988). Generally, paradigms that employ full sentences tend to elicit 

N400s that are followed by complimentary positive deflections (e.g., Dien, Michelson, & Franklin, 

2010; Kutas & Hillyard, 1980; Polich, 1985; Polich et al., 1981), whereas paradigms that employ only 

related or unrelated word pairs often produce smaller N400s that do not exhibit a subsequent 

positivity (e.g., Brown et al., 2000; Franklin et al., 2007; Holcomb, 1988). Recently, Dien and 

colleagues (2010) presented evidence that the difference-wave N400 is composed of two distinct 

components, a negativity (N400) associated with unexpected words, and a positivity (P400) sensitive 

to semantically congruent words. I interpret this result as support for the view that unexpected 

words engage the LC-NE system, amplifying the N400 and subsequent positivity, whereas fluent 

semantic processing in the absence of a NE phasic release produces the P400. Consistent with this 

interpretation, the appearance of a difference-wave N400 to related versus unrelated word pairs 

without a subsequent positivity suggest the word-pair paradigm does not generate sufficient 

expectancy to elicit a NE release when unrelated words are presented, eliciting only the P400 effect 

that drives the difference-wave N400. Whereas when full sentences are used, the unrelated word 
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strongly violates expectations and elicits a LC-NE system response, generating a N2-P3 complex to 

unexpected words and a P400 to fluently-processed words.  

Specific Dissociations of the N2 from the P3  

 The modified LC-P3 theory holds that any manipulation that elicits a phasic burst of NE 

release should produce both a N2 and a P3 in the ERP, because they each reflect different stages in 

LC phasic activity (the flood of NE and depletion of NE, respectively). As such, the appearance of a 

N2 without a subsequent P3, or a P3 without a preceding N2 would cast doubt on the modified LC-

P3 theory. However, the modified LC-P3 theory constrains how the N2-P3 complex should be 

revealed. 

  First, the N2-P3 should be most apparent in a difference wave ERP, where the impact of 

noradrenergic can be isolated; i.e. the ERP elicited by an infrequent event may not reveal a clear N2-

P3 complex on its own, but when the ERP to a frequent stimulus is subtracted from the ERP to the 

infrequent stimulus, a N2-P3 complex is revealed. 

 Second, in some cases, the construction of a difference wave may remove the contribution 

of the P3 to the ERP if the subtraction is done across channels within the same experimental 

condition, such as the hemispheric difference discussed in relation to the N2pc above. In this case, 

the method would artificially suggest a N2 in the absence of a P3. 

  Third, in some circumstances, one of either the N2 or the P3 may be obscured by overlap 

with another component, giving the appearance of a N2 without a subsequent P3, or vice versa. 

Such is the case I have demonstrated, when the reward positivity attenuates the N2 but does not 

similarly attenuate the P3. 

 Finally, the N2 and P3 do not have to be present at the same electrode channel to implicate 

noradrenergic modulation. As I have demonstrated, the N2 has a variable scalp topography and thus 

may appear at any channel, whereas the P3 is more stable, typically maximal at central-parietal 
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channels and sometimes more frontal. Hence, the absence of a N2 together with a P3 may be more 

apparent that real, if the N2 is appearing at a different area of the scalp. Further, amplitude changes 

in the N2 at a specific electrode without a similar change in the P3 at the same or another specific 

electrode site do not constitute a dissociation of the two because change in the amplitude of the N2 

can be variable across the scalp. To illustrate, Folsetin and van Petten (2007) have argued that the 

N2 and P3 are dissociable in two important ways. Citing Courchesne, Hillyard, and Galambos 

(1975), Folstein and van Petten claim that making complex, novel stimuli ‗targets‘ has no effect on 

the anterior N2, but increases the parietal P3. Furthermore, citing an examination of the figures 

from the work of Comerchero and Polich (1998), they claim ―the anterior N2 was more sensitive to 

the degree of perceptual deviation from the other stimuli and less sensitive to task difficulty than the 

P3a [frontal, novelty-elicited P3]‖ (p.4). These putative dissociations are not a problem for the 

modified LC-P3 theory because they only represent dissociations if the processes giving rise to an 

N2 and P3 are tied to a specific area, rather than to a global modulation of activity that can be 

observed anywhere in the neocortex. 

Future directions 

 Time frequency. When ERPs are analyzed using time-frequency analysis, decomposing the 

waveforms into a set of frequencies of varying power, reward trials are associated with an increase in 

the lower gamma band (21 Hz to 29 Hz) (Bernat, Nelson, Holroyd, Gehring, & Patrick, 2008; 

Cohen et al., 2007), whereas error trials produce an increase in the theta band (4 Hz to 9 Hz) (e.g. 

Cohen et al., 2007; Haji Hosseini, & Holroyd, in press). This raises questions regarding how theta 

activity is related to the N2-P3 complex. It is very interesting to note that the pattern of P2-N2-P3 

changes observed in experiments 3 to 5 of this work looks very much like a manifestation of 

enhanced theta. If this were true, Nieuwenhuis's position that the P2 is a part of the P3 and reflects 

the beginning of NE-modulation, and my position that the N2 reflects NE modulation would both 
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be accurate. As previously noted, the timing issues I raise with regard to the LC-P3 theory, that the 

P3 begins too late to be an index of phasic NE release, would be ameliorated if the onset of the P2 

was taken as the beginning of noradrenergic modulation. The P2 peaks between 180 ms and 200 ms 

in the experiments reported here, and this timing maps very well onto evidence that NE should 

arrive in the cortex within about 170 ms of onset of the eliciting target. However, the duration of 

NE modulation would still be inconsistent with the P2-N2-P3 pattern of activity lasting 

approximately 300 ms, whereas Usher et al. assert NE modulation should only last approximately 

180 ms, a time range consistent with the timing of effective target processing preceding the 

attentional blink. 

  Of note is that a cursory examination of theta activity in experiments 2 to 5 in this work 

revealed that the change in theta activity between frequent and infrequent trials did not shift from 

having a frontal-central scalp distribution to a lateral occipital scalp distribution when subjects attend 

to sex versus color. More investigation is needed to determine how closely theta is related to the 

dN2, but it is plausible that NE enhances power in the time-frequency spectrum, and that an 

enhancement of theta drives the frontal-central dN2, whereas an enhancement of a different sort 

drives the face-processing dN2. 

 LC in learning. The LC-NE system may modulate the speed at which new associations are 

learned. In monkeys, working memory performance is enhanced by direct infusion of NE agonists 

into the prefrontal cortex, while infusion of NE antagonists impairs working memory (Berridge, & 

Waterhouse, 2003). There is also evidence that the LC-NE system regulates task engagement (Usher 

et al., 1999)]. These effects may have important consequences for learning. Further, research 

suggests that NE action in the hippocampus (a neural structure critical for the formation of long-

term memories) promotes synaptic plasticity by facilitating long-term potentiation (Sara, 2009), a 

cellular mechanism for Hebbian learning (Hebb, 1949). For example, LC neurons respond to both 
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rewarding and punishing events; when hippocampal neurons in a rat are subjected to high-frequency 

stimulation followed by exposure of the animal to either reward or punishment, long term 

potentiation is enhanced, but this effect is blocked by a NE antagonist (Berridge, & Waterhouse, 

2003).  

 There is scarce work examining the impact of NE on human memory, however a natural 

fall-out from adaptive gain theory is that in probabilistic learning tasks, higher levels of NE and 

greater, relevant neural activity at the time of feedback may promote larger adjustments in current 

probabilistic beliefs, speeding learning (see also Verguts, & Notebaert, 2008;2009). In probabilistic 

learning tasks, subjects make a decision on each trial and then are rewarded according to a set of 

probabilities associated with their choice (i.e. a right-button press in response to a red stimulus will 

be rewarded 80% of the time). Subjects must learn these underlying probabilities in order to 

maximize reward. Computational models designed to simulate human performance in these tasks 

often use the delta rule (Rescorla & Wagner, 1972), in which a belief about underlying probabilities 

is updated by the difference between an expected (according to former beliefs) and actual outcome, 

modified by a fractional learning rate that limits the degree to which any single event will modify 

beliefs. While the learning rate is typically modelled as a constant, recent research shows that human 

subjects elevate their learning rate when unexpected outcomes suggest underlying probabilities have 

changed (Behrens, Woolrich, Walton, & Rushworth, 2007). Although the delta rule clearly maps well 

onto the TD theory of the DA system, the properties of the LC-NE system make it an excellent 

candidate for implementing changes in the learning rate. It follows from the modified LC-P3 theory 

that the amplitude of the N2 on a given trial should index the degree to which the outcome of that 

trial influences future decisions.  

 The attentional blink. Nieuwenhuis et al.'s (2005b) proposed a detailed account of how the 

dynamics of the LC-NE system produce the attentional blink (LC-AB theory), coupled with a 
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computational model instantiating the theory. When two targets are embedded within a rapid serial 

visual presentation, the second target suffers a decrease in reporting accuracy relative to the first. 

The LC-AB theory holds that this deficit for the second target is due to the refractory-like period in 

LC phasic activity, such that the first target benefits from a phasic burst of NE, but the second 

target does not. The LC-AB computational model successfully demonstrated key aspects of the 

attentional blink, such as the finding that the second target does not suffer the attentional blink 

deficit if it is presented within 100 ms of onset of the first target, and further, that this "lag-1 

sparing" is time-dependent, rather than lag-dependent (the lag-1 target does not avoid the blink by 

virtue of being the very next character presented after the first, but rather by being presented so 

close in time to the first).  

 In previous behavioural work, I supported Nieuwenhuis et al.'s LC-AB theory by showing 

that lag-1 sparing can be extended in time by putatively provoking a larger LC response that would 

result in an extended period of NE availability in the cortex (Warren et al., 2009). I demonstrated 

sparing for a second target occurring 200 ms after onset of the first, with two intervening distracters, 

by moving the first target and the distracter following the first target closer together in time to 

increase interference between the two. I reasoned that this interference would be synonymous with 

Botvinick et al.'s (2001) neural conflict, and would encourage greater recruitment of the LC phasic 

response.  

 Interestingly, the LC-AB model was an adaptation of an earlier model (Gilzenrat et al., 2002) 

that was developed to investigate how changes in electronic coupling moved the LC-NE system 

between high-tonic/low-phasic and low-tonic/high-phasic modes as previously investigated by 

Usher et al. (1999), and it included a conflict variable that was not used in the LC-AB model. This 

conflict variable indexed the sum of the products of activity in each neuron and their connection 

weight across all connected pairings, in the same way that Botvinick et al. modelled neural conflict. 
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My unpublished simulations with the LC-AB model show increased conflict following onset of the 

target stimuli in the AB task, as response units related to both targets and distracters are activated 

simultaneously.  

 The LC-AB model simulated motivational salience to elicit LC firing (target present versus 

target absent), but the model could also simulate conflict detection to elicit LC firing. Adapting the 

LC-AB model to simulate the findings from my previous study (Warren et al., 2009) and presenting 

it with a replication of that experiment while simultaneously recording ERP data could potentially 

illuminate how motivational salience and conflict detection interact to elicit phasic activity in the LC, 

and to produce the dN2. 

Conclusion 

 I have proposed a new idea of the neural genesis of the N2. My idea borrows heavily from 

the original LC-P3 theory, expanding and modifying it to include the N2 in its scope. My 

modification to the LC-P3 theory retains the major insights and strong empirical support for the 

original theory while simultaneously resolving some apparent discrepancies. An important 

implication of the modified LC-P3 theory is that relative levels of cortical NE should impact a 

variety of ERP components. My results highlight the fact that differences in the scalp distribution of 

a change between experimental conditions do not necessarily indicate that the primary neural 

process driving the change is specific to either cortical area. Thus, our understanding of the 

neurocognitive processes underlying many ERP components may be informed by investigating their 

sensitivity to catecholinergic neuromodulation.  

 The anatomy of the LC-NE system suggests a pervasive influence on cognitive processes. 

The DA system clearly plays a major role in decision making and how we learn about the 

consequences of our actions. Together these two neuromodulatory systems have been associated 
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with a large range of psychiatric disorders and diseases. This highlights the potential value in 

developing valid indexes of their ongoing activity in human subjects. 
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Appendix 

 I conducted a linear regression analysis on dFRN and dN2 amplitude, as predicted by 

learning engagement across the Passive, Moderate and Active experiments. I assigned each 

experiment an ordinal value according to the putative relative engagement of learning (Passive, 1; 

Moderate, 2; Active, 3). Learning engagement significantly predicted dFRN amplitude at FCz, 

r2=.12, B = -1.22,  p <.01. Learning engagement also showed a trend toward predicting dN2 

amplitude, r2=.05, B = .65,  p <.10. 


