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Abstract
To thoroughly characterize any brain mechanism requires an appropriate animal
model for invasive studies. An invaluable model system used toward a comprehension of
cognitive neurophysiology is the macaque monkey. It is important to delineate
similarities and limitations for this model in relation to the human brain and cognition. In
this thesis, we have thus conducted three experiments to investigate putative
generalizations between monkeys and humans regarding the neural processes associated
with top-down action control in monkeys.
Our daily behaviour is largely comprised of automatic routine actions. The
frequent repetition of certain behaviours in response to particular contexts can give rise to
a potent external influence over action. Occasionally, however, automatic actions must
be halted so that behaviour can be guided using attentive top-down control mechanisms.
In the following chapters, we utilized a variant of an experimental task previously
validated for use in monkeys to model top-down control over automatic action and
investigated its neural basis in these subjects.
In Chapter Two, we used a macaque electroencephalogram preparation to
demonstrate for the first time that evidence for the formation of a large-scale
synchronized network can be detected during the engagement of top-down control in
monkeys, a result that had previously only been demonstrated in human subjects. In
Chapter Three, we employ reversible cryogenic deactivation to demonstrate a causal
function for the dorso-lateral prefrontal cortex in the strategic control over response
preparation. In Chapter Four, we confirm that, consistent with observations in human
subjects, the macaque putamen contains neurons that modulate their firing patterns in
relation to top-down guided saccadic eye movements. As such, the work described
demonstrates three novel generalizations between the complementary bodies of literature
on human and monkey cognitive neuroscience.
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Chapter 1
Introduction

Every day, we make a multitude of decisions that are geared toward the pursuit of
our goals. These decisions range in complexity from the most basic ones such as where
to look at any given moment, to sophisticated decisions like those involved in the
formation of a complicated plan. Decision makers usually must consider both internal
and external contexts to guide these choices. Further, we often must override ongoing
routines when confronted with an unexpected situation, which can require that we adjust
how quickly we act (Norman and Shallice, 1986). For example, one who drives to the
same location each day for work will eventually come to navigate this route
automatically after many repetitions of this daily routine. However, unexpected
roadwork along the route changes the encountered context and the prepared routine is no
longer adequate. The attentive driver should notice the change in external context and
engage additional volitional control to first cancel the ongoing routine and then to plan an
alternative detour route. A failure to do so would likely result in unintended negative
consequences, which could be relatively minor (such as a negligible delay in arriving at
work), very severe (such as a dangerous motor vehicle collision) or somewhere in
between (such as a spilled hot beverage).
How quickly decisions are made is another factor that can influence the outcomes
of those decisions. This is a variable that one can often voluntarily adjust to achieve an
ideal tradeoff between the chances of success for a given action in meeting the intended
goals, and the speed at which choices are made regarding how to obtain such goals. As a
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simple example to illustrate this concept, consider a situation in which an employee does
not have as much time as he or she would typically allocate for a particular task. When
this person is rushed to make choices about what to do, the overall outcome or chances
for success can be compromised. This example illustrates how the speed and accuracy of
chosen actions are interdependent and sometimes at odds with one another.
The remarkable capacity to behave flexibly in an unpredictable environment is a
hallmark component of cognitive control (Allport et al., 1994; Monsell, 2003). Cognitive
control refers to the management of mental resources to align behaviour with current
goals (Miller and Cohen, 2001). To understand the neural mechanisms underlying such
behavioural control is a central goal of cognitive neuroscience. The study of brain
activity underlying sophisticated behavioural control in healthy humans is valuable
because investigators can study the brain on a large spatial scale, but the available
techniques are also associated with important limitations. No single technique offers
both exquisite temporal resolution and high spatial resolution (Buzsaki, 2006). Excellent
temporal resolution is vital for this task because neurons, the functional unit of the
nervous system, communicate with one another on a millisecond timescale, and high
spatial resolution is important for an accurate description of functional localization in the
brain.
An understanding of brain activity at the single neuron level is required to discern
any neuronal mechanism in detail, and the ability to selectively perturb activity in
specific brain areas is required to infer causality (Passingham, 2009). Currently, these
approaches are only possible in animal models and very specific clinical populations.
Accordingly, the many advances in the field of cognitive neuroscience have depended
heavily on the study of neuronal processes in animal models (Johnston and Everling,
2011). Investigators can study the activity patterns of populations of neurons during
behaviour with the use of in vivo single neuron recording techniques, which were
pioneered in monkeys by E.V. Evarts (Evarts, 1966). Common patterns of brain
organization between macaque monkeys and humans (Petrides and Pandya, 2002; Wise,
2008) and a capacity of these monkeys to learn complex tasks (e.g., Amador et al., 1998;
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Pasupathy and Miller, 2005; Isoda and Hikosaka, 2007; Tanji et al., 2007) have
established the macaque monkey as an ideal model organism to better understand the
neural mechanisms that support complex behaviour. For reasons that will be described in
forthcoming sections, the oculomotor system of macaque monkeys in particular has
become a widely used model system with which to study sophisticated behavioural
control (Johnston and Everling, 2011).
In the past, the validity of the macaque oculomotor system as a model to study the
neural mechanisms of human cognitive control has been questioned. For example,
studies in which brain imaging techniques were used with human subjects, and those that
have measured single neuron activity in macaque monkeys, have often yielded
complementary findings (see Ford et al., 2009). However, one inconsistent set of
observations concerning the neural basis of anti-saccade task performance (an
oculomotor task that requires subjects to look away from a suddenly appearing stimulus,
which requires cognitive control) surfaced in the literature. Imaging studies in humans
subjects reported increased activations in regions of cortex involved in directing
volitional saccades (the frontal eye fields, Curtis and D’Esposito 2003; Ford et al., 2005;
Brown et al., 2007) and by contrast, neuron recordings in monkeys demonstrated that
neural activity decreases during the performance of anti-saccades (Everling and Munoz,
2000). Using the same brain imaging technique in macaque monkeys, this discrepancy
was shown to have been a consequence of the different methods employed to record brain
activity that were previously used in the two species (Ford et al., 2009). These two
techniques actually measure different physiological processes. This example highlights
an important rationale to use recording techniques that are widely used in humans, to
measure brain activity during cognitive processing with macaque monkeys. More
broadly, it is critical to explore potential generalizations between human subjects and the
animal model. There is an implicit assumption that studies in monkeys will help us to
understand the human brain, but “wherever possible, we must test where generalizations
can be made” (Passingham, 2009).
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Intuitively, the range of cognitive processes that can be studied using macaque
monkeys is limited. For one, verbal language capabilities are only found in humans,
therefore we cannot model and characterize the neural underpinnings of language using
the macaque model. As previously stated, it is important that investigators demonstrate
the validity of the macaque model to improve understanding of the neural processes
associated with the specific cognitive functions in question. Accordingly, the overarching goal of the work contained in this thesis was to explore the neural basis of
cognitive control, using the oculomotor system of macaque monkeys, in an attempt to
establish novel generalizations (or identify limitations) with human subjects..
We have identified three potential disconnects between the literature on human
cognitive control and that pertaining to such control in monkeys.
• Recently, the examination of rhythmic brain activity to infer effective
connectivity between distant brain regions during cognitive processing has
become an important experimental tool (Siegel et al., 2012). This has
been done using both noninvasive recording methods in humans, which
measure electrophysiological signals outside of the scalp, and in animal
models in which signals are recorded from very localized regions within
brain tissue. Thus, investigators have assumed that these inherently
different signals reflect similar processes (Nunez, 2000), but previously no
study has been conducted in effort to link observations in healthy humans
and animal models.
• Neuroscientists have recently become interested in the neural basis of the speedaccuracy tradeoff (Bogacz et al., 2009). Several studies have aimed to
delineate how the brain adjusts when speed or accuracy is prioritized in
human subjects. The mathematical models used to study these neural
processes could be thoroughly tested in the monkey, if it is demonstrated
that similar neural processes control speed or accuracy prioritization in
this model organism.
• The macaque monkey has been a critical model system to understand the function
and organization of the basal ganglia. However, there is an apparent

5
species difference in the literature for humans and monkeys regarding
basal ganglia contributions to saccade control (Neggers et al., 2012). This
challenges the assumption that the macaque basal ganglia share core
organizational principles with the human basal ganglia. It has been
proposed that these discrepancies may have arisen due to an early bias in
the monkey neurophysiological literature, and this possibility should be
tested.
In this chapter, I will describe several psychological concepts that reflect the
various processes believed to underlie cognitive control – which enables goal-directed
behaviour – the currently held views on the neuronal architectures that enable these
processes, and modern ideas about how these architectures are thought to interact
dynamically to achieve diverse neuronal computations. The body of this chapter aims to
provide sufficient background to understand the three problems briefly described above.
Finally, I will outline the questions to be addressed in the following chapters using an
experimental paradigm that was designed to model attentive cognitive control over
automatically prepared actions in monkeys (Isoda and Hikosaka, 2007). This behavioural
task involves rule-guided action (i.e., what to do in response to a stimulus), requires
cognitive flexibility (i.e., response switching), and requires adjustments in speedaccuracy tradeoff (i.e., how to perform the response) for optimal performance. Further,
the two rules that must be followed differ in response dominance, a relative concept that
is dependent on differences in ease of response performance for rule-guided actions.

1.1 Psychological concepts
In the following section, I will review concepts that are relevant to understand the
cognitive processes that are evoked by the behavioural paradigm that we have used to
examine the neural basis of cognitive action control in monkeys. We used the same
experimental task across all three studies, and the behaviour that we report can be best
understood with a firm grasp of the following concepts.
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1.1.1 Bottom-up and top-down influences over behaviour
“Pre-potent behaviour” is a term that describes any action that is most likely to be
elicited when a specific stimulus is encountered. There are several mechanisms that can
give rise to pre-potent behaviour (Isoda and Hikosaka, 2011). Certain pre-potent actions
can be elicited without prior experience. Such behavioural tendencies are believed to
come hard-wired in our nervous system and thus, to have been inherited from our
evolutionary predecessors (James, 1890; Isoda and Hikosaka, 2011). In other words,
such innately pre-potent responses occur without prior learning. They are dominant in
certain contexts, and can be produced with minimal attentional oversight (Desimone and
Duncan, 1995). Attentional oversight can, however, be summoned and implemented to
override such tendencies if these dominant responses are at odds with one’s internal goals
(James, 1890; Munoz and Everling, 2004; Wood and Neal, 2006; Isoda and Hikosaka,
2011). One prominent example of such a dominant response tendency is the “visual
grasp reflex”1 (Hess et al., 1946), which refers to the rapid re-orienting of gaze-alignment
that usually occurs in response to suddenly appearing stimuli in our environment. Such
dominant orienting responses are important for the survival of many organisms because
they enable a rapid visual analysis of novel stimuli that carry the potential to be valuable
or threatening (James, 1890).
Pre-potency of action can also be induced with experience (Isoda and Hikosaka,
2011). Such learned stimulus-dependent actions initially demand attentional oversight to
facilitate proper implementation. However, with repetition over time, the neural
representations that guide such behaviour strengthen and become more efficient (Jog et
al., 1999). Frequently performed stimulus-guided action can become adequately
efficient, such that its preparation and execution tend to be directly evoked by an
encounter with the appropriate environmental stimulus. This gradual increase in
behavioural efficiency is paralleled by a diminished demand on our finite attentional
resources. Such stimulus-driven action is thus considered to be under automatic control
(James, 1890; Bargh and Barndollar, 1996; Wood and Neal, 2006). This implicit form of
1. The “visual grasp reflex” does not likely fit the definition of a true reflex (Hutton,
2008)
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learning is clearly important because much of our daily behaviour is comprised of learned
routines or pre-established rituals (James, 1890; Graybiel, 2005; Wood and Neal, 2006;
Graybiel, 2008; Isoda and Hikosaka, 2011). To summarize, the behaviour of animals
(and humans) results from two factors: 1) inborn tendencies, and 2) direct individual
experiences (Luria, 1964).
An excellent example of learned pre-potent behaviour, which can be at odds with
one’s internal goals, is illustrated in the Stroop effect. In the Stroop task, subjects are
presented with words that carry the meaning of colours, printed in coloured font, and are
asked to name the font colour (Stroop, 1935; MacLeod, 1991). Colour naming and word
reading are implemented using different task representations that are likewise supported
by different brain regions, but share a common final output resource. Further, word
reading is the most practiced and therefore efficient of the two behaviours. Therefore,
subjects automatically read the word and this influences the processing pathways leading
to the overt response, which directly competes with the non-dominant colour-naming
response. The result of this interference can be measured empirically in the reaction time
– i.e., the time between the presentation of the word stimulus and the onset of the
response – for colour naming, if the word meaning and font colour do not evoke the same
verbal response or “match” (i.e., they are incongruent). This behavioural variable is
significantly increased relative to the condition in which the two dimensions evoke the
same response (the Stroop effect). This reaction time cost is thought to reflect the extra
processing time that is required to resolve the competition produced by an automatic,
word-triggered activation of the inappropriate response. Of course, to become a fluent
reader involves learning and practice and further, the ability to read is not uniform across
populations (Baddeley, 1986). By contrast, innately pre-potent behaviours such as the
orienting response are not learned and are relatively stereotyped across healthy
conspecifics.
Pre-potent responses are largely under bottom-up control. The concept of bottomup control of action indicates that sensory stimuli can evoke behaviour, and the “visual
grasp reflex” is a salient example of this kind stimulus-guided action. The converse to
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this is top-down guided action, a term that is often used to describe the processes that
allow one’s internal goals to exert a powerful influence over sensory and motor systems
to reduce the disruptive influence of irrelevant sensory stimuli, and to boost contextually
relevant processing pathways for controlled behavioural output (Barcelo et al., 2000;
Engel et al., 2001; Corbetta and Shulman, 2002; Rowe et al., 2005; Clementz et al.,
2010). This mode of action control involves the volitional deployment of attentional
resources, whereas bottom-up behaviour is by comparison considered to be under
automatic control (Norman and Shallice, 1986). Top-down control over sensory and
motor resources is critical because, as previously mentioned, our attentional capacity for
information processing is inherently limited (Broadbent, 1958; Fuster, 1980; Desimone
and Duncan, 1995; Corbetta and Shulman, 2002). On a daily basis, our behaviour is
guided by both bottom-up and top-down influences as we act to pursue our goals and
often, these influences or processes interact. Such behaviour frequently involves the
application of previously learned rules to govern our responses to meaningful stimuli
(Bunge, 2004).
1.1.2 Rule-guided behaviour
Most of our actions are guided by prescribed sets of rules that associate a specific
context with a procedural schema or task-set (Norman and Shallice, 1986; Monsell,
2003). A task-set can be defined as the internal representation of a rule regarding the
proper response to a stimulus (Allport et al., 1994; Rogers and Monsell, 1995). Task-sets
can be configured endogenously, in advance of stimulus presentation, to preset the
required neural resources to be in a state of preparedness (De Jong, 2000; Monsell, 2003;
Barton et al., 2006; Cameron et al., 2012). Some salient examples of daily rule-guided
action are associated with driving behaviour, because there are many rules in place that
serve to organize a road populated with a multitude of drivers who are each navigating
toward diverse destinations. Drivers have to learn the meaning of various road signs and
to follow the instructions of traffic lights, and each of these cues is associated with a
specific task-set. We can also guide our driving behaviour based upon higher-level
abstract strategies (Genovesio and Wise, 2008). The notion of strategy implies that
additional contextual representations, beyond rules or task-sets, are used to guide choices.
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Consider a driver who has extensive experience with the town or city in which he or she
must navigate. This person can probably integrate knowledge about the layout of the
city, the weather, and time of day to strategize the most efficient route to reach a
destination.
1.1.3 Executive control and cognitive flexibility
The ability to achieve goals, to behave according to rules, and to do so flexibly in
a dynamic, unpredictable environment depends critically upon several endogenous
processes that collectively are known as “executive functions”. These executive
functions enable cognitive control (Stoet and Snyder, 2009). A main task of cognition is
the volitional guidance of action (Engel et al., 2001; Buzsaki, 2006) under the currently
maintained task representation (Cameron et al., 2007; Stoet and Snyder, 2009).
Initially, goal-directed behaviour was thought to be under the control of a “central
executive” or a “supervisory attentional system” (Baddeley, 1986; Norman and Shallice,
1986). However, many experimental tasks that were originally assumed to probe a
unitary executive control process have in fact since been shown to tap in to a multitude of
separable contributing processes (Rogers et al., 1998; Buckley et al., 2009). Miyake and
colleagues have suggested that executive functions can be segregated into at least three
diverse functions including task-switching (when the task-set must be reconfigured,
which depends on behavioural flexibility), updating or manipulating representations in
working memory, and behavioural inhibition (Fuster, 1980), but that these processes are
also correlated to an extent, indicating partial unity (Miyake et al., 2000). A striking
indication of the utility of executive functions is conveyed in the behavioural disruptions
observed in patients with neuropsychiatric disorders and brain lesions (Milner, 1963;
Luria, 1965; Everling and Fischer, 1998; Cools et al., 2001a, b; Miller and Cohen, 2001;
Monchi et al., 2004; Cools, 2006; Cameron et al., 2012). Such patients often have
difficulty with simple daily tasks (Shallice and Burgess 1991b). A fundamental
understanding of executive control processes should facilitate improvements in
therapeutic approaches, since abnormal functioning of executive control circuits in the
brain might be a common central feature of these syndromes (Braver, 2012).
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Effective cognition is associated with a delicate balance of endogenous control
that is capable of protecting ongoing task performance from disruption, but does not
compromise the flexibility that enables the quick execution of other behaviours when
required (Monsell, 2003; Isoda and Hikosaka, 2007). In the cognitive sciences, the
critical ability to change behaviour flexibly, when the context dictates such a change, is
operationalized in task-switching experiments. Jersild was the first to employ a taskswitching paradigm (Jersild, 1927), and since then many adaptations have been designed
to investigate cognitive flexibility (Monsell, 2003). In task-switching experiments,
subjects perform two or more tasks in either an interleaved or a blocked fashion.
Performance during mixed-task runs is never as quick or accurate as that which is
observed in a single task scenario (Rogers et al., 1998; Braver et al., 2003). Subjects
must maintain multiple tasks in a state of readiness, and also must frequently alternate
between task-sets. Both of these task-processing demands tax relatively slow cognitive
control mechanisms (Monsell, 2003).
The ubiquitous behavioural phenomenon observed in task-switching experiments
known as the “switch cost” is the intriguing observation that, regardless of warning cues,
or generous intervals to prepare for a change in task, trials on which the task-set must be
reconfigured are always associated with disruptions in performance. This cost is
manifest as an increased time to respond, an elevated proportion of errors, or both
(Allport et al., 1994; Rogers and Monsell, 1995). As such, the switch cost represents a
“basic but fundamental measure of the ease with which the brain can flexibly control
behaviour” (Cameron et al., 2007). In one account of the switch cost, subjects must
inhibit a pre-potent task-set before they can successfully reconfigure their cognitive
resources to enable a new and more appropriate behaviour (Allport et al., 1994; Logan,
1994; Knight et al., 1995; Yeung et al., 2006; Stoet and Snyder, 2009). It has also been
suggested that the new task-set cannot be fully reconfigured until the first imperative
stimulus has been presented, because there is also an exogenous component to
reconfiguration (Rogers and Monsell 1995). De Jong argued that the switch cost arises
because on some switch trials, subjects fully prepare while on others, they do not (De
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Jong, 2000). Finally, one might conceive of a race between the old, prepotent (due to its
current/recent activation) and therefore fast (automatic) behaviour and the new desirable
(controlled) behaviour (Figure 1.1), which is by comparison, slow (Schneider and Chein,
2003). In this view, successful switching requires top-down control so that the prepotent, competing action does not win the race (Isoda and Hikosaka, 2011). Specifically,
task-switching involves the resolution of competing processing tendencies associated
with the current stimulus, which are biased toward the recently performed task and
persistently interfere with the new process for some amount of time immediately
following a task-switch (Ruge and Braver, 2008; Sakai, 2008a; Hikosaka and Isoda,
2010). Thus, there is no general consensus regarding the neural mechanisms of cognitive
flexibility (Monsell, 2003; Schneider and Logan, 2005).
Stability in task-set maintenance is likewise critical for goal-directed action,
because it enables one to advance ongoing behaviour in the face of distracting stimuli.
Cognitive stability refers to the capability of a subject to maintain current task goals, or
internal task-sets, as long as they do not change (Fallon et al., 2012). As outlined
previously, when one repeats a particular learned task it becomes more efficient. When
familiar tasks are performed repeatedly, the preparation and subsequent execution of such
tasks can become automatic or habitual (Graybiel, 2008; Isoda and Hikosaka, 2011).
Here, a habit is defined as a form of goal-dependent automaticity that represents goalaction links, which can be activated when contextual cues trigger a goal (Verplanken and
Aarts, 1999; Aarts and Dijksterhuis, 2000 as cited in Bargh and Barndollar 1996).
Automatic goal pursuit is inherently flexible (Bargh and Barndollar, 1996) and is also
strategic in nature because implementations are motivated by intention (Wood and Neal,
2006). Finally, this behaviour is sensitive to outcome devaluation (e.g., classic “habitual”
behaviour persists even when it is no longer rewarding.) Because of these characteristics,
goal-dependent automatic behaviour does not fit the classic definition of a habit (for
review, see Yin and Knowlton, 2006; Graybiel, 2008).
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Figure 1.1. Accumulator account of competing response representations. In this figure,
a simulation of neural (accumulator) activity that represents two competing choice
alternatives is illustrated. In such models, activity in processing streams for multiple
choice alternatives accumulates toward a critical threshold. Once activity reaches or
exceeds this threshold, the choice is made and the overt response is triggered. The signal
in blue represents the correct choice. One feature of this example is a threshold that can
be flexibly adjusted depending on the current demands for speed and accuracy. If the
threshold is sufficiently high, selection takes longer because evidence in favour of that
choice takes longer to accumulate toward threshold. However, under time-pressure or
during automatic behavioural modes the threshold may be lowered so that choices are
made at a shorter latency. However, because neural systems are inherently noisy, both
signals are subjected to such noise and when the threshold is low, the variability
produced could result in the triggering of the wrong or unfavourable response first.
Reproduced from Bogacz, Wagenmakers, Forstmann and Nieuwenhuis 2010 with
permission from Elsevier.
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routines when the environment, or internal states, demand behavioural adaptation
(Monsell, 2003;Isoda and Hikosaka, 2007). A delicate balance between these opposing
Optimal behaviour thus involves both the achievement of efficiency for familiar actions,
which can be performed automatically based on assumptions about the state of the
environment (Engel et al., 2001), and also the ability to break such modes of action must
be maintained, which appears to be a relatively seamless task for healthy adults.
1.1.4 Speed-accuracy tradeoff
Intertwined with the notion of a balance between top-down controlled and
automatic (or habitual, or pre-potent) response preparation is that of a speed-accuracy
tradeoff (SAT). Reaction time and accuracy are highly interdependent behavioural
variables (Wickelgren, 1977). For any decision, one must determine a suitable
compromise between making quick yet accurate decisions, two demands which are
usually at odds with one another (Wickelgren, 1977; Ivanoff et al., 2008). Specifically,
accurate decisions involve the accumulation of as much information as possible, but this
is inherently associated with a cost of additional time spent on the decision making
process. Fast responses on the other hand, which are generated with little deliberation,
may lead to poor outcomes (i.e., they tend to be “risky”, Bogacz et al., 2009, see Figure
1.1). The level of “response caution” can be adjusted according to current priorities.
SAT is ubiquitously observed in diverse decision makers that perform goaldirected actions, including not only humans (Wickelgren, 1977; Osman et al., 2000;
Rinkenauer et al., 2004), but also a wide range of animals such as rats (Uchida and
Mainen, 2003; Rinberg et al., 2006), honeybees (Chittka et al., 2003) and ants (Franks et
al., 2003). Some mathematical models used to study SAT postulate that the decision
threshold for overt action, which determines the amount of diagnostic information
required, is the critical deterministic factor that is modulated when subjects set their SAT
(Usher and McClelland, 2001; Bogacz et al., 2006). The priority for accuracy at the
expense of speed might be set by a processing node, one that has the capacity to detect
and represent the current context (Usher and McClelland, 2001; van Veen et al., 2008).
In a basic accumulator model, high response thresholds favour slow decisions, but allow
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Figure 1.2. Schematic representations of predicted changes in activity of neurons (that
are involved in action selection) associated with SAT modulation. Top. Accuracy
emphasis corresponds to a large baseline-threshold distance, resulting in slower choices
but a larger temporal window for deliberation. Middle, bottom. Speed emphasis
corresponds to a small baseline-threshold distance, resulting in faster action selection.
This elevated preparedness to respond could be produced by either lowering the threshold
(bottom), increasing the baseline (middle) or a combination of the two. Modified from
Bogacz, Wagenmakers, Forstmann and Nieuwenhuis 2010 with permission from
Elsevier.
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for the accumulation of more evidence and thus optimal choices and the converse is true
of low thresholds (Figure 1.2). Alternatively, the baseline level of activity could be
modulated (Bogacz et al., 2009). Mathematically, the modulation of either is identical
and the effect in both cases is to bring the baseline closer to threshold to favour speed,
and vice versa to favour accuracy (Ivanoff et al., 2008; van Veen et al., 2008). A smaller
distance is thought to result in quicker decisions but at an increased risk of incorrect
activations (Figure 1.1). Finally, the rate of accumulation could also be modulated to
alter the speed at which decisions are made (Usher and McClelland, 2001)
1.1.5 Individual differences in cognitive control capabilities and strategies
Although an enormous collective effort has been made by cognitive scientists to
understand cognitive control mechanisms and their neural bases, it has been suggested
that variation in cognitive processing is also an intrinsic component of these high-level
functions, which has seldom been considered (Braver, 2012). The “dual mechanisms of
control” account, first described in 2007 (Braver et al., 2007), postulates that variation in
cognitive processing occurs due to the existence of two distinct cognitive processing
modes: ‘proactive control’ and ‘reactive control’. The proactive mode is characterized by
the early selection of goal-relevent information, which is actively sustained prior to the
occurrence of cognitively demanding events to optimally bias attention, perception and
action systems in a goal-directed manner. In the reactive mode, attention is recruited as a
‘late correction’ and is deployed only as needed, potentially after the detection of a high
interference event or an unfavourable outcome. The proactive mode is preventative in
nature, but costly in terms of cognitive resources. The reactive mode allows for
interference and uses it to trigger the deployment of additional cognitive resources.
These modes are associated with complementary advantages and limitations, and are
proposed as an explanation of both intra-individual and inter-individual differences
(including the developmental differences associated with the behaviour of children,
adults and the aged, cognitive profiles of patient populations, and may be accounted for
by non-cognitive personality traits such as reward-sensitivity). It is proposed that this
inherent variability allows for heightened effectiveness and applicability in dealing with
the fluctuating nature of both internal and external constraints (Braver, 2012). It is
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important to consider this “dual mechanisms of cognitive control” account when
reviewing the behaviour obtained using our experimental task (Isoda and Hikosaka,
2007) in each of the three studies featured in this thesis, which are described in Chapters
Two through Four.

1.2 The neural architecture of goal-directed behaviour
1.2.1 Historical considerations
Clinical populations with disrupted executive functions have provided clues about
the regions of the brain that are vital for such functions. Initially, executive functions
were shown to depend critically upon the integrity of the frontal lobes (Luria, 1966;
Fuster, 1980; Shallice and Burgess, 1991b). It has since been noted that dysfunction of
the basal ganglia (BG), a collection of sub-cortical nuclei which form a complex system
and have a powerful influence on the frontal cortex, can also produce very similar
behavioural deficits (Rogers et al., 1998; Schmahmann and Pandya, 2008). Patients with
deactivations in the parietal lobe have also joined the population of patients with “frontallobe-like” behavioural disruptions (Corbetta and Shulman, 2011). These findings from
clinical populations have been complemented by experimental observations in healthy
populations.
The emergence of technologies that were capable of supporting functional
neuroimaging techniques such as positron-emission tomography and functional magnetic
resonance imaging (fMRI) have allowed investigators to study the neural contributions to
executive control in healthy human subjects on a whole-brain level. Indeed, these studies
emphasized that certain pre-frontal, parietal and BG regions become active before and
during complex behaviour, and suggest that together these regions could function by
selecting neural resources for information processing via top-down control mechanisms
that influence the routing of perceptual and motor-related signaling (Collette et al., 1999;
Engel et al., 2001; Kondo et al., 2004; Rowe et al., 2005; Haider and McCormick, 2009).
1.2.2 The associative neocortical areas
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The anterior regions of the frontal lobe are collectively referred to as pre-frontal
cortex (PFC, Fuster, 1980; Petrides et al., 2012). The PFC is considered by some to
occupy the top level of the “brain hierarchy”, with a main function in the temporal
organization (via modulation of lower-level sensory or motor related processing) of
actions toward biological or cognitive goals (Luria, 1966; Fuster, 1980). This task
involves the integration of motivational, emotional, sensory, motor and mnemonic
information (Barbas, 2000; Fuster et al., 2000; Mitchell, 2011). The PFC is segregated
into several functional domains, which are distinguished by unique patterns of
connectivity with regions outside of the PFC (Tanji and Hoshi, 2008). These prefrontal
regions are also heavily interconnected with each other and therefore often share
neurophysiological characteristics (Petrides et al., 2012; Yeterian et al., 2012).
In general, the dorsolateral PFC (dlPFC, i.e., area 46 and area 9/46d as previously
defined by Petrides and Pandya, 1999, see Figure 1.3 upper panel and inset) appears to
support the preparation and monitoring of goal-directed behaviours including the
volitional selection of action (Frith et al., 1991; Jahanshahi et al., 1995; Petrides, 2005),
the selection and stable maintenance of task-set (Petrides, 1996; Asaad et al., 2000;
Crofts et al., 2001; Curtis and D'Esposito, 2004; Everling and DeSouza, 2005),
maintenance of internal spatial representations (Funahashi et al., 1989; Petrides, 1996)
the resolution of competing response alternatives (Bunge et al., 2002; Mansouri et al.,
2007; Mitchell, 2011), the learning of abstract associations (Asaad et al., 1998; Wallis et
al., 2001; Pasupathy and Miller, 2005), the application of abstract strategies to achieve
goals (Genovesio et al., 2005; Tsujimoto et al., 2011), and planning (Rainer et al., 1999;
Saito et al., 2005; Mushiake et al., 2006; Tanji et al., 2007; Sakamoto et al., 2008). These
seemingly diverse functions might actually represent different forms of goal-dependent
attentional selection. In the brain, these functions are likely achieved via the selective
modulation of the neural processing pathways associated with the achievement of those
goals, and this might be a parsimonious way to characterize the contribution of the PFC
toward behaviour (Miller and Cohen, 2001).

18

Figure 1.3. Cytoarchiteconic maps of the lateral and medial surfaces of the prefrontal
cortex according to Petrides and Pandya (1999). A. Lateral (top) and medial (bottom)
view of maps in the human brain. B. As in A, but represents the maps for the macaque
brain. In B, the inset diagrams display the principal sulcus (“sulcus principalis”) and the
upper limb of the arcuate sulcus. The maps were flattened to illustrate the
cytoarchitectonic mappings within the depths of these sulci. Reprinted from Petrides and
Pandya with permission from John Wiley and Sons.
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The dlPFC also appears to play a critical role in cognitive stability versus
flexibility (Luria, 1964; Crofts et al., 2001; Yeung et al., 2006; Fallon et al., 2012). This
cortical region has also been hypothesized to control SAT by influencing the activity in
pre-motor structures by modulating the amount of evidence required to inform choice
behaviour (Ivanoff et al., 2008; van Veen et al., 2008). In detail, because activity in the
dlPFC is context dependent, it is an ideal candidate to detect the urgency for speed or
accuracy, and to use this estimate to impose appropriate excitability parameters in brain
regions involved with sensorimotor transformations and overt action selection. In fact,
the strategic modulation of the SAT and cognitive flexibility might be directly connected.
Both imply cognitive control, decision-making, response selection, and strategy, which
are typically considered to be functions of the dlPFC (Ivanoff et al., 2008). Previous
work has shown that the human dlPFC is causally involved in the general ability to use
abstract strategies to guide behaviour (Shallice and Burgess, 1991a; van 't Wout et al.,
2005). However, a causal role for the dlPFC in strategy-guided response selection has
not been tested in macaque monkeys. Therefore, as outlined earlier in this chapter, to
investigate the contribution of the dlPFC toward strategic SAT adjustments could begin
to bridge a gap between the monkey and human literature regarding the neural basis of
strategy-guided behaviour (and the also the neural basis of SAT, which is relatively
unexplored in monkeys, Bogacz et al., 2009). We therefore test a causal role for the
dlPFC in starategic SAT adjustments in Chapter Three.
Regions of the medial PFC have also been implicated repeatedly in diverse
executive control functions with the dlPFC (Figure 1.3, bottom panel; Duncan and
Owen, 2000; Rushworth et al., 2004). While the latter region appears to play a role in the
selection and maintenance of spatial and contextual representations, rules and responses,
the anterior cingulate cortex (ACC), which is positioned in the medial wall of the PFC,
appears to have a role in the tuning of the cognitive control network, and in the selection
of actions and relating them to their consequences (Carter et al., 1998; Shima and Tanji,
1998; Gehring and Knight, 2000; Holroyd et al., 2002; Isomura et al., 2003; Rushworth et
al., 2004; Kennerley et al., 2006; van Veen and Carter, 2006 Buckley et al., 2009; Luk
and Wallis, 2009; Hikosaka and Isoda, 2010). The medial PFC has a close relationship
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with limbic structures on the anterior end and the oculomotor and motor system in the
posterior extent (Paus, 2001). Immediately dorsal to the ACC is the pre-supplementary
motor area (pre-SMA), which has also been implicated in cognitive control over action.
The pre-SMA has an established role in flexible control over behaviour (Matsuzaka and
Tanji, 1996; Shima et al., 1996; Dove et al., 2000; Rushworth et al., 2002; Isoda and
Hikosaka, 2007). Similar to the dlPFC, the pre-SMA has also been implicated in SAT
adjustments, although the unique contributions of these two cortical regions toward SAT
modulation are presently unclear (Forstmann et al., 2008; Ivanoff et al., 2008; Bogacz et
al., 2009; Forstmann et al., 2010).
Neurons in the dlPFC have likewise been shown to interact tightly with regions of
the posterior cortex via reciprocal monosynaptic connections (Figure 1.4, Leichnetz,
1980; Schwartz and Goldman-Rakic, 1984; Selemon and Goldman-Rakic, 1985),
specifically with the parietal association regions during behaviour that requires
attentional top-down control (Desimone and Duncan, 1995; Bunge et al., 2002; Brass et
al., 2005; Rowe et al., 2005; Yeung et al., 2006, Sakai, 2008b). Neuronal activity in the
dlPFC and parietal cortex is correlated (Funahashi et al., 1989; Quintana and Fuster,
1992; di Pellegrino and Wise, 1993; Buschman and Miller, 2007) and interdependent
(Quintana et al., 1989; Chafee and Goldman-Rakic, 2000). The neural representations of
stimulus-response mappings (i.e., rules) might be stored in the posterior association
cortices, and the dlPFC might enable rule-guided behaviour by selecting such
representations (Snyder et al., 2000; Bunge et al., 2002; Brass et al., 2005; Rowe et al.,
2005; Rowe et al., 2008).
1.2.3 Basal ganglia
Beneath the cerebral cortex resides a complex system of interconnected nuclei,
which receives inputs to the striatum from almost every cortical region, and subsequently
returns processed information toward specific frontal lobe regions via a modulation of
activity in the inhibitory output nuclei (see Figure 1.5, Mink, 1996). This system, the
basal ganglia (BG), was originally thought to have a main function in low-level motor
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Figure 1.4. Illustration of reciprocal, parallel circuits linking the posterior parietal
cortex and caudal principal sulcus. Labels on parietal cortical regions denote Brodmann
areas. Abbreviations are: PS, principal sulcus; ArcS, arcuate sulcus; IpS, intraparietal
sulcus. Reprinted from Goldman-Rakic 1988 with permission from Annual Reviews.
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Figure 1.5. Illustration of coronal section showing basal ganglia. Circuits from the
cortex enter the BG at the striatum (1, caudate nucleus and 2, putamen) and the
subthalamic nucleus (STN) (5) and exit from the globus pallidus internal segment (4) and
the substantia nigra pars reticulata (6). The indirect pathway involves a synapse from the
striatum to the globus pallidus external segment (GPe) (3) and from the GPe to the STN.
Outputs are directed to various nuclei of the thalamus (see Figure 1.6). Produced using
BrainInfo Template Atlas of the Primate Brain (BrainInfo, Seattle, WA).
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control (Wilson, 1928). In modern views, however, the BG are acknowledged to be
critical for many aspects of sophisticated behavioural control including associative and
procedural learning, and context-dependent action selection (Hikosaka et al., 2000;
Haber, 2003; Schultz, 2006; Yin and Knowlton, 2006).
To this day the precise computations performed by the BG, in contribution to
behavioural control, continue to evade investigators (Redgrave et al., 1999; Nambu,
2008; Watanabe and Munoz, 2011). The number of neurons is reduced at each
successive nucleus in the circuitry of the BG, therefore it was initially thought that,
through a“funneling” mechanism, they might enable the associative cortical regions to
influence or access the motor system (Parent and Hazrati, 1995). However, substantial
evidence suggested that the respective influences from cortical association and
sensorimotor regions remain segregated throughout the partially closed pathways that
link cortex, BG, and thalamus/brain stem (Alexander et al., 1986; Alexander and
Crutcher, 1990). Further, the BG do not project simply to primary motor cortex, but
project to virtually the entire frontal lobe (Alexander and Crutcher, 1990; Middleton and
Strick, 1994). Alexander and colleagues proposed that there were at least five parallel,
segregated loops, which traversed the BG (Figure 1.6, Alexander et al., 1986). Each
loop was named after the specific frontal cortical region that it influenced (Alexander and
Crutcher, 1990). Therefore, the BG seem well-suited to modulate the neuronal activity of
several functional brain systems involved in diverse aspects of controlled and welllearned behaviour. It was also observed that cortico-striatal inputs converged upon these
loops from diverse but functionally related cortical regions, and thus the neocortex
appears to impose a functional organization upon the BG (Selemon and Goldman-Rakic,
1985; Flaherty and Graybiel, 1991; Yeterian and Pandya, 1993; Parent and Hazrati, 1995)
Others rejected this “parallelist” view of Alexander and colleagues, and suggested
that there were actually only three modules in the BG: The associative territory, which is
largely comprised of the anterior putamen and most of the caudate; the sensorimotor
territory comprised the dorsolateral sector of the post-commissural portion of the
putamen and dorsolateral rim of the head of the caudate, and the limbic striatal territory
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Figure 1.6. Schematic illustration of parallel and segregated basal gangliathalamocortical circuits proposed by Alexander and colleagues. Each circuit is
characterized by activations in specific sub-regions found of the cortex, striatum, output
nuclei (SN and GP) and thalamus. Abbreviations are: ACC, anterior cingulate cortex; b,
body; cdm, caudodorsal medial; cl, caudolateral; dlPFC, dorsolateral prefrontal cortex;
GPe, globus pallidus; external segment; GPi, globus pallidus internal segment; h, head;
ITC: inferior temporal gyrus; l, lateral; ldm, laterodorsal medial; MC, motor cortex;
MDmc, medialis dorsalis parsmagnocellularis; MDpc, medialis dorsalis pars
parvocellularis (thalamic nucleus); pl, posteriolateral; PMC, premotor cortex; PPC,
posterior parietal cortex; rl, rostrolateral; rd, rostrodorsal; SC, somatosensory cortex;
STG, superior temporal gyrus; V, ventral; VAmc, ventralis anterior pars magnocellularis
(thalamic nucleus), VApc, ventralis anterior pars parvocellularis (thalamic nucleus); VLo,
ventralis laterlais pars oralis (thalamic nucleus) ;VLpm, ventralis laterlais pars medialis;
vm, ventromedial; vl, ventrolateral; VP, ventral pallidum. Modified from Alexander,
DeLong and Strick 1986 with permission from Annual Reviews.
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comprised of the nucleus accumbens and ventral caudate/putamen (Parent and Hazrati,
1995; Haber, 2003). In this view, cortical information is not directly transmitted from
striatum toward the remainder of the circuits, but is integrated and transformed into these
three modalities via convergence (Percheron et al., 1984). In fact, Percheron and Filion
have asserted that Alexander and colleagues completely neglected to account for the
convergence that had been discovered in their proposed model (Percheron and Filion,
1991). As briefly mentioned previously, the striatum has been demonstrated to play a
role in implicit learning and the retention of goal-action links, which is associated with a
re-organization of neural activity with practice (Jog et al., 1999; Jonides, 2004; Kelly and
Garavan, 2005). These observations prompted S.N. Haber to indicate that a completely
parallel and segregated model cannot account for the learning-related changes that occur
in cortico-BG circuitries (Haber, 2003). Since, it has been hypothesized by this
investigator that the transfer of information between the loops could involve nonreciprocal cortico-thalamic pathways (Haber and Calzavara, 2009). I am of the opinion
that the views of Haber and colleagues have accounted most thoroughly for the
information about the BG that has accumulated over time.
The BG are organized into multiple modular units characterized by structured and
repetitive patterns (Parent and Hazrati, 1995). Through this organization, the BG
influence movement and other frontal lobe functions by controlling thalamocortical and
brain stem networks (Hikosaka et al., 2000). The main process through which the BG
influence target structures, which is believed to be common to all BG loops, is
disinhibition (Chevalier et al., 1985; Deniau and Chevalier, 1985). In detail, specific
cortical areas send divergent, glutamatergic projections to selected patches of the
striatum, which is considered an input zone (Nauta, 1979; DeLong and Georgopoulos,
1981; Flaherty and Graybiel, 1993). The topography of projections is maintained as the
circuits progress through the BG (Flaherty and Graybiel, 1991). Each circuit contains
two functionally opposing pathways to the output nuclei (Figure 1.7), the substantia
nigra pars reticulata (SNpr) and the globus pallidus internal segment (GPi). The SNpr
and GPi are tonically active and GABAergic (Penney and Young, 1981). The GPi is
mainly involved with sensorimotor information processing, while the SNpr appears to
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Figure 1.7. Schematic representation of basic BG circuit organization. Black arrows
denote inhibitory GABAergic projections (GABA) while unfilled arrows indicate
excitatory glutamatergic projections (glu). Gray arrows represent dopamanergic
modulation (DA). Remaining abbreviations are: Cx, cortex; GPe, globus pallidus
external segment; GPi, globus pallidus internal segment; SNc, substantia nigra pars
compacta; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; Str, striatum;
Th, thalamus. Reprinted from Nambu 2008, with permission from Elsevier.
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have a function closely related to associative and oculomotor processing (Parent and
Hazrati, 1995; Hikosaka, 2000). Both output nuclei project massively to, and therefore
tonically inhibit, thalamo-cortical neurons in specific thalamic nuclei, namely the
ventroanterior (VA), ventrolateral (VL) and mediodorsal nuclei (Carpenter et al., 1976;
Mink, 1996). These thalamo-cortical neurons target the specific frontal cortical region
that is controlled by that particular circuit, thereby closing the cortico-BG loop (see
Figure 1.6). The SNpr also projects to the large neurons within the intermediate layers
of the superior colliculus (SC, Hikosaka and Wurtz 1983), a midbrain structure that
controls eye and head movements (Stryker and Schiller, 1975; Freedman et al., 1996;
Corneil et al., 2002).
On the one hand, the direct pathway links inhibitory striatal projections to the
output nuclei, resulting in disinhibition at the thalamic or tectal targets (Figure 1.7,
Graybiel and Ragsdale, 1983; Albin et al., 1989; Hikosaka, 1989). On the other hand,
there is an indirect route to the output nuclei in which inhibitory striatal output is first
sent to the external segment of the globus pallidus (GPe), which disinhibits the
subthalamic nucleus (STN). Accordingly, the STN is released to send a powerful
excitatory projection to the output nuclei resulting in reinforced inhibition (Figure 1.7
Alexander and Crutcher 1990). The STN receives afferents directly from the cortex and
thus, is actually another input nucleus for the BG (Nambu et al., 2002). This pathway is
believed to function in the rapid, broad suppression of a prepared action. The STN seems
particularly well suited for such a function because the conduction time, by nature of the
single synapse, is shorter than the multi-synaptic pathways through the striatum (Mink,
1996). In one hypothesis regarding BG modular function, the indirect pathway is thought
to have a diffuse effect in comparison to the output nuclei in the direct pathway, which is
thought to have a more focal effect. Such features are proposed to explain the role for
this pathway in selective activation of circuits (Mink, 1996). Through activation of a
cortico- striatal loop circuit, inhibition can be released in a focal manner thus enabling
specific cortical or brain stem areas to contribute to ongoing behaviour (Albin et al.,
1989).
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The BG might be most important any time a selection problem arises, which
occurs when two or more competing processing streams seek access to a restricted
motor or cognitive resource simultaneously, creating conflict (Redgrave et al., 1999;
Watanabe and Munoz, 2010). Such a situation can arise when stimuli are encountered
that afford multiple mappings onto mutually exclusive responses via multiple goal-action
links (see section 1.1.1) and is also hypothesized to occur during task-switching
behaviour (see section 1.1.3). Further, the “striatal hypothesis” of SAT modulation
postulates that the target for cortical regions that estimate and impose appropriate SAT
adjustments is the BG (Lo and Wang, 2006; Bogacz and Gurney, 2007; Bogacz et al.,
2009). Specifically, a speed prioritization is postulated to occur by elevating cortical
excitability. The hypothesisized mechanism is a top-down modulation over the level of
BG-imposed inhibition on thalamo-cortical projections, via the striatum. This is thought
to allow for the accumulation of activity toward a decision threshold in frontal cortical
targets to proceed in a shorter period of time (see section 1.1.4). This hypothesized
selection function for the BG is a reasonable suggestion, given what is known of BG
functional organization and considering the severe limitations of the information
processing resources in the brain, which are organized by the attentional control system
(Broadbent, 1958; Norman and Shallice, 1986; Desimone and Duncan, 1995).
Dopamine, which is released into the striatum due to activation in yet another
nucleus of the BG, the substantia nigra pars compacta (SNpc, located in the midbrain in
close apposition to the SNpr), is thought to be a key modulator of activities in corticostriatal circuits (Houk et al., 1994). Neurons in the direct pathway express D1 receptors,
which have a net excitatory effect on neural activity while indirect pathway neurons
express D2 receptors, which have an inhibitory effect (Alexander and Crutcher, 1990).
Therefore, dopamine is thought to facilitate thalamocortical disinhibition by ramping
activity in the direct pathway and also by reducing the inhibitory outflow of the indirect
pathway (Figure 1.7). Dopamine is released in response to unexpected reward, a
computational function that is known as a prediction error (Schultz et al., 1997).
Accordingly, dopamine appears to have an instrumental role in activity-dependent
plasticity at cortico-striatal synapses. Specifically, activation of certain dopamine
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receptors on striatal neurons is hypothesized to increase the chances that a particular
selected, and reinforced, behaviour would occur in future encounters of the particular
context (Houk et al., 1994; Haber, 2003). Therefore, the BG have access to motivational
states and incentive information, and appear to represent an interface between motivation,
cognition and action (Calzavara et al., 2007). Curiously, the ACC has also been
described in a similar light (Paus, 2001).
The devastating effects of dopamine depletion in the “sensorimotor” striatum can
be observed in patients suffering from Parkinson’s disease (Miller and DeLong, 1988;
Cools and Robbins, 2004; Grahn et al., 2009). These patients exhibit motor dysfunction,
which M.R. DeLong has postulated is caused by an over-active indirect pathway and an
under-stimulated direct pathway. These pathological changes have an additive effect
toward a reinforced inhibitory drive from the BG toward output targets (DeLong, 2000).
The net effect of this would be a reduction in cortical excitability, which is thought to
partially explain several hallmark symptoms of the disease, including akinesia and
bradykinesia. Consistent with this model, manipulations that produce an increase in
striatal dopamine can alleviate motor symptoms. However, this often comes at the
sacrifice of intact cognitive functioning. It has accordingly been proposed that dopamine
medications “overdose” the associative and ventral compartments of the striatum, which
have not yet suffered a loss of dopaminergic innervation (Cools et al., 2001a; Cools and
Robbins, 2004; Cools, 2006). Recently, however, it was demonstrated that unmedicated
Parkinson’s patients also have deficits in presetting the brain, i.e., in establishing a taskset, which is a cognitive function (Cameron et al., 2012).
Decades of empirical study have indicated that the BG are critical for many kinds
of behaviours. The striatum is perhaps the most thoroughly studied nucleus of the BG
(e.g., Aosaki et al., 1995; Hikosaka et al., 2000; Schultz et al., 2003; Lau and Glimcher,
2008; Ford and Everling, 2009; Histed et al., 2009; Watanabe and Munoz, 2010). The
models outlined previously have certainly been instrumental in the approach of
electrophysiologists who have examined the activity patterns of single neurons in the
striatum during behaviour in animal models. The parallel pathways hypothesis suggested
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that the caudate nucleus is the associative and oculomotor zone of the striatum, while the
putamen is the motor zone (Alexander et al., 1986). Built in with this idea is the notion
of effector specialization for the caudate and putamen, wherein the caudate controls
selection of eye-movements and the putamen controls selection of limb, trunk and
orofacial movements. This model has largely been supported in macaque monkeys,
however this poses a problem when considering the human functional neuroimaging
literature. Further, it is ignorant to the fact that the putamen receives innervation from
frontal cortical eye fields (see Chapter Four). This corresponds to a central problem that
we raised earlier in this chapter: These two bodies of literature together imply a
difference between the topographic organization of the striatum in humans and monkeys,
which challenges the well-established macaque model to facilitate an understanding of
human BG functional organization (Neggers et al., 2012). To reiterate, the caudate
nucleus is accepted as the oculomotor zone of the striatum in monkeys, but work in
humans suggests that the putamen also participates in saccade control (see Chapter Four
or section 1.5.4). Alternatively, an integrative view of the striatum that considers the
caudate and putamen to form one continuous structure does not necessarily predict
effector specialization, but does incorporate the topographic organization that has been
found for the striatum (Haber et al. 2003). In monkeys, striatal neuron activity patterns
during saccade behaviour have only been investigated for the caudate nucleus (e.g.,
Hikosaka et al., 1989a,c, b; Asaad et al., 1998; Tremblay et al., 1998; Lauwereyns et al.,
2002a,b; Takikawa et al., 2002; Cromwell and Schultz, 2003; Pasupathy and Miller,
2005; Ford and Everling, 2009; Histed et al., 2009; Watanabe and Munoz, 2009;
Watanabe and Munoz 2010). This issue should be addressed by examining the firing
patterns of neurons during saccades in the putamen (Watanabe and Munoz, 2011), which
recall has long been considered as the “sensorimotor striatum”. The efforts that we have
made toward this goal are described in Chapter Four.
1.2.4 Cognitive control involves distributed processing over anatomically distant cortical
and sub-cortical brain areas
It is now clear that many widespread parts of the brain can be considered
“association” structures, and that together these regions probably contribute to complex
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behavioural control in a cooperative manner. Collectively, the existing research on
cognitive control mechanisms implies that neural processing that is achieved by a
coordinated effort of anatomically dispersed brain regions enables high-level control over
complex behaviour (Siegel et al., 2012). Complementary to these implications that come
from functional studies, findings from anatomical studies revealed that reciprocal
connections between distant brain regions were more prevalent than uni-directional
influences (Felleman and Van Essen, 1991). These observations are problematic for
traditional views on brain function that hold the neuronal firing-rate code as the sole
mode of communication in the nervous system, in which information is transmitted in an
ordered serial manner (i.e. “input-decision-output”, Buzsaki, 2006) up and down a
hierarchicy, and postulate that function is rigidly defined by anatomical connectivity
(Bressler, 1995; Kayser et al., 2009). Although this concept has recently inspired a flurry
of activity among researchers, the concept of binding by synchrony was proposed
decades ago (Milner, 1974, as cited in Buzsaki, 2006).

1.3 Diverse brain computations: Dynamic neural networks might be coordinated in
space and time by synchronized oscillatory activity
1.3.1 Historical considerations
Many central questions in the field of modern cognitive neuroscience pertain to
how the brain orchestrates high-level executive control functions. To maintain a proper
scientific approach, early behaviourists found it necessary to rule out the possibility that
intrinsic brain states might have behavioural relevance (Pavlov, 1927). In this view, all
forms of behavioural output could be reduced to responses that were evoked by
environmental stimuli. There was no place in the study of behaviour for internal states
such as motivation or emotion. However, substantial evidence implies that the ongoing
brain activity that precedes sensory stimulation could play an important part in shaping
neural activity during and following stimulus presentation (Buzsaki, 2006; Siegel et al.,
2012). Accordingly, it may be more accurate to regard sensory stimuli as modulating
ongoing neural dynamics rather than deterministically controlling firing patterns (Harris,
2005; Buzsaki, 2006; Klimesch et al., 2007). In fact, G. Buszaki (2006) proposes that
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evoked activity may reveal more about the state of the brain than about the physical
attributes of the stimulus.
Earlier views on brain organization favoured a serial, labeled-line model of
nervous system communication with neuronal output as the only important informationcoding scheme (Buzsaki, 2006). This view was inspired by the serial, hierarchical
organization that had been discovered for primary sensory and motor cortices (Hubel and
Weisel, 1965; Keele, 1968). For example, in this view, sensory stimulation gives rise to
neural activity (output) in primary sensory areas, and this information proceeds in a serial
manner toward higher cortical brain areas, which integrate the inputs and eventually will
influence motor control structures to generate a response in the periphery (“inputdecision-output”). Further, anatomy defines function and there is no explanation for
context-dependent behaviour, which requires flexible routing of signals (Fries 2005).
Thus, as a solution to this problem, it has been proposed that instead, anatomy constrains
function and further that synchrony between rhythmic fluctuations in the dendritic
membrane potential of communicating neurons might reflect another important
information-coding scheme in the nervous system that could enable flexibility (Varela et
al., 2001; Fries, 2005; Buzsaki, 2006).
1.3.2 Neurons are excitable cells that communicate via electrical membrane potential
fluctuations
Each neuron in the brain receives inputs from multiple converging sources. The
purpose of these inputs is to influence the electrical activity of the receiving neuron.
Every neuron also diverges to contact and modulate the activity of many other neurons.
These cells send rapid electrical impulses known as action potentials (APs), away from
the cell body via cable-like axons to influence the activity in their post-synaptic targets
(Squire et al., 2008). Active changes in membrane permeability to ionic species give rise
to the AP. In brief, sodium (Na+) and potassium ions are actively concentrated outside
and inside the cell, respectively. The mechanism that produces these concentration
gradients also promotes the polarization of the membrane, meaning that the interior side
of the cell membrane is more negative than the outside. This establishes an

33
electrochemical gradient and thus a large driving force for the passage of Na+ into the
neuron, however “at rest” (i.e., while the membrane is polarized) Na+ cannot cross the
membrane. When neuronal inputs depolarize the cell membrane (i.e., bring the potential
from negative “resting” voltage toward less negative values) to a sufficient threshold
voltage, an AP will be actively triggered and sent down the axon. The AP is produced by
voltage-dependent conformational changes in ion channel proteins embedded in the
membrane, which produce a transient opening in the channel pore and thus a surge of
Na+ flow across the membrane into the cell. This flow of ions produces a current across
the membrane and therefore influences the voltage. The result of this is a rapid
depolarization, which is triggered by a positive feedback cycle of Na+ channel opening,
in which the membrane briefly reverses in polarity (Hodgkin and Huxley, 1952; Kandel
et al., 2000). Because these signals travel from cell body to axon terminal and influence
post-synaptic neuron activity, the AP is considered to reflect neuronal output. Therefore,
the AP is vital in neuron communication, and hence brain function.
Since the early sixties, investigators have measured APs to characterize
populations of neurons in mammals such as cats and monkeys (Hubel and Wiesel, 1962;
Evarts, 1966; Mountcastle et al., 1969; Wurtz, 1969). This rapid impulse can be recorded
if a high-impedance electrode-tip is positioned in the extracellular space, in close
proximity to an axon hillock. The axon hillock is the site where the axon attaches to the
neuronal cell body, which is a region of the neuronal membrane at which AP initiation
occurs due to a high density of sodium channels (Squire et al., 2008). Studies in which
neuronal APs are measured to examine the firing rate patterns of single neurons have
provided a wealth of understanding about the physiology of many cortical, sub-cortical
and peripheral parts of the nervous system. APs are treated as discrete events and the
timing of their occurrence is recorded during behaviour. In these studies, this measured
activity is aligned to some event in time, and averaged across trials to estimate the timecourse of the mean discharge rate for that neuron in relation to the experimental event
(Evarts, 1968; Halliday and Rosenberg, 1999; van Drongelen, 2006). This approach is an
important method to ascertain what specific types of stimuli, or behaviour, neurons
within a given region of the nervous system respond to and hence, in which types of
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neuronal computations a targeted region might participate. In fact, we conducted such a
study and report our results in Chapter Four. The objective for that study was to
determine whether or not the macaque putamen might participate in saccade control. The
averaging process is used because there is inherent variability associated with neuronal
activity, which has been assumed to be a consequence of the “noisy brain”.
The entire neuronal cell membrane carries a voltage, including the dendritic
membrane, which receives the inputs for each neuron. Gated ion channels, which can be
opened with the proper stimulus, are embedded in the dendritic membrane and therefore
this part of the neuron is also electrically excitable. It is the voltage across the pre-axonal
neuronal cell membrane that critically modulates the capacity of a neuron to fire an action
potential, and is actually regulated by complex internal and external factors (Squire et al.,
2008; Haider and McCormick, 2009). In correspondence with these relatively slow,
graded dendritic voltage membrane fluctuations, another signal can be measured using
extracellular recording techniques. This continuous signal is known as the local field
potential (LFP). LFPs reflect the sum of dendritic currents, and the signal provides an
aggregate measure of local subthreshold integrative processes and network state changes
(Bullock, 1997; Juergens et al., 1999; Logothetis, 2002).
The instantaneous dendritic membrane potential is thought to carry information
regarding the nature and magnitude of synaptic inputs to neurons in a restricted volume
around the electrode (Kajikawa and Schroeder, 2011). In fact, neuronal tissue is known
to oscillate in accordance with a wide range of frequencies (Lopes da Silva 1991; Kopell
et al., 2000; Tiesinga et al., 2001). Further, neurons respond most robustly to
synchronized input (Stevens and Zador, 1998; Singer, 1999; Hutcheon and Yarom,
2000). These observations suggest that the precise timing of oscillatory activity within
neuronal networks could represent information (Buzsaki and Draghun, 2004). Increasing
amounts of information regarding this oscillatory activity has fuelled modern views
regarding the brain mechanisms that enable cognitive control. Specifically, membrane
potential oscillations are postulated to temporally organize the activity of anatomically
dispersed populations of neurons in a flexible way (Buzsaki and Chrobak, 1995; Fries,
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2005). It is this mechanism that is hypothesized to facilitate the transient emergence of
large-scale, dynamic brain networks (von Stein and Sarnthein, 2000; Varela et al., 2001;
Siegel et al., 2012), although temporal correlations in oscillatory activity have been
suspected to play a key role in sensory integration for several decades (von der Malsburg,
1981, as cited in Siegel et al., 2012). It is postulated that brain regions that are observed
to co-activate during cognitive operations in fact become interdependent or functionally
connected so that local processing mechanisms can participate in large-scale
computational efforts (Bressler, 1995).
1.3.3 Investigating dendritic processing: A closer look at field potentials
The LFP is a window into neuronal information processing which affords
excellent temporal (millisecond range) and spatial precision (micrometer range).
However, this method is restricted to use with clinical populations and model organisms
due to the necessity to position the electrode in brain tissue. A non-invasive method that
allows investigators to record the summed field potentials from massive neuronal
ensembles is the electroencephalogram (EEG). Both LFP and EEG signals capture brain
oscillations and are both assumed to reflect dendritic processing (Lopes da Silva, 1991;
Bullock, 1997; Kajikawa and Schroeder, 2011). However, the spatial precision afforded
by LFP recordings comes at the expense of spatial coverage, whereas EEG recordings are
associated with a high degree of spatial coverage and poor spatial resolution. The use of
EEG dates back to the early twentieth century when H. Berger performed his pioneering
studies, in which he first observed that oscillations at various frequencies are a prominent
feature of spontaneous human EEG activity (Berger, 1929 as cited in Nunez et al., 2001).
Numerous electrode contacts are systematically arranged on the scalp of human subjects,
which enables the recording of multiple channels of continuous brain activity
simultaneously. Rhythmic fluctuations in the EEG signal directly imply the existence of
underlying ensembles with synchronized membrane potential fluctuations and also
probably synchronized firing of APs (Mitzdorf and Singer, 1979, as cited in Ulhaas and
Singer, 2006; Nunez, 2000).
1.3.4 Brain Rhythms
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The most widely used method to examine cortical activity recorded with EEG has
been, as with single neuron studies, the signal-averaging method. Such event-aligned
voltage traces are called event-related potentials (ERPs). Some rationales to use
averaging are 1) that the external stimulus produces something out of nothing, where
“nothing” is represented by a baseline of no neuronal activity and 2) that it should isolate
the true neuronal event that is related to the experimental stimulation, and do away with
the variable, uncorrelated “noise”. Because the physical features of the stimulus remain
static, the assumption is that the brain’s response should be identical to each presentation
(Buzsaki, 2006). This technique, however, is biased toward time stationary sources
(Nunez et al., 2001) and neglects the potential significance of pre-stimulus brain states,
which could be reflected in intrinsic brain oscillations that do not survive the averaging
procedure (Basar et al., 2001). Recent investigations of rhythmic brain activity in
humans have provided evidence that such intrinsic, pre-stimulus oscillatory activity
reflects ongoing internal cognitive states, and allows accurate predictions about
forthcoming perceptions and behaviour (Babiloni et al., 2006; Thut et al., 2006;
Hanslmayr et al., 2007; Kranczioch et al., 2007; Min and Herrmann, 2007; van Dijk et
al., 2008; Zhang et al., 2008; Busch et al., 2009; Mazaheri et al., 2009; Min and Park,
2010; Drewes and VanRullen, 2011).
Any periodic signal can be characterized by its amplitude and period (cycle width
in time), which is inversely related to its frequency (Figure 1.8A). Phase angle is a
characteristic that is informative about the relative timing of the peaks and troughs of the
oscillating signal, when compared to another oscillating signal or the onset of an event
(Figure 1.8C,D). The mean frequencies of oscillator categories in the mammalian brain
form a linear arithmetic progression on a natural logarithmic scale (Penttonen and
Buzsaki, 2003) with a constant ratio between neighbouring frequencies (Figure 1.9 upper
panel), thus leading to the separation of classic frequency bands (Buzsaki and Draghun,
2004). The frequency bands are not always defined at identical ranges, however some
frequency bands commonly encountered in the EEG literature, according to The
International Federation of Societies for Electroencephalography and Clinical

Figure 1.8. Characteristics of oscillating signals. A. Example of an oscillating signal.
Trace represents a hypothetical continuous EEG or LFP voltage signal recorded over
time. The oscillations are composed of pure sine waves for illustrative purposes. The
window of time shown by (a) demonstrates the duration of one cycle, or the period
associated with that frequency (higher frequencies have shorter cycles while lower
frequencies have longer cycles). (b) highlights the amplitude of the oscillation (size of
voltage deflection, which reflects the summed magnitude of membrane potential
fluctuations that are being measured). (c) is meant to emphasize the number of cycles
that occur within 1 second. This illustrates the concept of frequency, in this example it is
4 cycles per second or Hz. B. Spectral power density estimate that would be obtained by
applying a Fourier transform to the time series data in A. This algorithm transforms the
mathematical function that describes the signal, for a specific discrete epoch, from the
time-domain to the frequency-domain. Because the signal in A is a pure sine wave it
contains only one frequency, however real neural data contains many frequencies and
noise simultaneously. C. Information pertaining to the position of a particular event in
time with respect to an oscillating signal can be obtained by examining the phase angle,
of particular interest is the information that can be gained from comparing phase
characteristics between two oscillating signals. The angles represented at the peaks and
troughs represent the time at which the membrane potentials are most and least excitable.
D. We model brain rhythms as oscillations produced by phase oscillators, in which the
state of the system is viewed as going around the simplest loop, the unit circle. The angle
is the phase of the oscillator, which only exists at the interval [0, 2pi]. The interval of
one cycle is represented as the rotation around the full circle around the origin.
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Figure 1.9. Features of mammalian brain oscillations. A. Power spectrum of the right
temporal lobe in a sleeping human subject. Log power decreases almost linearly with
increasing log frequency. Thus, spectral power density in EEG or LFP is inversely
proportional to frequency in the mammalian cortex. B. Linear progression for classes of
oscillations that can be recorded from the rat cortex. Reprinted from Buzsaki and
Draghun 2004 with permission from AAAS.
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Neurophysiology (1974) are known as delta (1-3 Hz), theta (4-7 Hz), alpha (8-14 Hz),
beta (15-30 Hz) and gamma (30-100 Hz) (as cited in Penttonen and Buzsaki, 2003). The
prevalence of the specific frequency bands in a particular epoch of EEG or LFP signal
might reflect specific internal cognitive states and operations (Buzsaki, 2006).
In order to examine frequency characteristics in a given field potential signal over
time, one must project the mathematical representation of the signal from the time
domain into the frequency domain (Figure 1.8B). Investigators often use Fourier
analysis to estimate the power spectra within neuronal signals (van Drongelen, 2006;
Mitra and Bokil, 2008). Spectral power is a mathematical value used to indicate the
amplitude or predominance of a particular frequency band in a continuous voltage signal.
The Fourier transform is multiplied by its complex conjugate, and then normalized by the
number of samples obtained, to estimate the power spectra for that particular epoch of
LFP signal (van Drongelen, 2006). The higher the spectral power density in a signal at a
particular frequency band, the higher the degree of membrane potential synchronization
at that frequency in the contributing neurons (Jensen and Colgin, 2007; Klimesch et al.,
2007).
1.3.5 Functional Relevance of oscillatory brain activity
Brain oscillations are modulated by diverse cognitive processes, including
attention, object representation, sensorimotor integration, and movement preparation
(Singer, 1999; Engel et al., 2001; Bichot et al., 2005). Fast gamma oscillations
synchronized in a specific cortical region are thought to reflect increased local
processing, i.e., that neurons in a given local assembly are firing together in a
synchronous manner. For example, high-frequency oscillations would be expected to
occur in visual brain areas, in localized regions encoding specific representations of
discrete pieces of sensory information (von Stein and Sarnthein, 2000; Fries et al., 2001).
In this view, the LFP reflects the modulation of the temporal pattern of spikes that act on
another local network (Varela et al., 2001). GABAergic interneurons are implicated to
play a key role in the production of high-frequency gamma and beta oscillations (Kopell
et al., 2000).
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What functional relevance could oscillations have for neuronal communication?
Rhythms in the dendritic membrane potential provide discrete windows in which the
neuron can be more easily depolarized toward threshold for AP production, which
alternate with windows in which the neuron will not fire as readily (Figure 1.10, Buzsaki
and Draghun, 2004; Fries, 2005). Modelling work has demonstrated that membrane
potential synchrony in a particular frequency band can result in efficient signal-routing,
and favour the arrival of robust input signals at common target structures (Akam and
Kullmann, 2010). Empirical evidence is also consistent with this notion (Alonso et al.,
1996; Azouz and Gray, 2000; Bruno and Sakmann, 2006). One must also consider the
consequences of the oscillations in these target brain areas. If the arrival of the AP
coincides with the excitable-membrane window in the oscillation cycle of the target
neurons, then the volley from that region would have a greater chance of producing a
response in that downstream area. Likewise, if spikes arrive at the inhibited-membrane
window, it is less likely that a response will be produced in the target. Noisy signals of a
similar magnitude, arriving from elsewhere via non-coherent connections (i.e., that arrive
outside of the peak window) will be much less capable of driving activity and thus
influencing the ongoing neuronal computations (e.g., Figure 1.10, black neuronal group).
This concept has been named by P. Fries as the “Communication through neuronal
coherence” theory (CTNC Theory, Fries, 2005). Note that Maunsell and colleagues,
however, have challenged the claim that fast gamma rhythms reflect altered
communication structure in the cortex. High frequency rhythms might simply be a
consequence of basic cortical processes such as the interaction between excitation and
inhibition that occurs with cortical activation in general (Ray and Maunsell 2010; Ray et
al., 2013).
This brings us to the concept of coherence, which is a measure of the phase
relationship between two oscillators that are synchronized in a particular frequency band.
In CTNC and similar theories that postulate cognitive operations are supported by the
transient formation of large-scale networks, which are structured temporally by
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Figure 1.10. Schematic illustration of mechanism proposed by the “neuronal
communication through neuronal coherence” theory. On the left, the green circle
represents a group of neurons that receives input from both the red and black groups. On
the right, oscillating traces represent membrane potential oscillations that can be
measured by LFPs with vertical lines representing spikes that occur during peak
excitability phase of the cycle. The arrows between green and red, and green and black
groups represent the reciprocal inputs. Spikes that arrive at excitability peaks of the
receiving neuronal group have pointed arrowheads, while those that miss these peaks are
represented with blunt arrowheads. The red and green neuronal groups undergo coherent
excitability fluctuations, which facilitates effective communication. The black group
undergoes fluctuations that are out of phase and therefore communication with the black
group is blocked. Reprinted from Fries 2005 with permission from Elsevier.
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oscillations, coherence or phase synchrony plays a central role (Fries, 2005; Siegel et al.,
2012). Spectral coherence, a generalization of covariance between two signals for the
spectral domain, is a measurement that contains all of the information about the temporal
structure of neural activity for two oscillating signals in a particular frequency band
(Varela et al., 2001). Effects on coherence do not reflect modulations of local oscillatory
activity, but instead reflect genuine changes of interregional synchronization (Siegel et
al., 2008). The relative phase offsets (i.e., the difference in phase angle between two
coherent oscillators) can sometimes be used to infer directionality in the functional
interaction, but an examination of the phase-spectra slope is required to consolidate such
interpretations (Schoffelen et al., 2005, supporting materials). In contrast to locally
synchronized oscillatory activity, the global organization of long-range cortical
synchronization is poorly understood (Hipp et al., 2011; Siegel et al., 2012) but can be
studied with experimental protocols that allow one to measure rhythmic neuronal signals
from multiple recording contacts together with analyses of phase synchrony.
1.3.6 Low-frequency oscillations: temporal structure for the assembly of dynamic brain
networks
Top-down control is a hallmark function of the PFC, and implies a modification
in the communication structure between brain areas (Fries, 2005; McAlonan et al., 2008;
Siegel et al., 2008). Slower oscillations could provide a temporal structure for the
emergence of large neuronal assemblies involving anatomically distant brain regions,
which when synchronized can communicate in a coordinated fashion (Fries, 2005;
Schnitzler and Gross, 2005; Sauseng et al., 2006; Womelsdorf et al., 2007; Canolty et al.,
2010). This mechanism can explain why the large number of synaptic contacts made by
each individual neuron would not always be effective at driving changes in downstream
targets, despite the fact that diverging APs will reach all axon terminals around the same
time (Haider and McCormick, 2009). To reiterate, a phase-synchrony-dependent filter
would enable transmission to functionally relevant network components and
simultaneously block transmission to functionally irrelevant targets for the same neuron
(Womelsdorf et al., 2007; Akam and Kullmann, 2010). It is the modulation of neuronal

43
excitability, organized in time by oscillations, that dictates which signals will be the most
potent at any given moment.
The number of different activity patterns that can be configured from a given set
of neurons is much larger than the number of neurons in the set, and the concept of one
distributed sensory code converting into another distributed motor code (a basic sensorimotor transformation) could be a much more elegant and fast solution compared to the
serial, anatomically-fixed counterpart (Singer, 1999). The cycle length of mediumfrequency oscillations (i.e., theta, alpha) is ideal for long-range neuronal communication.
Long cycles accommodate for the transmission delays associated with long-range but
monosynaptic connections. A long cycle duration provides a larger window for two
distant but connected neurons to be excitable simultaneously. Presently, a very plausible
candidate to explain top-down control mechanisms, which appear to be processed via
large-scale cortico-cortical and cortico-sub-cortical interactions, is the selective formation
of dynamic or transient reciprocal links mediated by synchrony over multiple frequency
bands (von Stein and Sarnthein, 2000; Varela et al., 2001; Buzsaki and Draghun, 2004).
Oscillation-based synchrony appears to be the most energy-efficient physical mechanism
for temporal coordination (Winfree, 1980; Mirollo and Strogatz, 1990). Moreover, so
long as the frequencies of coupled oscillators remain similar, synchrony can be sustained
even with weak synaptic links (Buzsaki and Draghun, 2004). The spectral power density
of the EEG or LFP is inversely proportional to frequency in the mammalian cortex
(Figure 1.9, bottom), further it has been demonstrated that perturbations occurring at low
frequencies can modulate amplitudes at higher frequencies and therefore that widespread
slow oscillations can modulate faster local events (Buzsaki and Draghun, 2004; Lakatos
et al., 2005). Therefore, the concept of large-scale network formation by phase
synchrony (where wide-spread localized regions are recruited by medium-frequency
oscillations) has a strong foundation in biophysical and anatomical features of the
nervous system and thereby provides a plausible solution to the limitations associated
with purely serial models of neuronal communication.
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Coherence measures the correlation in phase between two oscillators; the phase
relation does not matter, so long as it is consistent (Von Stein and Sarnthein 2000; Nunez
et al 2001). As such, this measure reflects the degree of functional interactions between
two signals in each frequency band (Rappelsberger and Petsche, 1988, as cited in von
Stein and Sarnthein 2000) and it has been argued that to examine coherence across brain
regions is the only way to truly estimate their interactions (Bressler, 1995; Varela et al.,
2001). Thus, distant brain nodes that oscillate with a reliable phase relationship are
thought to form coherent functional networks. In sum, these dynamic network accounts
emphasize that the partially hierarchical, nonlinear flow of information through the cortex
depends upon three factors at the receiving neuron: 1) the amplitude of the synaptic
event, 2) the membrane potential and spike threshold and 3) the timing of the event in
relation to background activity, which is directly reflected in the magnitude of the
membrane potential (Haider and McCormick, 2009).
Relatively few studies have used coherence measures to study the properties of
networks that are so hypothesized by the NCTC theory (e.g., Fries, 2005), despite that the
sequential emergence of a specific neuronal assembly is thought by some to underlie the
operation of every cognitive act (Varela et al., 2001; Halgren et al., 2002; Uhlhaas and
Singer, 2006). In fact, the pioneering studies that used coherence measures to investigate
neuronal interactions between distant cranial sites in humans were conducted just over a
decade ago (Sarnthein et al., 1998; Miltner et al., 1999; Rodriguez et al., 1999; Srinivasan
et al., 1999; von Stein et al., 1999) although coherence in relation to visual coding was
investigated in cats a decade earlier (Eckhorn et al., 1988). Several studies in which
human EEG, cat LFP and monkey LFP recordings were examined have provided
evidence of phase synchrony between recording channels and also have reported diverse,
context-dependent network interactions over large frequency ranges (von Stein et al.,
2000; von Stein and Sarnthein, 2000; Gross et al., 2006; Siegel et al., 2008). Long-range
fronto-posterior phase synchronization in the middle (alpha, theta) frequency ranges has
been commonly reported to reflect internal mental context during top-down processing in
human subjects (Sarnthein et al., 1998; von Stein et al., 2000; von Stein and Sarnthein,
2000; Halgren et al., 2002). Other studies in human clinical populations with central
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executive dysfunction have shown that these patients exhibit reduced fronto-posterior
EEG coherence in these slower brain rhythms (Min et al.; Ford et al., 2002; Hogan et al.,
2003; Babiloni et al., 2004; Schnitzler and Gross, 2005; Serrien et al., 2005; Uhlhaas and
Singer, 2006).
One major branch of cognitive neuroscience pertains to computation, and uses
computer algorithms to model neural processes. This approach is certainly important, but
because perception and behaviour can vary across trials in response to identical stimulus
inputs, internal brain states likely pose an important difference between the human brain
and a computer (VanRullen et al., 2011). According to the phase-synchronized network
accounts, trial-to-trial variability might be indicative of alterations in functional
connectivity (Haider and McCormick, 2009). One should thus be able to extract
information pertaining to the state of cognitive mechanisms by examining the prestimulus period, before any task events have occurred, but while subjects prepare for the
task. Several studies, in which spectral analyses were performed, have provided evidence
that the preparatory epoch, which corresponds to the commonly used “baseline” epoch,
can actually carry predictive information about forthcoming perceptions and behaviour
(Babiloni et al., 2006; Hanslmayr et al., 2007; Drewes and VanRullen, 2011). As such,
this work has sparked interest in intrinsic oscillatory brain states prior to stimulus
presentation over the past several years.
The best way to examine the specific mechanisms of dynamic network formation
that are thought to support cognitive operations would be to sample LFPs from many
brain areas at once during sophisticated behavioural paradigms. Indeed, investigators
have taken this approach with model organisms. Presently, one potential problem with
using invasive LFP recordings to study synchronized networks is that the evidence in
support of the large-scale synchronized networks hypothesis comes only from studies that
used human subjects and that have employed recording techniques that sample neural
activity on a large spatial scale (often coming close to “whole brain” coverage). To date,
no investigators have demonstrated similar homologous large-scale synchronized
network formation during the engagement of top-down control mechanisms in macaque
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monkeys. It also has been argued that EEG and LFP recordings reflect unique types of
information pertaining to brain processes and can’t be compared (Nunez, 2000). In other
words, it has been assumed that synchronized LFP signals recorded from within brain
tissue in animals represent brain activity that is homologous to that measured using EEG
or magnetoencephalography in humans. This is one problem that was highlighted at the
beginning of this chapter. Therefore, to record the activity of large expanses of cortex
simultaneously using EEG or magnetoencephalography from the macaque monkey could
validate this important animal model for use in the fine-grained investigation of largescale oscillatory networks in top-down cognitive control. This (EEG) is exactly the
approach that we have taken to address this problem, and our results are described in
Chapter Two.

1.4 Model for cognitive control of action: The saccade generating circuit in nonhuman primates
The physiology of the oculomotor system has been thoroughly investigated
(Munoz et al., 2000; Scudder et al., 2002; Leigh and Zee, 2006). Saccadic eye movement
– that is, the conjugate, ballistic shift in gaze direction that is produced by contraction of
the extraocular muscles – is the most frequent action that humans perform on a daily
basis (Hutton, 2008). We use saccades to assess our surroundings by directing our highacuity fovea toward various objects of interest for detailed visual examination (Munoz et
al., 2000). A large expanse of cortical and sub-cortical brain areas is involved in the
production of saccades in various contexts, which is likely a result of the intertwined
relationship between gaze control and visuo-spatial attention (Rizzolatti et al., 1987;
Corbetta and Shulman, 2002).
Saccadic eye movements are a favourable form of motor output to study for many
reasons. As argued by Carpenter (1994), the oculomotor system provides researchers
with a “microcosm of the brain”, one whose sensory input can be precisely controlled and
manipulated, and whose limited motor output can be measured with exceptional accuracy
with current eye tracking equipment (Carpenter, 1994). The basic neurophysiology
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underlying saccade generation is well understood (Munoz et al., 2000), and investigators
exploit this system to study cognition (Johnston and Everling, 2011). Specifically,
investigators have devised creative ways to impose high-level cognitive demands in tasks
requiring a saccadic response. Saccades are influenced by attention, working memory,
learning, long term memory and decision making (Hutton, 2008). Critically, monkeys
can be trained to perform complex behavioural tasks that use saccadic eye movements to
indicate decisions (e.g., Johnston and Everling, 2011; e.g. Amador et al., 1998; Asaad et
al., 1998; Genovesio et al., 2005; Buckley et al., 2009; Stoet and Snyder, 2009; Godlove
et al., 2011).
A perfect and well-exploited example of top-down control over gaze direction is
the anti-saccade task, which requires the generation of a volitional saccadic eye
movement directed away from a suddenly appearing peripheral stimulus (Hallett, 1978;
Munoz and Everling, 2004). The anti-saccade response is also a useful example of
learned, volitional rule-governed behaviour. For the anti-saccade, the peripheral
stimulus, which acts as a target for a saccadic eye-movement in the pro-saccade task,
instead acts as a reference location for transformational mapping of the response (Murray
et al., 2000). The anti-saccade rule dictates that a pro-saccade, which would otherwise
tend to be elicited naturally by such a stimulus, must be suppressed and that a volitional
saccade must be directed toward its mirror position. In fact, anti-saccade behaviour is
very similar between humans and monkeys (Amador et al., 1998; Bell et al., 2000),
which is likely a consequence of the high degree of homology that has been found
between the saccade generating circuitry of humans and monkeys (Pierrot-Deseilligny et
al., 1995; Everling and Munoz, 2000; Johnston and Everling, 2011; Hutchison et al.,
2012).

1.5 The present work
1.5.1 The saccade-overriding task
In the present thesis, we have explored cortical and sub-cortical contributions to
cognitive flexibility and top-down cognitive control in monkeys by utilizing a
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behavioural task in which the balance between speed and accuracy had to be dynamically
adjusted. We employed a modified version of the “saccade-overriding task” (SOT)
originally introduced and described by Isoda and Hikosaka (2007), which has been
established to study volitional control over automatic saccades (Isoda and Hikosaka,
2007, 2008). This task induces automatic behaviour by repeating the same rule in a block
of trials and by exploiting the effect of temporal predictability on speed of responding
(Kingstone and Klein, 1993). In the original version (Isoda and Hikosaka, 2007), two
stimuli were presented in each trial, and the colour of the central cue indicated which
stimulus the animals should use for a saccade target (Figure 1.11, “First SOT”). To
increase the cognitive demands of the task, we instead presented one peripheral stimulus
on each trial and the central cue indicated which rule the monkeys should use to respond
to the stimulus (pro-saccade or anti-saccade, Figure 1.11, “New SOT”). This
modification was made because it enabled the investigation of automatic and controlled
behaviour in a situation where two rules differ in response dominance. To review, prosaccades are relatively simple because they are associated with a direct stimulus-response
mapping. Further, this response allows subjects to behave in the way that comes most
naturally when a stimulus suddenly appears, and thus requires minimal volitional control.
In other words, the pro-saccade task-set requires a saccade directed toward a stimulus (a
natural tendency for any organism with the capacity for conjugate eye movements) while
anti-saccades require top-down control to produce a learned, volitional saccadic response
away from the stimulus (Everling and Fischer, 1998; Brown et al., 2007).
In this version of the SOT, pro- and anti-saccades are performed automatically but
in a flexible, goal-dependent way (Wood and Neal, 2006). Several key features of this
task made it attractive for use in the study of cognitive flexibility and control over speed
and accuracy. First, the task design includes relatively short blocks of unpredictable
length, which requires a balance between behaviour that is both cognitively stable and
fast (rule was often predictable) but also cautious and flexible (due to frequent ruleswitches). Second, an informativeinstruction cue was available on each trial. Therefore
the chances of accurate task performance can be increased if subjects perform saccades in
an instruction-guided manner. To do this requires a strategic modulation over SAT to
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Figure 1.11. Basic features of stimulus presentation in saccade overriding task variants.
We adapted an experimental task that was designed in another laboratory to investigate
control over automatic saccade selection (“First SOT”, Isoda and Hikosaka, 2007). Each
column represents stimulus presentation for a single trial. Each trial began with the
presentation of a central point. The monkey had to fixate this point to initiate a trial.
This was followed, after a variable delay, by the presentation of stimuli. Next, after a
brief and fixed delay, the central point switched to a coloured instruction cue. Only after
this event could the monkey produce a saccade to obtain a reward (saccades produced
prior to the cue onset were not rewarded and considered to be errors). A. In the SOT, the
rule does not change until at least 5 correct trials are performed (a blocked design).
Therefore, on the majority of trials, the rule from the previous trial could be used to
predict the rule on the current trial. Thus, this feature allowed the monkeys to anticipate
the rule. The predictable temporal delay between stimulus presentation and cue onset
allowed the cue to be used as a nonspecific go-signal if the subjects choose to assume a
task-processing mode in which automatically prepared saccades are triggered by the
stimulus (associated with SAT modulation for speed rather than accuracy). However, the
number of correct trials in each block did not exceed 10, and a short-latency saccade
would be directed toward the wrong location when the rule switches on the first trial of a
new block. Accordingly, automatic saccade plans had to be suppressed, or canceled and
reprogrammed on switch trials to obtain a reward, which would only be possible if the
animals assumed a processing mode during preparation such that the SAT is modulated
to favour accuracy.
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reduce the chances of early inappropriate response activations (imposed by the lingering
pre-potent task-set from the previous trial), which exchanges a speed emphasis for an
accuracy emphasis (Bogacz et al., 2009). Further, this feature ensures that subjects are
not required to ascertain the frequent contextual (rule) switches using internallymaintained information, but instead have the opportunity to perform the first trial after a
rule-switch correctly (“saccade-overriding behaviour”). Third, the stimulus-instruction
asynchrony, which occurs at a fixed delay (and therefore its timing was entirely
predictable), could also be utilized as a nonspecific go-signal since the stimulus is
presented in advance (Figure 1.11A). The monkeys were not rewarded if they broke
fixation prior to the onset of this instruction cue. Therefore, the ability of these subjects
to frequently produce short-latency saccades, based on internally-maintained rule
information, must have been facilitated by an accurate sense of the stimulus-instruction
asynchrony that would have been used to frequently estimate the instruction cue onsets
and thus to trigger stimulus-driven saccades. Such stimulus-triggered responses can be
considered to have been prepared automatically (Cameron et al., 2007). In other words,
the monkeys quickly prepared and performed these saccades, despite not being instructed
to do so, one defining feature of automatic behaviour (Isoda and Hikosaka, 2011).
To perform the SOT optimally, the animals should resist the urge to assume an
automatic mode of preparation that the predictable task features strongly encourage, and
instead prioritize accuracy over speed. To review, this required the monkeys to approach
the trials using a more cautious processing mode. For the cue to be used toward the
evidence regarding the appropriate saccadic response (in addition to the internal
representation of the rule and outcome in the immediately previous trial, and the stimulus
location) the monkeys had to refrain from saccade production using the more automatic
mode of preparation. Instead, a top-down controlled processing mode could be used to
withhold automatically generated saccade plans and to prioritize accurate instructionguided saccades (Figure 1.11B). The behavioural data, which will be described in the
following chapters, strongly imply that monkeys perform this paradigm using two
preparatory modes. We refer to a fast preparatory mode, in which the animals could not
have utilized instruction cue information to guide their response, as automatic. By
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contrast, a slow preparatory mode, in which animals could have utilized the instruction
cue by prioritizing accuracy over speed, is referred to as controlled. It must be
acknowledged that both modes relied on top-down control in various forms. For the
automatic preparatory mode, the rule maintenance could be considered a result of topdown processes since working memory is implied, however no manipulations were
required. Alternatively, the use of the instruction cue in the controlled preparatory mode
implies bottom-up control due to the external source of action guidance. Top-down
control, in our task, refers to the proactive adjustment in speed of responding to allow for
the prioiritation of accuracy. We used the SOT to model top-down cognitive control over
action in monkeys, in three separate experiments to ask the following questions:
1.5.2 Is top-down control recruitment in macaque monkeys associated with the
engagement of large-scale synchronized networks?
Invasive intracortical studies have shown that large-scale coherent networks could
support cognitive control functions in monkeys and cats (von Stein et al., 2000;
Buschman and Miller, 2007; Womelsdorf et al., 2007). This work has demonstrated
functional interactions between neurons in distant brain areas, but the associated
methodology is limited by low spatial sampling. Therefore, these results cannot be
directly compared to studies in humans showing large-scale coherent interactions among
distant brain areas for top-down controlled processing. To directly assess the existence of
large-scale phase synchronized networks in monkeys, in Chapter Two we employ a
technique that is commonly used to study large-scale neural activity in humans
(Woodman et al., 2007).
Investigators have already begun to use EEG in monkeys to demonstrate
electrophysiologal processes that are homologous to those observed in human subjects.
However, these experiments used event-related averaging approaches to study timelocked signals (Woodman et al., 2007; Sander et al., 2010; Godlove et al., 2011; Reinhart
et al., 2012). There are many biophysical properties of neurons that together fit well with
the hypotheses of phase-synchronized functional networks, but the empirical study of
such networks has only begun fairly recently and there are many questions that could be
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addressed with a valid animal model system. To date, no previous study has examined
multi-channel EEG data to investigate large-scale synchronization in macaque monkeys,
which is required to establish homologous processes in this species. To determine
whether this bridge could be established between monkeys and humans we recorded EEG
signals, which reflect the synchronized activity of large-scale neural ensembles, in
macaque monkeys. We tested the signals recorded at separate cranial sites for evidence
of temporal interactions using an estimate of spectral coherence, which we describe in
Chapter Two.
1.5.3 Does the dlPFC play a causal role in strategic response preparation for macaque
monkeys?
Based on current conceptualizations of the SAT, it should be modulated by an
association structure that is involved in top-down control, rather than an area that is
specialized for sensory or motor processing. The neural underpinnings of SAT have not
been investigated empirically until recently, using electrophysiolgical measures (Osman
et al., 2000; Rinkenauer et al., 2004) and functional neuroimaging methods in human
subjects. The results of these studies have supported the “flexible baseline” hypothesis
and also implicate PFC-BG interactions in SAT modulation (Forstmann et al., 2008;
Ivanoff et al., 2008; Bogacz et al., 2009; Forstmann et al., 2010). Several of these studies
proposed that the dlPFC is likely instrumental in the context-dependent modulation of
SAT (Ivanoff et al., 2008; van Veen et al., 2008; Bogacz et al., 2009). To our
knowledge, previous SAT experiments in humans have all used tasks that require a
manual response.
The neural mechanisms of SAT have only very recently been directly investigated
in macaque monkeys (Heitz and Schall, 2012). The authors of this study examined the
activity of single neurons in the frontal eye fields (FEF), a critical node in the saccadegenerating network (i.e., saccades can be elicited with the application of low current
electrical microstimulation), and reported a combination of neuronal modulations by
speed and accuracy emphasis. These results indicate that the FEF is a target for SAT
modulation (Heitz and Schall, 2012). According to influential models, the FEF is not
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likely responsible for controlling SAT because of its important role in contributing to
oculomotor output (Bogacz et al., 2009). It is possible that modulations of FEF
excitability, during SAT adjustments, are imposed by the dlPFC. However, the role of
the macaque dlPFC, which is thought to control behaviour in an effector-independent
way, has not been investigated in SAT adjustments.
SAT is considered to reflect a top-down imposed level of response caution, which
is a strategic cognitive parameter. Further, dlPFC neurons have been shown to encode
information regarding the strategy employed to perform a task (Genovesio et al., 2005;
Tsujimoto et al., 2011) and disruption of the dlPFC in humans altered strategic decision
making (van 't Wout et al., 2005). Therefore, SAT modulations might just be one form of
strategy that the dlPFC is capable of controlling. To explore a causal function for the
dlPFC in strategic modulation of the SAT (and its effect upon cognitive flexibility), we
employed reversible cryogenic deactivation, a technique that has many benefits over
other manipulations that disrupt function in cortical tissue (Lomber, 1999). Perhaps the
most important benefits of this method are that the cortex is not disturbed since the
cryoloops rest atop the dura, and also that the underlying cortical region can be
temporarily rendered inactive at temperatures below 20˚C and fully recover function in a
matter of minutes (Lomber et al., 1999). To establish a causal role for the dlPFC in
strategic behaviour control would provide a new link between the human and monkey
literature.
1.5.4 Do activity patterns in the caudal putamen of the macaque show modulations
during saccade behaviour?
As briefly mentioned at the end of section 1.2.3, a problem has emerged in the
literature on the BG oculomotor circuit that implies an inherent species difference
between monkeys and humans, however it is also possible that these “between-species
discrepancies” originate from an early bias in the BG literature (Neggers et al., 2012).
Specifically, the authors of functional neuroimaging studies with human subjects have
often reported activation of the putamen during saccadic eye movement production (Petit
et al., 1993; O'Driscoll et al., 1995; Petit et al., 1996; Sweeney et al., 1996; Dejardin et
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al., 1998; Luna et al., 2001; Gagnon et al., 2002; Gerardin et al., 2003; Simo et al., 2005;
Dyckman et al., 2007; Hwang et al., 2010; Krebs et al., 2010; Aichert et al., 2011;
Neggers et al., 2012). Most of our understanding about the mechanistic function of the
BG in saccade control comes from in vivo neuron recording studies in monkeys
(Hikosaka et al., 2000). Surprisingly, despite these findings in the human literature,
single neuron activity in the putamen has not previously been investigated during saccade
behaviour in monkeys. Instead, the caudate nucleus has been demonstrated time and time
again to be the “oculomotor zone” of the striatum despite the fact that neurons in the
putamen have not yet been probed for oculomotor responsiveness (Neggers et al., 2012).
Based on the concept of parallel and segregated loop circuitries (Alexander et al.,
1986), past contributions toward the neurophysiology literature have largely confirmed
this model of BG organization, which is hypothesizes effector-specialization for the
caudate and putamen. This popular view of the BG holds that the caudate nucleus is the
input node for the “oculomotor loops” while the putamen is that for “sensorimotor
loops”. However, this account cannot explain the observations reported in the human
literature, and therefore the results of these studies challenge the utility of the macaque
model to understand human basal ganglia organization and contributions toward
sophisticated behavioural control. Therefore, in the final research chapter, the activity
patterns of single neurons in the macaque putamen were investigated during goal-directed
saccade behaviour using the SOT.
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Chapter 2
A long-range fronto-posterior 5-10 Hz network predicts ‘topdown’ controlled guidance in a task-switch paradigm
A version of Chapter 2 is published as J.M. Phillips, M. Vinck, S. Everling & T.
Womelsdorf, (2013) A long-range fronto-parietal 5-10Hz network predicts ‘top-down’
controlled guidance in a task-switch paradigm. Cerebral Cortex.

2.1 Introduction
Performance of even simple tasks requires brain circuitry to establish a
representation of the task goal that entails the rules about how to map stimuli onto
responses. This task-set information is associated with critical top-down signals that bias
how efficiently and accurately sensory inputs are processed and transformed into actions.
Accordingly, top-down controlled task structure should be implemented by neuronal
circuitry prior to the processing of task-relevant stimuli and further, its neuronal signature
should be predictive of task processing (Braver, 2012). This preparatory top-down state
has recently been mapped onto brain areas in the prefrontal and parietal cortex
(Summerfield and Egner, 2009; Bollinger et al., 2010; Passingham et al., 2010).
Engagement in controlled task processing that involves frequent alternations of task rules
is associated with the activation of a fronto-parietal network of areas in fMRI studies
(Brass and von Cramon, 2002; Dosenbach et al., 2007; Dosenbach et al., 2008; Bollinger
et al., 2010; Hikosaka and Isoda, 2010). Activation of lateral prefrontal cortices has been
causally linked to efficient top-down guidance of attentional selection (Taylor et al.,
2007; Ruff et al., 2008; Morishima et al., 2009; Zanto et al., 2011; Polania et al., 2012).

74
Similarly, medial prefrontal and anterior cingulate cortices are known to provide essential
preparatory control signals that implement flexible adjustments of attentional focus in
order to cope with dynamic task demands (Kennerley et al., 2006; Johnston et al., 2007;
Hikosaka and Isoda, 2010; Passingham et al., 2010; Womelsdorf et al., 2010b; Kaping et
al., 2011).
Preparatory top-down control signals are thus evident in widely distributed brain
areas that form various fronto-parietal networks that subserve selective attentional control
(Corbetta and Shulman, 2011; Petersen and Posner, 2012), decision making processes
(Wang, 2008; Kable and Glimcher, 2009; Polania et al., 2012), working memory
maintenance (Palva et al., 2010), predictive perceptual coding (Summerfield and Egner,
2009; Bollinger et al., 2010), or cognitive task-sets (Brown et al., 2007; Dosenbach et al.,
2007). Details about the spatio-anatomical specificity of these fronto-parietal networks
have been gained from functional connectivity analysis of the slow, periodic fMRI
BOLD response (Bressler and Menon, 2010; Hutchison et al., 2012). However, only
recently have investigators begun to delineate the temporal specificity of emerging
functional networks during behaviour using coherence (Sarnthein et al., 1998;
Womelsdorf et al., 2007; Gregoriou et al., 2009; Hipp et al., 2011; Hipp et al., 2012;
Siegel et al., 2012). These studies have shown that preparatory top-down controlled
states, indicative of anticipatory attention and working memory retention, are associated
with selective long-range phase synchronization at various time scales and frequencies
(Canolty et al., 2010; Womelsdorf et al., 2010a; Fell and Axmacher, 2011; Siegel et al.,
2012). Large-scale phase coupling could therefore provide a critical window into the
mechanisms underlying the coordination and integration of distributed top-down
information during task preparation and performance (Arnal and Giraud 2012; Fries,
2005; Womelsdorf et al., 2007; Battaglia et al., 2012; Jensen et al., 2012).
Previous studies are consistent with the hypothesis that large-scale phase
synchronized networks emerge to achieve top-down controlled processing in model
organisms that have been established to understand the neural basis of cognitive control
(Bressler et al., 1993; Schurmann et al., 2000; von Stein et al., 2000; Buschman and
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Miller, 2007; Womelsdorf et al., 2007). This work has demonstrated long-range
synchrony between LFP signals recorded from distant cortical brain areas. However, the
comparison of such work to findings in studies with human subjects is limited to special
clinical cases. In healthy humans, oscillatory brain activity can only be studied using
EEG or MEG. Further, the spatial extent of the network can only be estimated using
techniques that allow for a sufficiently high degree of spatial coverage over the brain,
which is a characteristic of these methods that have been previously been used in work
with human subjects.
We therefore aimed to test whether phase synchrony between signals measured
from intracranially implanted EEG electrodes, positioned above the entire dorsal
neocortex of macaque monkeys, allows for the identification of a functional network that
specifies the top-down control strategies used to prepare forthcoming responses during
performance of a rapid alternating task switch paradigm (Isoda and Hikosaka, 2007). In
two animals, we found electrophysiological evidence for a reliable and topographically
specific (pre-)frontal-parietal network that engages in 5-10 Hz phase synchronization.
Network coherence dynamically evolved prior to stimulus processing and predicted
whether the subjects performed the task with a controlled behavioural strategy that
utilizes volitional top-down control, or whether subjects employed an automatic,
stimulus-triggered response mode. Phase relations within the network suggested that
oscillation cycles in medial prefrontal and lateral prefrontal cortical activity are likely
coordinated in a bi-directional manner, with 5-10 Hz oscillation cycles in the midline
areas acting as drivers of 5-10 Hz activity recorded over parietal cortex.

2.2 Materials and Methods
2.2.1 Subjects
Two macaque monkeys (Macaca mulatta), monkey B and monkey Q (weighing 10
and 8 kg, respectively) were used as subjects in this study. All experimental procedures
were conducted in accordance with the Canadian Council of Animal Care Policy on the
Use of Laboratory Animals and a protocol approved by the Animal Use Subcommittee of
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the University of Western Ontario Council on Animal Care (see Appendix A). The
animals were implanted intracranially with 16 low impedance electrodes placed over
major dorsal cortical regions, based on stereotaxic coordinates (Paxinos et al., 2000) for
EEG recordings as utilized and validated in previous studies (Woodman et al., 2007;
Sander et al., 2010) (Figure 2.1).
2.2.2 Experimental Design
The monkeys performed a saccade-rule switch task, which is an adaptation of the
saccade over-riding task (SOT) introduced by Isoda and Hikosaka to investigate both
automatically generated and top-down controlled saccade responses (Isoda and Hikosaka,
2007, Figure 2.2A). In this task, the animals had to complete blocks of five to ten
correct trials using one of two stimulus-response mapping rules. The two saccade rules
were (1) pro-saccade (saccade toward the peripherally presented stimulus) and (2) antisaccade (saccade toward the diametrically opposite location) (Figure 2.2A). The
stimulus-response mapping rule alternated in successive blocks. At the start of each trial,
the monkey had to acquire a central, white fixation point. Following a random delay of
750 - 900 msec, a stimulus was presented at either left or right of the fixation spot at 8º
eccentricity. After a delay of 200 msec, the white fixation spot was replaced with a
coloured instruction cue, which indicated the rule for the current trial. A response was
considered correct if the saccade endpoint fell within the appropriate target window (5 ºx
5 º) within 500 msec after cue onset and was maintained for 80 msec, after which the
monkey immediately received a liquid reward. The animals were not rewarded if the
response was initiated before the fixation point changed colour.
2.2.3 Implant and Surgery
Both monkeys underwent surgery for skull surface dental acrylic implants in
preparation for chronic ERP recordings. Monkeys were sedated for the surgery with
ketamine hydrochloride (10 mg/kg i.m.). Atropine (0.05 mg/kg s.c.) was given to reduce
bradycardia and salivary secretions. Anesthesia was initiated with a bolus of propofol
(2.0 mg/kg i.v.) and maintained with propofol (0.2 mg/kg/min i.v.) and midazolam (0.35

77

Figure 2.1. Illustration of electrode positions for implanted EEG electrodes.
A. Electrode positions indicated with stereotaxic coordinates. Labels indicate the names
of each electrode (n = 16), which were derived by adapting the conventions associated
with the human 10/20 system for EEG (Luck, 2005) while the numbers contained within
the accompanying brackets indicate the stereotaxic coordinate for that particular
electrode. B. Electrode positions with respect to underlying cortical regions and sulci.
Shaded regions represent rough functional topography of the cortical regions.
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Figure 2.2. Task design and bimodal behavioural reaction time distributions. A. Trials
began with a 0.75 - 1.0 sec preparatory epoch during which the animals foveated a white
fixation point on the display. A peripheral stimulus was then presented to the left or right
of the fixation point. The animals were required to maintain central fixation for a further
0.2 s until the colour of the fixation point changed either to red or green. The colour of
the cue signaled whether a pro- saccade towards the peripheral stimulus, or an antisaccade opposite to the peripheral stimulus location, was required. The association of the
colour (red/green) to the stimulus response mapping rules (pro-/anti-saccade) remained
identical for each monkey, but was reversed between animals. The grey shading indicates
the preparatory epoch for all neuronal EEG analysis reported in the main text. (B)
Saccadic reaction times across all correct trials (y-axis) for monkey B (left panel) and Q
(right panel) relative to the onset of the peripheral stimulus. Note that responses before
colour cue onset (or at 200 msec after peripheral stimulus onset) were considered errors.
For both animals, a bimodal distribution was evident with fast responses following the
cue indicative of an ‘automatic’ task performance strategy, and responses (>310 ms)
reflecting a ‘controlled’ performance strategy (see Text). (C) Bimodal response time
distributions for all trials (y-axis) correctly performed on the pro-saccade task (upper
panel) and the anti-saccade task (bottom panel).
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mg/kg/min i.v.). Heart rate, blood oxygen, respiratory rate, blood pressure, and body
temperature were monitored throughout the duration of the surgery. For a 10-day period
after surgery, animals received antibiotic (cefazolin, 25 mg/kg i.m.) to prevent infection.
Animals were also given analgesic buprenorphine hydrochloride (0.01 mg/kg i.m.)
postoperatively for 3 days to alleviate any potential discomfort. Further analgesia was
provided by metacam (0.2 mg/kg, administered orally) as needed.
The implantation of electrodes within the skull followed procedures described in
detail elsewhere (Sander et al., 2010). In brief, acrylic implants consisted of custommade connector chambers holding the connector wires (Plexon Inc., Dallas, TX) that
were soldered to shortened amphenol gold pins serving as electrode contacts. Wire
lengths were kept constant. We used a linked ear reference, with reference wires soldered
to a separate connector, which received the linked ear clips set up manually during each
recording session. Holes for the amphenol gold pin electrodes were drilled into the skull
bone to a depth of ≈1 mm but without penetrating the bone (≈3 mm thick). Electrodes
were initially fixed in their position with dental acrylic cement, and once all 16 electrodes
were in place, the implant was built around them covering all components except for the
connector end-pieces. Through this setup, EEG electrodes were accessible with minimal
invasiveness for chronic recording with electrodes at identical locations across sessions.
The differences in size of cortical areas between humans and monkeys make a 10–20
system inappropriate for monkeys. Electrode locations were selected based on stereotaxic
coordinates (Paxinos et al., 2000). The closest corresponding locations from the human
10–20 system were: FCz, F3 and F4 for pre- frontal areas; FC3 and FC4 for the frontal
lobe; C3, Cz, and C4 for central sites; P3, Pz, and P4 for parietal areas; modified T5 and
T6 for higher order visual areas; O1, Oz, and O2 as sites over primary visual cortex
(Figure 2.1). The impedance of the electrodes once implanted was 10–15 kΩ measured at
30 Hz (Grass F-EZM 5, Astro-Med, Brossard, Quebec).
2.2.4 EEG Recordings
The connectors for the 16 intracranially implanted electrodes were accessible via
the implanted chambers, and connected to a PLEXON multichannel data acquisition
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system (Plexon Inc.), via a preamplifier with a band pass filter of 0.7–300 Hz and 1000×
gain, through connector cables with head-stage adapters. Grass ear clip electrodes (AstroMed Inc, Brossard, QC) with Grass EC2 cream as conductive agent were clipped to both
ears. Electrical potentials were digitized at 1000 Hz. The system was also used to store
trial events and eye positions, recorded at 120 Hz using an ISCAN primate video eye
tracking system (ISCAN Inc., Woburn, MA). EEG signals were monitored online using
Sort-Client software (Plexon Inc.).
2.2.5 Preprocessing
All preprocessing and data analysis steps were performed with custom MATLAB
code (Mathworks, Natick, MA), utilizing functionality from the open-source fieldtrip
toolbox (http:// www.ru.nl/fcdonders/fieldtrip/). The continuous recorded data were
divided into trials that were initiated when the monkeys directed their gaze to the fixation
point and terminated when the monkeys gaze left the fixation window, i.e. initiated a
saccadic response outside the fixation window. For each time point, we then computed
the average activity across those eight electrodes that were recorded with the same
headstage and subtracted this average from the individual channels. This processing step
removes differences in amplifier and reference related (DC) offsets between the two sets
of eight electrodes. To remove remaining artifactual potential fluctuations from the data,
we removed trials where pre-stimulus potentials exceeded three standard deviations from
the average at any time point. This procedure effectively removed trials with transient
spike potentials of the data.
2.2.6 Data analysis
All analyses were limited to the preparatory period (after the monkeys initiated a
trial by acquiring the fixation point) from -750 msec to -50 prior to peripheral stimulus
onset, which itself was presented 200 msec before the central colour cue onset (Figure
2.2A). Analysis thus excluded stimulus-onset related activity, cue-onset related activity,
or saccade related activity. Frequency decomposition of the EEG traces was performed
on ±0.25 s time windows every 10 msec from -750 msec to the onset of the peripheral
stimulus. Data in each ±0.25 s time window was tapered with a Hanning window before

81
applying a fast Fourier transform. Hanning-tapered Fourier spectra were calculated from
2 Hz up to 34 Hz.
2.2.7 Analysis of phase coherence
To study functional connectivity between signals from separate electrodes, we
computed the weighted phase lag index (WPLI) (Vinck et al., 2011). The WPLI (for
mathematical definition see Vinck et al., 2011) is a measure of phase coherence that is
based solely on the imaginary component of the cross-spectrum, and is therefore not
spuriously affected by the volume conduction of a single source’s activity to two separate
sensors, or by a common reference. The WPLI has increased robustness to noise
compared to previous measures that are based on the imaginary component of the crossspectrum (Nolte et al., 2004; Stam et al., 2007), and increased sensitivity to true
interactions, such that the WPLI is monotonically related to increases in true coherence or
phase-coupling between interacting sources. A direct estimator of the WPLI is heavily
biased by sample size (Vinck et al., 2011). We therefore estimated the squared WPLI by
using the debiased WPLI estimator (Vinck et al., 2011), ranging from zero (negative
values can incidentally occur because of limited sampling) to one (maximum coherence).
The debiased WPLI has no sample size bias if the asymptotic WPLI value equals zero
(no phase coupling), hence does not spuriously indicate interactions. Furthermore, its
sample size bias is negligible for even small sample sizes of 20-30 trials (Vinck et al.,
2011). Note that the debiased WPLI is an estimate of the squared WPLI, i.e. a value of
0.1 for the debiased WPLI corresponds to a value of the unbiased WPLI of about 0.3.
2.2.8 Statistical Analysis of WPLI and FDR control for multiple tests
To test whether the debiased WPLI significantly exceeded zero (i.e., significant
phase-coupling) we computed jack-knife estimates of the standard error of the debiased
WPLI (Efron and Tibshirani, 1998) and used the standard errors to calculate p-values for
the debiased WPLI with regard to the normal distribution. We applied an alpha value of p
≤ 0.05 to infer statistical significance, and controlled for the multiple comparisons/
hypothesis tests across all 120 electrode combinations in our 16 electrode EEG
recordings by controlling for type I errors / false positives with an FDR ('false discovery
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rate') control algorithm for dependent samples as previously proposed and validated
(Benjamini and Yekutieli, 2001). This FDR algorithm ensures that for a given
significance level (e.g. alpha = 0.05), the proportion of null hypotheses that are rejected
despite being true (false positives) does not exceed the specified false discovery
proportion (FDP) (for details on the algorithm see Groppe et al., 2011). We used an FDP
of 0.20 and alpha = 0.05 to ensure that among all those rejected null hypothesis with p <
0.05, the error likelihood for a false positive is p≤0.2 (Genovese et al., 2002; Ewald et al.,
2012). We adapted the Matlab implementation of the (Benjamini and Yekutieli, 2001)
FDR control algorithm from the Mass Univariate ERP Toolbox (www:
http://openwetware.org/wiki/Mass_Univariate_ERP_Toolbox), and report the FDR corrected p-value at the respective places.
To test for a significant difference in debiased WPLI between conditions, we used
permutation statistics, which tests the null hypothesis that the observed WPLI difference
between conditions is independent of the actual condition label of trials. For every
permutation (n = 500), we randomly permuted the trial order such that the number of
trials per condition was kept constant, re-assigning condition labels randomly. We then
tested whether the observed debiased WPLI difference exceeded the 97.5% percentile or
fell below the 2.5% percentile of the randomization distribution, corresponding to a twotailed test of significance of p ≤ 0.05. To control for the false discovery rate of rejected
null hypothesis across multiple tests (across n = 120 electrode pair WPLI’s) we applied a
permutation correction method for FDR control that has been described and validated
elsewhere (Korn et al., 2004; Groppe et al., 2011). We used an alpha p-value of 0.05
(two-tailed significance) and an FDR value of 0.2 for the difference statistics that
corresponds to a control of the maximum proportion of false positives among the rejected
null hypotheses of ≤ 20% percent (Genovese et al., 2002; Ewald et al., 2012).
In order to test for a possible directional influence of activity from one electrode
site to another electrode site we calculated the phase differences between sites across the
frequencies of interest (5-10 Hz). A positive or negative slope of the phase progression
through those frequencies at which there is significant coherence provides a direct
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estimate of whether the central site (in our application: electrode FCz) drives, or lags
behind, the other electrode site (Schoffelen et al., 2005). We quantified the slope of the
phase spectra at the frequency of interest by linear regression analysis. To test for the
statistically significant difference of the slope of the phase spectra from zero slope, we
performed permutation tests by randomly shuffling the frequency labels before
computing the linear regression slope. This procedure was repeated n=1000 times. The
observed slope was considered significant at p ≤ 0.05 when its magnitude exceeded the
95th percentile of the slopes of the random distribution.

2.3 Results
2.3.1 Behavioural performance of controlled stimulus-response mapping
We trained two macaque monkeys on a task-switch paradigm that is designed to
probe subjects’ abilities to continuously balance their tendencies for automatic
behavioural response mappings triggered by stimulus presentation, with controlled
response mappings that utilize instructional cue information to map a response to a
sensory stimulus (Figure 2.2, see section 2.2.2 for details). An instructional colour cue
was presented 200 msec after the presentation of the peripheral stimulus. The colourcued task remained identical for brief blocks of five to ten trials before the cue colour
switched to signal the alternate task, allowing the monkeys to anticipate the relevant rule
and thus the required saccadic response direction during this variable non-switch period.
Figure 2.2B illustrates that this task elicited bimodal distributions of saccadic reaction
times in both animals (Hartigan’s dip test for bimodality: p ≤0.001 for both monkeys).
Monkey B anticipated the rule and response to the presented stimulus without utilizing
the cue information in 27.5% of trials (n=1353 fast response trials vs. n=3563 trials with
slower saccadic responses after the cue stimulus). Monkey Q anticipated the saccadic
response target without utilizing the cue information in 69.8% of trials (n=4672 fast
response trials vs. n=2023 slow response trials) (Figure 2.2B). In the following we call
those trials with fast reaction times occurring within 110 msec following cue onset (i.e.,
within 310 msec following peripheral stimulus onset) automatic trials as they indicate
that the task rules are applied without interpreting the colour of the cue, which served in
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these trials as a mere GO-cue for the animals. In the remaining proportion of the trials,
the monkeys’ reaction times were longer than 110 msec and in a time range that indicated
that the cue information was used to program the saccadic response direction (Figure
2.2B). We call these trials controlled trials as they indicate that monkeys did not rely on a
previously established task rule to elicit a saccade, but instead strategically modulated
SAT to favour accuracy such that the cue colour could be utilized for the stimulusresponse mapping. The bimodal distribution of reaction times was evident for both the
pro- and anti-saccade rules (Hartigan’s dip test for bimodality: p ≤0.001 for pro- and
antisaccade distributions, Figure 2.2C).
The two distinct, automatic and controlled task performance strategies were
achieved by switching the task rule, i.e. the colour of the rule cue, every five to ten trials
(randomly) without overt indication of these switches (Figure 2.3A). For both animals,
the performance following task switches dropped significantly for the automatic, fast
trials when we compared pre-switch behaviour (trials -4 to -1 before the switch) to the
switch and immediate post-switch trial (t = 0 and t = 1) (all p < 0.001, Figure 2.3B,D).
This decline in performance on switch trials was evident irrespective of whether the
switch was from pro- to anti-saccade trials or from anti- to pro-saccade trials. The overall
accuracy for the switch trials (t = 0) dropped for monkey Q to 9.7% (pro- to anti- switch
trials, Figure 2.3B left panel), and to 13.7% (anti- to pro- switch trials, Figure 2.3B, right
panel) and for monkey B it dropped to 2.7% (pro- to anti- switch trials, Figure 2.3D, left
panel) and 3.5% (anti- to pro- switch trials, Figure 2.3D, right panel). The deterioration
of performance on switch trials shows that the automatic response strategy failed to be
successful for switch trials in both monkeys. The failure to switch to an anti- or prosaccade rule is best explained by the failure to modulate SAT to enable the attentive reactivation of stimulus-response mapping rules using the instruction cue. Instead, the
monkeys used the colour cue as a non-specific “GO signal”. The use of an automatic
response strategy was highly consistent across all n=32 experimental recording sessions
(Figure 2.3B,D).
In contrast to the almost complete breakdown of correctly performed fast
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Figure 2.3. Sequential trial performance in relation to the rule switches. A. Illustration
of the alternation of pro- and anti-saccade task rules that were switched without warning
every five to ten trials. B. The proportion of correctly performed ‘automatic’ trials
relative to all trials in monkey Q across all 32 sessions (upper panels) and on average
across sessions (bottom panel) relative to the trial (x-axis) in which the task rule switched
from a pro- to an anti-saccade rule (left panels) or from an anti- to a pro-saccade rule
(right panels). C. Percentage of correct trials of monkey Q with a response time that
indicated controlled task processing, i.e. with reaction times > 110 ms relative to the
peripheral cue. The y-axis denotes the trial number relative to the task rule switch trials.
D & E. Same format as B,C, but for monkey B. For all panels with markers of statistical
significance (stars), ** denotes p < 0.01, and *** denotes p < 0.001.
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(automatic) trials, we also calculated the proportion of correctly performed slow
(controlled) trials and found performance on these trials was less consistently affected by
the task switch (Figure 2.3C,E). For monkey Q, switch trial accuracy was significantly
different only for the pro- to anti-saccade switch trial (at trial t = 0), but not for the antito pro-saccade switch trial and performance on trials following the switch (t+1 and
beyond) was not different to trials before the switch (Figure 2.3C). For monkey B,
controlled (slow) trials did not show a dip in performance that was specific for switch
trials (t = 0), but revealed an overall lower proportion of correctly performed anti-saccade
trials compared to pro-saccade trials (p < 0.001, see Figure 2.3E). These results show
that both animals similarly applied two distinct performance strategies during task
processing, with the task switch acting predominantly as a performance ‘breaker’ for the
automatic performance mode. Animals differed in two respects. First, monkeys differed
in their overall performance success (79.6% correct in monkey B vs 69.5% correct for
monkey Q), with monkey B showing a relative decrease during controlled task
performance of anti- relative to pro-saccade performance. Second, monkeys differed in
the relative proportions of automatically versus controlled performance trials.
2.3.2 The preparatory state is characterized by a 5-10 Hz coherent fronto-parietal
network
During the 64 recording sessions (n=32 in each monkey), we recorded the local
EEG from 16 intracranially implanted electrodes that were distributed across the entire
extent of the dorsal neocortex (see Figure 2.1). We first aimed to identify the spectral
signature and temporal profile of the preparatory state immediately preceding stimulus
processing and stimulus-response mapping. To this end, we calculated the debiased
Weighted Phase Lag Index (WPLI) (Vinck et al., 2011) across time and frequency
between all EEG channel pairs (see section 2.2). The WPLI indexes the strength of phase
coupling similar to the phase locking value or coherence (0 indicates no phase coupling,
1 indicates maximum phase coupling), but is not spuriously increased by common
referencing or volume conduction of single sources to two sensors (assuming
instantaneous mapping of sources to sensors). In addition, our simulations and theoretical
analysis have demonstrated a decreased sensitivity to noise and increased capacity to
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detect true changes in coherence in comparison to other measures that utilize the
imaginary component of the cross-spectrum (Nolte et al., 2004; Stam et al., 2007; Vinck
et al., 2011; Ewald et al., 2012; Polania et al., 2012).
Consistent across animals, the prefrontal electrode site FCz showed coherence
with several other electrode sites, with a peak within a 5-10 Hz frequency band in the
pre-stimulus period when considering all correctly (controlled and automatically)
performed trials (Figure 2.4A,E). Both animals also showed coherence within low beta
frequencies with a clear 15-20 Hz peak evident only in monkey Q and with no consistent
topography and time courses between animals (data not shown). Time-frequency analysis
revealed that coherence at 5-10 Hz emerged shortly after the animals initiated a new trial
by acquiring the fixation point (fixation onset started 750-900 msec prior to stimulus
onset, see section 2.2) (Figure 2.4B,F). The temporal profile of 5-10 Hz coherence is
illustrated in Figure 2.4C,G, and suggests that phase synchronization in this frequency
band signifies a preparatory network that functionally activates immediately prior to the
onset of task-relevant stimuli in both animals.
To obtain a complete topographical overview of the 5-10 Hz coherent network, we
calculated average coherence between all possible electrode pairs during the pre-stimulus
period (-600 to -50 msec) for all correct (controlled and automatically performed) trials
for monkeys B (Figure 2.4D) and Q (Figure 2.4H). For both animals, the 5-10 Hz
coherent network included the prefrontal midline electrode FCz, lateral prefrontal and
frontal electrode sites (F3, F4, FC3, FC4), and central electrodes (C3, C4, CZ) when
controlling for the false discovery rate (FDR) of multiple statistical tests performed
across the 120 electrode combinations (p ≤ 0.05, FDR ≤ 0.2; see Materials and Methods
(Figure 2.4 D,H). Beyond the common couplings with electrode FCz, additional
electrode pairs showed significant 5-10 Hz coherence in each monkey. Statistically
significant (FDR corrected) electrode pairs of the preparatory 5-10 Hz network included
parietal-temporal and parietal-occipital sites in monkey B, and central-parietal and

Figure 2.4. Reliable 5-10 Hz coherence during preparatory states. A. Average
coherence (measured as weighted phase lag index, WPLI) of electrode site FCz with
those sites that showed statistically significantly phase locking with this contact (p ≤
0.003, FDR corrected, see text for details) for monkey B. Coherence was averaged for
the preparatory period (-0.6 to -0.05 s) prior to stimulus onset for all correctly performed
trials (automatic and controlled trials). Shading is standard error across electrode pairs.
B. Temporal evolution of coherence of the prefrontal electrode site FCz in monkey B
with those electrode sites showing statistically significant coherence. The white rectangle
identifies the time-frequency region of interested selected for further analysis. C. Time
course of the averaged 5-10 Hz coherence as shown in B. Shading denotes standard error
across electrode pairs. Inset panels at the top show coherence aligned relative to the
onset of fixation. D. Adjacency matrix showing the average 5-10 Hz coherence (indexed
as WPLI) for all n=120 electrode site pairs of monkey B during the preparatory period (0.6 to -0.05 s prior to stimulus onset) in all correctly performed automatic and controlled
performance trials. Black crosses indicate statistically significant coherence (WPLI),
controlling for the false discovery rate (FDR <0.2). The thick rectangles mark all
electrode combinations of electrode FCz. E-H. Same as A-D, but for monkey Q.

	
  

88

	
  

89

parietal-occipital sites in monkey Q. To quantify the similarity of this fronto-posterior
network, between the two animals, we calculated the Pearson correlation coefficient of
the coherence matrices of monkey B and Q. We found a strong and highly significant
correlation between these two matrices (across cells in the matrices) (r = 0.44, p <
0.0001).
2.3.3 Controlled versus automatic strategies are predicted by 5-10 Hz fronto-parietal
coherence
We next tested whether the 5-10 Hz fronto-posterior network coherence was
informative about the task strategy that the animals applied to the stimulus-response
mapping that immediately followed the preparatory period. The similarity of the 5-10 Hz
network allowed us to pool coherence across animals to test for population differences of
fronto-posterior coherence with enhanced statistical power using a randomization statistic
that controlled for the false discovery rates when performing multiple statistical
comparisons across all electrode site combinations (n=120). Figure 2.5A shows that
controlled task performance was associated with stronger 5-10 Hz coherence in the
fronto-posterior network compared with automatic task performance (randomization test,
p≤0.05, FDR≤0.2). Phase synchronization was reliably stronger between FCz and
bilateral prefrontal sites (F3, F4), with left parietal cortex (P3), and with occipital cortex
sites (Oz, O2) (Figure 2.5B).
Next, we asked whether the strength of 5-10 Hz coherence is related specifically to
the level of task control the animals applied prior to stimulus processing, or whether it is
influenced by other factors that varied across the course of task. We first pooled all
correct trials, irrespective of their reaction times, that followed the task switch (trials 2-4
after the task switch) and compared these post-switch trials to correctly performed preswitch trials (the last 5 trials prior to the switch to avoid overlap of trials). Aside from the
central occipital (Oz) to left central (C3) electrode pair with significantly stronger 5-10
Hz coherence for post-switch versus pre-switch trials, there was no other electrode pair
that showed statistically significant, differential coherence between post-switch and preswitch trials (all other combinations, randomization test with FDR≤0.2: p>0.05, Figure
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Figure 2.5. Spatial topography and selectivity of 5-10 Hz network activity for controlled
versus automatic trials. A. Complete adjacency matrix showing the difference in 5-10
Hz coherence (WPLI) between trials with controlled versus automatic task processing
mode. Black crosses indicate site pairs with statistically significant coherence (WPLI)
(alpha level = 0.05) based on randomization statistics and controlled for a false discovery
proportion of ≤ 0.2 (see text for details). The coherence difference is calculated based on
the average 5-10 Hz WPLI in the -600 to -50 msec preparatory time window before
stimulus onset. Positive coherence values index stronger coherence during the
preparatory period prior to controlled rather than automatic task performance. B. Sensor
level topography of the 5-10 Hz coherence difference (correct controlled trials versus
correct automatic trials) of electrode site FCz with all other 15 electrode sites, averaged
across subjects in the -0.6 to -0.05 s prior to stimulus onset. The dots demarcate the
sixteen electrode positions with electrode labels. FCz served as reference electrode site
for all site-pairs. Arrows illustrate the major axes of coherence. Black dots show those
electrode pairs that have significantly higher phase locking with FCz as shown in (A). C.
Same format and colour scale as (A) but showing the WPLI difference between all correct
trials that followed the task switch (trials 2-4,‘post-switch’) versus all correct trials that
preceded the task switch (last 5 ‘pre-switch’ trials). D. Same format and colour scale as
(A and C), but showing the WPLI difference between all correct vs. all error trials.
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2.5C). The lack of a switch specific modulation of coherence was likewise seen when
the pre- to post-switch comparison was performed based on a finer grained trial selection
(t+2, [t+2 t+3]). Similarly, the precise task that the animals performed (correct proversus correct anti-saccades) was not distinguished by 5-10 Hz coherence at any
electrode pair (all combinations, randomization test with FDR≤0.2: p>0.05). Next, we
pooled all correct trials irrespective of the task and the task processing strategy, the
reaction time and their occurrence relative to the task switch, and compared them to error
trials and found that the 5-10 Hz coherence did not statistically distinguish correct versus
error trials (Figure 2.5D). Finally, we asked whether preparatory 5-10 Hz coherence that
distinguished automatic (fast) and controlled (slower) trials related to finer grained
reaction time variations beyond the task control mode. For example, 5-10 Hz coherence
may index an inhibitory motor control signal that may be stronger when monkeys were
more successful in suppressing an automatic anticipatory response, similar to what has
been reported for beta activity in motor cortices (e.g., Miller et al. 2012). According to
this hypothesis, preparatory 5-10 Hz coherence may be stronger for trials with slower
saccadic reaction times compared to trials with faster reaction times. We therefore
median split the reaction times for the automatically performed trials (the left part of the
bimodal reaction time distributions) for each session and calculated pre-stimulus 5-10 Hz
coherence for the set of faster and slower trials. Comparison of these sets of trials did not
result in statistically reliable (FDR corrected) differences in coherence. We then median
split the controlled performed trials into faster and slower trials and tested for differences
in preparatory 5-10 Hz coherence. Similar to the automatically performed trials, there
was no statistically reliable prediction of faster versus slower reaction times for this
comparison.
2.3.4 Phase relations within the putative fronto-parietal network
The previous analyses showed that 5-10 Hz coherence indexes a preparatory
network that shows increased phase locking when animals engage in a top-down
controlled processing mode. To investigate whether the phase relations within the
putative fronto-parietal network are informative about the underlying processing mode
beyond the strength of phase locking, we analyzed the phases at which electrode sites
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synchronized to the reference site FCz. Figure 2.6 shows the normalized histograms of
phase relations across all correctly performed (controlled and automatic) trials for
electrode site FCz with those sites that showed stronger coherence in the previous
analysis. The individual phase histograms reveal that for all electrode sites, a consistent
pattern of synchronization was evident in both animals within the network. The lateral
prefrontal cortical sites (F3, F4) had a phase offset relative to FCz of 1.91 and 2.9
radians, corresponding to a temporal lag over FCz of 40 to 61 msec, respectively (see
Figure 2.6A,B). A similar phase difference was evident for electrode site Oz (Figure
2.6E). In contrast to these relatively large phase offsets that are ambiguous with regard to
their putative lead/lag relative to FCz, the 5-10 Hz oscillation over left and right parietal
cortex (electrodes P3, and P4) showed phase relations that were indicative of either a
phase lag relative to FCz, or of zero phase lag (for right parietal cortex in monkey Q) (see
below) (Figure 2.6C,D). For monkey B, a consistent and significant (p≤0.05) phase lag
relative to FCz was evident for the left hemisphere parietal electrode site (mean: 15 msec,
95% circular confidence range: ± 3.3 msec) and the right hemisphere parietal electrode
site (mean: 17 ms, 95% circular confidence range: ± 2.3 ms). For monkey Q, the left
parietal electrode site showed a zero phase delay to FCz (mean: 0.3 msec, 95% circular
confidence range: ± 4.7 ms), and the right parietal electrode site showed a significant
positive phase difference to FCz (p≤0.05) of on average 10 ms (95% circular confidence
range: ± 8.8 msec).
We next tested whether the 5-10 Hz phase at which electrode sites synchronized to
FCz in the preparatory pre-stimulus period varied between controlled and automatically
prepared saccades. Figure 2.7A shows that the phase at which FCz synchronized to any
of the other electrodes did not significantly differ between controlled and automatic
processing modes in either monkey (all p>0.05). This result allowed us to test, across
subjects, for possible directional influences of activity at FCz with respect to other
electrodes. To estimate whether activity at FCz drives activity at those electrodes that
showed systematic coherence effects in the preceding analysis, we calculated the phase
difference spectra between electrode sites and estimated the slope of the phase relations
across the 5-10 Hz frequency. We pooled the average phase difference of each subjects’
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Figure 2.6. Phase relation of 5-10 Hz network coherence during the preparatory state.
(A) Normalized histogram of the phase relations in radians (x-axis) of 5-10 Hz
synchronization of electrode FCz with electrode site F3 for monkey B (red, left y-axis)
and monkey Q (blue, right y-axis). The solid line is the circular interpolation of the data
(dots). Triangles denote the mean phase relation. The phase relation is the difference of
the (conjugate multiplied) complex Fourier value of FCz with F3. The mean phase
relation is provided in msec as text in the panel. Positive phase relations indicate a phase
lead of FCz relative to F3, (and negative phase relations would indicate a phase lag of
FCz relative to F3). B-E. Same format as (A), but showing the normalized phase relations
of FCz with F4 (B), P3 (C), P4 (D), and Oz (E). For each panel, all correctly performed
trials (controlled and automatic task performance) were used to build the histogram of the
phase relations. Normalization was done by dividing trial count histograms by the total
number of trials.
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Figure 2.7. Phase differences and phase spectral analysis. A. Shown are the phase
differences of 5-10 Hz oscillatory activity in controlled versus automatically performed
correct trials (y-axis) at electrode site FCz with all other electrode sites (x-axis). Red
(blue) dots denote phase relations for monkey B (Q). No phase difference was found to
be significantly different from zero (all p>0.05). B. Illustration of how a given time-lag
between oscillation cycles at two electrode sites (red and blue lines) at a particular
frequency (here: 3.1 radians at 7.5 Hz cycle, corresponding to 66.6 ms time lag) can be
interpreted as the ‘red’ oscillation leading (driving) the ‘blue’ oscillation if the slope of
the phase spectra increases across frequencies. In the sketched example the phase
difference decreases by 0.8 radians for the 5 Hz frequency and increases by 0.8 radians
for the 10 Hz frequency signifying a positive phase slope (right panel) and a lead of the
red site over the blue site. The dashed blue lines at 5 and 10 Hz illustrates the phase
relations for a negative phase spectral slope, signifying that the blue oscillation drives the
red oscillation (see also Schoffelen et al., 2005). C. The phase spectrum for the phase
relation of electrode FCz with P3. The positive slope (p≤0.05, randomization test)
suggests that the source that gives rise to the activity at electrode FCz drives the parietal
activity (see text for details).
performed trials.

	
  

95

electrode combinations after normalizing them to their average, and estimated the slope
usinglinear regression analysis (see section 2.2). Figure 2.7B illustrates that a given time
lag between activity at two electrodes (e.g. 66.7 msec corresponding to 3.1 radians of the
5-10 Hz cycle) translates into a positive phase spectral slope if the central electrode (here:
FCz) leads the second signal, and it translates into a negative phase spectral slope if it
lags behind the second signal (see also: Schoffelen et al., 2005). When considering all
combinations of the frontal midline electrode (FCz) with those electrode sites that
showed a significant coherence effect (see Figure 2.6), we found a reliable and
statistically significant (p≤0.05, randomization test) positive slope of 0.04 radians per Hz
(2.52º per one Hz) between FCz activity and activity at electrode P3 (Figure 2.7C),
suggesting that the source of the FCz activity drives the activity at electrode site P3. None
of the phase slopes for the remaining electrode pairs showed values that were statistically
different from zero.

2.4 Discussion
We identified a large-scale 5-10 Hz coherent network that is instantiated during the
pre-stimulus period of a task switching paradigm that exhibited increased coherence in
those trials that were processed with a top-down controlled task performance strategy.
The observed network emerged immediately after the subjects engaged in a task by
acquiring a central fixation point, was specific to a 5-10 Hz frequency band that
corresponds to the classical theta frequency range, and showed a consistent topography in
two animals, encompassing frontal midline and lateral prefrontal electrode sites and
extending to central, parietal and occipital sites. We measured the network with a variant
of a task-switching paradigm that has been previously been shown to probe subjects to
balance task performance strategies between and automatic processing mode and a topdown controlled processing mode that could be used to overcome the alternative task
presentation-induced automatic preparatory mode (Isoda and Hikosaka, 2007) with interindividually different preferences for either of these pro-active behavioural control
strategies (Braver, 2012). The balance of task strategies required in the SOT was evident
in both subjects as indicated by bimodal response time distributions for each of pro- and
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anti-saccade stimulus response mappings. Preparing to process task relevant stimuli in a
controlled, rather than in an automatic mode was accompanied by a significantly
increased strength of phase coherence without an apparent modulation of the phase
relations among synchronizing network nodes. This tightening of the network was
specific to correctly performed controlled trials and did not distinguish the type of task,
nor did it differentiate trials that followed a task switch from trials preceding the task
switch. Further, it did not relate to finer-grained variations in reaction times that would
have been indicative of motor related inhibitory control. Therefore, we have
demonstrated for the first time that the engagement of top-down control for goal-directed
behaviour in macaque monkeys is reflected by the emergence of a large-scale phase
synchronized network, and that the degree of pre-stimulus network phase locking
predicted the strategic mode used to process the peripheral stimulus for saccade
generation.
2.4.1 Long-range coherence at 5-10 Hz indexes the activation of task-set information
Our first major finding is the identification of a long-range, fronto-posterior
network that begins to phase synchronize at 5-10 Hz when subjects engage in the task,
specifically upon the acquisition of a fixation point and prior to the processing of taskrelevant stimuli. The temporal evolution of the network suggests that it indexes the reactivation of task-relevant information needed to map stimuli onto responses later in the
trial, despite the fact that it did not distinguish between the two rules. Previous fMRI and
EEG studies of attentional and cognitive control have suggested that the selective
retrieval and maintenance of task-set information is subserved by a large scale network
comprised of, as central network nodes, the lateral prefrontal cortex, frontal midline
structures (anterior cingulate and pre-SMA), and parietal areas (Dosenbach et al., 2006;
Brown et al., 2007; Haynes et al., 2007; Dosenbach et al., 2008; Cavanagh et al., 2009;
Passingham et al., 2010; Womelsdorf et al., 2010a; Corbetta and Shulman, 2011; Cohen
and van Gaal, 2012). The network topography that we observed is consistent with these
network accounts of cognitive behavioural control, and suggests that the network is
coordinated by phase synchronized activity at a 5-10 Hz theta frequency range.
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Previous studies have consistently reported that 5-10 Hz synchronization emerges

during time epochs that require the instantiation of task-relevant information prior to goal
directed choice behaviour (Womelsdorf et al., 2010a; Fell and Axmacher, 2011). In
human EEG studies, 3-8 Hz activity has been reported to synchronize following stimulus
onset between frontal midline, lateral prefrontal, and central electrode sites in tasks
requiring enhanced attentional target selection in the presence of distracting, incongruent
stimulus information (Hanslmayr et al., 2008; Cavanagh et al., 2009; Cohen and
Cavanagh, 2011; Cohen et al., 2012), or following reward predictive cues (Cohen et al.,
2012). In the rodent literature, 5-12 Hz coherence reflects the classical theta rhythm
whose primary generators are inhibitory networks of the hippocampus and the medial
septum, and which synchronizes neuronal spiking activity in (pre-)frontal cortices, the
striatum, and the parietal cortex, among others (Jones and Wilson, 2005; Sirota et al.,
2008; Benchenane et al., 2010; Fujisawa and Buzsaki, 2011). In recent years, phase
synchronization at a ~4-10 Hz frequency range has also been documented in the macaque
and the human brain. These studies demonstrated that rhythmic activity measured in the
local EEG (local field potential) translates into phase-locked spiking activity of neurons
within the rhythmically entrained network (Womelsdorf et al., 2010b; Liebe et al., 2012).
Functionally, 4-10 Hz phase synchronization is therefore closely associated with the
retrieval of memories, the updating of information in working memory, and the control of
task-set information (Rutishauser et al.; Jensen and Tesche, 2002; Sauseng et al., 2005;
Womelsdorf et al., 2010b; Fell and Axmacher, 2011; Liebe et al., 2012; Polania et al.,
2012). A common theme of these putatively diverse cognitive processes that are linked
to rhythmic 4-10 Hz activity is their internal origin as opposed to externally driven,
bottom-up mediated processes (Passingham et al., 2010). Successful performance of a
task requires the retrieval of stimulus-response mapping rules prior to the processing of
imperative stimuli. The active maintenance of these mapping rules is a central function of
working memory, which constitutes the internally sustained control structure that allows
for the integration of newly incoming stimuli with working memory content. A central
question is therefore, how the internal processes that reflect the control of working
memory and those that relate to the implementation of task rule information are
coordinated. The findings of this study suggest that this coordination proceeds by the

	
  

98

rhythmic coupling of local activities across the anterior and posterior extent of the dorsal
neocortex and might involve medial prefrontal, lateral prefrontal and parietal cortex.
2.4.2 Functional roles of the frontal midline structures of the 5-10 Hz network
The frontal midline electrode (FCz) constituted a prominent node of the preparatory
network that we observed to become significantly more synchronous and therefore
functionally interconnected with lateral frontal, parietal, and occipital sites when subjects
engaged in a controlled rather then automatic task processing mode. Although we cannot
reliably reconstruct the sources of the FCz coherence, previous studies that used higher
spatial sampling of EEG signals and focused on stronger local error and feedback related
signals suggest that the medial frontal cortices provide a possible common regulator of 510 Hz activity that dominates multiple subcortical circuits (Pignatelli et al., 2012), and
that in primate studies, the dorsal ACC and the medial pre-supplementary motor areas
(pre-SMA) are primary sources of the prefrontal midline EEG (Debener et al., 2005;
Cavanagh et al., 2012). Consistent with this scenario and with the time-course of the
observed preparatory network activity, local electrophysiological recordings in the
macaque have documented phase coherence at ~4-10 Hz within the ACC that evolves
during the preparation for a Go signal (Tsujimoto et al., 2006; Tsujimoto et al., 2010),
with local clusters of neurons conveying selective information about either of two task
rules by synchronizing to 5-10 Hz activity during the preparatory state (Womelsdorf et
al., 2010b). In addition to the ACC, preparatory processes are also closely associated with
activation of the pre-SMA (area 9) and with premotor cortex (Haynes et al., 2007;
Hikosaka and Isoda, 2010; Passingham et al., 2010). Neurons in the pre-SMA selectively
activate during non-instructed, ‘top-down’ guided choices (Passingham et al., 2010) and
are implicated to pro-actively implement new task rules and also to suppress recently
activated response tendencies when environmental demands vary (Nakamura et al., 2005;
Hikosaka and Isoda, 2010). Pre-SMA and ACC are thus both implicated as major task
control structures that monitor and regulate performance, particularly when task demands
require adjustment, e.g. when stimulus-response mappings rapidly vary, as was the case
in the paradigm deployed here (Isoda and Hikosaka, 2007; Hikosaka and Isoda, 2010).
Moreover, the human pre-SMA has been implicated in the modulation over accuracy and
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speed priority, a form of top-down control that was required in the present experiment, in
premotor and motor structures via the basal ganglia (Forstmann et al., 2008; van Veen et
al., 2008; Forstmann et al., 2010).
2.4.3 Phase relations of lateral and medial prefrontal cortices during task preparation
The discussed functional involvement of prefrontal midline areas in support of the
strategic modulation of speed accuracy tradeoff and also the implementation of task-set
information may suggest that rhythmic activity of these structures should in principle lead
the coherence of other network nodes. Consistent with this hypothesis, we found that the
5-10 Hz oscillation cycles (each spanning ~133 msec) at the frontal midline preceded the
lateral prefrontal oscillation cycle by 40-60 msec. Phase leads in this range may be
considered to reflect the directional influence of the leading to the lagging site if the
phase relations at adjacent frequencies signifies a negative phase spectral slope (see
Figure 2.7B, Schoffelen et al., 2005; Dhamala et al., 2008). However, we did not observe
a statistically consistent phase slope for the frontal midline electrode and the lateral
prefrontal cortex between subjects. Therefore, it could be that 5-10 Hz activity, which
significantly synchronizes during the preparatory state between lateral and midline
prefrontal cortical areas, proceeds in a bidirectional manner. The observed phase delay of
40-60 msec cannot be accounted for by the conduction delays of action potential travel
across axonal connections. Rather, the phase lag may be a function of delays in dendritic
synaptic integration at slow time scales, similar to explanations invoked for phase delays
of up to 80 msec often reported to underlie theta-band coherent oscillations between
monosynaptically connected hippocampal, rhinal, medial frontal or striatal sites in the
rodent (Hyman et al., 2005; Jones and Wilson, 2005; DeCoteau et al., 2007; Mizuseki et
al., 2009; Benchenane et al., 2010). Our findings of the FCz phase lead relative to F3/F4
that corresponds to 40-60 msec may therefore be interpreted with caution, but it provides
a critical reference finding that future studies could disambiguate with task designs that
specifically probe either lateral or medial prefrontal cortex functions.
2.4.4 Parietal cortex coordinates with prefrontal cortex
The potential importance of identifying phase delays to unravel the relative timing
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of activity within a network is illustrated by our finding of a significant and short latency
~10-17 msec phase lead of 5-10 Hz frontal midline activity relative to the lateral parietal
electrode sites in both animals. This range of phase differences is consistent with direct
interactions between neuronal groups in both areas. Consistent with this scenario, we
observed a significant phase lead of the frontal midline activity at FCz over the left
hemisphere parietal cortex (Figure 2.7C). This finding suggests that oscillation cycles in
ACC or pre-SMA conveys task relevant information prior to that conveyed in oscillation
cycles within parietal cortex, which may suggest that the frontal midline areas monitor or
regulate pro-active control over parietal cortex. Alternatively, the observed frontal
midline phase lead may not reflect an influence over parietal cortex, but could reflect an
influence over deeper sources underlying the parietal electrodes, whose location overlay
the posterior third of the hippocampal formation.
The observed positive phase slope that indicates that frontal midline cortices are
drivers of posterior parietal 5-10 Hz activity is consistent with the phase difference of
~15 msec recently reported to characterize a prefrontal cortex lead over visual cortical
area V4 during the delay period of a delayed-match-to-sample task (Liebe et al., 2012).
Such a prefrontal cortical lead to establish a task control structure is further implicated in
studies that have demonstrated that a perturbation of prefrontal area function (frontal eye
field, inferior frontal gyrus, or dorsolateral prefrontal cortex), e.g. with repetitive
transcranial magnetic stimulation, can influence processing of sensory inputs in posterior
cortical areas and increases effective information transmission (Taylor et al., 2007; Ruff
et al., 2008; Morishima et al., 2009; Zanto et al., 2011).
2.4.5 Summary: The role of neuronal synchronization for long-range coordination
We have delineated a large-scale network that was characterized by 5-10 Hz
synchronization among frontal, parietal and occipital sites in macaque monkeys. To do
this, we have employed a method that avoids spurious coherence estimates that can be
produced by volume conduction or correlated noise (Vinck et al., 2011). To our
knowledge, this is the first electrophysiological demonstration of a large-scale, longrange fronto-posterior network in macaque monkeys. Specifically, because we employed
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a method to record neural activity on a millisecond timescale that is commonly used with
human subjects, we were able to demonstrate homologous large-scale phase
synchronized network activity that indexes the internal cognitive state of macaque
monkeys. These findings specifically implicate that long-range synchronization at 5-10
Hz theta frequencies reflect an internally generated, ‘top-down’ control process that
constrains the excitation periods of distributed neuronal groups to a narrow phase range
of the 5-10 Hz theta cycle (Womelsdorf et al., 2010a). Phase aligned neuronal activation
increases the efficiency and gain of information transmission between neuronal circuitry
(Fries, 2005; Cardin et al., 2009; Knoblich et al., 2010; Fell and Axmacher, 2011; Jensen
et al., 2012; Siegel et al., 2012; Womelsdorf et al., 2012) and indicates a functional
coupling among phase synchronized neuronal assemblies (Womelsdorf et al., 2007;
Buzsaki, 2010). Our results suggest that such a selective coordination of information flow
between distributed neuronal assemblies is a key signature of goal-directed behaviour and
further that the degree of network recruitment reflects the level of top-down cognitive
control engaged for task processing.
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Chapter 3
Reversible cryogenic deactivation of macaque dorsolateral
prefrontal cortex impairs top-down controlled modulation of
speed- accuracy tradeoff for saccadic eye movements

3.1 Introduction
Studies that have described the behavioural consequences of prefrontal cortex
(PFC) damage have indicated that this brain region plays a critical role in goal-directed
behavioural control (Milner, 1982; Shallice and Burgess, 1991; Rogers et al., 1998; Stuss
et al., 2000; Aron et al., 2004). The dorsolateral PFC (dlPFC) has been repeatedly
implicated in many cognitive processes in diverse contexts, including the control of
visuospatial attention (Funahashi et al., 1989; Barcelo et al., 2000; Rowe et al., 2005),
representational maintenance (Petrides, 1995; Rainer et al., 1999; Sakai and Passingham,
2003; Saito et al., 2005) response selection (Hadland et al., 2001; Johnston and Everling,
2006), conflict resolution (Mansouri et al., 2007), and association learning (Asaad et al.,
1998). To explain such a functional diversity, it has been suggested that the dlPFC plays
a general role in attentional selection. This encompasses the monitoring of and, when
necessary, manipulation of contextual representations, the selection of appropriate goal
and action representations, and a capacity to exert a top-down influence over the
excitability of perceptual and motor pathways to benefit current task demands (Duncan
and Owen, 2000; Miller and Cohen, 2001; Genovesio and Wise, 2008).
Many studies have demonstrated that single neurons in the dlPFC reflect abstract
rules in their activity, even when the stimuli or responses onto which these rules must be
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mapped are identical (Asaad et al., 1998, 2000; Hoshi et al., 2000; Wallis et al., 2001).
This body of literature implicates the dlPFC in rule-guided behaviour (Bunge, 2004),
which is indeed compatible with the attentional selection hypothesis outlined above.
However, it has also recently been demonstrated that when monkeys are trained to
perform tasks in which an abstract strategy can or must be employed for task processing,
the activity patterns of dlPFC neurons reflect these response strategies (Barraclough et
al., 2004; Tsujimoto et al., 2011). In fact, it has even been argued that these types of
abstract representations engage dlPFC neurons even more strongly than do rules
(Genovesio et al., 2005). Therefore it is possible that in general, the dlPFC has a larger
contribution toward rule-guided behaviour when higher-level abstract representations
(i.e., strategies) are used to guide response selection.
The ubiquitous speed-accuracy tradeoff (SAT) is a practical example of strategic
action control (Wickelgren, 1977; Bogacz et al., 2009). Functional neuroimaging studies
in human subjects have implicated the dlPFC in the strategic control of SAT modulations
(Forstmann et al., 2008; Ivanoff et al., 2008; van Veen et al., 2008). We therefore trained
two macaque monkeys to perform a variant of the anti-saccade paradigm (Munoz and
Everling, 2004) in which two task processing strategies could be used to prepare
responses (prioritize speed and anticipate rule, sacrifice speed and utilize instruction cue),
and used reversible cryogenic deactivation in two adjacent dlPFC regions to probe their
functional contribution toward strategic SAT modulations. In this paradigm, fast
automatic saccade production was encouraged but top-down controlled modulation of
SAT to resist automaticity (and to instead favour accuracy) was often required for
optimal performance. We bilaterally deactivated two adjacent mid-dorsolateral prefrontal
cortical regions (Petrides and Pandya, 1999): 1) caudal area 46 in the principal sulcus,
and 2) the gyral tissue immediately dorsal, caudal area 9/46d, either in isolation or in
combination, while the monkeys performed the saccade task. These cytoarchitectonic
areas are estimated to correspond to the mid-dlPFC regions that have been implicated in
SAT modulations and strategic behavioural guidance in general. Here, we describe how
in this specific task context, the ability to prepare a dominant response in a top-down
controlled manner depends critically on neuronal activity in the dlPFC.
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3.2 Materials and Methods
3.2.1 Subjects and surgical procedures
Two male rhesus monkeys (Macaca mulatta) weighing 10 and 12 kg were used in
this study. All experimental procedures were conducted in accordance to the Canadian
Council of Animal Care Policy on the Use of Laboratory Animals and a protocol
approved by the Animal Use Subcommittee of the University of Western Ontario Council
on Animal Care. A first surgery was performed, in aseptic conditions, to implant a plastic
head restraint. Animals were premedicated with atropine (0.05 mg/kg IM), and
buprenorphine (0.03 mg/kg IM), then induced with ketamine (10-15 mg/kg IM). The
animals were then intubated and an IV catheter was placed in the cephalic vein of one
arm and the saphenous veins of both legs. IV lactated ringers or normosol was provided
at a maintenance rate. General anesthesia was maintained through IV propofol (0.3-0.4
mg/kg/min IV), and isoflurane gas (as required but usually 1%) delivered in nitrous oxide
(0.5 l/min) and oxygen (2.0 l/min). Heart rate, blood pressure, O2 saturation, respiratory
rate, ET CO2 and body temperature were recorded every 5-10 min for the duration of the
surgery. A midline incision was made through the skin over the cranium. Cranial
implants were held in place with dental acrylic (methyl methacrylate) and secured to the
skull with ceramic bone screws (Thomas Recording, Inc., Giessen, Germany). A plastic
head post to restrain the head during the experiments was positioned stereotaxically and
then secured to the skull will dental acrylic, which bonded together all the screws to form
a single robust implant. The wound edge was cleaned and 1 to 3 absorbable sutures
inserted (4-0 vicryl in sample interrupted pattern) to keep the skin closely apposed to the
implant until healing had occurred. Animals were monitored by a veterinary technician
until they recovered from anesthesia and could sit up in the cage. To alleviate any post
operative discomfort, animals received analgesics buprenorphine (0.01 – 0.03 mg/kg tid)
and meloxicam (0.2 mg/kg initially then 0.01 mg/kg) for the first 48 hours and then as
required. Analgesics were given during induction and again as the animals began to
recover from anesthesia. Animals were inspected at least twice a day by a trained staff
member for the first three days post surgery. Animals were given 1-2 weeks to recover
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before training began. The monkeys were under close supervision by the university
veterinarians for the duration of the study. The animals were then trained on a modified
version of the saccade over-riding task (SOT) task (see Figure 3.1A) (Isoda and
Hikosaka, 2007). Next, a second surgery was performed (under the same conditions
described in detail above) during which stainless steel cryoloops (6mm x 3mm), made
from pre-shaped 23-gauge hypodermic stainless steel tubing, were implanted bilaterally
onto the cortical gyrus immediately dorsal to the principal sulcus (caudal area 9/46d), and
into the posterior portion of the principal sulcus (caudal area 46) (Figure 3.1B). We
estimate that cooling resulted in the deactivation of a volume of cortex approximated by a
box of volume 280 mm3 (10 x 7 x 4 mm) for the principal sulcus loop, and approximately
140 mm3 (10 x 7 x 2 mm) for the gyrus loop (area 9/46d) (Lomber et al., 1999).
3.2.2 Behavioural task
The saccade overriding task (SOT) requires monkeys to perform pro-saccades
(use the location of a peripheral stimulus to directly map a saccade toward it) and antisaccades (suppress the pre-potent direct stimulus-response mapping in favour of a
volitional saccade away from the stimulus) in response to a peripheral stimulus presented
to either the left or right of a central fixation point (Figure 3.1A). Trials were presented
in short blocks wherein the rule was constant and repeated at least 5 times, but alternated
between successive blocks. The duration of each block was unpredictable (random
between 5-10 correct trials). In each trial, an instruction cue was available but not until
after a fixed delay of 150 msec following presentation of the peripheral stimulus.
Therefore, during the preparatory period, there was no external information available that
pertained to the current rule, but the onset of the cue/go-signal (following stimulus
presentation) was entirely predictable. The monkeys were not rewarded if their saccade
occurred prior to the onset of the instruction cue.
Rule-repetition is a task feature that is known to induce automatic response
preparation (Isoda and Hikosaka, 2007). This feature of the SOT enabled the monkeys to
anticipate the rule based on the previous trial, and therefore to prepare a saccadic

Figure 3.1. Cortical deactivation experiment with saccade overriding task. A.
Behavioural Task. Each row in the figure represents a schematic of a possible series of
stimuli and behavioural events in one trial. Each trial began with the appearance of a
white fixation point (FP). The monkeys had to acquire the FP and maintain fixation until
the rule instruction appeared. After a random delay of 750-950 msec, the peripheral
stimulus was presented to either the left or right of the fixation point. Next, after a fixed
delay of 150 msec, the FP was replaced with an intruction cue, after which point the
monkeys could respond to the stimulus to obtain a reward. The paradigm was presented
in blocks wherein the rule repeated until a pseudorandom number (between 5 and 10) of
correct responses had been performed. B. Timecourse of a single trial. Eh denotes
horizontal eye position. The monkeys used two modes to select their responses, one in
which the rule was used from the previous trial and thus internally cued for short-SRT
responses (Eh, solid trace) and one in which the monkeys suppressed a response to the
stimulus in favour of instruction-based saccade selection, and thus externally-cued for
long SRT responses (Eh, dashed trace). C. Schematic of cooling loop circuit and
photograph of cooling loop location focused on the dorsolateral surface of the left
prefrontal cortex. Powered by a pump, the methanol passed through teflon tubing from a
reservoir and through an ice bath prior to passing through the cooling loop. D. Timecourse of the cooling experimental session. For the first 25 minutes, the pumps were left
off and the monkeys performed the SOT task under normal conditions. The pumps were
switched on and when the loop temperature reached a stable level below 5°C, the
experimental cooling period began. At the end of this period, the pumps were turned off
and the animals continued to work after the rapid re-warming of the cooling loops to
normal temperatures.
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response to the peripheral stimulus, before the fixation point switched colours to instruct
the currently relevant rule. In other words, when the animals chose to prepare their
response in this way, the instruction cue acted as a non-specific go-signal. Alternatively,
volitional top-down control could be employed to overcome the automaticity induced by
the predictable features of the task (repeating rule, “go-cue” onset relative to stimulus
presentation) or to delay or override an automatically prepared saccade, so that additional
evidence (the instruction cue) could be accumulated toward the optimal saccadic
response. This preparatory strategy would favour accuracy at the cost of speed. To
summarize, the monkeys could use one of two options to prepare their responses on every
trial for both pro- and anti-saccades. Thus, this variant required the animals to overcome
a tendency to prepare saccades automatically – a task processing mode that was
encouraged by certain manipulations of the task presentation – by imposing a top-down
strategic modulation of SAT to facilitate instruction-guided saccades and thus, response
accuracy. This is because, by definition, an automatically prepared response became an
error in the case of a switch trial. As automatic responding was induced in parallel with
the incremental rule repetition that was inevitably associated with progression within a
block, so did the risk of a rule-switch. Therefore, although automatic saccade production
was encouraged by the method of task presentation, the animals should actively
overcome this tendency, regardless of the current rule.
The timing and presentation of visual stimuli and reward delivery were controlled
by the CORTEX experimental control system, while horizontal and vertical eye positions
were recorded at 500 Hz using an Eyelink II system (SR Research, Kanata, Canada). The
trial events and behavioural data was stored together using MAP system (Plexon, Inc.
Dallas TX).
3.2.3 Cortical deactivations
We recorded the behaviour of the two monkeys during the performance of the
SOT task in a total of 43 experimental sessions in which either (1) caudal area 46 was
bilaterally deactivated (n = 13, monkey B: n = 9, monkey G: n = 4), (2) caudal area 9/46d
was bilaterally deactivated (n = 16, monkey B: n = 10, monkey G: n = 6) or (3) both areas
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were deactivated bilaterally (n = 14, monkey B: n = 10, monkey G: n = 4). During each
cooling session, room temperature methanol was pumped through Teflon tubing that
passed through a bath of iced methanol (Figure 3.1C, left panel). Dry ice was added to
the bath to ensure that it was maintained at subzero temperatures. Via the tubing, the
chilled methanol was delivered to and from a cryoloop and back to the originating
reservoir (Figure 3.1C). The implanted cryoloops were connected to a
microthermocouple, which enabled the monitoring of loop temperatures throughout the
session.
The experimental sessions began with a control epoch (duration 25 mins), during
which the animals performed the task with the cryoloops connected to the cooling
system. The pumps were not yet powered on, therefore the loops remained at physiologic
temperatures (pre-cool control, Figure 3.1D). Immediately following this pre-cool
control period, as the animals continued to perform the task, the pumps were switched on.
The beginning of the experimental cool period was defined as the time at which each
loop was steadily maintained at temperatures below 5° C. During the ensuing 25
minutes, the temperature of each loop was monitored and maintained between 1 and 5° C
by making appropriate adjustments to the flow rate on each active pump. We took extra
precautions to ensure that the loops did not reach sub-zero temperatures to avoid tissue
damage (Yang et al., 2006). At the end of the cooling period, the pumps were shut off
and the loop temperature was monitored until each loop was re-warmed to at least 30° C.
It was at this time that we defined the beginning of the post-cool control period, during
which the animals were required to perform the task for a third 25-minute epoch with the
loops at a normal temperature.
3.2.4 Data analyses
All analyses were performed using custom-written software running in Matlab
(Mathworks, Natick MA). Saccade onset was defined as the time at which eye velocity
exceeded 30°/s, and the time at which eye velocity fell below this level was defined as
saccade endpoint. Correct trial categorization by CORTEX was verified with a visual
inspection of the eye traces, which were corrected if categorized improperly. Although
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they were not rewarded, we included the erroneous trials in which the animals generated
a saccadic response after the peripheral stimulus appeared, but before the onset of the
instruction cue. We separated these trials into four additional trial performance
categories (early pro correct, early pro error, early anti correct, early anti error). We
tested the effect of bilateral deactivation of three combinations of prefrontal regions
individually for each subject.
The monkeys used two different modes to prepare and select their responses when
they performed the SOT. This was evident in the statistically bimodal saccadic reaction
time (SRT) distributions for correct responses. These distributions indicate the level of
strategic response control employed by each subject overall. Specifically, the proportion
of slow responses relative to fast responses indicates the overall degree with which
accuracy was favoured over speed and thus, the level of applied proactive control over
saccade initiation. Therefore, a major interest in this study was the effect of dorsolateral
prefrontal deactivations on the SRT distributions.
For each session and separately for each rule, the mean SRT, error rates,
percentage early correct and erroneous responses (i.e., trials in which a saccade was
produced following stimulus presentation, but before the onset of the instruction cue),
skipped trials (in which the monkeys did not initiate the trial), aborted trials (i.e., those on
which the monkeys initiated a trial by acquiring fixation, but prematurely ended it by
leaving the fixation window prior to stimulus presentation) and trials with no response
were computed by averaging the individual values from each session, for each subject.
We combined trials based on the rule used to generate the saccade, irrespective of
direction because we employed bilateral cooling and did not expect any directional
influences. The pre- and post-cool control trials were pooled together for statistical
comparison against the behavioural parameters obtained with the respective combination
of prefrontal cortical deactivations. We employed a paired t-test (p < 0.05) to determine
whether each variable of interest was altered by dlPFC deactivation. We also compared
the overall pooled distributions of SRTs, separately for each rule, between control and
cool trials using t-tests (p < 0.05). For a finer detailed view on the behavioural effects of
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dlPFC deactivations, we also analyzed the performance for trials that occurred before,
during and following the rule-switches (separately for each rule) to determine any trialposition-dependent effects of cooling on SOT performance. In this analysis, we
separated task variables into categories as a function of their position within the trial
sequence aligned to the rule switch. At each trial position, we compared behavioural
variables obtained during control and cooling epochs. In detail, we subjected the task
accuracy (% error) data to paired t-tests (p < 0.05), and pooled SRT distributions to t-tests
(p < 0.05) that tested for effects of dlPFC cooling on the switch-dependent time-course of
these behavioural parameters.

3.3 Results
3.3.1 Performance of the SOT (Control epoch behaviour)
As outlined near the beginning of Chapter One, this behavioural task involves
rule-guided action, requires behavioural flexibility, induces automatic response
preparation, and requires adjustments in speed accuracy tradeoff for optimal
performance. In this chapter, our primary interest in this paradigm is its suitability to
probe strategic action control in monkeys, as our aim is to investigate a causal function
for the dlPFC in strategy-guided action selection, a finding that has been reported for the
human homologue. We also discussed in section 1.5.5 that cognitive control is inherently
variable, both within subjects (depending upon the behavioural context) and between
subjects (depending upon non-cognitive personality traits such as sensitivity to reward).
We feel it is useful to keep these points under consideration while reviewing the
experimental results that were obtained in this study.
The details regarding task presentation associated with the SOT enabled and
encouraged saccade preparation with two task-processing modes (Figure 3.2). Because
the task rule was repeated at least five times during each block, and the instruction cue
(which would be utilized as a nonspecific go-signal in this case) was presented at a fixed
asynchrony with respect to the imperative peripheral stimulus, the monkeys could
anticipate the task rule and thus, using the associated task representation, prepare and
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Figure 3.2. Effect of dorsolateral prefrontal cortical deactivations on SRT distributions
for pro- and anti-saccades. Histograms for all correct, early response erros and
direction-error trials performed under control conditions in each experiment are plotted in
the upper row for each monkey. Those for trials performed during the deactivation of
prefrontal areas are plotted in the lower row for each monkey. The SRT distributions for
pro-saccades (A, C, E, G, I & K) and anti-saccades (B, D, F, H, J &L) are plotted
separately. SRT distributions plotted in light gray represent those for correct pro-saccade
responses. Distributions plotted in black represent those for correct anti-saccade
responses. P-values denote the result of a t-test that compared the entire pooled
distribution of control trial SRTs to that of cool trial SRTs.
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produce a short-latency saccade (without use of the instruction cue to inform the
stimulus-response mapping). Previous work has demonstrated that when either the
timing or location of a behaviourally relevant event is predictable, subjects tend to
produce responses to such events with reduced latencies (Kingstone and Klein, 1993). It
has also been demonstrated that when subjects have a rule in mind during goal-directed
saccade behaviour, they automatically begin to prepare a response to the imperative
stimulus (Cameron et al., 2007), which might partially explain why repetition can induce
subjects to assume an automatic action preparation and selection mode (Hikosaka and
Isoda, 2011). Thus, the SOT exploits the effects of predictable task features to induce the
monkeys to assume an automatic preparatory mode. This task-processing mode is
associated with a speed prioritization such that the task-relevant brain circuitry is in an
elevated state of readiness for saccade production. By definition these automatically
prepared responses, which are produced using the internal representation of the
previously correct rule, would become incorrect on a switch trial and therefore accuracy
is not prioritized. In contrast, because the “go-signal” was actually an informative
instruction cue, the animals also had the option to maintain fixation until the cue could be
processed to guide the saccade. This task-processing mode could likely be engaged via a
top-down modulation over SAT to ensure that accuracy could be prioritized.
Specifically, this strategy would reduce the chances that potentially incorrect response
activations, which would be primed by the recently implemented task-set (Hikosaka and
Isoda, 2011), could give rise to overt response selection.
Upon inspection of the control SRT distributions (Figure 3.2, upper row for each
monkey) and comparison between animals, it is evident that although both monkeys
produced responses within a similar range of latencies, their distributions differ in at least
two important aspects. Monkey B applied two preparatory modes for both pro- and antisaccades (we reject the null hypothesis of a uni-modal distribution for SRTs associated
with both rules, p < 0.0001 Hartigan’s dip test). In fact, this subject might have chosen to
apply a top-down controlled task-processing strategy during pro-saccade blocks more
often (Figure 3.2A,C,E), which is indicated by the presence of a larger second peak in
the pro-SRT distributions. This second peak represents the number of trials associated
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Figure 3.3. Effect of dorsolateral prefrontal cortical deactivations on performance
switch costs. The time-course of the mean SRT and performance for all trial sequences
relative to the rule-switch (Sw) are plotted separately for anti-to-pro switch sequences
and pro-to-anti switch sequences for control (solid lines) and cooling (dashed lines) trials.
Asterisks denote significant effects of cooling (as evaluated by a t-test for pooled SRT
distributions and a paired t-test for performance).
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with responses (with SRT > 310 msec) that could have been prepared using the
instruction cue. In contrast, overall monkey G tended to respond more quickly and only
showed a statistically bi-modal SRT distribution for anti-saccade trials (p < 0.0001
Hartigan’s dip test). For responses generated under the pro-saccade rule, which was
associated with the more dominant response in this task, the SRT distribution was unimodal.
A difference in preferred strategy is also evident when SRT is plotted as a
function of trial sequence with respect to the rule switches. Monkey G was more likely
to prepare responses automatically after a rule switch, but to apply response caution, as
evidenced by longer SRTs, as the likelihood of a rule switch increased (Figure 3.3G,
solid lines). On the other hand, Monkey B appeared to use extra caution immediately
after the rule switched, and showed no evidence of applying increased response caution
as the chance of a switch increased (i.e., with increasing number of correct trials within a
block, Figure 3.3A,C,E, solid lines). These different global task strategies appeared to
produce similar performance accuracy switch costs between the two animals (Figure
3.3B,D,F,H, solid lines). Because of these clear differences in strategic approach to the
SOT between the two monkeys, which could possibly be related to individual differences
in cognitive capabilities or strategic preferences (Braver, 2012), we analyzed the effects
of reversible deactivations on behaviour separately for each animal.
3.3.2 Behavioural effects of reversible cryogenic deactivation of mid-dorsolateral PFC
regions on SOT performance
In three separate experiments, deactivations in the dlPFC were temporarily
produced using different combinations of bilateral deactivation targets. This enabled us
to explore a possible causal role for the dlPFC in strategy-guided behaviour, specifically
in the top-down strategic modulation of SAT to overcome the tendency to prepare
saccades automatically (Forstmann et al., 2008; Ivanoff et al., 2008; van Veen et al.,
2008). In Tables 3.1-3.3, the behavioural effects of dlPFC deactivation on pro- and antisaccade performance are summarized. All variables that appear in these tables were
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Table 3.1. Behavioural parameters obtained with reversible deactivation of cortical
areas 46 and 9/46d.
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statistically compared between control and deactivation conditions using a paired t-test (p
< 0.05).
In Table 3.1, the results of the experiment, in which caudal area 9/46d was
rendered inactive together with area 46 in the caudal principal sulcus, are listed. As such,
this condition was associated with the largest cortical deactivation. In both animals, we
observed that pro-SRTs were, on average, significantly reduced with dlPFC cooling
(Table 3.1). This manipulation also disrupted anti-saccade performance in both animals
(Table 3.1). However, close inspection of the numbers and also the SRT histograms
reveals that the effects in each monkey represent opposite extremes (Table 3.1, Figure
3.2A,B compared to Figure 3.2G,H). Monkey B showed an approximately 37 msec
decrease in pro-SRT and a 10% increase in anti-saccade errors. Monkey G showed an 89
msec reduction in pro-SRT and a drastic increase of 75% in anti-saccade error rate, a
result that indicates this subject performed anti-saccades at a level worse than chance.
This implies that monkey G, having used the dominant direct stimulus-response mapping
in the majority of trials regardless of the current rule (Figure 3.2 H), was largely
incapable of producing anti-saccades in this context. Specifically, it appears that he had a
difficult time withholding directly mapped saccades (i.e., pro-saccades) until the
instruction could be interpreted, and anti-saccades were never prepared using the
automatic preparatory mode (Figure 3.2G,H, Table 3.1). Therefore, the common effect
that was observed on pro-SRT for the two subjects was actually associated with a
dramatically different effect on SOT performance. To summarize, the SAT shifted in
both animals to favour speed during the dominant task, which requires very little
volitional top-down control, at the expense of accuracy in the task that required a learned
stimulus-response mapping and thus requires volitional control. However, the effects in
each animal were associated with different consequences for SOT performance.
We also investigated the effects of reversible deactivations in each cortical brain
area separately. Deactivations in area 46 alone largely reproduced the effects that were
observed when both the sulcus and gyrus were cooled together (Figure 3.2A,B compared
to C,D and Figure 3.2G,H compared to I,J). With this experimental treatment, each
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Table 3.2. Behavioural parameters obtained with reversible deactivation of cortical
area 46.
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monkey showed a similar reduction in pro-SRT and anti-saccade performance accuracy
(Table 3.2) as was observed for the combination deactivation (Table 3.1). One effect
that emerged in these experimental sessions that was not observed in the combination
deactivation treatment was that for monkey B, the distribution of anti-SRTs was shifted
such that fewer controlled and more automatic responses were produced (Figure 3.2D).
This manipulation also significantly increased the number of early erroneous responses
generated under both rules, perhaps indicating that both animals were rendered more
impulsive (which directly implicates SAT that favours speedy rather than deliberate
decisions).
When the gyral tissue dorsal to area 46 was temporarily deactivated (area 9/46d),
we observed a reduction for pro-SRTs in both animals (Table 3.3). Both animals
appeared to prepare pro-saccades automatically more frequently with this manipulation
(Figure 3.2E,K). Again, this effect on pro-SRT was associated with a negative impact
on anti-saccade performance as both animals showed a mild disruption for saccades
prepared according to this rule (Table 3.3). Thus, consistent in both animals, SAT during
pro-saccade blocks appeared shifted to favour speed, which had an effect on anti-saccade
performance accuracy. With this manipulation, there was no effect on anti-SRT in
monkey B, however, monkey G showed a dramatic effect in which anti-SRTs were
increased by 91 msec (Figure 3.2L, Table 3.3). Erroneous anti-saccades generated
during pro-saccade blocks were also slowed by this deactivation (Figure 3.2 K).
Therefore, monkey G was overall impaired at generating anti-saccades, in a way that
monkey B was not, with this manipulation.
3.3.3 Behavioural effects of reversible deactivations: examination of parameters as a
function of trial sequence
To achieve a more thorough inspection of the behavioural effects of dlPFC
deactivations, we separated trials according to their sequence relative to the rule switch
(Figure 3.3). Without the integrity of area 46, Monkey G was drastically impaired at
performing anti-saccades (well below chance levels of performance). Further, the
criterion for a block switch was a particular number of correctly performed trials
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Table 3.3. Behavioural parameters obtained with reversible deactivation of cortical
area 9/46d.
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(pseudorandom between 5 and 10). Therefore, because of the impairment in performing
anti-saccades that Monkey G experienced, this subject did not perform a sufficient
number of rule-switches (i.e., ended up stuck for long periods of time in anti-saccade
blocks) to allow for the meaningful examination of his behaviour in this way for any
experiment that involved deactivation of area 46. Because of this, for monkey G we only
show behavioural results for the experiment in which only area 9/46d was reversibly
deactivationed in isolation (Figure 3.3G,H).
In Figures 3.3A and B, the performance of monkey B in the switch-dependent
trial sequence is shown for control and deactivation epochs, specifically when the two
dlPFC regions were deactivated together. First, this analysis demonstrated that the cost
in SRT associated with switching into a new block was increased in a rule-independent
manner (Figure 3.3A, switch trial SRT). We observe a cooling-induced reduction in proSRT on each of the post-switch trials (post-switch for anti-to-pro and pre-switch for proto-anti, Figure 3.3A). With cooling, we also observed an increased performance
accuracy switch cost for pro-to-anti saccade switches that persisted into the post-switch
trial (Figure 3.3B). These results imply that when the mid-dlPFC was deactivated, the
dominant task-set (i.e., pro-saccade) is more vulnerable to repetition-induced
automaticity and the representation of this dominant task-set was more likely to interfere
with forthcoming anti-saccade production when Monkey B switched from pro-to-anti
blocks.
When the data are examined in the same way but for sessions in which only area
46 was deactivated, we observe very similar results for pro-saccades. Similar to
observations from our first deactivation experiment, SRTs for pro-saccade blocks were
significantly reduced on rule repeat trials but here, cooling did not affect the SRT switch
costs for either rule (Figure 3.3C). We again observe evidence that automatically
processed pro-saccades had a persistent interfering effect on anti-saccade performance
accuracy on and following rule switches as evidenced by increased accuracy switch cost
for pro-to-anti switches was reduced (Figure 3.3D). We also observe, in this condition,
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that anti-to-pro rule switches are also associated with a cost, but on pre-switch and switch
trials (Figure 3.3D).
We were able to analyze the behaviour of both monkeys in this way for sessions
during which area 9/46d was deactivated. The behaviour for monkey B shows some
evidence that pro-saccades tended to be generated at shorter latencies when data from this
session was analyzed for sequence-dependent effects, however this effect was not as
robust as was observed for any experimental treatment during which area 46 was
deactivated (Figure 3.3E anti-to-pro, compared to A,C). This manipulation did not have
an effect on pro-SRTs in monkey G (Figure 3.3E). In both subjects, these deactivations
appeared to result an increased performance accuracy cost for anti-saccades at and
following pro-to-anti rule switches (Figure 3.3F,H). This suggests that in this
experimental treatment, as with the other two in monkey B, the animals experienced
increased interference from the previously activated and therefore primed, dominant taskset when they switched from pro-to-anti saccade rule. For monkey G, anti-SRTs were
significantly increased in a largely sequence-independent manner (Figure 3.3G). AntiSRTs were elevated to an extent that no SAT adjustments were required as the
probability of a rule switch increased. Therefore, deactivation of caudal area 9/46d
produced interference with pro-to-anti rule-switches in each subject, while the effect on
anti-SRTs was not consistent between the two monkeys.

3.4 Discussion
3.4.1 Role of dlPFC in strategic SAT modulations (to resist automaticity in action) and in
interference resolution
To explore the contribution of the dlPFC toward strategy-guided saccade
behaviour, we deactivated two adjacent dlPFC regions, in isolation and in combination,
during a variant of an anti-saccade task in which a decision regarding SAT was required
on each trial. The monkeys could either (1) employ an automatic response preparation
strategy, in which they applied the previously relevant rule to respond to the peripheral
stimulus, using the predictable timing of the instruction cue onset to time their stimulus-
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triggered saccade, or (2) choose a more cautious response preparation strategy in which
they maintained fixation after stimulus presentation to accumulate additional evidence
toward the decision regarding the appropriate response (i.e., to process the instruction
cue). This second option allowed for flexibility in case of a rule switch and was therefore
more likely to lead to an accurate, rewarded saccade. The first strategy became more
risky as the probability of a rule-switch increased, or as more correct trials were
completed within a block (n ≥ 5). Simultaneously, rule-repetition over several trials in
the block promoted this automatic preparatory mode. Therefore, optimal performance in
the SOT required the monkeys to overcome task-induced automaticity by modulation of
SAT parameters in pre-oculomotor centers to favour accuracy and behavioural flexibility
(Bogacz et al 2009).
The most consistent observation was that dlPFC deactivations produced a
reduction in pro-SRT, which disrupted the performance of anti-saccades. This result can
be interpreted as an impaired ability to actively engage top-down cognitive control
mechanisms to impose SAT modulations that favour accuracy, when faced with contexts
that would otherwise induce automatic response preparation. We specifically observed
this effect during blocks in which monkeys performed pro-saccades, which are associated
with a direct stimulus-response mapping that allows subjects to respond to the stimulus in
a way that occurs most naturally. This effect had a direct impact on the performance of
the non-dominant (i.e., requires learning and volitional control) anti-saccade response in a
manner that depended on the animals’ global strategic tendencies and also possibly on the
individual strategy used to perform anti-saccades, which represents a well-practiced goalaction link for these subjects. For each experiment in which sufficient number of rule
switches were performed, our switch-aligned time-course analysis of the behavioural data
demonstrated that the anti-saccade performance was disrupted on and immediately
following switch trials. This result indicates that dlPFC deactivations rendered prosaccades more susceptible to the conditions that encouraged an automatic preparatory
mode, which accordingly impaired the subjects’ ability to override (to resolve
interference from this competing, dominant task set) when required. In other words,
when response tendencies associated with the pro-saccade rule were recently relevant and
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activated (perhaps rendering the direct stimulus-response mapping more prepotent than
usual), these tendencies were more likely to trigger inaccurate activations after the
monkeys had switched into an anti-saccade block. It has been suggested that behaviours
that are pre-potent are more difficult to control the more automatic they become
(Schneider and Chein, 2003) and the dlPFC might participate in such control. An
alternative explanation could also be that the deactivations resulted in impaired vigilance,
but this would not easily explain the selective effect that we observed on pro-saccades.
We did observed some inconsistent effects between the animals. Specifically, when area
46 was deactivated, monkey G was largely incapable of producing anti-saccades whereas
monkey B was impaired to a much lesser degree. Further, when area 9/46d was
deactivated, monkey G showed marked impairments in anti-saccade performance while
responses produced under this rule in monkey B were not affected.
Each of the two subjects appeared to adopt a unique strategy to perform the SOT
(with a similar task accuracy switch cost of ~50% for each rule). Monkey B was, overall,
more accurate and applied the controlled preparatory strategy frequently for both rules.
According to the dual mode of cognitive control theory (Braver et al., 2012), Monkey B
appeared to favour proactive control in order to avoid task interference or erroneous
trials. Thus, this overall tendency toward accuracy allowed monkey B to perform switch
trials accurately with a reduced requirement to slow down (i.e., SAT overall favoured
accuracy in a trial-position independent manner, see Figure 3.3A,C,E). The reaction
time switch cost likely reflects the extra time required for the task-reconfiguration
processes. Monkey G overall favoured speed and was therefore slightly less accurate on
average (Wickelgren, 1977). This observation might indicate that monkey G preferred to
use reactive control, or was not averse to negative trial outcomes. In this mode, topdown attentional control control is implemented only on a transient basis when required
(Braver et al., 2012). This cognitive mode is less attentionally taxing than the proactive
mode, and is proposed to automatically utilize pre-established “triggers” to re-activate
top-down cognitive control. Since the performance switch costs were similar for both
monkeys, Monkey G may have used time since the previous switch to trigger extra
control. This subject had to slow down as the chance of a switch increased to perform
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switch trials at the same accuracy level as monkey B, particularly for the pro-saccade rule
(see Figure 3.3G). The fact that monkey B often made switch errors, and monkey G
often performed correct switches indicates that both animals likely used each mode,
albeit to differing extents (see Figure 3.2). We propose that it was these global strategic
differences, which may actually be related to each subjects’ strategy for managing the
two task-sets with opposite stimulus-response mappings (i.e., strategy for performing pro
versus anti-saccades), might explain the inconsistent effects that we observed with dlPFC
deactivation.
Thus, in this study we report that disruptions of dlPFC function had consequences
for strategic response preparation in the SOT, a finding that is consistent with effects
observed with disruptions of the dlPFC in human subjects (van 't Wout et al., 2005).
Specifically, our results suggest that the dlPFC has a context-dependent role in regulating
SAT, which also aligns well with functional neuroimaging studies in humans (Forstmann
et al., 2008; Ivanoff et al., 2008; van Veen et al., 2008). The results of the trial sequence
analyses also support a role for the dlPFC in interference resolution, as has been
previously demonstrated by examining the effects of conflict in the previous trial
(Mansouri et al., 2007; Mansouri et al., 2009). Sakai and colleagues reported lingering
functional connectivity effects in the preparatory period for rule-guided saccades that
reflected rule in the previous trial, rather than response that was being prepared (Akaishi
et al., 2010). As such, these authors have provided empirical evidence for a need to
resolve interference for trials on which the immediately previous rule differed, a function
that we show might depend to an extent on the dlPFC.
3.4.2 DlPFC contribution to pro- and anti-saccade performance is context-dependent:
Comparison to previous studies
Our results are consistent with the notion that the contribution of the dlPFC
toward rule-guided saccade performance is critical when task demands require the use of
abstract representations beyond those for simple rules (Genovesio, 2008). This finding
further bolsters the conclusion that the dlPFC contribution toward pro- and anti-saccade
performance is context dependent (Ethridge et al., 2009; Koval et al., 2011), which
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implies that the dlPFC is not necessarily critical for the performance of anti-saccades per
se. To date, we have conducted two other studies in our group in which area 46 was
deactivated during the performance of pro- and anti-saccades with different forms of task
presentation or context (Koval et al., 2011; unpublished results). Those studies
demonstrated that anti-saccade performance impairments which result from dlPFC
deactivation are more severe when the rule must be maintained simultaneously with that
for pro-saccades during interleaved (fully instructed) trial presentation, are even worse
when the rule has to be maintained over a delay, and yet different effects are observed
when the rule must be determined and maintained based on reward feedback
(unpublished results), in comparison to a context when the rule is fully indicated and
remains constant in relatively long blocks. In this least demanding scenario, which
allows for the adoption of a single, stable task-set (Ethridge et al., 2009), anti-saccade
performance impairments produced by dlPFC deactivations are very subtle.
In the studies outlined above, behavioural deficits for pro-saccades were observed
when the rule had to be maintained over a delay. However, in this situation the opposite
effect of an increase in pro-SRT was observed (Koval et al., 2011). When the rule had to
be obtained and maintained by monitoring reward feedback on each trial, dlPFC
deactivation produced a performance deficit for both pro- and anti-saccades (unpublished
results) which implied that the ability to use retrospective coding to maintain
representations of previous responses and outcomes was impaired (Miller et al., 1996;
Romo et al., 1999; Tsujimoto and Sawaguchi, 2005; Genovesio et al., 2006; Mansouri et
al., 2007). Surprisingly, we did not observe any deficit (i.e., increased errors or SRT) in
the deployment of the pro-saccade rule in the present study. Instead, the observed effects
more closely resembled an improvement in performance. But this “improvement” should
be interpreted as a shift in SAT during pro-saccade blocks (or in general for monkey G
while area 46 was deactivated), which negatively impacted the performance of antisaccades. What was common to the previous studies and the current one was the use of
the pro- and anti-saccade rules, which are based on relatively simple translational
exemplars (e.g., red = pro, green = anti). What varied were the abstract task demands
that needed to be reconciled in order to use these rules. These unique contexts for pro-
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and anti-saccades were produced by the manipulation of specific task presentation
features.
3.4.3 Implications of context-dependent effects
The cryoloops are characterized by dimensions of several mm (see Figure 3.1C)
and therefore result in a depolarization block in a relatively large volume of cortical
tissue (Benita and Conde, 1972). Deactivation in such a large volume of tissue in either
dorsolateral prefrontal region using this method would certainly alter activity in
anatomically dispersed brain regions that otherwise would functionally cooperate with
the dlPFC (Bressler, 1995; Varela et al., 2001; Wilson et al., 2010). Both cortical regions
are interconnected with each other and adjacent pre-frontal regions (Yeterian et al.,
2012), have prominent projections to the striatum (Selemon and Goldman-Rakic, 1985;
Calzavara et al., 2007) and therefore can modulate basal ganglia outflow, and closely
interact with parietal cortices for the guidance of response selection according to the
contingencies of rules (Chafee and Goldman-Rakic, 2000). The dlPFC also directly
projects to the superior colliculus, a structure that directly controls the saccade generator
in the brainstem (Goldman and Nauta, 1976; Leichnetz et al., 1981) a pathway that has
been shown to carry rule-selective signals directly to this region (Johnston and Everling,
2006).
Moreover, one biophysically plausible model of top-down control and cognitive
control mechanisms holds that they are enabled through the sequential emergence of
transient, large-scale brain networks (Bressler, 1995; Varela et al., 2001; Harris, 2005).
Top-down control requires flexible routing of information through task-relevant
pathways (Fries, 2005). Therefore, the context-dependence of dlPFC deactivation effects
that are associated with the various forms of task presentation for pro- and anti-saccades
briefly outlined in the previous section (e.g., fully-cued single rule blocks, fully-cued
randomly-interleaved, randomly-interleaved with rule-maintenance, blocked with rule
obtained by reward feedback, and the SOT), are consistent with the hypothesis that proand anti-saccade performance under these diverse contexts is supported by the formation
of distinct, context-dependent, potentially rhythmically structured networks, despite that
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the rules used to produce the responses in each scenario are identical. In Chapter Two,
we reported that the large-scale rhythmic network for task preparation did not reflect the
rule used to guide the forthcoming stimulus processing but instead, the mode of task
processing for the forthcoming stimulus. Together with the present work, these studies
conducted previously in our lab (Koval et al., 2011; other unpublished results) are
consistent with the flexible “phase-coupled networks” hypothesis of top-down control
and cognitive processing (Varela et al., 2001; Fries, 2005; Buzsaki, 2006).
3.4.4 Concluding remarks
In this study, we have uncovered a novel result that bilateral deactivation of the
dlPFC produces a shift in saccadic SAT toward a speed bias for pro-saccades at the
expense of anti-saccade accuracy during the performance of a rapid blocked rule-switch
task. Another effect that was observed, consistent between the animals, was an apparent
amplification of the interfering effects imposed by the recently activated processing
pathways for pro-saccade performance when the animals were required to switch to the
anti-saccade rule in a new block. Therefore, we have confirmed a previously proposed
function for the dlPFC in interference resolution (Mansouri et al., 2009), and provide
novel evidence that this brain region plays a causal role in the application of strategies to
guide response selection (Genovesio et al., 2005; Tsujimoto et al., 2011). Specifically, the
principal sulcus appears to play an important role in attentively controlling the
performance of dominant behaviours (Schneider and Chein, 2003).
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Chapter 4
Neural activity in the macaque putamen associated with goaldirected saccades and behavioural outcome

The material in chapter 4 has been published at PLOS ONE as J. Phillips & S. Everling
(2012) Neural activity in the macaque putamen associated with saccades and behavioural
outcome. 7:e51596. The authors retain ownership of the Copyright for material
published by PLOS and therefore permission to reproduce content is not required.

4.1 Introduction
A major advancement in our understanding of basal ganglia (BG) function has
been the concept of largely segregated cortico-BG circuits that subserve motor,
oculomotor, executive, and limbic functions (Alexander et al., 1986). According to this
prominent model, most cortical regions send topographic projections through various
striatal, pallidal and thalamic zones, and thalamo-cortical projections return these circuits
to frontal cortical sub-regions. The putamen mainly receives inputs from sensorimotor
cortices and projects back to the same motor areas through the lateral globus pallidus and
ventrolateral and ventro-anterior nuclei of the thalamus (VA/VL), forming the
“sensorimotor circuit” (Alexander et al., 1990). The caudate nucleus belongs to the
“associative” and “oculomotor” loops, and controls eye movements with inputs from the
dorsolateral prefrontal cortex, and the frontal and supplementary eye fields (FEF and
SEF) (Alexander et al., 1990). Phasic caudate activation inhibits the substantia nigra pars
reticulata (SNpr), thereby releasing the superior colliculus from tonic inhibition just prior
to a saccade (Hikosaka et al., 2000).
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Likely influenced by this prominent model, electrophysiological studies in
monkeys have almost exclusively examined the functional properties of putamen neurons
during reaching and grasping tasks, while investigations of the striatal contribution to
saccade behaviour have focused on the caudate. This concept of effector-specialization
for the caudate and putamen has been challenged by an increasing number of functional
neuroimaging studies in human subjects, which have reported activation not only in the
caudate nucleus but also, or sometimes exclusively in the putamen during saccadic eye
movement tasks (Petit et al., 1993; O'Driscoll et al., 1995; Petit et al., 1996; Sweeney et
al., 1996; Dejardin et al., 1998; Luna et al., 2001; Gagnon et al., 2002; Gerardin et al.,
2003; Simo et al., 2005; Dyckman et al., 2007; Hwang et al., 2010; Krebs et al., 2010;
Aichert et al., 2012; Neggers et al., 2012). A subset of these studies have supported a
role for the putamen in the performance of anti-saccades, which requires the suppression
of a saccade towards a flashed peripheral stimulus (pro-saccade) in favour of a saccade
toward the opposite direction, compared with the performance of pro-saccades (Munoz
and Everling, 2004). Neggers and colleagues have recently hypothesized that the
apparent effector-specialization for the monkey caudate and putamen may be the result of
an early bias in the field (Hikosaka and Sakamoto, 1986; Hikosaka, 1989), or
alternatively that the saccade circuitry might be fundamentally different between humans
and monkeys (Neggers et al., 2012). Although the latter alternative is possible, recent
investigations of human white matter pathways have demonstrated that cortico-BG
projection patterns are remarkably similar to the homologous pathways previously
revealed by tracer studies in monkeys (Lehericy et al., 2004; Aron et al., 2007; Neggers
et al., 2012). Further, comparative functional neuroimaging studies have demonstrated,
at least in cortical areas, a large degree of homology between humans and macaques
(Koyama et al., 2004; Hutchison et al., 2012). Most importantly, macaque tracer studies
demonstrate that caudal putamen neurons receive projections from the FEF and SEF
(Selemon and Goldman-Rakic, 1985; Stanton et al., 1988; Parthasarathy et al., 1992;
Calzavara et al., 2007).
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To directly investigate the role of caudal putamen neurons in goal-directed
saccades, we conducted extracellular neuronal recordings in this region of the striatum
while rhesus macaques performed alternating blocks of pro- and anti-saccades. We
found that roughly half of the neurons that we recorded in the putamen were responsive
to one or more features of the oculomotor task, which argues against the notion of
effector-specialization in the caudate and putamen of monkeys, and is in agreement with
human functional neuroimaging studies.

4.2 Materials and methods
4.2.1 Subjects
Two male macaque monkeys (Macaca mulatta, 9.8 and 8.6 kg), monkey G and
monkey Q, were trained on a pro-/anti-saccade paradigm. All experimental methods
described were conducted according to the guidelines of the Canadian Council on Animal
Care policy on the care and use of experimental animals, and an ethics protocol (2008125) approved by the Animal Users Subcommittee of the University of Western Ontario
Council on Animal Care.
4.2.2 Implant and Surgery
In preparation for chronic electrophysiological experiments, each monkey
underwent a surgical procedure in which a head restraint post and a plastic recording
chamber were implanted. Animals were premedicated with atropine (0.05 mg/kg IM),
and bupreonorphine (0.03 mg/kg IM), then induced with ketamine (10-15 mg/kg IM).
The animals were then intubated and an IV catheter was placed in the cephalic vein of
one arm and the saphenous veins of both legs. IV lactated ringers or normosol was
provided at a maintenance rate. General anesthesia was maintained through IV propofol
(0.3-0.4 mg/kg/min IV), and isoflurane gas (as required but usually 1%) delivered in
nitrous oxide (0.5 l/min) and oxygen (2.0 l/min). Heart rate, blood pressure, O2
saturation, respiratory rate, ET CO2 and body temperature were recorded every 5-10 min
for the duration of the surgery. A midline incision was made through the skin over the
cranium. A plastic recording chamber was placed over a 19-mm diameter craniotomy
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situated above the premotor cortex of the right hemisphere at an angle that permitted
access to the caudal putamen (36º and 38º Monkey A and Monkey B,
respectively). Cranial implants were held in place with dental acrylic (methyl
methacrylate) and secured to the skull with ceramic bone screws (Thomas Recording,
Inc., Giessen, Germany). A plastic head post to restrain the head during the experiments
was positioned stereotaxically and then secured to the skull will dental acrylic, which
bonded together all the screws to form a single robust implant. The wound edge was
cleaned and 1 to 3 absorbable sutures inserted (4-0 vicryl in sample interrupted pattern) to
keep the skin closely apposed to the implant until healing had occurred. Animals were
monitored by a veterinary technician until they recovered from anesthesia and could sit
up in the cage. To alleviate any post operative discomfort, animals received analgesics
buprenorphine (0.01 – 0.03 mg/kg tid) and meloxicam (0.2 mg/kg initially then 0.01
mg/kg) for the first 48 hours and then as required. Analgesics were given during
induction and again as the animals began to recover from anesthesia. Animals were
inspected at least twice a day by a trained staff member for the first three days post
surgery. Animals were given 1-2 weeks to recover before training began. The monkeys
were under close supervision by the university veterinarians for the duration of the study.
4.2.3 Behavioural Task
The monkeys were trained on a pro-/anti-saccade paradigm, which was a
modified version of the “saccade-overriding task” (SOT) introduced by Isoda and
Hikosaka to investigate both automatically prepared and controlled saccade responses
(Isoda and Hikosaka, 2007) (Figure 4.1). We chose this particular task design because in
addition to a possible role in pro- and anti-saccade performance, previous studies have
provided evidence that the putamen is involved in task-set reconfiguration (Deffains et
al., 2010; Muranishi et al., 2011) and also that the contextual demands for top-down
control can differentially engage the rostral versus the caudal striatum (Miyachi et al.,
1997; Jueptner and Weiller, 1998; Miyachi et al., 2002; Yin et al., 2005; Haruno and
Kawato, 2006; Balleine et al., 2007; Tricomi et al., 2009; Brovelli et al., 2011). In this
task, the animals had to complete short, variable length blocks of a particular stimulusresponse mapping rule. The two rules were (1) pro-saccade (saccade toward the
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Figure 4.1. Behavioural task. In this task, the monkeys had to continuously alternate
between blocks of pro- and anti-saccade (PRO cue, ANTI cue) trials. Responses under
these two rules have opposite stimulus-response associations. A. This figure shows a
schematic of the visual stimuli, with correct monkey behaviour, for a possible trial
sequence in the saccade-overriding task (SOT). The first trial in the sequence is
represented by the top row in the schematic. The task was presented in blocks, in which
the rule was constant. The rule switched after 5 to 10 correct trials were performed.
Dashed circles represent the gaze location of the monkey, and the gray arrows represent
the saccade trajectory toward the appropriate response window. Sw indicates that a row
represents a switch trial. B. The temporal sequence of visual stimuli, including fixation
point (FP), stimulus (S) and horizontal eye position (Eh) for an example trial. The time,
at which the fixation point changes to an instruction cue, is indicated by the unfilled
portion of the image that represents the FP. This trial shows behaviour corresponding to
a fast mode saccade (Eh, solid line) for which the rule and corresponding task-set was
maintained internally from the previous trial, since the Eh changes almost as soon as the
instruction cue comes on. Overlaid in this same figure is example behaviour
corresponding to a slow mode saccade (Eh, dashed line) for which the visual instruction
cue was used to implement the task-set for the saccadic response.
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peripherally presented stimulus) and (2) anti-saccade (suppress the pro-saccade response
and instead, look toward the diametrically opposite location). The rule was constant
within a block and switched when the block was completed. The length of each block
was varied randomly between 5 and 10 trials with correct responses. During each trial,
the monkey had to acquire a central, white fixation point. Next, after a random delay of
900 to 1100 msec, a green stimulus was presented to either the left or right of the fixation
point at 8º eccentricity. After a fixed delay of 150 msec, the white fixation point was
replaced with a coloured instruction cue, which indicated the rule of the current block. A
green cue indicated the pro-saccade rule, while a red cue indicated the anti-saccade rule.
If the correct response was generated, and the saccade endpoint fell within the
appropriate target window (5 ºx 5 º) within 500 msec and was maintained for 80 msec,
the monkey received a liquid reward between 0 and 500 msec later. The animals were
not rewarded if the response was initiated before the fixation point changed colour. The
monkeys performed between 4 and 232 rule switches, with an average of 60 switches, per
recording session.
4.2.4 Single-neuron Recording Procedures
After each monkey was implanted with a plastic recording chamber, anatomical
MRIs (T2 weighted) were obtained to aid in the guidance of electrode trajectories using a
7 Tesla Varian scanner. At the beginning of each recording session, a single tungsten
microelectrode (UEWLFELMNN1E, FHC Inst., Bowdoinham, Maine) was lowered,
using a manually controlled hydraulic microdrive (Narishige, Japan), through a semichronically implanted 23 gauge stainless steel guide-tube positioned approximately 5 mm
above the dorso-lateral surface of the caudal putamen. The dura was pierced using a
sterile spinal needle-tip and the guide tube was lowered through a grid that was fixed
inside the recording chamber. The guide tube could be moved within the chamber in 1
mm steps using the coordinates of the grid (15 mm diameter). Neural activity was
amplified and bandpass filtered (150 Hz to 8 kHz), and single neurons were isolated
using principle component analysis in the Plexon SortClient software package (Plexon
Inc., Dallas, TX). We recorded the activity of all well-isolated neurons that were
encountered without a pre-screening procedure. Horizontal and vertical eye positions
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were recorded using video eye-tracking at 500 Hz (EyeLink II, SR Research, Kanata,
ON). The behavioural task and reward delivery were controlled by the CORTEX
experimental control system (NIMH, Bethesda, MD), and all task events and digitized
neural signals were stored together using the Plexon MAP system (Plexon Inc., Dallas,
TX).
4.2.5 Data Analysis
All analyses were performed offline using custom-written software in Matlab
(Mathworks, Natick, MA). Saccade onset was defined as the time at which the radial eye
velocity exceeded 30°/sec, and the time of the endpoint was considered to be that at
which this parameter fell below this value. Accurate saccade onset and offset trial and
categorization by CORTEX was verified by visually examining the eye traces from each
session and manually correcting or removing any erroneously categorized saccades.
Our first question was whether or not the putamen neurons displayed task-related
activity during the saccade period. To explore the time-course of potential task-related
modulation in the entire population, we administered a two-way ANOVA with the factors
task rule (pro, anti) and saccade direction (ipsiversive, contraversive) on successive 100msec analysis epochs. These epochs began 500 msec preceding saccade onset and were
sampled successively until 500 msec following saccade onset. Next, we repeated the
same analysis but here we also included the percentage of “generally responsive” neurons
at each epoch. These neurons were classified in this way if, over all conditions, saccade
epoch activity minus baseline values were significantly different from zero (p < 0.01).
We used the results of these analyses to guide the following step.
Next, we measured task-related responses in a 100-msec window centered at
saccade onset, from which baseline activity, sampled during a period in which the
monkeys were fixating (100 msec following the acquisition of central fixation for 100
msec), was subtracted. We then entered these values into a two-way ANOVA with
factors task rule (pro, anti) and saccade direction (contraversive, ipsiversive) to classify
the neurons as task-related during the saccade period (p < 0.01). The neurons were also
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classified as “generally responsive” if, over all conditions, saccade epoch activity minus
baseline values were significantly different from zero (p < 0.01) as described above. We
included these neurons in the remaining analyses of the saccade period.
To visualize the population neural activity, we plotted the mean population
activity as peri-event spike time histograms (PSTH), which were convolved using an
asymmetric kernel that models a post-synaptic potential with a time constant of 20 msec
(Thompson et al., 1996). This was chosen over a Gaussian and other options as it
ensured that any observed deviations from baseline activity would not be misinterpreted
to occur at a time earlier than that which occurred in the recorded neuronal signal.
We also employed a receiver-operating characteristic (ROC) analysis to
statistically compare neural activity distributions between trials categories having
comparisons of interest. Specifically, a 100 msec-wide sliding window, in 1-msec steps,
was used to calculate the time-course of the mean ROC area for activity distributions of
comparative interest for each neuron, and used these values to calculate and plot the timecourse of the mean ROC area for the population of neurons. To obtain 95% confidence
intervals to denote the level of ROC area at which a significant difference between the
two activity distributions occurred, we applied a sliding-window (1-msec steps)
bootstrapping procedure (Johnston et al., 2007).
The next question was whether or not activity in single putamen neurons was
influenced by the mode used to prepare the saccade (short-latency internally cued versus
long-latency externally cued) in each trial. To estimate the cutoff saccadic reaction times
(SRTs) between the distributions for fast- and slow-response trials, we inspected the SRT
histograms (Figure 4.2A) separately for each rule, and chose a bisection point closest to
the center between the two modal peaks. We then used this to SRT to separate the trials
into groups based upon the mode of response preparation for subsequent statistical
analyses.
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A salient feature of many putamen neurons, which was apparent during recording
sessions, appeared to be modulation by trial outcome (correct/rewarded vs.
error/unrewarded). Therefore, we aimed to quantify the population activity in relation to
the outcome of the just-executed response. To probe the time-course of these outcomerelated modulations, we again measured activity in successive, 100-msec analysis epochs,
beginning 500 msec prior to saccade onset for 1500 msec, and subjected the activity of
each neuron to a three-way ANOVA. This time, the factors were task rule (pro, anti),
saccade direction (contraversive, ipsiversive) and trial outcome (correct, error). Based on
these results, we next chose a 200-msec wide analysis window beginning 200 msec
following the saccade, to classify the putamen neurons that were sensitive to trial
outcome.
4.2.6 Reconstruction of recording locations
We made an effort to selectively target anatomical sub-regions within the caudal
putamen that correspond to regions of cortical eye field inputs in previous tracer studies
(Selemon and Goldman-Rakic, 1985; Stanton et al., 1988; Parthasarathy et al., 1992;
Calzavara et al., 2007). To estimate the location of the single neurons from which we
recorded, we used the anatomical MRIs together with coronal slices taken from the
BrainInfo Template Atlas (histological drawings; National Primate Research Center,
University of Washington, Seattle, WA, http://www.braininfo.org). We fitted the
appropriate anterior/posterior coronal slices onto the anatomical MRI for each animal.
We then used the grid placed inside the chamber during MRI scans as a guide for the
anterior-posterior and medial-lateral coordinates within the recording chamber. The
location of each recorded neuron was placed on the composite MRI/map image. Next,
we traced the putamen from the composite map to isolate this brain structure. We used
the results from the statistical tests of single neuron activity to classify a neuron as
saccade, task or outcome modulated (or a combination of these factors).

4.3 Results
4.3.1 Behaviour
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In the SOT, the rule was held constant within each block, and the peripheral
stimulus was presented prior to the onset of the instruction cue. This task design
provided the monkeys with a choice between two options: (1) to use the spatial location
of the peripheral stimulus to prepare the response prior to the onset of the instruction cue,
in anticipation that the task rule (pro or anti) would remain unchanged, a preparatory
strategy that prioritized speed over accuracy and enabled short SRT responses, or (2) to
release the rule-specific task-set after the trial or to withhold an automatically planned
saccade, and await for the instruction cue to apply the appropriate stimulus-response
mapping rule, a preparatory strategy that prioritized accuracy over speed (and was
associated with longer SRTs due to the stimulus-instruction asynchrony). Thus, the task
allowed the animals to perform goal-directed saccades using two modes of preparation
that differed in speed and accuracy prioritization. In the remainder of this article, we use
the term mode to differentiate these fast and slow responses. The constant delay between
peripheral stimulus presentation and instruction cue onset (which also served as a
nonspecific go signal on short SRT trials) allowed the animals to execute a fast saccade
based on the maintained task-set while the unpredictable length of the short constant-rule
blocks encouraged the cautious, accurate mode of responding. The animals had to
maintain a balance between speeded and accurate preparatory strategies to perform
optimally.
In Figure 4.2, we have plotted the behavioural data. Histograms of SRTs for all
completed trials, separately for the two task rules are shown in Figure 4.2A. In these
plots, it is evident that the SRT distributions were not uni-modal, which stands in contrast
with SRT distributions that have previously been obtained for other pro- and anti-saccade
task variants in monkeys (e.g., Amador et al., 1998; Munoz and Everling, 2004; Ford and
Everling, 2009). We verified that the SRT distributions for correct trials under both the
pro- and anti-saccade rule were statistically bi-modal (p < 0.0001, Hartigan’s dip test).
These results indicate that in a proportion of the trials, saccades were quickly initiated
which we assume to have been prepared automatically during trials in which the
monkeys favoured speed. For these short-SRT trials, the monkeys had to maintain the
task-set from the previous trial, and use it together with the spatial location of the
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Figure 4.2. Saccade overriding task performance. A. Saccadic reaction time (SRT)
distributions for pro- and anti-saccade responses. Under each rule, a bi-modal
distribution was obtained, which indicates that the monkeys used two different strategies
to prepare their responses. Specifically, the animals used two different methods for rule
application, which were intertwined with their speed-accuracy trade-off. Error trials were
mostly generated under the internally-cued fast preparatory mode, and very rarely if at all
under the slower controlled preparatory mode. B. Performance by trial-position, with
respect to the switch trial. C. SRT by trial-position, with respect to the switch trial. In
B&C, statistically significant switch costs are evident (* p < 0.001, Wilcoxon ranked-sum
test). Switch costs are defined as a drop in performance on a switch trial, relative to
repeat trials. On average, the correctly performed rule-switch trials were performed at
latencies above 300 msec, which indicates that the monkeys had to prepare for the
saccade using the slower controlled mode in order to successfully perform a rule-switch
trial. Performance dropped to 50% on average (for both rules) on switch trials, which
indicates that for approximately half of these trials, the monkeys prepared their response
automatically based upon the rule in the previous trial, which should always lead to an
error when faced with a switch trial.
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stimulus to prepare their response in advance of instruction cue onset. The notion of
automaticity here is taken to reflect faster processing times. We assumed then, that for
the remaining proportion of the trials, which were associated with longer SRTs, the
monkeys prepared their responses in a controlled manner. For these responses, the
monkeys would have to await the instruction cue so that it could be used to implement
the stimulus-response mapping rule for saccade generation. Further, the fact that
responses generated at these longer latencies were much more accurate than those
prepared using the automatic mode indicates that in this controlled mode, the animals
favoured accuracy. As such, this behaviour appears to reflect two different preparatory
task-processing modes, which can be differentiated by the associated speed-accuracy
prioritization.

4.3.2 Putamen neurons are modulated during the peri-saccade epoch
We recorded the activity of 245 single neurons in the putamen (122 from monkey
G and 123 from monkey Q) while the monkeys performed the SOT. We employed a
two-way ANOVA on successive 100-msec analysis epochs to explore the time-course of
task-related modulations in the population of recorded neurons (p < 0.01). The results of
the ANOVA, for each analysis epoch, were used to place each neuron into one of four
(Figure 4.3A,B) or one of five mutually-exclusive categories (Figure 4.3C,D) that
indicated a main effect of either one or two factors, or an interaction between the two
factors (Rule x saccade direction). For example, if the activity of a neuron showed a
main effect of rule but also a rule x saccade direction interaction, we disregarded the
main effect and placed it in an interaction category. This approach ensured that each
neuron was only counted once. The results are plotted in Figure 4.3. In Figure 4.3A,
the time-course of task-modulations is aligned to the peripheral stimulus presentation.
This figure demonstrates that task-modulations appeared after stimulus onset and
indicates that putamen neurons did not tend to show task-related modulations during the
preparatory epoch. In Figure 4.3B, the time-course of task-modulations are aligned to
the onset of the saccade, and here a peak in the percentage of significant neurons in the
population is evident beginning with the bin centered on 100 msec prior to saccade onset,
persisting into the bin centered at 200 msec following saccade onset, after which the
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Figure 4.3. Time-course of ANOVA-identified percentage of task- modulated neurons.
In order to explore the time-course of task- modulation in the population of putamen
neurons, we employed a two-way ANOVA with factors rule (pro, anti) and saccade
direction (contraversive, ipsiversive) to examine putamen neuron activity in progressive
100-msec analysis bins around the peri-stimulus (A) and peri-saccade (B) period. The
sharper and larger peak in the percentage of modulated neurons prompted us to use a
peri-saccade analysis window for the remaining analyses of task-related modulations. C
& D. We plotted the same time-courses of population modulation again, but included the
percentage of “generally responsive” neurons, which are characterized as having analysis
epoch activity that is significantly different from zero when baseline values are subtracted
(C shows the peri-stimulus time-course and D shows the peri-saccade time-course).
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percentage of significantly modulated neurons in the population decays toward presaccadic levels. Thus, the population of putamen neurons appeared to have been more
task-modulated during the saccade, but not preparatory epoch of the trial. This
conclusion is supported by the size of the peak percentage modulated in each figure; for
stimulus-aligned time-course the maximum percentage modulated neurons was roughly
16% whereas for the saccade-aligned time-course, the maximum was approximately
21%. In Figures 4.3C and D, the same time-courses of neuronal modulations in the
population are plotted again but in these plots, the generally responsive neurons are
included. These figures indicate a sizeable percentage of generally responsive neurons,
and that this percentage grows toward the saccade epoch and then continues to grow
beyond this epoch. We interpreted this feature to indicate a possible responsiveness to
the outcome of the trials (a form of responsiveness that was notable during recording
sessions) as here we only examined correct responses. We investigated this possibility at
a future stage in the analyses.
The results shown in Figure 4.3 regarding the time-course of task-modulation
(Figure 4.3A,B) prompted us to next use a peri-saccade analysis window to quantify in
which ways putamen neurons were modulated by saccade context in the behavioural
paradigm. We chose a 100-msec window centered on saccade onset to achieve this goal.
Here, we classified significant saccade neurons based on a two-way ANOVA (p < 0.01)
with factors rule (pro, anti) and saccade direction (contraversive, ipsiversive). We also
determined whether the difference between the activity in the peri-saccade window and
the baseline window were significantly different (paired t-test, p<0.01). This
demonstrated that as many as 103 (42%) neurons displayed a significant modulation by
rule (n = 4) saccade direction (n = 11), rule and saccade direction (n = 3), interaction of
rule and saccade direction (n = 18) or a significant overall change in activity during the
peri-saccade period in comparison to the baseline period (n = 67). We refer to the latter
category of cells as “generally responsive” whereas all other categories are considered to
be “task-modulated”. Note, however, that these numbers were not the final values that
we include in forthcoming results summarized in table and figure format.
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Figure 4.4 shows the activity of three single neurons that each exhibited perisaccade activity, each showing a combination of task rule- and saccade directionmodulation. In these examples, task modulation appears just prior to the saccade and is
increased at saccade onset. The neuron plotted in Figure 4.4A shows low-level baseline
activity. For contraversive pro-saccades, a transient increase was observed at saccade
onset lasting roughly 250 msec. For ipsiversive pro-saccades, this same neuron showed a
slight increase from baseline during a 200-msec period beginning approximately 200
msec prior to saccade onset. For ipsiversive anti-saccades, it appears that neural activity
was suppressed before the saccade and during the epoch that we analyzed. The most
robust response displayed by this neuron was for contraversive anti-saccades. There was
an increase in activity from baseline beginning at a similar point in the trial as the
response preceding ipsiversive pro-saccades. However, this increase evolved into a
relatively large burst, which peaked just after saccade onset for this task condition. It
appears that this neuron responded to an ipsilaterally presented stimulus, with reduced
activity during the saccade period for the pro-saccade rule, but a robust increase in the
same epoch for the anti-saccade rule.
The activity pattern is quite different for the neuron in Figure 4.4B. This neuron
had a higher tonic level of baseline activity. The activity increased to a common level
following saccades in all four task-conditions, however, differences are evident during
the saccade epoch. The increase in activity began earliest for contraversive anti-saccades,
and contraversive pro-saccades gave rise to the largest saccade-period latency. Thus, the
largest contrast in activity for this neuron was between contraversive anti-saccades and
pro-saccades, which required saccades to be directed toward the same location, but
differed in the stimulus-response contingencies. Finally, the third example is shown in
Figure 4.4C. This neuron was tonically active, but at a lower level compared to that
shown in Figure 4.4B. The neuron showed a phasic burst of activity beginning before,
but peaking immediately after contraversive saccade onset. Again, context-dependent
activity is evident during the saccade epoch. The largest pre-saccade increase occurred
for contraversive anti-saccades. In this condition, the activity also rose to a larger peak
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Figure 4.4. Task-modulated putamen neurons. In each of A, B and C, activity was
plotted for a single neuron that showed task-modulated activity during the peri-saccade
period. For each neuron, rasters are plotted separately for each task condition. The
circles that appear with the rasters represent the time at which the peripheral stimulus was
presented in that particular trial. The peri-event spike time histograms (PSTHs) are
plotted in the lower panel. Each neuron displayed a unique pattern of context-dependent
peri-saccade activity (see results).
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earlier than for the other conditions. For the other three conditions, the activity began to
rise closer to the time of saccade onset, and the peak activity was lower. For ipsiversive
anti-saccades, the activity was sustained briefly after the peak was reached. For this
neuron, this was the only condition that was associated with a post-saccade sustained
activity level.
For a closer examination of the nature of contextual saccade modulations within
the population of neurons that were modulated during the saccade epoch, we separated
trials by condition and plotted the mean population activity for each (Figure 4.5A).
Here, it is evident that the peri-saccade increase in the population activity was most
robust for contraversively directed anti-saccades, compared to pro-saccades (p < 0.01,
Wilcoxon signed-rank test) and compared to ipsiversive anti-saccades (p < 0.02,
Wilcoxon signed-rank test). In addition, we examined the activity of individual neurons.
We separated trials based on the saccade direction and plotted the mean activity in the
peri-saccade analysis window for pro- saccades versus that for anti-saccades. We also
tested the activity of the individual neurons for differences between trials associated with
a saccade in the same direction but selected under a different rule. This demonstrated that
single neurons showed rule differences for contraversive saccades (Figure 4.5B lower
panel, n = 19 (20.2%), p < 0.05 Wilcoxon ranked-sum test, Table 4.1). Further, the
time-course of significant differences in the two distributions (activity for pro-rule versus
activity for anti-rule trials) was determined by plotting the mean receiver operating
characteristic (ROC) area of the population of saccade neurons (Figure 4.5B, upper
panel). For contraversive saccades, the population discriminated between the two rules
during the saccade epoch and this difference persisted into the post-saccade period. For
ipsiversive saccades, there was no overall effect of task-rule on the average population
activity during the peri-saccade period (Fig 4.5C, p > 0.05, Wilcoxon signed-rank test).
Although the population showed no statistical difference in mean activity between trials
with different rules for ipsiversive saccades, a comparable percentage of the single
neurons showed task rule-related differences for ipsiversive saccades as that observed for
contraversive saccades (Figure 4.5C, n = 23 (24.5%), p < 0.05 Wilcoxon ranked-sum
test, Table 4.1). This implies that the lack of overall population modulation for
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Figure 4.5. The population of saccade neurons shows task-modulation during the perisaccade period. A. Mean population activity of saccade neurons (n = 84, p < 0.01, twoway ANOVA) is plotted, aligned on saccade onset. The grey box indicates the analysis
window. B & C. Activity of individual neurons is plotted for pro- versus anti-saccade
trials for contraversively (B) and ipsiversivally (C) directed saccades (rule modulation).
A Wilcoxon ranked-sum test was performed for each neuron during the analysis window.
For each comparison, the time-course of the mean ROC area was plotted above each
scatterplot. D & E. Activity of individual neurons for contraversive versus ipsiversive
saccades is plotted, separately for pro-saccades (D) and anti-saccades (E) (saccade
direction modulation). The activity was compared statistically using a Wilcoxon rankedsum test, and the ROC time-course was plotted as in B & C.
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Table 4.1. Specific task preferences of individual neurons within the population of
saccade neurons (neurons tested, p < 0.05, Wilcoxon ranked-sum test for all
categories of modulation other than non-specific, p < 0.01 grand mean of ANOVA
compared to baseline).

Task Modulation
Contra rule
Ipsi rule
General rule
Total rule
Pro direction
Anti direction
General direction
Total direction
Generally responsive

#Neurons
15
20
4
39
12
11
12
35
41

%Modulated
39
51
10
100
35
31
35
100
100

%Tested
16
21
4
41
13
11
13
37
44

%Population
6
8
2
16
5
4
5
14
17
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ipsiversive saccades because a similar proportion (of single neurons) was modulated for
each task rule and further, the task effect within each individual neuron was not as robust
as that which was observed for contraversive saccades.
The second main effect in the saccade-epoch ANOVA was saccade-direction.
There was a similar percentage of neurons that were modulated by saccade direction, as
that for neurons modulated by task rule (Figure 4.3B). To investigate the nature of
direction modulation in putamen neuron activity, we separated trials based on the rule
that instructed the saccade. Here we compared population activity between trials that
required a different saccade direction but the saccades were guided using the same task
rule (Figure 4.5D,E). Here, it was evident that as a population, the putamen neurons
discriminated between saccade-direction in trials having an anti-saccade rule, but not prosaccade rule, during the peri-saccade epoch. This was significant in the mean population
activity (Figure 4.5A, p < 0.02, Wilcoxon signed-rank test), and the ROC time-course
revealed that that the difference occurred at saccade onset and persisted briefly into the
post-saccade period (Figure 4.5E, upper panel). The activity of single neurons also
showed direction modulation on anti-saccade trials (Figure 4.5E, n = 24 (25.5%), p <
0.05, Wilcoxon ranked-sum test). Despite that there was no significant difference in the
population for pro-saccade trials generated in opposite directions (Figure 4.5D, upper
panel), the same percentage of single neurons showed significant differences in activity
between pro-saccade responses with different saccade directions as was observed for
anti-saccade trials (Figure 4.5D, lower panel n = 24 (25.5%), p < 0.05, Wilcoxon rankedsum test, Table 1). The differences were not quite as robust for pro-saccade compared to
those for anti-saccade trials.
4.3.3 Putamen neurons are not modulated by saccadic response-switches
We used a blocked rule-switching paradigm because previous reports have
implicated the putamen in response-switching (Deffains et al., 2010; Muranishi et al.,
2011). However, we were unable to find any evidence that neurons in the caudal
putamen neurons play a role in saccadic response-switching. A three-way ANOVA (p <
0.01) was used to examine the responsiveness of putamen saccade neurons on switch
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trials (i.e., the first trial in a new block wherein the previous rule had to be discarded and
task-set reconfiguration was required), with main factors rule (pro, anti), saccade
direction (contraversive, ipsiversive) and switch performance (correct, error). In this
analysis, the number of modulated neurons was not different than what would be
expected by chance. We next submitted neural activity to an additional ANOVA. In this
next case we examined all correct trials and used the main factors of rule (pro, anti),
saccade direction (contraversive, ipsiversive) and trial type (switch, repeat). This
analysis again failed to indicate that putamen neurons are modulated by rule-switches.
Therefore, we did not pursue switch-related analyses further and instead, we conclude
that this striatal region, which might correspond to an oculomotor zone within the caudal
putamen, is not directly involved in over-riding a prepared saccade in the face of an
unexpected change of context. This was not entirely surprising, given the previously
demonstrated importance of the rostral striatum and subthalamic nucleus in preparing for
saccadic response-switching in similar blocked rule-switch tasks (Pasupathy and Miller,
2005; Balleine et al., 2007; Isoda and Hikosaka, 2008) and also the lack of preparatory
saccade-related modulations in this population.
4.3.4 Saccade neuron population shows enhanced peri-saccade rule-modulation on
controlled mode trials associated with ipsilateral stimulus presentation
The caudal putamen has been implicated in the capacity to utilize strong stimulusresponse associations in diverse mammalian species (Miyachi et al., 1997; Jueptner and
Weiller, 1998; Miyachi et al., 2002; Yin et al., 2005; Haruno and Kawato, 2006; Balleine
et al., 2007; Tricomi et al., 2009; Brovelli et al., 2011). Therefore, in this next analysis of
saccade neuron activity, we compared neural activity for trials in which the stimulus was
presented to the same visual hemifield. We next separated trials into categories based on
the chosen preparatory mode (see section 4.2.3) and then tested the population of saccade
neurons for rule- modulation, separately within each mode of response preparation.
Figure 4.6A,B shows the mean population activity for trials having a contralaterally
presented stimulus (i.e., contraversive pro-saccades and ipsiversive anti-saccades),
plotted separately for trials prepared using different speed-accuracy prioritization.
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Figure 4.6. Saccade neuron population shows enhanced rule modulation for controlled
saccade responses. A-D. Rule modulation on fast mode compared to slow mode trials
for saccades made in response to a contralateral stimulus. Mean population activity for
saccade neurons aligned to stimulus presentation (A) and to saccade onset (B). Upper
panel: Time-course of mean ROC value for trials having automatically prepared (fast)
saccade responses. Lower panel: Time-course of mean ROC value for trials having topdown controlled (slow) saccade responses. C&D. Activity of individual neurons for proversus anti-saccades is plotted for automatic saccades (C) and controlled saccades (D).
Filled squares represent neurons that had a significant rule difference (p < 0.05, Wilcoxon
ranked-sum test) during the analysis window (gray box). E-H. Rule modulation on
automatic mode compared to controlled mode trials for saccades made in response to an
ipsilateral stimulus. Results are plotted as in A-D, but for trials having a stimulus
presented in the opposite visual hemifield.
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The activity is aligned to the onset of the peripheral stimulus in Figure 4.6A, and the
onset of saccade in Figure 4.6B. The mean ROC area curves for fast (short SRT)
saccades are plotted above the population waveforms, while those for slow saccades are
plotted below the population waveforms. In the population, there were no statistically
significant rule differences for trials performed with either an automatic or controlled
processing mode (p > 0.05, Wilcoxon signed-rank test). We also plotted the activity of
individual neurons on pro-saccade versus anti-saccade trials having fast responses and
therefore prepared automatically (Figure 4.6C) and slow responses produced with a
controlled processing mode (Figure 4.6D). Although there were no rule differences
when the neurons were combined as a population, some individual neurons did express
rule- modulation, some differentiated the rule for fast automatic trials (n = 14 (17%), p <
0.05 Wilcoxon ranked sum test) and some for slow controlled trials (n = 14 (17%), p <
0.05 Wilcoxon ranked sum test). Half of these neurons were included in both groups,
which suggests that the expression of rule-modulation was not dependent on the
preparatory mode, while the other half were only rule-modulated during saccades
prepared using one mode or the other (mode-dependent).
We next examined the neural activity in the same way for trials having an
ipsilaterally presented stimulus (i.e., ipsiversive pro-saccades and contraversive antisaccades). Here, we observed a significant rule- modulation in the population of saccade
neurons for slow and controlled, but not fast preparatory mode trials (p < 0.002,
Wilcoxon signed rank test). The mean population activity for saccades produced in
response to an ipsilateral stimulus, for both fast and slow saccades, is plotted and aligned
to stimulus presentation (Figure 4.6E) and to saccade onset (Figure 4.6F). As in Figure
4.6A, the mean population ROC area time-course is plotted in the upper panel of Figure
4.6E,F for fast automatic saccades, and the lower panel of these figures shows that for
slower controlled saccades. For slow controlled mode trials, when the stimulus was
presented ipsilaterally, the population showed a significant increase in activity around the
peri-saccade period for anti-saccades relative to pro-saccades. By contrast, the activity
on fast saccade trials for both rules reached an indistinguishable intermediate level.
According to the ROC analysis for slow saccades (Figure 4.6F, lower panel), this rule
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difference occurred approximately 200 msec prior to saccade onset and persisted beyond
the 100-msec analysis window. Therefore, putamen neurons were preferentially
activated when the ipsilateral stimulus required the volitional generation of a saccade to
the contraversive direction – but only on trials in which the monkeys favoured accuracy
over speed, and awaited the instruction cue to retrieve and implement the task-set. This
kind of preference was also observed in the activity of the individual neurons. For
automatic saccades, 10 neurons (12%, p < 0.05 Wilcoxon signed-rank test, Figure 4.6G)
showed a rule preference and for slower controlled saccades, 19 neurons (22%, p < 0.05
Wilcoxon signed-rank test, Figure 4.6H) showed a rule preference. Here, even fewer
neurons (n = 4) were modulated by rule during both fast and slow trials. Therefore in this
analysis the rule- modulation expressed by these neurons appears to be largely modedependent. This finding suggests that the rule-modulation observed in the population
was in fact dependent upon the preparatory task-processing mode, as distinguished by
strategic speed accuracy prioritization, used to apply the rule in each trial.
4.3.5 Putamen neurons discriminate correct and rewarded trials from erroneous trials
As described in the methods section, it was evident during the recording sessions
that many of the putamen neurons appeared to discriminate correctly performed from
erroneously performed trials immediately after the response was executed. We used the
same method to probe the time-course of trial outcome modulations that was used to
investigate that for saccade-modulated neurons. Figure 4.7 displays the results of this
analysis. The three-way ANOVA with factors of rule (pro, anti), saccade direction
(ipsiversive, contraversive) and trial outcome (correct, error), which was conducted
using neural activity in 100-msec test epochs, demonstrated that beginning 200 msec
following saccade onset, approximately one fifth of the neuron population was
significantly modulated by at least one factor, and by 300 msec following the saccade,
this proportion increased to nearly one third. This modulation in the population persisted
for longer than 1000 msec following saccade onset. This analysis also shows that when
trial outcome is taken into account, a portion of the oculomotor modulations (rule,
saccade direction, or stimulus location) in fact interacted with the trial outcome. (the
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Figure 4.7. Time-course of ANOVA-identified percentage of task and outcome
modulated neurons. To explore the time-course of outcome-related, in addition to taskrelated modulations in the population of putamen neurons, a three-way ANOVA with
factors rule (R) (pro, anti) saccade direction (SD) (contraversive, ipsiversive) and
outcome (SO) (correct, error) was applied to putamen single neuron activity in 100 msecwide analysis bins around and extending beyond the peri-saccade period.
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number of neurons that showed dual individual main factor modulations or between
factor interactions are represented in the “mixed” category). In the following analyses,
we compare correctly executed saccade trials with those trials in which an erroneous
saccade was produced in the same direction, so that the oculomotor response was similar
but generated under different rule and outcome conditions (e.g., we compared correct
contraversive pro-saccades with erroneous saccades generated toward the contralateral
target during anti-saccade blocks).
In Figure 4.8, we have plotted activity of single neurons that showed
combinations of task and outcome modulation. It is evident here that these neurons did
not simply discriminate all correct trials from error trials. The fact that the activity
interacted between the factors of outcome, task and direction indicates that this part of the
striatum could contribute to the maintenance of immediate context for goal-directed
saccade behaviour. The neuron plotted in Figure 4.8A showed a low level of baseline
activity. Approximately 250 msec following saccade onset, the activity of this neuron
reflected the behavioural outcome. The most robust activity increase was observed for
correctly performed ipsiversive pro-saccades. There appeared to be a unique pattern of
post-saccade activity expressed by this neuron, depending on the rule and the direction of
the saccade.
In Figure 4.8B, we have plotted the activity from another neuron that was
modulated by the outcome of the just-executed saccade. This neuron had a higher level
of baseline activity prior to saccade onset in comparison to the neuron plotted in Figure
4.8A. It showed a sustained increase in activity that began just before saccade onset for
correctly performed pro- and anti-saccade trials. For erroneously performed trials, this
increase was initiated but truncated approximately 200 msec after the saccade. For
correctly executed responses generated in the contraversive direction, the activity
discriminated between the two task rules. For anti-saccade trials, the increase occurred at
a steady rate, while for pro-saccade trials, the activity was delayed until approximately
200 msec following the saccade, when it continued to rise to a similar level as that for
correct anti-saccade trials.

	
  163

Figure 4.8. Single putamen neurons show modulation for trial outcome. A & B each
show an example of a neuron that showed task- and outcome-dependent activity just after
the saccade. The rasters are plotted separately for each condition above the overlaid
PSTHs. The green circles represent the onset of the peripheral stimulus. Each neuron
shows a unique pattern of rule-specific outcome modulation (see results).
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To quantify the activity related to trial outcome in the population, we selected a
200-msec-wide test window beginning 200 msec after saccade onset. This decision was
motivated by the results plotted in Figure 4.7. We used a three-way ANOVA with
factors of rule (pro, anti) saccade direction (contraversive, ipsiversive) trial outcome
(correct, error) on the entire population. Here, the activity of 66 (31.1%), out of the 212
neurons for which a sufficient number (n = 5) of error trials was performed in each
condition, showed a significant main or interaction effect. Figures 4.9A,B,C,D show the
population PSTHs and mean ROC area time-courses for correct and erroneous trials,
plotted separately for each task condition. For all conditions, the population of neurons
discriminated between correct and error trials after saccade onset (p < 0.0001, Wilcoxon
signed-rank test), but showed similar rise in activity (relative to baseline) prior to the
saccade regardless of whether or not it was produced toward the correct location. For
contraversive anti-saccades, the ROC area curve indicates that the population
discriminated performance of the forthcoming response immediately before the saccade
was initiated. In addition, a large proportion of the individual neurons that were included
in this analysis showed significant differences in activity after correct, compared to
erroneous trials (Figures 4.9E-H, contra pro: n = 38 (66%), ipsi pro: n = 33 (55%),
contra anti: n = 35 (53%), ipsi anti: n = 35 (53%), p < 0.05, Wilcoxon ranked-sum test,
Table 4.2).
To demonstrate the relation of this outcome-dependent modulation to the timing
of the reward, we also plotted this same population activity but aligned to the outcome
rather than the saccade (Figure 4.10). This figure further supports the notion that this
neuronal signal might be related to the anticipation and obtainment of a positive outcome,
since the activity increases before the response and reward, but diverges on erroneous
trials at the time of the outcome.
4.3.6 Overlap of context modulation in the population of putamen neurons
We have conducted three separate analyses on the activity of this population of
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Figure 4.9. Activity of putamen neuron population is modulated by trial outcome. A-D.
For each task condition, the mean PSTH for correctly executed trials and erroneous trials
is plotted (bottom panels), aligned to saccade onset. We compared correct and error
responses in which the saccade direction was the same (i.e., activity for correct
contraversive pro-saccades was compared to that on error trials for the ipsiversive prosaccade condition). In A-D, the upper panel shows the mean ROC area for the
distributions of neural activity in the two conditions. In E-H, the mean activity during the
post-saccade period (200 msec following saccade onset for 200 msec) was plotted for
correct trials versus that for error trials.

	
  166

Figure 4.10. Outcome- modulated population activity aligned to the onset of outcome.
A-D. For each task condition, we re-plotted the mean population activity (as shown in
Figure 4.9) of outcome-modulated neurons aligned with the outcome.
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Table 4.2. Specific preferences of individual neurons within the population of
outcome-modulated neurons (neurons tested, p < 0.05, Wilcoxon ranked-sum test).

Outcome Modulation #Neurons %Modulated %Tested %Population
Contra Pro
10
16
15
4
Ipsi Pro
2
3
3
1
All Pro
3
5
5
1
Contra Anti
6
10
9
2
Ipsi Anti
4
7
6
2
All Anti
6
8
8
2
Mixed Rule
20
44
38
10
All Conditions
13
13
12
3
Total
64
100
97
26
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putamen neurons. These analyses have indicated that putamen neurons are modulated
during the saccade period, that the mode of saccade preparation might influence rule
modulation in this population of “saccade related” neurons, and that putamen neurons are
also modulated by the immediate trial outcome. However the effect of preparatory mode
on single neuron activity has not been directly tested (Nieuwenhuis et al., 2011). To
examine the dependence of preparatory mode upon task modulation during the perisaccade period, we performed a three-way ANOVA (p < 0.01) with factors task rule (pro,
anti), saccade direction (ipsiversive, contraversive) and preparatory mode (fast internallycued, slow externally-cued). Similarly, we used the results of the previous three-way
ANOVA (p < 0.01) for the post-saccade epoch dependence of neural activity on the trail
outcome and task condition variables to classify the neurons that were significantly
modulated in this subsequent epoch.
To summarize the quantity of recorded putamen neurons that exhibited the
various forms of context-dependent modulation, and the degree of overlap within single
neurons for saccade, mode and outcome modulation, we convey the values obtained in
these analyses as percentage of total recorded neurons (n = 245, Figure 4.11). Here, the
percentages of single neurons having either statistically significant differences in activity
relative to baseline during the peri-saccade epoch (general responsiveness), a significant
main effect or interaction effect according to a three-way ANOVA (p < 0.01), or no
responsiveness, are shown. Overall, 60% of the putamen neurons that we recorded were
significantly modulated in some way during performance of the SOT. Without having
any specific contextual modulation, 17% (n = 41) of all recorded neurons showed a
general, non- specific change from baseline activity during the saccade period. Outcome
and task exerted an influence on the activity of a roughly equivalent percentage of
putamen neurons. With all combinations of factors taken into account, modulation by
trial outcome after the saccade influenced the activity of 28% (n = 68, or 47% of
modulated neurons) of neurons that we recorded. Including all combinations of factors
showing task modulation, 28% (n = 69, or 48% of modulated neurons) of recorded
neurons were sensitive to the task rule, saccade direction, or a combination of these
factors. Because peri-saccade rule- modulation was found to be dependent upon the
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Figure 4.11. Summary of context modulation in the population of putamen neurons. The
full chart represents 100% of the putamen neurons that we recorded. General
responsiveness refers to the neurons that only showed a significant difference in activity
during the peri-saccade epoch when compared from the baseline period. Task modulated
refers to neurons that displayed rule, saccade direction or mixed modulation during the
peri-saccade period. The “exploded” slices indicate any combination of neuron
modulation that involved task-modulation. The percentages of task-modulated neurons,
for which the expression of rule-modulation was dependent upon the preparatory mode,
are represented in the shaded slices. Outcome modulated refers to neurons showing
different activity levels for correct and error trials during the post-saccade epoch. The
remaining classifications indicate that the neurons expressed significant modulation for a
combination of these factors. The specific characteristics of modulation for neurons in
these categories were not uniform (Tables 1 & 2). All modulations were determined by
two three-way ANOVAs (see results).
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mode used to prepare the saccade, we plotted the percentage of neurons that were taskmodulated (e.g., for rule or saccade direction) regardless of the preparatory mode
separately from that for which task- modulation was dependent on the chosen preparatory
strategy. Mode-dependency for task- modulation (30% task-modulated) was not as
prevalent as those of task-modulated neurons whose modulation did not depend upon the
preparatory mode (70% task-modulated).
Although it is known that some ventro-medial zones within the “motor striatum”
are responsive to orofacial or licking movements, and despite that we did not employ any
means to monitor mouth and licking movements, we assert that many of the outcomemodulated neurons are not likely to correspond to such neurons. First, only half of the
outcome-modulated neurons only showed a main effect of outcome. We cannot rule out
that the activity of these neurons was motor-related. However, many of these neurons
were spatially intermingled amongst the task-modulated neurons and previous studies
have demonstrated clear somatotopic segregations in the striatum both anatomically and
functionally (Alexander et al., 1990; Gerardin et al., 2003). The remaining half of
outcome-modulated neurons showed either an interaction with task, or mode, or task and
mode (n = 31) or outcome modulation in the post-saccade period and also task- or modemodulation in the peri-saccade period (n = 3). Therefore it is unlikely that modulation of
these neurons during the post-saccade epoch is related to orofacial movements.
In Figure 4.12, we have plotted the recording location of each neuron in our
population. We targeted the dorso-caudal putamen and sampled any well-isolated unit
that was encountered as the electrode was passed ventro-medially. The locations of the
recording sites mostly fall within the approximate locations of putative terminals from the
FEFs and SEFs that have been previously shown in monkeys (Selemon and GoldmanRakic, 1985; Stanton et al., 1988; Parthasarathy et al., 1992; Calzavara et al., 2007),
which is consistent with our observations of saccade modulation within the population of
neurons.
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Figure 4.12. Reconstruction of recording locations including task-related modulation.
Coronal striatal slices were traced by fitting histological boundary drawings (BrainInfo,
Seattle, WA) onto the anatomical MRIs for each animal. This figure demonstrates that
the recordings likely occurred within the putative “oculomotor zone” of the putamen
(Selemon and Goldman-Rakic, 1985; Stanton et al., 1988; Parthasarathy et al., 1992;
Calzavara et al., 2007). Recording locations were plotted onto the combined MRI &
traced coronal images. Each symbol indicates a single neuron. The shape of each
symbol conveys the kind of task modulation observed for the plotted neurons. The
anterior-posterior coordinates are given with respect to the inter-aural line.
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4.4 Discussion
Here, we recorded extracellular activity from single neurons in the caudal portion
of the putamen while monkeys performed short alternating blocks of pro- and antisaccades. We found that, as a population, these neurons expressed increased activity for
contraversive anti-saccades, and that neurons in this region were also modulated for the
outcome of saccades, in a context-dependent manner for half of those neurons. Further,
we report that the preparatory strategy used to perform pro- and anti-saccades
significantly impacted the expression of task-modulation in the population for roughly
one third of the task-modulated neurons. These data imply that the macaque putamen
may contribute to saccade behaviour, which is consistent with functional neuroimaging
studies in human subjects (Petit et al., 1993; O'Driscoll et al., 1995; Petit et al., 1996;
Sweeney et al., 1996; Dejardin et al., 1998; Luna et al., 2001; Gagnon et al., 2002;
Gerardin et al., 2003; Simo et al., 2005; Dyckman et al., 2007; Hwang et al., 2010; Krebs
et al., 2010; Aichert et al., 2012; Neggers et al., 2012).
To date, neurophysiological investigations into the function of striatal neurons in
saccade control have focused on the caudate nucleus. These studies have helped shape
modern models of BG function, which place oculomotor and executive control functions
on the cortico-BG loops that pass through the caudate (Watanabe and Munoz 2010b;
Hikosaka, 2007; Watanabe and Munoz, 2011b). The motivation to focus on the caudate
can be attributed to anatomical studies of cortico-BG loops, which have demonstrated
massive innervation to the caudate from the dorsolateral prefrontal cortex, FEF and SEF
(Selemon and Goldman-Rakic, 1985; Alexander et al., 1986; Stanton et al., 1988;
Parthasarathy et al., 1992; Parent and Hazrati, 1995; Calzavara et al., 2007; Haber and
Knutson, 2010). However, some of these studies showed that the dorso-caudal putamen
also receives inputs from FEF and SEF (Selemon and Goldman-Rakic, 1985; Stanton et
al., 1988; Parthasarathy et al., 1992). Here, we show that approximately half of the
neurons that we recorded in this region showed some form of task-related modulation,
which suggests that the putamen might play a role in the performance of goal-directed
saccades.
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What might the purpose of saccade-modulated activity be in the putamen, in
relation to that in the caudate nucleus? Caudate neurons show pre- and peri-saccade
activity during saccade tasks that is correlated with SRT, and delay activity when the
saccade target must be remembered (Hikosaka et al., 1989c, b). When the magnitude of
reward associated with each response option is manipulated, which creates high and low
value stimuli and responses, caudate activity reflects the animal’s motivational bias
(Hikosaka et al., 1989a; Lauwereyns et al., 2002a; Takikawa et al., 2002; Cromwell and
Schultz, 2003). Caudate neurons may resolve conflicting visually-triggered activation in
both hemispheres for anti-saccade performance, or provide suppression of inappropriate
pro-saccades via the indirect pathway (Ford and Everling, 2009; Watanabe and Munoz,
2009) and might serve to pre-set the (oculo)-motor system for volitional tasks (Watanabe
and Munoz 2010b; Watanabe and Munoz, 2011b). Finally, caudate activity reflects the
time-course for learning of abstract associations between novel stimuli and saccade
responses, and flexibly tracks changing stimulus-response and stimulus-reward
contingencies (Asaad et al., 1998; Tremblay et al., 1998; Watanabe and Kimura, 1998;
Lauwereyns et al., 2002b; Takikawa et al., 2002; Pasupathy and Miller, 2005; Histed et
al., 2009). In sum, caudate neurons are thought to bias saccade selection based upon
contextual information contained within their preparatory activity by altering that in the
SNpr, which is considered a permissive gate for saccade selection in the superior
colliculus (Hikosaka et al., 2000). A common finding in these studies, which mainly
explored functional activity in the anterior caudate nucleus, was the observation of
preparatory modulations in the activity of caudate neurons, which stands in contrast to
our observations of predominantly peri- and post-response modulations in the putamen.
Similar to the putamen neurons in this study, caudate neurons also were shown to
exhibit post-saccade activity (Hikosaka et al., 1989a; Apicella et al., 1991). A recent
study reported that post-response outcome modulation persisted into the next trial and
influenced the magnitude of task-modulation (Histed et al., 2009). Caudate neuron
activity has been reported to reflect the nature of the just-executed response, or the size of
the reward that followed the saccade, while the simultaneous encoding for both kinds of
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information was rare (Apicella et al., 1991; Lau and Glimcher, 2007, 2008). In contrast,
it was common for putamen neurons in the present study to carry outcome-related
information that interacted with task-related information.
Potentially, foveal visual stimulation following a pro-saccade towards the
stimulus, which was absent following an anti-saccade away from the stimulus, might
have contributed to the observed differences in outcome-related activity between the two
trial types. While we cannot fully exclude this possibility, we do not believe that it can
solely account for the task and outcome modulations of putamen neurons, because we did
not observe putamen neurons that were modulated by the acquisition of the fixation point
at the beginning of the trials.
Because the activity patterns of some of the putamen neurons in this study look
very similar to published examples of caudate neurons, and further because a subset of
post-commissural putamen neurons projects to the SNpr (Szabo, 1967; Johnson and
Rosvold, 1971; Parent et al., 1984), it is possible that at least some of these neurons
contributed to saccade generation. During saccade behaviour, putamen neurons might act
with the caudate to relieve inhibition in the SC. However, rule-related differences in this
population of neurons as a whole appeared in the peri-saccade epoch rather than the
preparatory epoch, thus we hesitate to claim that these activations exerted a direct
influence on saccade generation. Further, information pertaining to the rule preferentially
emerged for controlled, instructed-guided saccades generated in response to an ipsilateral
stimulus but not for the same saccadic responses that were prepared using the internallymaintained rule for fast saccades. This rule-modulation that emerged for controlled mode
responses could reflect an internal record of either task-set retrieval or activation since
the two preparatory modes differed in that, for automatically prepared saccades, the taskset was already established at the beginning of the trial. Finally, the predominance of
reinforcement-related post-saccade responses further suggests a role in action or
performance monitoring rather than saccade preparation.
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Together with previous studies, our data indicate that the BG “motor loop”,
comprised of the putamen, pallidum, VA/VL and medial frontal cortex (Parent and
Hazrati, 1995; Hatanaka et al., 2003), might be involved in the monitoring of, and the
performance of, goal-directed saccades (Petit et al., 1993; Petit et al., 1996). The
integrity of the putamen appears to be important for the manifestation of the error-related
negativity (ERN) (Ullsperger and von Cramon, 2006), a scalp potential that follows
performance errors and has been localized to the medial frontal cortex (Ullsperger and
von Cramon, 2004; Debener et al., 2005), which contains the anterior cingulate cortex
(ACC) and SEF, two cortical areas that show outcome-modulated activity (Schall et al.,
2002; Debener et al., 2005; Amiez et al., 2006; Ullsperger and von Cramon, 2006;
Emeric et al., 2010). Further, putamen inactivation impaired reward-history based action
selection in monkeys (Muranishi et al., 2011). Deactivations to the motor thalamus
impaired performance monitoring, post-error adjustments and abolished the ERN (Seifert
et al., 2011). Neurons in the SEF (Schlag-Rey et al., 1997) and VA/VL (Kunimatsu and
Tanaka, 2011) preferentially increase their activity during anti-saccade performance.
Moreover, ACC neurons encode pro- and anti-saccade rules when monkeys shift between
blocks of repeating either rule based on reward feedback (Johnston et al., 2007; Isoda and
Hikosaka, 2008; Womelsdorf et al., 2010) and also can bias performance toward antisaccades (Phillips et al., 2011). Finally, one study in human subjects demonstrated that
effective connectivity during anti-saccade performance was significantly modulated
between the putamen and the ACC, SEF and FEF (Hwang et al., 2010). Therefore, it
seems possible that this region of the putamen could monitor goal-directed saccades, and
affirm task-set and feedback information through the thalamus toward the ACC and SEF.
In this study we have shown that, like in human subjects, the macaque putamen is
engaged during the performance of saccades. Like neurons in the caudate nucleus (Lau
and Glimcher, 2007), putamen neurons in previous studies were reported to show
preparatory or anticipatory modulations, and also post-movement and reward period
modulations (including the present work), and probably are involved in both action
selection and updating expectations in a highly context-dependent manner. Until now,
putamen neuron activity had only been examined during the performance of manual tasks
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(e.g., Aosaki et al., 1994; Hollerman et al., 1998; Miyachi et al., 2002; Samejima et al.,
2005; Hori et al., 2009; Deffains et al., 2010). However, caudate activity has been
characterized during the performance of manual and reaching tasks in studies that also
examined rostral putamen neurons during the same behaviour. Differences between
caudate and putamen neuron characteristics were not reported in these studies (Schultz
and Romo, 1988; Apicella et al., 1991; Apicella et al., 1992; Romo et al., 1992; Schultz
and Romo, 1992; Aosaki et al., 1994; Hollerman et al., 1998; Tremblay et al., 1998;
Watanabe and Kimura, 1998; Ravel et al., 2001; Cromwell and Schultz, 2003; Samejima
et al., 2005). Where differences often emerge is when activity is compared directly
between rostral and caudal striatal neurons. Previous studies have established that the
rostral striatum is likely involved in the trial and error learning of associations and
procedural memories, and in the implementation of top-down control biases in the
preparation of forthcoming responses, while the caudal putamen may play a more
prominent role in the execution of well-practiced behaviours under pre-established
stimulus-response associations (Miyachi et al., 1997; Jueptner and Weiller, 1998;
Miyachi et al., 2002; Fujii and Graybiel, 2005; Yin et al., 2005; Haruno and Kawato,
2006; Balleine et al., 2007; Tricomi et al., 2009; Brovelli et al., 2011). Therefore, our
data are consistent with a model of striatal function that considers it a continuum through
which information progresses from ventro-medial and rostral regions, in the early
planning stages of behaviour which requires the consideration of internal motivational
states and attentional goals, toward the dorsolateral and caudal striatum for the execution
and monitoring of that action and its outcome (Haber and Knutson, 2010). These
sequential intra-trial events may be carried out by the sequential emergence of unique,
coherent, large-scale cell assemblies (Bressler, 1995; Singer, 1999; Engel et al., 2001;
Varela et al., 2001; Buzsaki and Draguhn, 2004; Fries, 2005), each of which might be
functionally inter-connected with one or more specific striatal sub-regions.
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Chapter 5
General Discussion
5.1. Summary of main findings
The work described in this thesis was conducted to explore potential
generalizations between the neural basis of top-down control for monkeys and human
subjects. Specifically, we have identified novel links between the macaque monkey
model for top-down cognitive control and 1) the concept of large-scale phasesynchronized networks that have been reported in the human literature, 2) the emerging
literature on strategic modulation over speed/accuracy prioritization in humans, and 3)
the human basal ganglia “oculomotor circuit”. To this end, a variation of the SOT, a
blocked saccadic rule-switching task that was originally developed by Isoda and
Hikosaka (Isoda and Hikosaka, 2007) to model top-down cognitive control over
automatically prepared action, was employed to test and support three hypotheses. In
Chapter Two, we employed an electrophysiological recording technique that affords a
high degree of spatial coverage to show that the preparatory engagement of top-down
cognitive control for rule-guided behaviour in macaque monkeys is associated with the
assembly of a large-scale fronto-posterior network that emerges through phase
synchronization. In Chapter Three, we demonstrated that the dlPFC is causally involved
in the ability to use abstract strategies, namely to modulate SAT, to optimally guide
behaviour. In Chapter Four, we demonstrated that like the caudate nucleus, the putamen
contains neurons that modulate their activity during goal-directed saccade behaviour and
therefore might contribute to saccade performance. In this chapter, I will begin by
commenting on the main findings in Chapters Two through Four. I will also briefly
mention some future studies that would continue to develop the line of inquiry. I will
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next discuss limitations and caveats associated with this work, and will then close with a
consideration of other open avenues for future research.
5.1.1 Monkey EEG reveals a large-scale fronto-posterior network during response
preparation that is stronger when subjects prioritize accuracy over speed
The best way to assess similarities or differences of brain mechanisms in monkeys
and human subjects is to employ a recording method that can be used in both species
(Passingham, 2009). The monkey model for cognitive control is a valuable resource
because it allows investigators to conduct extracellular recordings during sophisticated
behaviour, but the data obtained using this technique cannot be directly compared to data
obtained from healthy human subjects. Therefore, experiments must be conducted using
similar techniques in macaque monkeys, which allows for data to be directly compared to
results from human studies. This approach can validate, or demonstrate limitations for
the use of macaque monkey model. Experiments with such aims have been previously
conducted using fMRI to demonstrate common brain regions for monkeys and humans
that become active during visually-guided saccades (i.e., pro-saccades, Koyama et al.,
2004; Baker et al., 2006) and task-switching (Nakahara et al., 2002). Recently, similar
dynamic patterns of network activation were observed in both resting humans and
anesthetized monkeys (Hutchison et al., 2012).
Investigators have already begun to use EEG methodology in monkeys. This
preparation, pioneered by Schall and colleauges, enables the recording of electrical
potentials from chronically implanted electrodes embedded in the bone of the skull
(Woodman et al., 2007). These investigators first showed with monkey EEG that sensory
evoked potentials (i.e., ERPs) in this species are very similar to those recorded from
human subjects (Woodman et al., 2007). It has since been demonstrated that visual and
pre-oculomotor potentials associated with pro- and anti-saccades in monkeys are very
similar to those that have been reported in human experiments (Sander et al., 2010).
Additional work has been done to investigate error-related potentials and also the ERPs
that are produced in association with visuospatial maintenance, which has also
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demonstrated homologous electrophysiological signatures of cognitive processes in
macaque monkeys (Godlove et al., 2011; Reinhart et al., 2012).
Previous studies using intracortical microelectrodes have already provided
evidence for rich and interdependent interactions between prefrontal and parietal cortical
regions (e.g., Chafee and Goldman-Rakic, 1998, 2000; Buschman and Miller, 2007), but
these results can never be directly compared to findings in healthy humans. This
technique offers excellent spatial resolution but at the expense of spatial coverage, a
tradeoff that is reversed with EEG. In human subjects, studies using both EEG and
magnetoencephalography, which have tested for long-range effective connectivity by
examining spectral parameters have provide evidence for interactions between frontal and
posterior cortical regions during the deployment of cognitive control (Sarnthein et al.,
1998; Weiss et al., 2000; Halgren et al., 2002; Gross et al., 2004; Sauseng et al., 2005;
Gross et al., 2006; Siegel et al., 2008). The functional relevance of oscillatory neural
activity is currently being rigorously investigated and previously, it remained to be
established whether homologous large-scale synchronous network activity could be
identified in macaque monkeys. In Chapter Two, we confirm that evidence of a frontoposterior network for top-down control can be detected in the rhythmic activity of largescale neuronal ensembles in macaque monkeys. Like humans, macaque monkeys also
appear to engage cognitive control via the formation of large-scale phase-synchronized
networks. To study the simultaneous activity of cortical and sub-cortical neuronal
populations at the superior level of spatial and temporal resolution that is afforded by
single neuron recording, and also in combination with interference techniques is probably
the only way to further clarify their physiology with currently available methodologies.
Surprisingly, the phase synchronized network could be detected during
preparation for all trials that were performed regardless of task accuracy (correct versus
error), rule (pro versus anti-saccade), and potential requirement to resolve persistent
interference from a previously primed task representation (pre-switch, post-switch). The
only behavioural feature that could be distinguished based on the strength of the longrange synchronicity in this network was the preparatory mode for task processing that
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was employed. As such, it was the preparatory strategy that corresponded most robustly
to the state of the network on a macroscopic level, despite that on some level, network
components must reflect the task rules and also the failures of cognitive control on error
trials. Therefore, the task-processing mode or strategy can be best distinguished by largescale interactions while finer processing details such as stimulus-response mappings that
would be used in both modes might be reflected on a more local scale, in line with the
results of LFP analysis in the ACC (Womelsdorf et al., 2010). Our results together with
this previous study suggest that large-scale networks could be imposed by mediumfrequency oscillations in all task-relevant areas, essentially forming a “super-highway”
for information transfer between nodes. The global endogenous state might affect the
behaviour of this synchronous “highway”, which in turn should have consequences for
the nature of the possible interactions between nodes that are encoding task variables
such as rule or motor plan representations.
Therefore, future work should be aimed at characterizing the nodes of the thetasynchronized fronto-posterior network on a fine scale. The obtained network topography
implicates regions in both lateral and medial PFC, and posterior regions in the parietal
and occipital cortex. Single neuron recording studies could target these cortical regions
to allow for the characterization of the network activity by examining spikes, LFPs,
spike-field coherence and inter-areal phase-synchronization.
5.1.2 Reversible deactivation demonstrated a causal role for the dlPFC in top-down
control over pre-potent saccade behaviour
The work featured in Chapter Two demonstrated that neural sources of EEG
signals, recorded from distant cranial regions above frontal and posterior cortex, become
phase synchronized during task preparation in the SOT. The degree of pre-stimulus
synchronization in the theta band was predictive of the chosen task-processing mode for
the forthcoming saccade. Although we are not able to draw firm conclusions regarding
the sources of the oscillatory signals, our observations indicate that distant nodes of a
task-relevant brain network become functionally coupled during the preparatory epoch,
prior to processing of the imperative stimulus. The population analysis of phase-
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coherence in chapter two indicated that the synchronous network could include sources in
the lateral PFC. Further, the dlPFC has been implicated in SAT modulation in human
subjects (van Veen and Carter, 2006; Forstmann et al., 2008; Ivanoff et al., 2008), and in
strategy-guided response selection in both humans (van 't Wout et al., 2005) and monkeys
(Genovesio et al., 2005; Tsujimoto et al., 2011).
To our knowledge, there has only been one previous study in which SAT
modulations in macaque monkeys were directly investigated (Heitz and Schall, 2012).
However, the authors investigated the effects of SAT modulations on activity in the FEF,
a brain region that is more likely to be subjected to SAT modulation rather than to be
responsible for imposing such modulations in other brain regions (Bogacz et al., 2009).
The FEF is a major node of the brain responsible for eye-movement control, and as such,
activity of FEF neurons should be modulated by SAT but not impose SAT, which is
consistent with the observations of Heitz and Schall. To investigate a causal function for
the dlPFC in strategic top-down control over automatic action to facilitate accuracy and
flexibility, in chapter three we reversibly deactivated the regions below the lateral frontal
electrode contacts (of chapter two). This manipulation modulated the SAT in a strategydependent and rule dominance-dependent way. In general, the ability to overcome
context-induced automaticity when performing a dominant response that requires very
little top-down control, otherwise, appears to depend on the integrity of the dlPFC.
We propose that the reason we observed different effect-sizes in each subject was
due to the differing baseline (i.e., control session) approach to the SOT observed for the
two monkeys. It is tempting to speculate that, similar to transient strategic modes that
can vary in a trial-by-trial manner, global strategic modes are also associated with a
unique underlying neuronal “fingerprint” that can be decomposed by spectral analysis
(Siegel et al., 2012). For example, in chapter two, we observed an inconsistent
modulation in the beta frequency band, which could have been indicative of the unique
global task processing strategy adopted by each subject, or reflect a preference for
proactive versus reactive cognitive control (Braver, 2012). The subject that favoured
speed and interference-triggered control showed a salient beta peak while the subject that
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favoured accuracy via a proactive control strategy showed a more subtle modulation (see
Figure 2.4). Such global task control levels might be reflected in the activity of a
cingulo-opercular network over large blocks of trials (Dosenbach et al., 2007). By
contrast, a fronto-parietal network might be involved in initiating task-set control on a
transient (i.e., single trial) basis, and may be a homologue to the preparatory task control
network that we detected evidence for in Chapter Two. Despite a difference in global
task processing strategies, which we suggest may reflect different preferences for
proactive and reactive cognitive control implementation (Braver, 2012), consistent
between the subjects we observed a shift in SAT for pro-saccades for every experimental
treatment in which dlPFC regions were deactivated.
In addition, the work presented in Chapter Three provided evidence that the
capacity to execute responses with dominant tendencies using a cautious top-down
controlled processing mode might be a unique cognitive function, specifically in the face
of contextual features that promote automatic responding (i.e., “additive pre-potency”).
The separate effects on pro- and anti-SRTs could be explained by the demands associated
with each task normally. The influence of cortical deactivation in area 46 on pro-saccade
behaviour, indicates that area 46 must have been instrumental in the ability to use topdown control to guide a task that does not normally require such control
(Vandierendonck et al., 2008). Deactivation of this cortical region resulted in impaired
top-down control over the dominant pro-saccade response, but in a global strategydependent manner (recall that monkey G could not produce anti-saccades at all when area
46 was deactivated). Future investigations could aim to address the reason that dominant
and non-dominant action appear to be differentially accessible to top-down controlled
modulation (Schneider and Chein 2003).
Moreover, the cryoloop technique should be used in future studies together with
multi-areal recordings to investigate the disruptive effects of cortical deactivation on
distant regions. Presently, the dlPFC and pre-SMA have been implicated in humans
(Forstmann et al., 2008; Ivanoff et al., 2008; van Veen et al., 2008; Bogacz et al., 2009;
Forstmann et al., 2010) and monkeys (Isoda and Hikosaka, 2007) in the top-down
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imposition of SAT modulations in pre-motor and motor structures. The FEF of monkeys
(Heitz and Schall, 2012) and striatum of humans (Forstmann et al., 2008; van Veen et al.,
2008; Forstmann et al., 2010; Mansfield et al., 2011) have been implicated as targets
subjected to SAT modulations. Neurons in the caudate have also been shown to reflect
contextual biases (e.g., Hikosaka et al., 2006; Watanabe and Munoz, 2010). The unique
contributions of the lateral and medial prefrontal regions toward SAT modulation remain
to be established, although one possibility is that the dlPFC is important for accuracy
prioritization (Chapter Three) while pre-SMA is important for speed prioritization
(Bogacz et al., 2009). To use the cryoloop technique to reversibly deactivate these
medial and lateral cortical regions while concurrently recording single neuron activity in
the FEF, striatum or other cortical and sub-cortical regions whose responsiveness are
predicted to be modulated during SOT performance (i.e., task-relevant sensory and motor
pathways) could be a valuable approach to clarify the neural mechanisms of SAT
adjustments.
5.1.3 Post-commissural putamen neurons are responsive to goal-directed saccades.
The macaque monkey has been an invaluable animal model in the study of BG
function (Hikosaka et al., 2006; Schultz, 2006; Nambu, 2008; Watanabe and Munoz,
2011). The putamen is considered to be a major node in the first identified cortico-BG
“motor” loops, and a large body of work has been dedicated toward a characterization of
putamen neuron activity in various contexts where choices are indicated by movements
of the arm, wrist or hand. After DeLong and colleagues first demonstrated that putamen
neurons modulate their activity in response to arm movements (DeLong, 1973; Crutcher
and DeLong, 1984), Kimura demonstrated that neuronal responses to stimuli were made
selectively to those that are behaviourally relevant (Kimura, 1986) and might in fact play
a role in the selection of learned responses to specific stimuli (Kimura, 1990). This
notion is consistent with the observation that neural activity in putamen neurons does not
depend on the patterns of muscle activation associated with the arm movements
(Alexander and Crutcher, 1990). It was proposed by Schultz and colleagues that “the
striatum is involved in setting and maintaining preparatory states related to the internal
generation of behavioural acts on the basis of information about the context” (Schultz and

	
  190
Romo, 1992) since members of this group observed that striatal neurons are modulated
best by predictable events (Apicella et al., 1992). Around the same time, Kimura and
colleagues discovered that putamen neurons are modulated by the type of information
required for response selection, or the mode for voluntary action selection (internally or
externally stored information, Kimura et al., 1992). Meanwhile, Graybiel and colleagues
were conducting experiments that would demonstrate that specific reward-sensitive
interneurons in the striatum undergo changes in activity that mirror behavioural changes
associated with conditioning protocols (Aosaki et al., 1994b) by a mechanism that was
shown to be dopamine-dependent (Aosaki et al., 1994a; Raz et al., 1996). Several studies
then demonstrated the striatum to be critical for procedural learning and in the formation
of automatic stimulus-response links (Miyachi et al., 1997; Tolkunov et al., 1998; Jog et
al., 1999; Miyachi et al., 2002). Finally, recent studies have implicated the putamen in
the adjustment of habitual action sequences (Deffains et al., 2010) and in reward historyguided action selection (Muranishi et al., 2011). As such, although a succinct
understanding of the contribution of the putamen toward arm movement control is not
quite within our grasp, it has been concluded that the activity of putamen neurons is
related to the internal state of the animal (Lee et al., 2006).
In section 4.4, we briefly outlined how the caudate nucleus of macaque monkeys
has been very well studied in relation to saccade behaviour, and why it is considered to
be the oculomotor zone of the striatum for this animal model. We also explained why it
was important to question the robustness of the previously accepted model of BG
organization that entails an effector specialization for the caudate and putamen, and to
examine the activity of putamen neurons during saccadic eye movement (Watanabe and
Munoz, 2011; Neggers et al., 2012). We therefore have conducted the first recording
study in the macaque putamen during goal-directed saccade behaviour. This work
demonstrated that putamen neurons are indeed modulated by saccades among other task
variables, which is consistent with the human literature. We demonstrate in Chapter Four
that caudal putamen neurons are modulated during and following saccades, which
suggests that the posterior striatum might be involved in controlling the timing of
saccades and also in monitoring saccade context and outcome.
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The role of the caudate nucleus in saccade control has been well established, and
observations of saccade-related activity also in the “sensorimotor territory” of the
striatum, i.e., the putamen, might be explained by the transfer of information between the
segregated loops, which could be controlled via non-reciprocal projections integrated
through the thalamus (Haber and Calzavara, 2009). Such a hypothesis could be tested by
conducting single neuron recordings throughout the rostro-caudal extent of the striatum
with a saccade task such as the oculomotor delayed response task (Funahashi et al.,
1993), which is associated with a relatively long maintenance period between a sensory
cue and a saccadic response. The features of this task facilitate the separation of sensory,
maintenance, oculomotor and outcome-related activations.
During each experimental session in the putamen, we recorded the summed LFP
signal simultaneously with the occurrence of spikes from single neurons. Therefore,
these data are immediately available for spectral analysis. Because neuron activity was
only sampled with one electrode, we cannot investigate temporal interactions, i.e., phase
coherence, between multiple recording sites. However, time-frequency representations
could be examined and allow for the continued exploration of our hypothesis regarding
the position of this striatal region in a large-scale framework. For example, previous
work has shown post-response theta power modulation over medial-frontal cortical
sources using EEG (Cavanagh et al., 2010). To analyze frequency bands that are
prominent in putamen LFPs in a similar post-saccade period would allow for further
inferences to be drawn regarding the putative functional interactions with the medial
frontal cortex.

5.2. Caveats and limitations
5.2.1 Bimodal SRT distributions
To address each of the three problems presented at the outset of this thesis, we
employed the same saccadic eye movement task, which we refer to as the SOT. The
behaviour of the monkeys was characterized by a SRT distribution that was statistically
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bi-modal, which we interpret to reflect two unique modes of preparation in the task.
Could there be another explanation for these behavioural results?
It is not surprising that changes in visual stimulation can have a potent effect upon
the saccade generating circuitry, since the purpose of oculomotor control is to align the
gaze with novel stimuli for detailed visual analyses. In the SOT, the foveal fixation point
changes colour to act as either a nonspecific go-signal or an informative instruction cue,
depending upon the preparatory mode used to produce the saccadic response. Therefore,
one might argue that the observation of bi-modal SRT distributions was a trivial side
effect of task presentation. Investigators who have inserted a sub-threshold flicker in the
background display during reading have reported that this event triggers a decrease in
saccade frequency as early as 60 or 70 msec after the flicker (Reingold and Stampe,
2002), and that distractors flashed at the fovea can result in a SRT cost of roughly 60
msec (Walker et al., 1997; Pannasch et al., 2001; Sheliga et al., 2002; Graupner et al.,
2007; Edelman and Xu, 2009). Because human subjects are apparently not aware of this
effect, this form of saccade inhibition is hypothesized to be a result of a reflex that is
probably mediated at the level of the SC (Munoz et al., 2000). Does the bi-modal SRT
distribution in the SOT represent a uni-modal, skewed distribution that is simply
disrupted by cue-induced saccade inhibition?
It is possible that saccade suppression occurred, which would place a ceiling on
the SRT for automatically prepared, internally cued saccades. During pro- and antisaccade performance, saccade suppression after visual stimulation in humans occurred
between 60 and 100 msec after the onset of the visual change (Reingold and Stampe,
2002). In monkeys, we would expect a similar phenomenon to occur at an even shorter
latency due to a smaller brain size and accordingly shorter neural pathways. Instead, we
observe that the drop in saccade frequency occurred at relatively long latencies (of
approximately 110-120 msec) following the change in visual stimulation. Further, the
frequency of pro- and anti-saccades tended not to rebound until approximately 180 msec
after cue onset, a much longer period of “inhibition” than that reported for human proand anti-saccades obtained using the SOT with monkeys is superimposed with the
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Figure 5.1. Comparison of SOT bi-modal SRT distribution to distribution of human
SRTs with visually-induced saccade suppression. We have re-plotted the SRT
distributions taken from an earlier chapter from the experiment with the largest sample of
SOT behaviour (chapter four). Overlain and represented with thick black lines outlined
in white, is the shape of the distribution that was obtained when humans performed proand anti-saccades with intervening (i.e., between stimulus presentation and the saccade)
visual stimulation. If the bi-modal SRT distribution associated with SOT behaviour was
only due to saccade suppression and not indicative of a top-down cognitive controlled
preparatory mode, the “dip” in the distribution should occur earlier in time, and the
second peak should also occur at shorter latencies (shorter latencies than those observed
in the human data). Instead, we observe that the “dip” for SOT behaviour largely occurs
at the latencies associated with the second peak in the human behaviour. The human
SRT distribution is considered to represent one skewed distribution with saccade
frequency dropping at the “dip” due to the reflexive inhibition of saccades. The SOT
behaviour cannot be explained in such a way. Human behaviour figure modified from
Reingold and Stampe, 2002 with permission from MIT Press.
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subjects (between 120 and 130 msec, Figure 5.1). In fact, when the SRT histograms for
histograms from human subjects performing pro- and anti-saccades with visual flicker, it
is apparent that the “dip” in saccade frequency for saccades produced in the SOT in
monkeys (Figure 5.1, histogram) occurs at the same time as the second peak in
frequency after the post-inhibition rebound in humans (Figure 5.1, line graph). This
argues against a purely reflexive explanation for the bi-modal SRT distributions, although
it is possible that this putative reflex contributed to maintenance of fixation when animals
chose to employ extra top-down control to favour slower, accurate saccades.
In a pilot version of the cognitive flexibility paradigm that was to be used in this
work, the task presentation was identical but the animals did not have to await the onset
of the instruction cue prior to responding in order to obtain a reward. In this
version of the task, the obtained SRT distributions were not bi-modal and were
qualitatively similar to those obtained for randomly-interleaved trial presentation (Figure
5.2). This observation also argues against a simple reflexive saccade suppression
explanation.
If saccade suppression can explain the obtained SRT distributions, then the
behaviour obtained using the original version of the SOT should likewise be bi-modal.
This apparently was not the case, either. Isoda and Hikosaka did describe neural
processes associated with overriding automatic saccades with controlled, slower
responses. They show behavioural evidence that correct switch trials were always
performed with long latency saccades, which were slower on average than switch errors
and correct repeats (Isoda and Hikosaka, 2007, 2008). However, the SRT distribution for
all correct trials obtained using the original version of the SOT was not bi-modal. One
author of these studies reported that the behaviour may have been tri-modal, but that it
was difficult to discern how many modes were in that distribution of saccade latencies
(M. Isoda, personal communication). If saccade suppression can explain the sharp
decrease in saccade frequency at specific RTs, which is a salient quality of the behaviour
for this version of the SOT, then the behaviour described by Isoda and Hikosaka should
also have been saliently bi-modal.

	
  195

Figure 5.2. Comparison of pilot SOT SRT distributions to representative randomlyinterleaved SRT distributions. In the pilot version of the SOT, task presentation was
identical (including the switch of the rule-ambiguous fixation point to the cue). The key
difference was the requirement to await the instruction cue onset. The SRT distributions
on the right reflect the behavioural data obtained from monkey B during during pilot SOT
performance. The behaviour of monkey B was saliently bi-modal for the final SOT (see
Figure 3.2). These distributions are not bi-modal and appear similar to those obtained
from randomly-interleaved task presentation, which is a common method. Distributions
for randomly-interleaved pro- and anti-saccades were reproduced from Ford and
Everling, 2009 (Permission not required by American Physiological Association).
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Therefore, the bi-modal SRT distributions described in chapters two through four
are likely cognitive in origin, and appear to reflect two different task-processing modes.
These preparatory strategies can be distinguished by the criteria for saccade selection.
For the trials associated with short latency (<310 msec) saccades, an internal
representation of the rule from the previous trial was required and implemented with the
location and the timing of the peripheral stimulus to produce the saccade. For the trials
associated with longer latency (>310 msec) responses and increased accuracy, the
interpretation of the instruction cue, in addition to the stimulus-related information, was
likely used to guide the saccade. In other words, fast saccades were associated with rule
anticipation and were largely stimulus-triggered, while slow saccades required that
attention be focused externally to facilitate the interpretation of the foveal instruction cue
for the guidance of a controlled saccade.
5.2.2 Monkeys versus humans
The SOT has been used to study control over automatic behaviour, and enabled
important comparisons to human electrophysiological and neuroimaging data. To our
knowledge, this paradigm has not been used with human subjects. However, we propose
that it would not necessarily be fruitful to use this paradigm with human subjects, unless
the subjects were to receive extensive training on the task. The monkeys require
significant training with this specific variant of the anti-saccade paradigm prior to use in
physiological experiments. By the time the animals behaviour is sufficient for
experimental use (i.e., have ~50% errors on switch trials), they have become experts and
the task is very predictable to them. This fast-paced task is very cognitively demanding
and would likely be very difficult for humans without prior training. Training would
allow the subjects to establish efficient goal-action links for pro- and anti-saccades (i.e.,
can be performed in a habitual manner). This would be necessary to evoke performance
of pro- and anti-saccades with distinct preparatory modes (that would then be compared
to the performance of the monkeys).
The original version of the SOT (see Figure 1.11) might be more appropriate for
use with humans because in that version of the task, subjects alternate between saccade
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target-selection dictated by colour-matching rules. The original SOT is not associated
with response dominance asymmetry, and this might be why the obtained behaviour was
not bi-modal. With this task, the influential work of Isoda and Hikosaka demonstrated
that, as in humans, the pre-SMA (Luders et al., 1995; Dove et al., 2000; Rushworth et al.,
2002) and STN (Aron et al., 2007) in macaque monkeys participate in the ability to
override a planned action (Isoda and Hikosaka, 2007, 2008). Therefore the SOT has
already been accepted in the literature to model the human behaviour for which it was
intended, although to have human subjects perform this paradigm while simultaneously
measuring whole-brain functional activations could help to guide future invasive
investigations in monkeys. However, there is no evidence that monkeys assume two
distinct preparatory strategies in the original SOT. Therefore, such work would likely not
provide useful information about homologous task-processing modes associated with
automatic and controlled action preparation that we observed in the experiments outlined
in Chapters Two through Four. Instead, the original SOT appears to be better suited for
the study of task-set reconfiguration on switch trials (compared to repeat trials).
There are certainly important limitations with the monkey model for the study of
cognitive control. First, there is evidence that humans often use verbal strategies to guide
complex task performance, an option that is clearly not available for monkeys (Stoet and
Snyder, 2003). Instead, monkeys are highly trained with operant conditioning to perform
complex tasks. It is also not clear to what extent cognitive flexibility is similar between
humans and monkeys. One study found that monkeys are capable of superior
behavioural flexibility, while human subjects on the other hand are better able to achieve
task stability (Stoet and Snyder, 2003, 2009, but also see Caselli and Chelazzi, 2011).
This discrepancy suggests that there may be certain inherent differences between the
executive control mechanisms of macaques and humans, or that the unique ways that
humans and monkeys are instructed to perform such tasks impacts the neural basis for
task performance. In the present work, the focus was not on cognitive flexibility or taskswitching per se, but was instead on the mode of preparation independently of taskswitches. Indeed, the repeated alternation between single-rule blocks produced the
context that promoted the production of repetition-induced pre-potent response
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preparation while simultaneously promoting the conflicting tendency to sacrifice speed to
accumulate more evidence toward response selection. However, the main focus of this
work and the major results pertain to differences between these two response preparation
modes, which might be more suitable for extrapolation onto human cognitive operations.
For example, human subjects are reported to automatically prepare a response to a
stimulus when they already have a rule in mind during pro- and anti-saccade performance
and are also able to override this planned response if they are instructed to switch to the
other rule. Further, this requirement produces a SRT cost (Cameron et al., 2007).

5.3 Open question: Neural mechanisms of automatic and controlled saccade
preparation
In this series of studies, cortical and sub-cortical mechanisms associated with the
performance of the rapid task-switching paradigm were probed, and these results have
produced new avenues for exploration. We have already outlined several lines for future
research that directly stem from the findings in each specific chapter. However, the SOT
has only been used in five separate studies, only three of which used the variant with
response dominance asymmetry. Therefore, many questions remain unanswered
regarding the neural mechanisms that underlie the two processing modes that could be
distinguished based on speed accuracy prioritization in the new SOT. One could begin to
address these questions using single neuron recording experiments in specific, important
nodes of the saccade generating circuit (Munoz et al., 2000).
Both humans and monkeys begin to automatically prepare a saccade when they
have a rule in mind at the time of stimulus presentation (McPeek and Keller, 2002;
Cameron et al., 2007). On slow trials, the animals could have prepared two responses
simultaneously and used the extra information in the cue to resolve the competing
activations. Such a mechanism is predicted by accumulator models, which were
introduced in Chapter One (Usher and McClelland, 1994; Isoda and Hikosaka, 2011).
Past work has demonstrated that humans and monkeys indeed can prepare two saccades
simultaneously (Theeuwes et al., 1999; McPeek and Keller, 2002; Theeuwes et al., 2003;
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Walker and McSorley, 2006). The monkeys may have used such a strategy prior to the
onset of the instruction cue and subsequently boosted the rise in activity toward threshold
in a “winner-take-all” mechanism (in the appropriate processing pathways) after the cue
was processed. To test this hypothesis, the activity of neurons in the SC and the FEF
should be recorded during the SOT. Evidence for or against this idea should be found in
the activity of buildup neurons in these two brain regions (Munoz et al., 2000).
Not only can exogenously driven saccade commands compete with internal
saccade goals, such externally stimulated oculomotor plans can also compete with the
maintenance of fixation (Reuter et al., 2007). Therefore, an alternative explanation for
slow saccades in SOT behaviour is that the monkeys modulated their visual and
oculomotor pathways in efforts to attenuate the effect of the incoming peripheral stimulus
and on the other hand, enhanced the neural pathways that maintain central fixation to
prepare for the forthcoming instruction. To test this idea, the activity of fixation neurons
in both the SC and FEF (Munoz et al., 2000) and visually responsive neurons in posterior
cortices should be examined during SOT performance. It has been shown that human
subjects use top-down control to modulate the responsiveness of visual cortical regions
during performance of anti-saccades (McDowell et al., 2005; Clementz et al., 2007;
Dyckman et al., 2007; Clementz et al., 2010). This finding is consistent with the welldocumented finding that a general consequence of top-down control is a modulation of
neural responsiveness in early visual processing pathways (Kastner and Ungerleider,
2000; Corbetta and Shulman, 2002). In line with this notion of attentional selection and
also with the notion of large-scale synchronous networks, it has been demonstrated that
pre-stimulus oscillatory activity, which reflects internal brain states and is estimated in
the phase or power of measured medium frequency oscillations (Mazaheri et al., 2009;
Hamm et al., 2010), can predict perceptual consequences of near-threshold sensory
stimulation (Babiloni et al., 2006; Thut et al., 2006; Hanslmayr et al., 2007; Kranczioch
et al., 2007; van Dijk et al., 2008; Busch et al., 2009) and post-stimulus response
characteristics (Zhang et al., 2008; Drewes and VanRullen, 2011), and further that it
reflects top-down control operations (Min and Herrmann, 2007; Min and Park, 2010).
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The net result, of both of these proposed neural mechanisms, is to favour accuracy
over speed by modulating neural processing pathways. It is also possible that a
combination of these two mechanisms enabled the controlled selection of saccades to
counter context-induced automaticity. In the only other study that has examined the
effect of SAT modulations on neuronal activity in macaque monkeys, both visual and
motor responses of FEF neurons were modulated by a speed or accuracy bias during a
visual search task in which animals were instructed to prioritize speed or accuracy in
blocks of trials (Heitz and Schall, 2012). Therefore, it would be particularly informative
to record from neurons that show both visual and saccade related modulations, and also
to record in low-level visual and oculomotor centers to investigate the levels of the
system at which strategic gain modulations are imposed to alter SAT.

5.4 Concluding remarks
The work described in Chapters Two through Four has successfully addressed
three objectives outlined in chapter one, each of which aimed to explore specific
generalizations or limitations for the macaque monkey as a model to understand the
neural mechanisms of top-down control. It was demonstrated (1) that evidence for a
phase synchronized fronto-posterior network can be detected in the phase relations of
EEG signals recorded from cranial sites of monkeys during the implementation of topdown cognitive control, (2) that the dlPFC in monkeys has a causal function in
strategically-guided response selection, and (3) that neural activity in the putamen of
monkeys is modulated during goal-directed saccade behaviour. Therefore, we have
contributed to the body of literature which supports for the use of the macaque saccade
generating system as a model to advance our understanding about phase synchronized
top-down control networks, the neural processes of strategic SAT modulation, and lastly
to understand the contributions of the BG toward action control. To understand the
neural processes that enable sophisticated behavioural control, the brain should be viewed
as a dynamic network that operates by flexibly transitioning between unique states that
functionally connect anatomically dispersed nodes in both cortical and sub-cortical
regions in a flexible, context-dependent manner. The “communication through neuronal
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coherence” theory puts forward testable hypotheses about the way the brain might
achieve this. Although the proponents for this theory face skepticism, its compatibility
with many discovered features of neural tissue suggests that it has merit and and should
be tested (Buzsaki, 2006). Further, the fact that perturbing oscillations can alter memory
retention (Marshall et al., 2006), and the drastic rhythmic pattern changes observed
during various brain states (e.g., waking and the several stages of the sleep cycle),
together imply that oscillations are not merely a consequence of ongoing neuronal
activity according to the firing rate model (Buzsaki, 2006). It will be interesting to
follow the progression of this field of work. The robustness of this explanation for
flexible neural communication will be revealed in time. Studies in monkeys will likely
enable key advances toward an understanding of flexible signal routing in the brain,
which is an important requirement to understand how the brain enables flexible, goaldirected behaviour.
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