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Abstract
Working memory is the ability to store relevant information temporarily to guide
thoughts and behavior. As a basic executive function that is required for everyday tasks,
it is essential to understand working memory to fully understand cognition.
A neural correlate of working memory has been suggested in the persistent
activity displayed by single neurons during the retention interval of working memory
tasks performed by monkeys. Physiological and computational studies have proposed that
the maintenance of this activity depends on NMDA receptor activation. Human
homologues of persistent activity have been suggested using neuroimaging methods and
electroencephalogram (EEG) recordings. To help bridge the gap between these studies
within and between species, EEG signals in the form of event-related potentials (ERPs)
were recorded while one female rhesus macaque monkey (Macaca mulatta) performed a
series of tasks that involve visual working memory, in which a visual array presented for
500 ms must be maintained in working memory for a retention interval of 1 s to guide a
subsequent saccade to a stimulus. In addition, the effect of NMDA blockade on ERPs
was investigated by administering a sub-anesthetic dose of the NMDA antagonist
ketamine.
A neural correlate of visual working memory was identified in the ERP that was
contralaterally-specific to the to-be-remembered target during the retention interval of the
tasks. For the first time in the monkey, it was shown that the amplitude and polarity of
this activity reflects the spatial location of the target stimulus, scales with the number of
items that had to be remembered, and is predictive of trial outcome. The activity was less
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positive for contralaterally presented stimuli, greater memory loads, and correct trials.
Furthermore, this contralateral activity was modulated by ketamine, primarily during the
retention interval but also during memory item presentation at P100 and P300. Taken
together, these properties support this contralateral activity as a candidate for an
electrophysiological index of working memory that is similar to that of humans. These
findings also provide a link to the single-neuron mechanisms of working memory in
monkeys and further validate the monkey as a model of human visual working memory.
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Chapter 1 – Introduction
1.1 Working Memory
Working memory is the cognitive ability to store relevant information temporarily,
usually on a scale of seconds, to guide thoughts and behavior. A common example of this
memory system is remembering a phone number just long enough until it is dialed, after
which it is no longer relevant and is forgotten. Baddeley (1986) first associated this
process with a mental sketchpad, emphasizing that information is stored only transiently
in working memory. This information can be newly acquired through sensory input or
retrieved from other memory stores, and subsequently used and acted upon in a contextdependent manner. Following this notion, working memory is regarded as a basic
cognitive function that provides an interface between perception, long-term memory and
action (Baddeley 2003), allowing more complex cognitive tasks such as language
comprehension, learning, and problem solving to be carried out. Its importance in higher
cognition is further demonstrated by its close relationship to fluid intelligence (Engle et
al., 1999; see for review Conway et al., 2003; Fukuda et al., 2010; Johnson et al., 2013).
In addition to relevance to the task at hand, working memory is characterized by
its limited capacity and temporal persistence, both of which distinguish working memory
from other forms of memory. These fundamental features of working memory have been
studied using several behavioral paradigms, one of which is the visual sequential
comparison task (Phillips, 1974). In this task, subjects are presented with a memory array
of objects (e.g., colored squares) that they must remember. Following a brief retention
1

interval of about one second, a test array appears that is either identical to the memory
array or different by one object. Subjects then indicate whether or not the test array is
identical to the memory array. This task is ideal as simple manipulations allow several
aspects of working memory function to be investigated. For example, the temporal and
capacity limits of working memory can be assessed by varying the retention interval
duration and the number of items to be remembered, respectively. Indeed, studies using
variants of the visual sequential comparison task have shown that working memory
capacity varies between individuals; on average, humans can only retain three or four
items perfectly in mind at one time (Luck and Vogel, 1997; Cowan, 2001; Vogel et al.,
2001), with some individuals demonstrating a capacity of up to six items (Vogel and
Awh, 2008). As working memory capacity is highly limited, it is necessary that only the
most relevant items are represented to guide behavior (Vogel et al., 2005). To date, the
temporal limits to which these items can be stored in working memory have not yet been
elucidated in humans. Although most studies use a retention interval of approximately
one second, it is likely that information can be retained for up to tens of seconds without
entering other memory stores (Goldman-Rakic, 1995).
Further advances in the study of working memory have been made by the
availability of animal models with the goal of determining the neural basis of working
memory. In particular, the use of non-human primates (NHP) as a model has been ideal
as they show similarities in working memory ability to that of humans, in that they are
able to maintain mnemonic representations of multiple items simultaneously. As in
2

humans, their performance on the visual sequential comparison task declines with
increasing memory load (i.e., the number of items to be remembered) as well as with
increasing retention interval durations (Heyselaar et al., 2011; Oemisch et al., 2011).
Considering that working memory is regarded as a basic cognitive function, it is
not surprising that working memory deficits are often associated with aging as well as
degenerative disorders, such as Parkinson’s disease (see for review Siegert et al., 2008l
Cools and D’Esposito, 2011) and Alzheimer’s disease (see for review Huntley and
Howard, 2009), and developmental disorders, such as attention deficit hyperactivity
disorder (ADHD) (see for review Alderson et al., 2013) and schizophrenia (Silver et al.,
2003; see for review Goldman-Rakic, 1994; Lee and Park, 2005; Barch and Ceaser,
2012). Schizophrenia is also characterized by the manifestation of clinical phenotypes,
including positive and negative symptoms and impairments in cognitive functions, in
addition to working memory, such as attention and inhibitory control (see for review
Reichenberg, 2010). The etiology of schizophrenia is currently poorly understood, as it is
believed that a complex interaction of genetic, biological, and environmental factors
contribute to the development of the disorder. In addition to studying these factors, the
study of working memory, which is considered as an endophenotype of the disorder, may
help in providing insights to the cognitive symptoms of schizophrenia.
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1.2 Neurophysiological Measures of Working Memory
To study the neural basis of working memory in humans and animal models, it is
essential to understand the dynamics of neural activity, which can be assessed on multiple
levels. Toward this end, various neurophysiological measures have been developed, each
characterized by their own spatial and temporal scales. The spatial scales cover single
neurons, local networks of thousands of neurons, and entire brain regions of millions of
neurons. At these different spatial scales, neural activities can be measured by methods
with temporal resolutions ranging from milliseconds (e.g., single-neuron recordings) to
seconds (e.g., fMRI).

1.2.1 Single-Neuron Recordings
The ability to record activity of single neurons in animals has been invaluable in the
study of the molecular basis of working memory. The first electrophysiological
recordings were done in sentient, behaving monkeys performing a delayed response task.
This task requires the animal to remember the location of a previously presented object in
working memory for a retention interval, during which an increase in the firing rate of
individual neurons in the prefrontal cortex (PFC) was observed. This activity persisted
for the entirety of the retention interval until the animal made a behavioral response
(Fuster and Alexander, 1971; Kubota and Niki, 1971). A similar phenomenon was
observed in monkeys performing the oculomotor equivalent of the delayed response task:
the memory-guided saccade task. In this task, the animal is required to fixate a central
4

spot on a screen and maintain fixation during a brief presentation of a visual stimulus and
a subsequent retention interval, before making a saccade to the location of the stimulus.
The main advantage of using the memory-guided saccade task is that it allows for more
control over the specific information that the animal has to remember on any given trial
by changing the spatial location of the stimulus. In addition, the animal’s behavior is
strictly controlled throughout the trial. As in the delayed response task, sustained firing of
neurons in the dorsolateral prefrontal cortex (dlPFC) was observed during the retention
interval of the task in the absence of external stimuli (Funahashi et al., 1989). This
persistent activity was selective for certain spatial locations in which the stimulus
appeared, lasted the entire duration of the retention interval and ceased upon the
execution of the saccade (Figure 1A), suggesting that persistent activity provides a link
between the encoding process and the goal-directed response. Persistent activity was also
found to predict accurate performance on the task; in trials where activity failed to persist
during the retention interval, the animal was highly likely to make a saccade to an
incorrect location, suggesting that persistent activity is required for accurate performance
(Funahashi et al., 1989) (Figure 1B). This is further supported by studies in which
performance on the memory-guided saccade task and other working memory tasks was
impaired following lesions and inactivation of areas that exhibit persistent activity (Bauer
and Fuster, 1976; Funahashi et al., 1993, Chafee and Goldman-Rakic, 2000). Persistent
activity has also been observed in several other cortical areas, including the posterior
parietal cortex (PPC) (e.g. Gnadt & Andersen, 1988) and the inferior temporal cortex
5

A

B

Figure 1. Persistent activity of a principal sulcus neuron during the memory-guided
saccade task. A Selective persistent activity during the retention interval. This cell
exhibited significantly enhanced firing for the 270° location but not other directions. B
Persistent activity during the retention interval was significantly reduced on error trials
compared to correct trials (Funahashi et al., 1989).
6

(e.g. Miyashita & Chang, 1988). Furthermore, persistent activity of PFC and PPC
neurons was reported to vary with memory load (Buschman et al., 2011). Together, these
results propose persistent activity as a neural correlate of working memory that is
supported by a network of brain regions.

1.2.2 Functional Magnetic Resonance Imaging (fMRI)
To date, single-neuron recordings in humans are few and predominately limited to people
with epilepsy (e.g. Reddy et al., 2006). Researchers have instead turned to neuroimaging
methods, such as fMRI, for a more practical and non-invasive approach to study the
neural basis of working memory in humans. Similar to monkeys, fMRI studies have
revealed that working memory processes in humans are subserved by a distributed
network of activity, involving mostly PFC and PPC (Pessoa et al., 2002; Sakai et al,
2002; Cairo et al., 2004; Ikkai and Curtis, 2011; see for review Rottschy et al., 2012a)
(Figure 2). Within this network, a sustained increase in blood oxygenation level
dependent (BOLD) signal has been observed during the retention interval of working
memory tasks. This signal appears to correspond to the persistent activity observed in
monkeys, although, the exact relationship between single-neuron activity and BOLD
signal is unclear (Arthurs and Boniface, 2002; Krekelberg et al., 2006). Similar to
persistent activity, the BOLD signal predicted performance, such that the amplitude of
the BOLD signal during the retention interval was reduced in incorrect trials (Pessoa et
al., 2002; Sakai et al., 2002) (Figure 3A). This suggests that the sustained BOLD activity
7

Figure 2. Working memory network. Surface rendering of left and right hemispheres
contrasting the activation of brain regions of a representative individual performing a
working memory task and a control task that did not involve working memory. DLPFC,
dorsolateral prefrontal cortex; DO, dorsal occipital; FEF, frontal eye field; IPS,
intraparietal sulcus; ITG, inferior temporal gyrus; P. MFG, posterior middle frontal
gyrus; SPL, superior parietal lobule (Pessoa et al., 2002).
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Figure 3. BOLD activity of humans performing working memory tasks. A Activity in the
intraparietal sulcus of the parietal cortex and frontal eye field of the prefrontal cortex
during the retention interval (grey bar) of a working memory task for correct (red) and
incorrect trials (blue) (Pessoa et al., 2004). B BOLD signal change at the intraparietal and
intraoccipital sulci with increasing memory load. BOLD response function reached a
plateau at 4 items (Todd and Marois, 2004).
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during the retention interval is necessary for successful performance on a given trial.
Studies have further demonstrated that the magnitude of BOLD activity during the
retention interval in the PPC is modulated by memory load (Linden et al., 2003; Leung et
al., 2004; Todd and Marois, 2004) (Figure 3B).Studies using positron emission
tomography (PET) have also reported a distributed network of activity is also involved in
working memory, with a focus on the prefrontal and posterior cortices in humans
performing spatial working memory tasks (Jonides et al., 1993; Wager and Smith, 2003).
These patterns of brain activation are consistent with those of fMRI studies.

1.2.3 Event-Related Potentials (ERPs)
Similar to single-neuron and fMRI studies, studies using ERP recordings as an
experimental approach have provided useful measures of the neural activity underlying
working memory processes. The ERP technique involves averaging of multiple
electroencephalogram (EEG) signals time-locked to a specific event, such as stimulus
presentation. The resulting waveform is characterized by different components, which are
typically defined by their latency, polarity, and scalp topography in relation to the event
of interest (Figures 4A-C). Although the exact biophysical events that give rise to ERPs
are unknown, it is widely believed that ERPs are primarily generated by the postsynaptic
potentials of cortical pyramidal neurons located perpendicular to the surface of the cortex
(Luck, 2005; Woodman, 2010) (Figure 5).
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Figure 4. Generation of ERPs. A Schematic representation of a pyramidal cell during
neurotransmission. An excitatory neurotransmitter is released from presynaptic terminals,
causing positive ions to flow into the postsynaptic neuron, and creating a small dipole. B
Folded sheet of cortex containing many pyramidal cells. When a region of this sheet is
stimulated, individual dipoles summate. C Summation of dipoles can be measured as a
single equivalent current dipole. The position and orientation of this dipole determine the
distribution of positive and negative voltages recorded at the electrodes. D Schematic of a
current dipole surrounded by a magnetic field. E Schematic of the magnetic field
generated by a dipole lying inside the surface of the skull. (Luck, 2005).
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Figure 5. The ERP technique. The raw EEG recording reflects all the electrical activity
occurring in the brain, reflecting the arousal state of the subject. In order to extract
specific information from the signal, the response relative to a specific event, such as
stimulus presentation, is time-locked during a single trial. Signals are then averaged over
multiple trials to produce a single ERP that is comprised of different components that are
attributable to specific events. By convention, negative is plotted upwards (Luck, 2005).
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As with all neurophysiological measures, there are advantages and disadvantages
of the ERP technique. The advantages are several-fold; firstly, the ERP technique allows
cognitive processing to be covertly and continuously monitored with a high temporal
resolution (on the scale of milliseconds). Secondly, ERPs can serve as an intermediate
between single-neuron recordings and neuroimaging signals. Similar to single-neuron
recordings, ERPs measure neural activity directly, and like neuroimaging methods, ERPs
measure the activation of a network of neurons. These properties of ERPs allow more
reliable inferences to be made between studies. Thirdly, the ERP technique is noninvasive and can be readily applied in both humans and monkeys and therefore, can be
used to establish functional homologies between species. The main disadvantage of the
ERP technique is that the spatial resolution is poor, since the exact locations of the neural
generators that contribute to a given ERP signal are difficult to identify. As a result, it is
difficult to isolate a single ERP component from the overall waveform. Despite this
drawback, ERPs are regarded as a key technique for the investigation of cognitive
processing.
Although EEG recordings have been available since the early 1930s, the majority
of ERP research did not emerge until the 1960s. Since then, several ERP studies in
humans have identified components that could potentially be related to the active
maintenance of information in working memory. The broadly distributed negative slow
wave (NSW) in particular has been observed across many studies (e.g., Ruchkin et al.,
1990). This component was found to persist during the retention interval of a working
13

memory task (Ruchkin et al., 1990; 1992). Moreover, a larger NSW amplitude was found
to be correlated with better performance on a spatial working memory task (Rosler et al.,
1997). However, it is possible that the NSW partly reflects processes unrelated to
working memory maintenance, such as arousal, effort or the preparation of the behavioral
response. To control for these non-specific processes, Gratton (1998) introduced the
contralateral control method based on the contralateral organization of the visual system.
A working memory task that exemplifies this method involves a subject being presented
with a bilateral display with equal number of items in each visual hemifield. The subject
is asked to remember the items within one of these hemifields only. Presumably, most of
the non-mnemonic processes are equivalent for each hemisphere, and the memory-related
processes can be isolated within the contralateral activity by measuring the difference
between the contralateral and ipsilateral activities with respect to the memorized
hemifield. Klaver et al. (1999) incorporated this method in a working memory task
involving a bilateral display of two polygons, one in each hemifield. Subjects were then
cued to remember one or both items. After memory array onset, a sustained negativity
between the contralateral and ipsilateral activities was observed at posterior electrodes.
Building upon previous results, Vogel and Machizawa (2004) developed a
lateralized visual sequential comparison task, in which subjects were presented with a
bilateral display of colored squares but were required to remember the items in one
hemifield only (Figure 6A). Following a retention interval of one second, a test array that
was either identical to the initial array or differed by one color appeared and the subject
14

A

B

Figure 6. ERPs of the visual sequential comparison task. A Schematic representation of a
trial with four items in the memory array in the lateralized visual sequential comparison
task. Subjects were asked to attend to remember the items in only one hemifield, which
was indicated with an arrow (Vogel and Machizawa, 2004). B ERP waveforms timelocked to the memory array for remember-left and remember-right conditions in the task
illustrated in A. Differential activity between remember-left and remember-right
conditions, defining the contralateral delay activity (CDA) component, was most evident
at posterior electrodes (e.g., P5/P6, PO7/PO8, O1/O2) (McCollough et al., 2007).
15

indicated whether the two arrays were the same or different. As in Klaver et al. (1999), a
sustained negativity was observed at posterior electrodes contralateral to the memorized
hemifield (Figure 6B). This difference between lateralized potentials is defined as the
contralateral delay activity (CDA) and appears to be analogous to the persistent activity
found in single-neuron studies of monkeys as well as the sustained BOLD activity in
fMRI studies of humans. In support of this, it was demonstrated that the CDA amplitude
was highly sensitive to the known limitations of working memory capacity, and
approached an asymptotic limit for memory arrays that met or exceeded capacity (Vogel
and Machizawa, 2004; McCollough et al., 2007; Ikkai et al., 2010) (Figure 7A). Further,
comparisons of the CDA amplitude between correct and incorrect trials revealed that the
amplitude was considerably smaller on incorrect response trials (Figure 7B), suggesting
that the CDA amplitude is predictive of trial outcome and reflective of the maintenance
of successful representations in visual working memory (Vogel and Machizawa, 2004;
McCollough et al., 2007), similar to what was observed in fMRI studies. Moreover, CDA
amplitude was strongly predictive of individual differences in working memory capacity
(Vogel and Machizawa, 2004). These results support the CDA component as a strong
candidate for a neural correlate of working memory in humans.
In an attempt to bridge human ERP research with single-neuron studies in
monkeys, ERP studies have also been conducted in monkeys. These studies have
identified similarities in ERP components between species (see for review Woodman,
2012). More recently, a monkey “homologue” of the human CDA component was
16

A

B

Figure 7. Contralateral delay activity of the visual sequential comparison task. A ERP
difference waves (contralateral minus ipsilateral activity) time-locked to the memory
array for memory arrays of 1 to 4 items in visual sequential comparison task at posterior
electrodes. The CDA is observed approximately 200ms after memory array onset.
Pairwise comparisons revealed significant differences in CDA amplitude between 3 and 4
items (p <0.001) but not between 3 and 4 items (p >0.20) (Vogel and Machizawa, 2004).
B Mean amplitudes for correct and incorrect trials collapsed across array sizes of 2, 4,
and 6. The amplitude for incorrect trials was significantly smaller than that for correct
trials (p <0.01) (McCollough et al., 2007).
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suggested in ERPs recorded at electrodes located over posterior areas of the animal’s
brain (Reinhart et al., 2012). This signal in the monkey was observed during the retention
interval of a memory-guided saccade task similar to the CDA of humans performing the
same task (Figure 8). It was also demonstrated that the mean amplitude of this component
was negatively correlated with the magnitude of saccade landing position, which is a
measure of the spatial precision of the saccade response to the stimulus location (Figure
9). However, it is unclear whether this signal in monkeys is a predictor of trial outcome.
Importantly, the effect of varying memory load has not yet been investigated in monkeys.
Studies

using

the

magnetic

equivalents

of

EEG

and

ERPs,

magnetoencephalogram (MEG) and event-related magnetic field (ERMF) (Figure 4D and
4E), have revealed a sustained posterior contralateral activity that is similar to the CDA
(Robitaille et al., 2009), although this ERMF component is not as strongly correlated with
memory load (Robitaille et al., 2010; Mitchell and Cusack, 2012). As magnetic fields are
less susceptible to distortion by volume conduction of currents than electrical fields,
MEG recordings may provide a higher spatial resolution than EEG-based measures
(Javitt, 2008).

1.3 Basis of Persistent Activity
1.3.1 Neurocomputational Models of Working Memory
The underlying mechanisms responsible for the maintenance of persistent activity have
not yet been elucidated. In an attempt to explain the basis of this activity and the
18
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Monkeys

-10 µV

Time from target onset (ms)

Figure 8. ERPs of humans and monkeys performing the memory-guided saccade task. A
Schematic representation of a memory-guided guided saccade performed by monkeys
and humans, each trial began with subjects holding fixation on a central fixation point. A
target appeared briefly at one of eight possible locations. The disappearance of the
fixation point cued subjects to make a memory-guided saccade to the remembered spatial
location. B Human and monkey ERP waveforms time-locked to the memory-target that
appeared ipsilateral (red) or contralateral (black) relative to the occipital electrodes. The
grey regions highlight the period during which ipsilateral and contralateral waveforms
significantly diverged (Reinhart et al., 2012)
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Monkeys

Endpoint error (degrees)

Humans

Amplitude (µV)

Figure 9. Relationship between ERPs and behavioral performance. Correlations between
the amplitude of differential activity (contralateral minus ipsilateral) and saccadic
endpoint error on the memory-guided saccade task performed by humans and monkeys
(Reinhart et al., 2012).

20

cognitive aspects of working memory tasks, several neurocomputational models have
been developed. One of the main models posits that persistent activity is maintained
through synaptic reverberation, a process whereby active pyramidal neurons in a circuit
selectively excite each other through recurrent connections (see for review Durstewitz et
al., 2000; Wang, 2001). Depending on the input, different and therefore selective patterns
of synaptic connectivity will be sustained. Lateral inhibition provided by interneurons
also plays a key role in shaping the selectivity of persistent activity in addition to the
maintenance of multiple items within a working memory circuit (Edin et al., 2009). It is
proposed that it is within these specific circuits and patterns of activity that certain stimuli
and hypothetically, more complex objects, such as thoughts and goals, are actively held
in working memory.
Persistent activity can be generated from a large neural network that involves
subcortical systems, such the cortex and thalamus, or various cortical areas, such as the
PFC and PPC, which are two areas known to share reciprocal projections (Wang, 2001).
It is also possible for persistent activity to be maintained in a local microcircuit within a
single area such as the PFC. This has recently been explored in a recurrent network
model incorporating cortical disinhibition (Murray et al., 2012).
Other working memory models based on bistable dynamics of single neurons
have been proposed. In these models, neurons are suggested to have two different stable
states, one resting state and one active state. The latter can be sustained independently of
synaptic input, and therefore does not rely on synaptic feedback from other neurons.
21

These models may describe processes required to maintain novel items in working
memory, but may be too sensitive to distractors and noise to keep other representations in
working memory (Durstewitz et al., 2000).

1.3.2 Role of the NMDA Receptor in Working Memory
The N-methyl D-aspartate (NMDA) receptor belongs to a family of ionotropic glutamate
receptors that function as heteromeric tetramers typically composed of two obligatory
NR1 subunits and two NR2 subunits (A, B, C, and D). In addition, NMDA receptors can
co-assemble with NR3 subunits (A and B). The subunit composition determines the
expression of NMDA receptors during development as well as their functional and
biophysical properties (see for review Cull-Candy et al., 2001; Paoletti and Neyton,
2007). In particular, the identity of the NR2 subunit strongly influences the properties of
the NMDA receptor. For example, the decay constant of the NR2D subunit is an order of
magnitude longer than that of the NR2B and NR2C subunits, which themselves are an
order of magnitude longer than the NR2A subunit (see for review Dingledine et al.,
1999). Generally, NMDA receptors are found ubiquitously in the brain and are
characterized by a high affinity for glutamate, high unitary conductance, high calcium
permeability, and a voltage-dependent block by magnesium ions.
Aside from their known roles in excitatory neurotransmission and synaptic
plasticity, neurocomputational models have proposed NMDA receptors to be involved in
generating and stabilizing the recurrent connections underlying working memory circuits
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(Lisman et al., 1998; Wang, 1999; Compte et al., 2000). Two properties of NMDA
receptors are likely to contribute to these processes, one of which is their voltagedependent activation. NMDA receptor channels open upon activation by the binding of
the neurotransmitter glutamate and its co-agonist glycine, in addition to sufficient
depolarization provided by α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptors, of which the latter is required for the removal of the magnesium
block. This voltage-dependent activation is suggested to be important for generating and
sustaining persistent activity in a selective subset of neurons and therefore, maintaining a
particular item representation in working memory (Lisman et al., 1998; Wang, 2001).
Presumably, only neurons that have been activated by the memory item contain NMDA
receptors channels that are relieved of the magnesium block.
An additional key property of NMDA receptors is their slow kinetics; the rise and
decay times for NMDA receptor currents are much slower than those of AMPA receptors
(see for review Dingledine et al., 1999). Accordingly, AMPA receptors provide the rapid
depolarization during synaptic transmission, whereas NMDA receptors determine the
duration of the synaptic current. In working memory circuits, the slow kinetics of NMDA
receptor currents are believed to facilitate the maintenance of reverberatory processes
within a selective group of neurons by controlling their firing rate, which in turn, leads to
dynamic stability and maintenance of persistent activity (Lisman et al., 1998; Wang,
1999; Wang, 2001). Further supporting the hypothetical role of the NMDA receptor in
working memory, Wang et al. (2013) have shown that blocking NMDA receptor activity
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in a small subset of neurons greatly reduces persistent activity in those cells within a
larger network model.
The role of NMDA receptors in working memory has also been investigated in
behavioral studies using pharmacological approaches, many of which involve impairing
the integrity of the receptor with NMDA antagonists such as ketamine. Similar to
phencyclidine (PCP), ketamine is an open channel blocker that requires prior activation
of the receptor (i.e., pore opening) and therefore acts in a voltage-dependent manner.
Both ketamine and PCP discriminate poorly between NMDA receptor subtypes (see for
review Paoletti and Neyton, 2007). Although, it has been reported that when extracellular
magnesium is present at physiological concentrations (1mM), ketamine has some
selectivity for NR2C and NR2D subunits (Kotermanski and Johnson, 2009; see for
review Ogden and Traynelis, 2011). Also compared to PCP, ketamine is much less potent
and therefore safer to administer. At high doses, ketamine is a dissociative anesthetic that
binds to a wide range of receptors in addition to the NMDA receptor, including but not
limited to µ- and σ-opioid receptors (Oye et al., 1991; Hustveit et al., 1995) and
muscarinic receptors (Hustveit et al., 1995). However, ketamine’s affinity for these
receptors compared to its affinity for the NMDA receptor is significantly lower.
Therefore, at sub-anesthetic doses, effects elicited by the binding of ketamine to receptors
other than the NMDA receptor are minimal. Sub-anesthetic doses of ketamine have been
shown to induce positive and negative symptoms and cognitive impairments of
schizophrenia, including working memory deficits in healthy individuals (Krystal et al.,
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1994; Adler et al., 1998), and even exacerbate some symptoms in schizophrenia patients
(Lahti et al., 1995; Malhotra et al., 1997). These effects, particularly the cognitive effects,
are correlated with the distribution of NMDA receptor binding by ketamine in the brain
that includes prefrontal and posterior parietal areas (Hartvig et al., 1995; Holcomb et al.,
2001; Deakin et al., 2008). A similar distribution of ketamine binding has been observed
in the monkey brain (Hartvig, 1994). Acute ketamine produces cognitive impairments
and behaviors reminiscent of the positive and negative symptoms of schizophrenia in
monkeys (Roberts et al., 2010). Detrimental dose- and memory load-dependent effects of
ketamine on working memory task performance have also been demonstrated in the
monkey (Heijselaar, 2011), similar to humans (Lofwall et al., 2006; Morgan et al., 2004).
Taken together, these findings highlight the use of ketamine as a pharmacological probe
for possible dysfunctions of the NMDA receptor underlying schizophrenia.
The large-scale effect of ketamine was recently explored in a study by Anticevic
et al. (2012). In healthy individuals performing a working memory task, there was an
increase in BOLD signal in areas that are preferentially engaged during working memory
(task-positive) that includes the fronto-parietal network, as well as a decrease in BOLD
signal in areas associated with resting conditions (task-negative). This inverse
relationship was disrupted when ketamine was administered, resulting in decreased
activation of task-positive areas and decreased deactivation of task-negative areas during
the retention interval and memory array presentation of the task, in addition to a
reduction in performance. These findings suggest that proper NMDA function as well as
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engagement and suppression of anticorrelated systems in the brain are required for
optimal working memory performance.
The effects of NMDA blockade have also been examined at the single-neuron
level in animal models. In a recent study by Wang et al. (2013), it was demonstrated that
blocking NMDA receptors containing NR2B subunits in the dlPFC of the monkey by
local injection reduced the firing of cells that generate persistent activity. Moreover, a
similar effect concurrent with a deficit in working memory performance on a memoryguided saccade task was observed following systemic ketamine injection (Wang et al.,
2013). These results support the hypothesis that NMDA receptor activity mediates
processes underlying persistent activity, which in turn is related to guiding working
memory behavior.
Additional studies in the monkey have demonstrated that persistent activity of
neurons in cortical motor areas was reduced by local injection of another NMDA receptor
antagonist, D-2-amino-5-phosphonovaleric acid (APV) (Shima and Tanji, 1993; 1998).
Further support of the role of the NMDA receptor in the maintenance of persistent
activity was provided by a study by Seamans et al. (2003). In the rat prelimbic cortex,
upstate (persistent) activity was characterized by an initial excitatory post-synaptic
current (EPSC), followed by a prolonged response that was maintained throughout
depolarization, on which small asynchronous synaptic events overlay. The initial EPSC
was diminished by either NMDA antagonists or non-NMDA antagonists, suggesting that
both receptor types are involved in initiating persistent activity. By contrast, the
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subsequent slower response was reduced or eliminated by NMDA antagonists only.
These results suggest that specifically NMDA receptor activity is required for the
maintenance of persistent activity.
The effects of NMDA blockade in inducing cognitive deficits and other
symptoms of schizophrenia are often attributed to a decrease in neuronal firing. However,
an additional mechanism may contribute to the manifestation of cognitive deficits.
Systemic NMDA antagonists in the rat have been shown to increase neuronal firing of
PFC neurons, specifically disorganized spike activity, which may enhance cortical noise
and transmission of irrelevant information (Jackson et al., 2004). Similarly in monkeys
performing pro- and anti-saccade tasks, ketamine has been demonstrated to increase
firing of PFC neurons, while simultaneously reducing task selectivity in these neurons
(Skoblenick and Everling, 2012). These results suggest NMDA blockade can have
multiple effects on neural activity, depending on which groups of neurons are affected.
For example, antagonism of NMDA activity on inhibitory cells would result in an
increase in activity while antagonism of NMDA activity on excitatory cells would result
in a decrease in activity.
To date, ERP studies investigating the involvement of NMDA receptors
specifically in working memory have been limited. Although, one study has shown a
reduction in the amplitude of a late positive component following ketamine
administration in humans (Ahn et al., 2003), which is consistent with an fMRI study in
which schizophrenia patients exhibited reductions in brain activation during the later
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phases of a working memory task (Driesen et al., 2008). Most ERP studies have instead
focused on identifying components that could be potentially related to the working
memory deficits observed in schizophrenia. Indeed, several studies have reported
evidence of impaired early visual processing in schizophrenia patients that is possibly
reflected in reductions in amplitude of the early ERP components (e.g., Foxe et al., 2001;
Luck et al., 2006; Haenschel et al., 2007; Yeap et al., 2008). However, additional
research on which speciﬁc aspects of working memory might be impaired in
schizophrenia is required.

1.4 Scope of the Study
Thus far, comparable results relating to a neural correlate of working memory have been
obtained from monkey studies and human studies using various measures. Potential
neural correlates in the form of neuronal persistent activity, sustained BOLD activity, and
CDA component have all been identified. However, due to the different spatial and
temporal scales of each method, it is difficult to directly relate the findings between
animal and human studies. To help bridge this gap, ERPs were recorded from a monkey
while it performed several working memory tasks. The monkey study by Reinhart et al.
(2012), in which the animal performed a memory-guided saccade task without a
distractor was used as a precedent. Here, the monkey performed a similar task, in
addition to a memory-guided saccade task with a distractor, which permitted working
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memory related activity to be isolated from visual stimulation activity, and a visual
sequential comparison task in which memory load could be manipulated.
Given the primarily contralateral organization of the visual system, it is
hypothesized that a neural correlate of working memory is reflected in the activity that is
contralaterally-specific to the target stimulus during the retention interval, as was shown
in human ERP studies (Vogel and Machizawa, 2004; Vogel et al., 2005; McCollough et
al., 2007; Ikkai et al., 2010). If this activity is indeed related to working memory
maintenance, it should demonstrate four properties based on the previous human ERP
studies. First, it should reflect the spatial location of the target. Second, it should
correspond to the animal’s performance, in that a difference in polarity and amplitude of
the activity will reflect trial outcome. Third, this activity should scale with memory load.
Fourth, it should be modulated by partial NMDA blockade with a sub-anesthetic dose of
ketamine. More specifically, an increase in positivity is expected following ketamine
administration. This hypothesis is based on studies that have shown working memory
maintenance to be dependent on the integrity of NMDA receptors and previous results of
ketamine in reducing working memory performance in the monkey (Heijselaar, 2011).
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Chapter 2 – Materials and Methods
2.1 Subjects and Apparatus
Data were collected from one female rhesus macaque (Macaca mulatta; 7.5 kg; 14 years
old). All animal care and experimental protocols were approved by the Queen’s
University Animal Care Committee and were in accordance with the Canadian Council
on Animal Care guidelines. In preparation for experiments, the animal underwent surgery
for implantation of a head restraint and subconjunctival search coils for eye position
monitoring. Surgery details have been described elsewhere (see for details Shen and Paré,
2006). Following surgery, the monkey received antibiotics and analgesic medications
until recovery. Subsequently, the animal was trained with operant conditioning and
positive reinforcement to perform fixation and saccade tasks for a liquid reward. Fluid
intake was controlled during training and experimental sessions to ensure the animal’s
motivation. The monkey was housed in large enclosures (Clarence et al., 2006) where
fresh fruit was given daily and unrestricted access to monkey chow was available. The
animal’s health status was closely monitored by the experimenter, animal care staff, and
university veterinarians. Prior to this study, the monkey had participated in other
ketamine studies (Shen et al., 2010; Heijselaar, 2011), and had received a total amount of
11.05 mg of ketamine for both anesthesia and experiment procedures.
Visual displays, behavioral paradigms, and data acquisition were controlled by the
QNX-based Real-Time Experimentation Software (REX) system (Hays et al., 1982)
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operating on a Pentium 4 PC. Visual displays were generated by a display program using
Matlab and the Psychophysics Toolbox (Brainard, 1997) operating on a Power Mac G4
computer and presented on a 37" monitor (NEC MultiSync XP37 plus, 60-Hz noninterlaced, 800x600 resolution, 32-bit color depth) at a viewing distance of 57 cm. Eye
positions were monitored using the magnetic search coil technique (Robinson, 1963).
Field coils placed around the animal generated opposing horizontal and vertical magnetic
fields, which allowed the recording of voltage proportional to the horizontal and vertical
angular eye position generated from the scleral search coil.
The memory-guided saccade task without a distractor (Experiment 1) consisted of
one green (CIE x = 0.290, y = 0.598, L = 7.7 cd/ m2) colored circle, measuring 1º x 1º,
presented at an eccentricity of 10° from a white central fixation point (0.5º x 0.5º, CIE x
= 0.302, y = 0.290, L = 7.6 cd/ m2).
The memory-guided saccade task with a distractor (Experiment 2) consisted of
the same stimuli as in Experiment 1, and an additional grey (CIE x = 0.274, y = 0.253, L
= 7.5 d/ m2) colored circle measuring 1º x 1º, presented at an eccentricity of 10° from the
fixation point.
For the visual sequential comparison task (Experiment 3), the stimulus array
consisted of one, two or four colored squares, each measuring 1.2° x 1.2°, presented at an
eccentricity of 10° from a central fixation point. For set size 1, the stimulus was presented
to the left or right of the central fixation point. For set sizes 2 and 4, an equal number of
stimuli were presented to the left and right of the central fixation point. In one session, set
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size 4 trials were presented most often, and then set size 2, with set size 1 trials presented
the least often. This allowed for an approximately equal portion of correct trials for each
set size based on previous performance of the animal on a similar task. For example, one
session would consist of approximately 235 set size 1 trials, 295 set size 2 trials, and 470
set size 4 trials for a total of 1000 trials. For each trial, colors for the stimuli were chosen
at random from a set of six highly discriminable colors: red (CIE x = 0.633, y = 0.326, L
= 7.5 cd/m2), green (CIE x = 0.291, y = 0.597, L = 7.6 cd/ m2), blue (CIE x = 0.155, y =
0.062, L = 7.7 cd/ m2), magenta (CIE x = 0.362, y = 0.178, L = 7.5 cd/ m2), yellow (CIE
x = 0.439, y = 0.481, L = 7.5 cd/ m2), or cyan (CIE x = 0.229, y = 0.353, L = 7.4 d/ m2).
In a given display, each color could appear only once. Luminance and chromaticity were
measured using a Minolta CA100-Plus photometer.

2.2 Behavioral Paradigms
The monkey performed three working memory tasks. The first was a memoryguided saccade task without a distractor (Experiment 1) (Figure 10A). Each trial began
with the appearance of a central white fixation point that the animal was required to look
at within 1000 ms of its appearance and maintain fixation on it for 500-800 ms.
Subsequently, a green circular target appeared for 500 ms at one of two possible
locations: left or right to the fixation point, during which the animal was required to
maintain fixation on the fixation point. The target stimulus was then removed for 1000
ms (retention interval) while the animal continued to fixate on the fixation point. Finally,
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Figure 10. Schematic representation of the memory-guided saccade task A without a
distractor (Experiment 1) and B with a distractor (Experiment 2). The green and grey
circles represent the target and distractor, respectively. Dotted circle and arrow represent
eye position and saccade response, respectively.
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the fixation point dimmed (L=1.37 cd/ m2) and the animal was required to initiate a single
saccade to the remembered location of the target within 1 second.
The animal then performed a memory-guided saccade task with a distractor
(Experiment 2), which was identical to Experiment 1, with the addition of a grey circular
distractor that was presented diametrically opposite of the green target (Figure 10B). The
distractor was used to distinguish working memory related activity from bilateral sensory
responses that are unrelated to working memory, as was demonstrated in human ERP
studies (Vogel and Machizawa, 2004; Reinhart et al., 2012).
The third task the monkey performed was a visual sequential comparison task
(Experiment 3) (Figure 11). Similar to Experiments 1 and 2, each trial began with the
appearance of a central white fixation point that the animal was required to look at within
1000 ms of its appearance and maintain fixation on it for 500-800 ms. Subsequently, a
memory array composed of a determined set of one, two, or four stimuli was presented
for 500 ms during which the animal was required to maintain fixation on the fixation
point. The memory array was then removed for 1000 ms (retention interval) while the
animal continued to fixate on the fixation point. Finally, a test array appeared consisting
of the original display but with one stimulus a changed to a different color and the
fixation point dimmed. Within 1 second following the display of the test array, the
monkey was required to initiate a single saccade to the stimulus that had changed (target
stimulus). The animal was rewarded for correctly performed trials. No reward was given
for incorrectly performed trials.
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Figure 11. Schematic representation of the visual sequential comparison task
(Experiment 3) for A set size 1 B set size 2 and C set size 4. Dotted circle and arrow
represent eye position and saccade response, respectively.
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All trials in the tasks were performed in complete darkness, except for the
relevant visual stimuli. Between trials the screen was illuminated with diffuse white light
for 1000-1500 ms to prevent dark adaptation.

2.3 Experimental Procedures
Before experiments were conducted and data collected, the animal was trained to
perform well above chance level in the tasks described above (Experiments 1 and 2: 12
training sessions; Experiment 3: 17 training sessions). The animal performed one session
per day. For Experiments 1 and 2, each experimental session consisted of 800-1100 trials.
For Experiment 3, each experimental session was composed of a control block of trials,
during which baseline performance was assessed, followed by a treatment block, each
consisting of 400-800 trials. Between the control block and the treatment block, the
animal received an intramuscular injection of ketamine (Ketaset; 0.75 mg/kg diluted to
0.3 ml with saline), 0.3 ml of saline solution (0.9% sodium chloride) as a vehicle control,
or no injection. Although ketamine is commonly used as dissociative anesthetic, it has
been reported that doses <1.0 mg/kg reliably affect saccade latency and metrics without
seriously affecting overall behavior (Roberts et al., 2010; Shen et al., 2010).

2.4 EEG Recordings
Four electrodes for chronic EEG recordings were implanted in the skull of the
monkey during surgery. Gold pin electrodes were inserted into approximately 1 mm deep
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holes drilled into both hemispheres of skull at stereotaxic coordinates (P6, L20) and (P20,
L8). The inferior parietal electrodes (P6, L20), referred to as PL/PR, were positioned
above the inferior parietal gyrus, which contains area 7a. Their lateral positions were
approximately at the midpoint between the intraparietal sulcus and the lateral
fissure/superior temporal sulcus. Their anterior-posterior positions corresponded
approximately to the middle of the anterior-posterior extent of area LIP within the
intraparietal sulcus (Lewis and Van Essen, 2000; scalablebrainatlas.incf.org). The dorsal
occipital electrodes (P20, L8), referred to as OL/OR, were positioned approximately
above the lunate sulcus, which separates the posterior surface of the occipital lobe and the
prelunate gyrus. At their lateral positions, the lunate sulcus contains prestriate areas: area
V2 within its posterior bank and lip as well as area V3 within its anterior bank; the lunate
gyrus contains area DP (Figure 12). Electrodes were placed in these positions as previous
studies have observed the ERP index of maintenance of working memory over posterior
areas of the cortex (Vogel and Machizawa, 2004; Vogel et al., 2005; Reinhart et al.,
2012). Electrodes were not placed over the primary visual cortex (V1), for example, as
this area is mainly responsible for processing of visual stimuli. ERPs from electrode PR
were not consistent with those from other electrodes and therefore are not included in this
report.
Receiving ends for the implanted electrodes were connected to a PLEXON
multichannel data acquisition system (Plexon Inc., Dallas, TX), via a preamplifier
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Figure 12. Electrode positions. Top insets: lateral views of the macaque monkey brain.
Red circles indicate approximate areas where electrodes were implanted and blue lines
indicate the location of the slice shown in the bottom insets. Bottom insets: black dots
indicate approximate areas where electrodes were implanted. DP: dorsal prelunate gyrus
(Lewis and Van Essen, 2000; www.scalablebrainatlas.incf.org).
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(PBX2/32sp/32fp300) with a band pass filter of 0.7-300 Hz and 1000x gain, through
connector cables with a head-stage adapter for the four electrodes. Similar to most human
ERP recordings, a linked ear reference was implemented (Sander et al., 2009), in which a
Grass ear clip electrode (Natus Neurology Inc., Warwick, RI) with Grass EC2 cream as
conductive agent was clipped only to the animal’s right ear. For this reason, the study
will focus mainly on ERPs recorded from the left electrodes OL and PL. EEG signals
were digitized at 1000 Hz and were monitored online using Sort-Client software (Plexon
Inc.) on a PC operating Windows XP. The system was also used to store trial events.
Data from each recording session were analyzed offline with custom-designed Matlab
(The Mathworks Inc., Natick, MA) programs.

2.5 Data Analysis
2.5.1 Behavior
A custom-written computer program using Matlab automatically identified saccade
onsets when horizontal eye velocity first exceeded 20 degrees/s following stimulus
presentation. A correctly performed trial in Experiments 1 and 2 was identified as a
saccade to the location of the target stimulus. There were no error trials in Experiment 1
as there was only one stimulus presented. An error trial in Experiment 2 was identified as
a saccade to the location of the grey distractor. For Experiment 3, a correct trial was
identified as a saccade to the changed stimulus and an incorrect response trial was
identified as a saccade to an unchanged stimulus. All saccades were visually inspected
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and corrected where necessary to re-establish any erroneously identified trials. Trials with
saccadic reaction times longer than 1000 ms were identified as omissions. Trials with
saccadic reaction times shorter than 80 ms (ascribed to as retention breaks) were
excluded from the analysis. Trials with broken fixation at any point during the task were
also excluded.
To assess working memory performance, response accuracy (the probability that
the saccade response landed on target) and response latency (the time between the onset
of the test array and the initiation of the saccade response) were calculated for each
experimental session before and after treatment. Both response latency and response
accuracy were pooled within each condition (control, saline, or ketamine). Control data
were pooled together from no injection sessions, control sessions for ketamine and
control sessions for saline. Response accuracy was consistent across all control sessions;
pair-wise χ2 tests on the ensemble of trials in these sessions revealed no statistically
significant difference. Pair-wise Kolmogorov-Smirnov tests were run to assess the
variability in response latency between control sessions. The median response latency
ranged within approximately 27% (174 – 221 ms), which may reflect the natural day-today variability in this measure that is also expected in treatment sessions independently
of the treatment effects.
The effect of ketamine performance was quantified after identifying the interval
during which response latency in the treatment sessions was significantly longer than that
in control. To accomplish this, the mean response latency during 1-min bins in treatment
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was calculated. The mean value of each bin was then plotted against its mean time, and a
rank-sum test compared the response latency of each bin to that of control. The analysis
interval was determined as the time during which latency was significantly longer (ranksum test, p <0.05) than that of control sessions. This approach presented a trade-off
between the effect of ketamine and the number of trials collected during the analysis
interval due to the time-limited effects of ketamine.

2.5.2 ERP Analysis
In the offline analysis, the ERP signal in the window of interest was zero-phased
filtered using a third order, low-pass Butterworth filter with a cutoff frequency of 30 Hz.
All trials were visually inspected to eliminate artifacts; trials with a potential exceeding
±15 μV during the analysis window were automatically excluded.
Trials in which target stimulus was presented on the left or right were averaged
separately depending on their location relative to the specified electrode. For example,
waveforms recorded at electrode OL were classified as contralateral ERPs if the target
was presented on the right visual hemifield. For the same electrode, ERPs were classified
as ipsilateral ERPs if the target was presented on the left visual hemifield. All ERP data
are reported as the mean ± standard error of the mean after subtraction of the baseline
window, which is defined as the 200 ms epoch immediately prior to memory array onset.
Two sample t-tests were performed at every millisecond throughout the trial to
compare mean voltages of contralateral and ipsilateral ERPs, ERPs of different trial types
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(i.e., correct and error), and ERPs of different treatments (i.e., control and ketamine).
Mean amplitude was calculated by first averaging all the voltages during the epochs of
interest in each trial and then taking the mean value (and standard error across trials) of
these averages. Mean amplitudes were then compared using two sample t-tests.
Within ERPs of a single treatment (i.e., control or ketamine) one-way ANOVAs
were performed to examine differences of mean voltages between set sizes at every
millisecond throughout the trial. Mean amplitude was calculated by first averaging all the
voltages during the epochs of interest in each trial and then taking the mean value (and
standard error across trials) of these averages. Mean amplitudes were then compared
using one-way ANOVAs and subsequent post-hoc comparisons.
Averaged ERP waveforms consisted of multiple components that were analyzed.
P100 was defined as the peak (±10 ms) of the largest positive wave in the time window
between 50-150 ms after memory array onset, and N200 was defined as the peak (±10
ms) of the largest negative wave in the time window between 150-250 ms after memory
array onset. The larger components P300 and R300 were defined in the time window
between 300-500 ms after memory array onset and 300-700 ms after retention interval
onset, respectively.
For the analyses comparing P100, N200, P300 and R300 between control ERPs
and ketamine ERPs, the mean amplitude at the specified time window was calculated for
each treatment and set size and were compared using two-way ANOVAs with set size (1,
2, and 4) and treatment (control and ketamine) as factors. Post-hoc comparisons consisted
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of one-tail two-sample t-tests. Significance levels of p <0.05 were used for all statistical
analyses.
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Chapter 3 – Results
ERPs were recorded from a monkey performing several working memory tasks. The first
was a memory-guided saccade task without a distractor (Experiment 1), a task that has
been previously used in single-neuron recording studies (e.g., Funahashi et al., 1989;
Chafee and Goldman-Rakic, 2000; Wang et al., 2013) and a monkey ERP study (Reinhart
et al., 2012). A further step was taken, in which the monkey performed a second
memory-guided saccade task, but with a distractor (Experiment 2). This task allowed for
an electrophysiological correlate of visual working memory within the contralateral
activity to be established, as previously demonstrated in human ERP studies (Vogel and
Machizawa, 2004; Vogel et al., 2005; McCollough et al., 2007; Ikkai et al., 2010). Lastly,
the monkey performed a visual sequential comparison task (Experiment 3) that permitted
the manipulation of memory load. In addition, the effect of NMDA receptor blockade by
ketamine was examined in this task.
The animal was run on the three tasks consecutively. Data from Experiments 1
and 2 were collected from 8 sessions (6022 trials) and 7 sessions (5450 trials),
respectively. Data from Experiment 3 were collected from 17 control sessions (21,100
trials), 3 saline sessions (1983 trials), and 4 ketamine sessions (2084 trials).
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3.1 Behavior
3.1.1 Performance on the Memory-Guided Saccade Tasks
The proportion of correct trials in Experiment 1 and 2 averaged 0.98 and 0.77,
respectively. The imperfect performance in Experiment 2 indicates that the distractor was
not completely ignored by the animal, which suggests that memory processes were
present to some extent in the ipsilateral activity.

3.1.2 Control Performance on the Visual Sequential Comparison Task
The proportion of correct trials across all control sessions was pooled and plotted
for each set size in Figure 13A. Proportion correct averaged 1.00, 0.83, and 0.54 for set
sizes 1, 2 and 4, respectively. Following saline injection, proportion correct averaged
1.00, 0.87, and 0.56 for set sizes 1, 2 and 4, respectively. No significant difference in
response accuracy within each set size was found between saline and control (χ2 test,
p>0.14). Response accuracy significantly decreased with increasing set size across all
control sessions and across all saline sessions (χ2 test for trends, p<0.05). These results
are consistent with those obtained for the same animal performing a similar task in
previous studies (Heijselaar, 2011; Oemisch, 2012).
The response latency distributions for correct and incorrect trials are shown in
Figure 15 and the values are shown in Table 1. To assess differences in response latencies
between correct and error trials, a two-way ANOVA, with set size (2 and 4)
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Figure 13. Behavioral performance on the visual sequential comparison task. A Mean proportion of correct trials (±95% CI) for each
treatment and set size within the analysis interval. B Percent change in accuracy following ketamine injection compared to saline.
Asterisks represent a significant difference from saline (p<0.05, χ2 test or Fisher’s exact test).
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Figure 14. Proportion of error and omission trials (±95% CI) for each treatment and set size. Asterisks represent a significant
difference from saline (p<0.05, χ2 test or Fisher’s exact test).
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Figure 15. Cumulative latency distribution of correct and error responses. The average response latencies for correct trials were 230
ms, 227 ms, and 183 ms for set sizes 1, 2, and 4, respectively. The average response latencies for error trials were 252 ms and 199 ms
for set sizes 2 and 4, respectively.

Set size 1

Set size 2

Set size 4

Correct

230

227

183

Error

--

252

199

Table 1. Average response latencies for correct and error trials. on the visual sequential
comparison task (Experiment 3). All values are in ms.
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and trial outcome (correct and error) as factors was conducted. Response latencies for set
size 1 trials were not included as there were no incorrect responses. The average latency
of correct set size 1 trials was similar to that of correct set size 2 trials (230 vs. 227 ms).
There were significant main effects for set size and trial outcome (p<0.05), but no
significant interaction was found (p=0.17). Post-hoc comparisons indicated that response
latency was significantly longer on error trials for both set sizes (average latency: 221 vs.
204 ms, p<0.05). These results are consistent with those reported in previous studies for
the same animal, again indicating that errors made by the monkey were not simply
random responses, rather, they were educated guesses made on the basis of mnemonic
processes (Heyselaar, 2011; Oemisch, 2012).

3.1.3 Effect of Ketamine on Performance on the Visual Sequential
Comparison Task
The behavioral effects of ketamine on response latency were rapid but time-limited,
similar to those obtained in previous monkey studies (Condy et al., 2005; Shen et al.,
2010; Heijselaar, 2011; Skoblenick and Everling, 2012). Figure 16 illustrates the time
course effect of ketamine on response latency each minute following injection. Response
latency lengthened significantly from that of control starting 2 minutes post-injection
(p<0.05, rank-sum test), reaching a peak increase of 133% from the mean of all control
sessions (502 vs. 214 ms) within 9 minutes. From the peak, response latency gradually
decreased to near control values approximately 45 minutes after injection. No significant
effect on response latency was observed following saline injection compared to control.
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Figure 16. Mean response latency after ketamine injection. The grey shaded area
indicates the time interval during which there was a significant increase in response
latency from control (2 to 41 minutes) (p<0.05, rank-sum test). This interval was used for
all ketamine analyses. Black dotted line represents the mean response latency of control
sessions.
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The mean response latency following saline injection was similar to that of control (210
vs. 214 ms).
To quantify the behavioral effects of ketamine, the time interval during which
response latency following ketamine injection was significantly longer (rank-sum test, p
<0.05) from that of all control sessions was determined. This interval lasted from 2 to 41
minutes; a similar analysis interval was obtained when compared to saline sessions (2 to
46 minutes). During this time, response accuracy within each set size significantly
decreased relative to saline sessions (χ2 test, p<0.05). Response accuracy also declined
with increasing set size following ketamine injection (χ2 test for trends, p<0.05). Figure
13A shows the proportion of correct responses for each condition and set size. Following
ketamine injection, proportion correct averaged 0.92, 0.78, and 0.45 for set sizes 1, 2, and
4, respectively. Figure 13B shows the same data as percent change.
In addition to errors (saccades to an unchanged stimulus), the animal also
demonstrated omissions (failure to make any saccade during the presentation of the test
array). Figure 14 shows the contribution of errors and omissions to response accuracy.
Similar to a previous ketamine study by Heijselaar (2011), omission occurred almost
exclusively following ketamine injection, possibly reflecting a detrimental effect of
ketamine on the comparison process. This suggests ketamine is not specific for working
memory maintenance processes as it also affects visual and saccade processing and/or the
ability of the monkey to make a saccade. Moreover, omissions did not result from the
animal having insufficient time to respond. The 90th percentile of response latency during
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ketamine sessions (325 ms) was much less than the 1000 ms the monkey was given to
respond. As a measure of working memory performance, the proportion of omissions
within the analysis interval was calculated for all treatments. The animal made
significantly more omissions within each set size following ketamine injection compared
to that of saline (χ2 test, p<0.0001). No significant difference in the proportion of
omissions was observed following saline injection compared to control within each
set size (Fisher’s exact test, p>0.20). Furthermore, the proportion of errors within each
set size following ketamine injection was not significantly different from that of saline (χ2
test, p>0.49), indicating that the decrease in response accuracy following ketamine
injection is predominantly due to the increase in omissions.

3.2 ERPs
3.2.1 Contralateral and Ipsilateral ERPs
Differences in ERPs recorded at each electrode were observed depending on whether the
target stimulus was presented on the contralateral or ipsilateral hemifield relative to the
location of the electrode. These differences are attributable to the contralateral
organization of the visual system, in which information from each visual hemifield is
processed by the contralateral hemisphere of the brain. The following is a description of
ERPs associated with correct trials recorded from electrode OL. For Experiment 1 trials
in which the stimulus was presented contralateral, ERPs exhibited a positive wave during
memory array presentation, which slowly diminished during the retention interval (Figure
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17A). If the stimulus was presented ipsilateral, a delayed and less positive wave was
observed during memory array presentation. Conversely, a more positive wave was found
150-550 ms within the retention interval, after which ipsilateral ERPs diverged from
contralateral ERPs, possibly reflecting saccade processes to the ipsilateral hemifield. To
contrast contralateral and ipsilateral ERPs, a difference wave was constructed by
subtracting the ipsilateral activity from the contralateral activity, which revealed a
sustained difference between contralateral and ipsilateral potentials (top of panel). This
activity lasted 150-550 ms after retention interval onset and took the form of a
contralateral negativity. It was also found between lateralized ERPs of set size 1 trials of
Experiment 3 (Figure 17B). This was expected since the visual stimulation is nearly
identical between the two tasks.
To ensure the contralateral activity was specific to the memorized stimulus, the
animal performed a memory-guided saccade task with a distractor (Experiment 2). The
purpose of the distractor was to allow working memory related activity to be isolated
from visual stimulation activity, as was done in human ERP studies. However,
considering the monkey’s imperfect performance in Experiment 2, it is likely that both
the target and distractor were being remembered, suggesting that the contralateral activity
as well as the ipsilateral activity contain mnemonic processes.
As stimuli were presented bilaterally in Experiment 2, differences between
contralateral and ipsilateral ERPs were observed only after memory array presentation
(Figure 17C). These lateralized potentials were similar to those of set size 2 (Figure 17D)
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Figure 17. Contralateral and ipsilateral ERPs recorded from electrode OL. Average contralateral and ipsilateral waveforms recorded
during correct trials of A Experiment 1, B Experiment 3 (set size 1), C Experiment 2, and D Experiment 3 (set size 2). The difference
waves plotted above contrasts the difference between contralateral and ipsilateral activity. Blue circles indicate a significant difference
between contralateral and ipsilateral ERPs at each millisecond (two sample t-test, p <0.05)
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Figure 18. ERPs for set size 4 trials recorded from electrode OL. A Average contralateral and ipsilateral waveforms for correct trials.
B Correct and error ERPs for trials in which the target stimulus was presented contralateral to electrode OL. C Correct and error ERPs
for trials in which the target stimulus was presented ipsilateral relative to electrode OL. Difference waves are plotted above in black,
blue circles indicate a significant difference between waveforms at each millisecond (two-sample t-test, p<0.05).

A
Electrode OL

Experiment 1

Experiment 3
(Set size 1)

Experiment 2

Experiment 3
(Set size 2)

Experiment 3
(Set size 4)

Contralateral

0.47 ± 0.04

0.08 ± 0.04

0.25 ± 0.06

-0.02 ± 0.04

-0.13 ± 0.04

Ipsilateral

0.61 ± 0.04*

0.33 ± 0.04*

0.62 ± 0.06*

0.51 ± 0.04*

0.21 ± 0.04*

Electrode PL

Experiment 1

Experiment 3
(Set size 1)

Experiment 2

Experiment 3
(Set size 2)

Experiment 3
(Set size 4)

Contralateral

0.38 ± 0.05

0.36 ± 0.04

0.21 ± 0.06

0.32 ± 0.04

0.48 ± 0.04

Ipsilateral

0.74 ± 0.04*

0.66 ± 0.04*

0.67 ± 0.06*

0.87 ± 0.04*

0.89 ± 0.04*

B

57

Table 2. Mean amplitudes (±S.E.M.) at R300 (300-700 ms after retention interval onset) of contralateral and ipsilateral recorded from
A electrode OL and B electrode PL. All reported values are in microvolts (μV). Asterisks indicate a significant difference from
contralateral ERPs in the same Experiment (two-sample t-test, p<0.05).

and set size 4 (Figure 18A) of Experiment 3, verifying that the latency of the sustained
negativity, which is shown in the difference waves, begins ~150 ms after retention
interval onset. To compare contralateral and ipsilateral ERPs, the mean amplitudes at the
R300 component (300-700 ms after retention interval onset) were calculated (Table 1A).
The R300 component was chosen as significant differences between contralateral and
ipsilateral waveforms were found during this epoch. Further, these ERPs can be directly
compared to ERPs described in the following sections of this study using this epoch.
Overall, contralateral ERPs show a less positive R300 component compared to ipsilateral
ERPs.
ERPs also displayed a positive-going deflection from 100-300 ms after memory
array onset was observed. This transient component is likely driven by the onset of the
memory array (Woodman, 2010) and is most evident in ERPs of Experiment 3. An
additional transient component is observed corresponding to the offset of the memory
array (100-200 ms after retention interval onset).
Unlike ERPs from electrode OL, those from electrode PL displayed distinct
sensory components. In Experiment 1, contralateral ERPs exhibited a very distinct P100
component (Figure 19A). This component likely reflects early visual processes as it has
been shown to be sensitive to a variety of stimulus parameters. Also observed was a
N200 component, which is believed to reflect spatial attention-related processes (Luck,
2005). The visually-driven P100 and N200 components were not as evident in ipsilateral
ERPs as expected, given the primarily contralateral organization of the visual system.
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Figure 19. Contralateral and ipsilateral ERPs recorded from electrode PL. Average contralateral and ipsilateral waveforms recorded
during correct trials of A Experiment 1, B Experiment 3 (set size 1), C Experiment 2, and D Experiment 3 (set size 2). The difference
waves plotted above contrasts the difference between contralateral and ipsilateral activity. Blue circles indicate a significant difference
between contralateral and ipsilateral ERPs at each millisecond (two sample t-test, p <0.05).

The difference wave contrasts contralateral and ipsilateral ERPs during memory array
presentation that were also observed in set size 1 trials of Experiment 3 (Figure 19B).
Similar to ERPs from electrode OL, differences between contralateral and
ipsilateral potentials of Experiment 2 (Figure 19C) and set size 2 (Figure 19D) and set
size 4 (Figure 20A) trials of Experiment 3 occurred primarily after memory array
presentation. Also illustrated in the difference waves is the sustained negativity, which
persisted 200-650 ms after retention interval onset. To compare contralateral and
ipsilateral ERPs, the mean amplitudes at R300 were calculated. Table 1B shows these
values for each Experiment. Similar to ERPs from electrode OL, contralateral ERPs
showed a less positive R300 component compared to ipsilateral ERPs.
These findings suggest that encoding processes of visual stimuli are manifested in
ERP components during memory array presentation, whereas a neural correlate of visual
working memory that is specific to the representations that are being held in working
memory may be reflected within the contralateral activity during the retention interval.

3.2.2 Correct and Error ERPs
The prediction that the maintenance of successful representations in working memory is
indexed by the activity was tested by examining ERPs associated with correct trials and
those of error trials. As shown in human ERP studies (Vogel and Machizawa, 2004), a
difference in the polarity and amplitude of the activity reflecting trial outcome during the
retention interval was expected.
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Figure 20. ERPs for set size 4 trials recorded from electrode PL. A Average contralateral and ipsilateral waveforms for correct trials.
B Correct and error ERPs for trials in which the target stimulus was presented contralateral to electrode PL. C Correct and error ERPs
for trials in which the target stimulus was presented ipsilateral relative to electrode PL. Difference waves are plotted above in black,
blue circles indicate a significant difference between waveforms at each millisecond (two-sample t-test, p<0.05).
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Figure 21. Correct and error ERPs recorded from electrode OL. Average waveforms for trials in which the target stimulus was
presented contralateral relative to electrode OL in A Experiment 2 and B Experiment 3 (set size 2). Correct and error ERPs of trials in
which the target stimulus was presented ipsilateral relative to electrode OL in A Experiment 2 and B Experiment 3 (set size).
Difference waves are plotted above in black, blue circles indicate a significant difference between waveforms at each millisecond
(two-sample t-test, p<0.05).

For trials in which the target was presented contralateral to electrode OL,
differences between ERPs for correct trials and those of error trials were observed about
250-800 ms after retention interval onset, during which error trial ERPs exhibited a more
positive component. Figures 21A and 21B illustrate these differences in Experiment 2
and set size 2 trials of Experiment 3, respectively. For set size 4, errors could be made to
the contralateral or ipsilateral hemifield relative to the location of the electrode. To
compare directly to the error ERPs of Experiment 2 and set size 2, only ERPs for trials in
which the error was made to the opposite hemifield of the target stimulus were included.
For example, if the target was presented contralateral to electrode OL, only ERPs for
errors to the ipsilateral hemifield were examined. Figure 18B illustrates the differences
between correct and error ERPs of set size 4, which are similar to those of Experiment 2
and set size 2. To compare correct and error ERPs, the mean amplitudes at R300 were
calculated (Table 2A). Overall, correct trial ERPs exhibited a less positive R300
component compared to error trial ERPs.
For trials in which the target stimulus was presented ipsilateral, differences
between ERPs for correct trials and those of error trials emerged 150-550 ms after
retention interval onset, during which error trial ERPs exhibited a less positive
component. Figures 19C and 19D illustrate these differences in ERPs in Experiment 2
and set size 2 trials of Experiment 3, respectively. Similar differences were observed in
ERPs for set size 4 trials in Experiment 3 (Figure 20B). The mean amplitudes of R300
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Figure 22. Correct and error ERPs recorded from electrode PL. Average waveforms for trials in which the target stimulus was
presented contralateral relative to OL in A Experiment 2 and B Experiment 3 (set size 2). Correct and error ERPs of trials in which the
target stimulus was presented ipsilateral relative to electrode OL in A Experiment 2 and B Experiment 3 (set size 2). Difference waves
are plotted above in black, blue circles indicate a significant difference between waveforms at each millisecond (two-sample t-test,
p<0.05).

A
Electrode OL

Experiment 2

Experiment 3
(Set size 2)

Experiment 3
(Set size 4)

Correct (Contralateral)

0.25 ± 0.06

-0.02 ± 0.04

-0.13 ± 0.04

Error (Contralateral)

0.90 ± 0.08*

0.70 ± 0.11*

0.25 ± 0.05*

Correct (Ipsilateral)

0.62 ± 0.06

0.51 ± 0.04

0.21 ± 0.04

Error (Ipsilateral)

0.53 ± 0.09

0.31 ± 0.09*

0.22 ± 0.04

Experiment 2

Experiment 3
(Set size 2)

Experiment 3
(Set size 4)

Correct (Contralateral)

0.21 ± 0.06

0.32 ± 0.04

0.48 ± 0.04

Error (Contralateral)

0.99 ± 0.09*

0.88 ± 0.11*

0.93 ± 0.05*

Correct (Ipsilateral)

0.67 ± 0.06

0.87 ± 0.04

0.89 ± 0.04

Error (Ipsilateral)

0.56 ± 0.10

0.64 ± 0.09*

0.87 ± 0.04

B
Electrode PL
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Table 3. Mean amplitudes (±S.E.M.) at R300 (300-700 ms after retention interval onset) of contralateral correct and error ERPs, and
ipsilateral correct and error ERPs recorded from A electrode OL and B electrode PL. All reported values are in microvolts (μV).
Asterisks indicate a significant difference from corresponding correct ERPs in the same Experiment (two-sample t-test, p<0.05).

were calculated to compare correct trial and error trial ERPs. These values are shown in
Table 2A for each Experiment. Qualitatively similar observations were made from
electrode PL (Figure 22 and Figures 20B-C). Table 2B shows the mean amplitudes at
R300 of correct trial and error trial ERPs for each Experiment. Overall, for trials in which
the target was presented contralateral to electrodes OL and PL, correct trial ERPs
exhibited a less positive R300 component compared to error trial ERPs.
These results suggest activity during the retention interval is predictive of trial
outcome. For trials in which the target stimulus is presented contralateral to the electrode,
a more positive component of the contralateral activity during the retention interval is
predictive of an error to the ipsilateral hemifield. Conversely, if the target stimulus is
presented ipsilateral, a less positive component of the ipsilateral activity is predictive of
an error to the contralateral hemifield.

3.2.3 Set Size Effect
Next, the effect of varying memory load on ERPs was investigated, with the prediction
that ERP activity during the retention interval would become increasingly negative as
memory load increased, as demonstrated in humans (Vogel and Machizawa, 2004).
Contralateral ERPs recorded from electrodes OL and OR exhibited significant set
size effects during the retention interval (one-way ANOVA, p<0.05) (Figures 23A and
23B). To compare the magnitude of activity across set sizes, the mean amplitude at R300
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Figure 23. Set size effect of contralateral ERPs. Average waveforms recorded from electrodes A OL, B OR, and C PL. Orange and
blue triangles indicate significant decreasing (set size 4 to 1) and increasing (set size 1 to 4) set sizes at each millisecond, respectively
(one-way ANOVA, p<0.05). The shaded light blue area highlights the P300 (300-500 ms after memory array onset) and R300
components (300-700 ms after retention interval onset), during which significant set size effects in mean amplitude were found (oneway ANOVA, p<0.05).

was quantified for each set size. There was a significant difference between set sizes
(one-way ANOVA, p<0.05) and post-hoc comparisons revealed significant differences in
amplitude between all set sizes (all p’s <0.05); the amplitude was the least positive for set
size 4 and the most positive for set size 1 (Figures 23A and 24A). Similar results were
obtained at R300 from electrode OR; there was a significant difference between set sizes
(one-way ANOVA, p<0.05) and post-hoc comparisons revealed significant differences in
amplitude between all set sizes (all p’s <0.05) (Figures 23B and 24B). Again, the
amplitude was least positive for set size 4 and most positive for set size 1. These findings
indicate that the amplitude of the contralateral activity during the retention interval is
sensitive to the number of item representations that are being held in visual working
memory.
Additional set size effects were observed, namely, at the P100 and P300
components. In contralateral ERPs from electrode OL, the amplitude of P100 was most
positive for set size 4 and least positive for set size 1. There was a significant difference
between set sizes at the P100 component (one-way ANOVA, p<0.05) and post-hoc
comparisons revealed significant differences in amplitude between all set sizes (all p’s
<0.05) (Figure 23A and 23B).
At electrode OR, there was a significant difference between set sizes at P100
(one-way ANOVA, p<0.05) and post-hoc comparisons revealed significant differences in
amplitude between set sizes 1 and 2 and set sizes 1 and 4 (p <0.05) but not between sizes
2 and 4 (p=0.18). Conversely, the P300 component was most positive for set size 1 and
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least for set size 4. There was a significant difference at P300 between set sizes (one-way
ANOVA, p<0.05) and post-hoc comparisons revealed significant differences in
amplitude between all set sizes (all p’s <0.05) at both electrodes OL and OR.
At electrode PL, P100 was most positive for set sizes 1 and 2 and least positive
for set size 4. There was a significant difference between set sizes (one-way ANOVA,
p<0.05) and post-hoc comparisons revealed significant differences in amplitude between
set sizes 1 and 4 and set sizes 2 and 4 (p<0.05) but not between set sizes 1 and 2
(p=0.38). Similarly at P300, there was a significant difference between set sizes (one-way
ANOVA, p<0.05) and post-hoc comparisons revealed significant differences in
amplitude between set sizes 1 and 4 and set sizes 2 and 4 (p<0.05) but not between set
sizes 1 and 2 (p=0.12).
At electrode PL, no increasing or decreasing set size effect was found at N200,
but there was a difference in amplitude between set sizes. Analyses showed a significant
difference between set sizes (one-way ANOVA, p<0.05) and post hoc comparisons
revealed significant differences in amplitude between all set sizes (all p’s <0.05); the
amplitude was most negative at set size 2 and least negative for set size 4.
These set size effects further support that ERP components observed during
memory array presentation are influenced by sensory factors and perhaps reflect
encoding processes.
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Figure 24. Set size effect at R300. Mean amplitude (±S.E.M.) at R300 recorded at A
electrode OL and B electrode OR during all control sessions. Significant differences
between set sizes were found at both electrodes (one-way ANOVA, p<0.05). Asterisks
indicate significant differences between set sizes (p<0.05, post-hoc comparisons).
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3.2.4 Effect of Ketamine
Lastly, the effect of partial NMDA receptor blockade by ketamine on ERPs was
investigated. As working memory maintenance has been proposed to be dependent on
NMDA receptor activation, it is predicted that ketamine will produce a more positive
amplitude of the contralateral activity during the retention interval towards error ERPs.
The effect of ketamine was investigated solely on contralateral ERPs as these ERPs
demonstrated several properties of a neural correlate of working memory: they were
shown to be sensitive to the spatial location of the target, the number of items to be
remembered, and predictive of trial outcome.
To determine the effect of ketamine on neural activity, only ERPs collected
within the analysis interval (2 to 41 minutes after injection) of each ketamine session
were included in the analysis. This method ensured for a considerable amount of trials to
be examined, whilst capturing the maximal effect of ketamine.
Following ketamine injection, modulations in ERPs associated with correct trials
were observed relative to control (Figures 25-27). Contralateral ERPs exhibited a more
positive R300 component after ketamine injection (Figure 28). To assess these
modulations, a two-way ANOVA, with set size (1, 2, and 4) and treatment (control and
ketamine) as factors was conducted for ERPs recorded at each electrode.
At electrode OL, there were significant main effects of treatment and set size
(p<0.05), but no significant interaction (p=0.44). The absence of interaction supports that
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the set size effect following ketamine injection follows the same gradation as controls. At
electrode OR, there was a significant main effect of treatment (p<0.05), but not of set size
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Figure 25. Control and ketamine ERPs recorded from electrode OL. Average contralateral waveforms recorded during correct trials.
The shaded areas highlight the P300 and R300 components, where modulations in mean amplitude were observed. Difference waves
are plotted above in black, blue circles indicate a significant difference between waveforms at each millisecond (two-sample t-test,
p<0.05).
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Figure 26. Control and ketamine ERPs recorded from electrode OR. Average contralateral waveforms recorded during correct trials.
The shaded areas highlight the P300 and R300 components, where modulations in mean amplitude were observed. Difference waves
are plotted above in black, blue circles indicate a significant difference between waveforms at each millisecond (two-sample t-test,
p<0.05).
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Figure 27. Control and ketamine ERPs recorded from electrode PL. Average contralateral waveforms recorded during correct trials.
The shaded areas highlight the P300 and R300 components, where modulations in mean amplitude were observed. Difference waves
are plotted above in black, blue circles indicate a significant difference between waveforms at each millisecond (two-sample t-test,
p<0.05).

(p=0.07). There was no significant interaction between set size and treatment (p=0.88).
At electrode PL, there was a significant main effect of treatment (p<0.05), but not of set
size (p=0.43). There was no significant interaction between set size and treatment
(p=0.49). Tables 4, 6, and 8 show the results of the two-way ANOVAs and subsequent
post-hoc comparisons conducted at electrodes OL, OR, and PL, respectively. Overall,
ketamine increased the positivity of the R300 component.
Interestingly, differential activity between correct and error ERPs was also
observed at the R300 component. Compared to the mean R300 amplitudes of ketamine
ERPs, those of error ERPs were generally more positive at. Tables 3 and 7 show the
mean amplitudes for ketamine and error ERPs at electrodes OL and PL, respectively.
Conversely, at electrode OR, the R300 component was less positive for error ERPs
(Table 5). This inconsistent finding may be due to having the ground reference placed on
the animal’s right ear only. The ERPs from electrodes OL and PL, however, suggest that
the contralateral activity during the retention interval is associated with the performance
of the animal, with a general increase in positivity of the R300 component corresponding
to a decline in performance.
Ketamine also modulated ERP components during memory array presentation
(Figures 25-27). Overall, there was an increase in positivity of the P300 component after
ketamine injection (Figure 29). Again, a two-way ANOVA, with set size (1, 2, and 4) and
treatment (control and ketamine) as factors was conducted at each electrode to assess
P300 modulations.
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Electrode
OL
Component

Set size 1

Set size 2

Set size 4

Control
(Correct)

Ketamine
(Correct)

Control
(Correct)

Ketamine
(Correct)

Control
(Error)

Control
(Correct)

Ketamine
(Correct)

Control
(Error)

R300

0.08 ± 0.04

0.54 ± 0.16

-0.02 ± 0.04

0.37 ± 0.23

0.70 ± 0.10

-0.13 ± 0.04

-0.04 ± 0.23

0.25 ± 0.05

P300

1.25 ± 0.05

1.75 ± 0.23

0.93 ± 0.05

1.50 ± 0.26

--

0.70 ± 0.05

1.12 ± 0.33

--

P100

1.84 ± 0.07

1.66 ± 0.32

2.42 ± 0.07

1.45 ± 0.35

--

3.30 ± 0.06

1.78 ± 0.50

--

Table 4. Mean amplitudes (±S.E.M.) of the R300, P300, and P100 components in ERPs recorded from electrode OL. All reported
values are in microvolts (μV).
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Electrode OL
Component
R300

p<0.05

P300

p<0.05

P100

p<0.05

Two-way ANOVA
Treatment
Set size
Post-hoc
p <0.05
One-way ANOVA
Set size 1
p<0.05
Control
p<0.05
Set size 2
p<0.05
Ketamine
p=0.13
Set size 4
p=0.34
Set size 1
p<0.05
p<0.05
Control
p<0.05
Set size 2
p<0.05
Ketamine
p=0.26
Set size 4
p=0.07
Set size 1
p=0.11
p<0.05
Control
p<0.05
Set size 2
p<0.05
Ketamine
p=0.81
Set size 4
p<0.05

Interaction
p=0.44

p=0.93

p=0.11
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Table 5. Control and ketamine analysis at electrode OL. Results of the two-way ANOVA and subsequent post-hoc analyses conducted
for each component. Analyses were performed using values from Table 4.

Electrode
OR
Component

Set size 1

Set size 2

Set size 4

Control
(Correct)

Ketamine
(Correct)

Control
(Correct)

Ketamine
(Correct)

Control
(Error)

Control
(Correct)

Ketamine
(Correct)

Control
(Error)

R300

0.23 ± 0.04

0.56 ± 0.18

0.19 ± 0.04

0.65 ± 0.19

0.15 ± 0.09

-0.07 ± 0.04

0.28 ± 0.27

-0.01 ± 0.04

P300

0.64 ± 0.05

0.97 ±0.24

0.50 ± 0.06

1.22 ± 0.22

--

0.33 ± 0.06

1.12 ± 0.28

--

P100

2.84 ± 0.07

2.09 ± 0.30

3.49 ± 0.07

2.18 ± 0.30

--

3.34 ± 0.08

1.92 ± 0.44

--

Table 6. Mean amplitudes of the R300, P300, and P100 components in ERPs recorded from electrode OR. All reported values are in
microvolts (μV).
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Electrode OR

Two-way ANOVA

Component
R300

Treatment
p<0.05

P300

p<0.05

P100

p<0.05

Post-hoc
Set size 1
Set size 2
Set size 4
Set size 1
Set size 2
Set size 4
Set size 1
Set size 2
Set size 4

p=0.06
p<0.05
p=0.06
p=0.12
p<0.05
p<0.05
p<0.05
p<0.05
p<0.05

Set size

Interaction

p=0.07

p=0.44

p=0.79

p=0.45

p=0.30

p=0.41
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Table 7. Control and ketamine analysis at electrode OR. Results of the two-way ANOVA and subsequent post-hoc analyses
conducted for each component. Analyses were performed using values from Table 6.

Electrode
PL
Component
R300

Set size 1

Set size 2

Set size 4

Control
(Correct)

Ketamine
(Correct)

Control
(Correct)

Ketamine
(Correct)

Control
(Error)

Control
(Correct)

Ketamine
(Correct)

Control
(Error)

0.36 ± 0.04

0.91 ± 0.16

0.32 ± 0.04

0.55 ± 0.24

0.88 ± 0.11

0.48 ± 0.04

0.71 ± 0.21

0.93 ±
0.05

P300

1.97 ± 0.05

2.15 ± 0.91

1.89 ± 0.05

1.80 ± 0.24

--

1.32 ± 0.05

1.69 ± 0.32

--

P100

2.81 ± 0.08

3.24 ± 0.35

2.85 ± 0.08

2.11 ± 0.39

--

1.85 ± 0.07

2.24 ± 0.46

--

N200

-1.97 ± 0.09

-1.48 ± 0.32

-2.27 ± 0.08

-2.19 ± 0.42

--

-0.35 ±

-0.69 ± 0.51

--

0.08

81
Table 8. Mean amplitudes of the R300, P300, and P100 components in ERPs recorded from electrode PL. All reported values are in
microvolts (μV).

Electrode
PL
Component
R300

P300

P100

Two-way ANOVA

p<0.05

Treatment

Set size

Interaction

Post-hoc
Set size 1 p<0.05
Set size 2 p=0.16
Set size 4 p=0.16
p=0.36

p=0.43

p=0.49

p=0.24

p<0.05

p<0.05

Control
Ketamine
Control
Ketamine
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N200

p=0.28

p<0.05

Control
Ketamine

One-way ANOVA
p<0.05
p=0.41
p<0.05
p<0.05
Post-hoc
Set sizes 1 and 2
Set sizes 1 and 4
Set sizes 2 and 4
p<0.05
p<0.05
Post-hoc
Set sizes 1 and 2
Set sizes 1 and 4
Set sizes 2 and 4

p=0.57

p=0.36
p=0.06
p<0.05
p=0.17
p=0.16
p<0.05
p<0.05
p=0.26

Table 9. Control and ketamine analysis at electrode PL. Results of the two-way ANOVA and subsequent post-hoc analyses conducted
for each component. Analyses were performed using values from Table 8.

R300

OL

Amplitude (µV)

-0.5
0

Control
Ketamine

0.5
1

*

*

1.5

OR

Amplitude (µV)

-0.5
0
0.5
1

*

1.5

PL

Amplitude (µV)

-0.5
0
0.5
1
1.5

*
1

2

4

Set size

Figure 28. Effect of ketamine on R300. Mean amplitude (±S.E.M.) of the R300
component in ERPs recorded at each electrode. At electrode OL, there were significant
main effects of treatment and set size (p<0.05), but no significant interaction (two-way
ANOVA, p=0.44). At electrode OR, there was a significant main effect of treatment
(p<0.05), but not of set size (p=0.07). There was no significant interaction between set
size and treatment (p=0.88). At electrode PL, there was a significant main effect of
treatment (p<0.05), but not of set size (p=0.43). There was no significant interaction
between set size and treatment (p=0.49). Asterisks indicate a significant difference
between treatments within each set size (post-hoc t-test, p <0.05).
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P300

OL

Amplitude (µV)

0
Control
Ketamine

0.5
1
1.5
2
2.5

*

*

OR

Amplitude (µV)

0
0.5
1
1.5
2

*

*

2

4

2.5

PL

Amplitude (µV)

0
0.5
1
1.5
2
2.5
1

Set size

Figure 29. Effect of ketamine on P300. Mean amplitude (±S.E.M.) of the P300
component in ERPs recorded at each electrode. At electrode OL, there were significant
main effects of set size and treatment (two-way ANOVA, p <0.05), but no significant
interaction (p=0.93). At electrode OR, there was a significant main effect of treatment
(p<0.05), but not of set size (p=0.79). There was no significant interaction between set
size and treatment (p=0.45). At electrode PL, there was a significant main effect of set
size (p<0.05), but not of treatment (p=0.36). There was no significant interaction
between set size and treatment (p=0.57). Asterisks indicate a significant difference
between treatments within each set size (post-hoc t-test, p <0.05).
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At electrode OL, there were significant main effects of set size and treatment
(p<0.05), but no significant interaction (p=0.93). At electrode OR, there was a significant
main effect of treatment (p<0.05), but not of set size (p=0.79). There was no significant
interaction between set size and treatment (p=0.45). At electrode PL, there was a
significant main effect of set size (p<0.05), but not of treatment (p=0.36). There was no
significant interaction between set size and treatment (p=0.57). Tables 4, 6, and 8 show
the results of the two-way ANOVAs and subsequent post-hoc comparisons conducted at
electrodes OL, OR, and PL, respectively. These results demonstrate that ketamine
generally increases the positivity of the P300 component.
Furthermore, modulations of the P100 component were observed following
ketamine injection (Figure 30). A two-way ANOVA, with set size (1, 2, and 4) and
treatment (control and ketamine) as factors was conducted at each electrode to assess
P100 modulations. At electrode OL, there were significant main effects of treatment and
set size (p<0.05), but no significant interaction (p=0.11). At electrode OR, there was a
significant main effect of treatment (p <0.05) but not of set size (p=0.30). There was no
significant interaction between set size and treatment (p=0.41). At PL, there was a
significant main effect of set size (p<0.05), but not of treatment (p=0.24). There was no
significant interaction between set size and treatment (p=0.36). Tables 4, 6, and 8 show
the results of the two-way ANOVAs and subsequent post-hoc comparisons conducted at
electrodes OL, OR, and PL, respectively. Overall, ketamine reduced P100 amplitude of
ERPs recorded at electrodes OL and OR.
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OL

Amplitude (µV)

P100
0
0.5
1
1.5
2
2.5
3
3.5

Control
Ketamine

*

OR

Amplitude (µV)

*
0
0.5
1
1.5
2
2.5
3
3.5

*
*

*

2

4

PL

Amplitude (µV)

0
0.5
1
1.5
2
2.5
3
3.5
1

Set size

Figure 30. Effect of ketamine on P100. Mean amplitude (±S.E.M.) of the P100
component in ERPs recorded at each electrode. At electrode OL, there were significant
main effects of treatment and set size (two-way ANOVA, p<0.05), but no significant
interaction (p=0.11). At electrode OR, there was a significant main effect of treatment (p
<0.05) but not of set size (p=0.30). There was no significant interaction between set size
and treatment (p=0.41). At PL, there was a significant main effect of set size (p<0.05),
but not of treatment (p=0.24). There was no significant interaction between set size and
treatment (p=0.36). Asterisks indicate a significant difference between treatments within
each set size (post-hoc t-test, p <0.05).
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At electrode PL, the effects of ketamine on N200 amplitude at each set size were
inconsistent (Figures 27 and 31). To examine these effects, a two-way ANOVA, with set
size (1, 2, and 4) and treatment (control and ketamine) as factors was conducted. The
analysis demonstrated that there was a significant main effect of set size (p<0.05), but not
of treatment (p=0.28). There was no significant interaction between set size and treatment
(p=0.16) (Table 8).
Altogether, these results suggest ketamine affects both maintenance and nonmaintenance processes underlying visual working memory as reflected by modulations in
amplitude of the P100, P300, and R300 components.
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N200

PL

Amplitude (µV)

-3
Control

-2.5

Ketamine

-2
-1.5
-1
-0.5
0
1

2
Set size

4

Figure 31. Effect of ketamine on N200. Mean amplitude (±S.E.M.) of the N200
component in ERPs recorded at electrode PL. There was a significant main effect of set
size (two-way ANOVA, p<0.05), but not of treatment (p=0.28). There was no significant
interaction between set size and treatment (p=0.16).
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Chapter 4 – Discussion
ERPs were recorded from a monkey performing a series of tasks that involve working
memory. Across different spatial locations of the target stimulus and memory loads, a
neural correlate of visual working memory was identified in the activity that was
contralateral to the target stimulus during the retention interval of the tasks. For the first
time in the monkey, it was shown that this component was highly specific to visual
working memory performance; on a given trial, it was sensitive to the spatial locations of
the to-be-remembered stimulus, the number of items that were being remembered, and
predictive of accurate task performance. The contralateral activity was also modulated by
partial NMDA receptor blockade with ketamine, primarily during the retention interval at
the R300 component and memory array presentation at the P300 component. Taken
together, these specific properties characterize the contralateral activity as a strong
candidate for an electrophysiological index of visual working memory in the monkey.

4.1 Results
4.1.1 Neural Correlate of Visual Working Memory
I found a neural correlate of working memory in the contralateral activity during the
retention interval of Experiment 1. This component is comparable to the signal during the
retention interval of monkeys performing a similar task (Reinhart et al., 2012), aside from
a difference in polarity of the two components: the activity in Reinhart et al. (2012) took
89

the form of a contralateral positivity, whereas the sustained component here took the
form of a contralateral negativity. This polarity inversion is most likely due to variations
of cortical folding across species (Luck, 2005; Woodman, 2010), in which the polarity is
determined by the orientation of the cortical tissue generating the voltage patterns that are
measured in ERP recordings.
The neural correlate that I found is also similar to the human CDA component
(Vogel and Machizawa, 2004; McCollough et al., 2007; Reinhart et al., 2012), in that it
was sensitive to the spatial location of the target stimulus. This specificity suggests that
this component receives inputs from cortical areas with a lateralized organization. Given
the posterior locus of this activity, it is possible that these areas include posterior cortical
areas and areas that share connections with the posterior cortical areas, such as the
prefrontal cortex. This is supported by single-neuron studies in the monkey, which have
shown that neurons in the prefrontal cortex exhibit location selective activity during the
retention interval of memory-guided saccade tasks (Funahashi et al., 1989; Rao et al.,
1997). Working memory related topographic maps have also been observed using fMRI
in the prefrontal and posterior parietal cortices of humans (Sereno et al., 2001; Hagler and
Sereno, 2006; Kastner et al., 2007).
Besides spatial location, there is also evidence that the ERP during the retention
interval is sensitive to features of the memory items. Across trials in which the visual
stimulation was nearly identical between the tasks (e.g., Experiment 2 trials and set size 2
trials of Experiment 3), the magnitude of the contralateral activity was greater for trials of
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Experiment 3 relative to those of Experiments 1 or 2. The difference between the stimuli
presented in the tasks being their shape and size (larger square vs. smaller circle). This
finding is consistent with a previous ERP study that showed that the human CDA is at
least partly influenced by the identity of the remembered items (Woodman and Vogel,
2008) as well as an fMRI study that demonstrated that there are different connectivity
pathways for object location and identity in the PPC (Rottschy et al., 2012b). This
suggests that the contralateral activity does not only reflect spatial location but also
features of the item. It also provides further evidence that the activity is specific to the
representations held in working memory. Additionally, it suggests that brain areas that
have identity-selective activity, such as the inferior temporal cortex, contribute to the
contralateral activity. It is likely that several areas contribute to the location and identity
selectivity of the contralateral activity; however, they are difficult to isolate using the
ERP technique alone.
An additional feature of the contralateral activity that support it as neural
correlate of working memory is that it was predictive of trial outcome; its polarity during
the retention interval was considerably more positive on incorrect trials relative to correct
trials in Experiment 2 and Experiment 3. Importantly, errors did not occur as a result of
ineffective encoding, as the difference between the activities for correct and incorrect
trials mainly occurred during the retention interval. This result is consistent with that of a
previous human ERP study (Vogel and Machizawa, 2004; McCollough et al., 2007) and
fMRI studies (Pessoa et al., 2002; Sakai et al., 2002) and suggests that the activity during
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the retention interval specifically reflects the maintenance of successful representations in
working memory.
Further support of the contralateral activity as a neural correlate of working
memory was demonstrated by its sensitivity to the number of items that were being
remembered. Specifically, the contralateral activity during the retention interval became
increasingly negative as set size increased.
A similar effect has been observed in a monkey study, in which target information
derived from the firing rates of PFC and PPC neurons located contralateral to the target
stimulus was greater for set size 1 trials than for set size 2 and set size 3 trials (Buschman
et al., 2011). However, it is unclear whether the neural activity recorded represents a
neural correlate of working memory. In addition, this effect was observed mainly during
memory array presentation of the working memory task. Whether the firing rates of the
same neurons exhibit a set size effect during the retention interval also remains to be
determined.
A set size effect has also been observed in previously in humans (Vogel and
Machizawa, 2004; McCollough et al., 2007). However, it is important to note that the
contralateral activity during the retention interval is not exactly the same as the human
CDA, which was isolated by removing the ipsilateral activity that presumably contains
non-mnemonic activity. This approach is useful only when items on one side of the
display are memorized, but this was not the case in this study where the distractor in
Experiment 2 was not completely disregarded, as suggested by the animal’s imperfect
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performance, and relevant stimuli were presented on both hemifields in Experiment 3.
Nonetheless, the contralateral activity during the retention interval in the monkey
demonstrated several similar characteristics to the human CDA that support it as a neural
correlate of working memory in the monkey.

4.1.2 NMDA Receptor Blockade
The current study provides further evidence that the maintenance of working memory is
dependent on proper NMDA receptor function. This was demonstrated by administrating
a sub-anesthetic dose of ketamine to a monkey, which modulated both task performance
and the positivity of the R300 component. This finding also further demonstrates that the
contralateral activity during the retention interval is specific to the maintenance of item
representations in working memory. Interestingly, the difference between correct and
error ERPs was also observed at the R300 component, which was more positive for error
trials relative to correct trials. This result provides additional evidence that the
contralateral activity during the retention interval strongly corresponds with behavioral
performance, with an increase in positivity of the component corresponding to a decline
in performance.
NMDA receptor blockade with ketamine also modulated the amplitude of ERP
components during memory array presentation, such as P100 and P300 (see below for
details), similar to previous studies in which monkeys were administered other NMDA
antagonists (Schroeder et al., 1997; Javitt et al., 2000). This suggests that ketamine most
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likely impacts encoding processes. This is consistent with the observation that the
performance of monkeys performing a visual sequential comparison task without a
retention interval is lowered following ketamine administration (Heijselaar, 2011).
However, this effect was reported to be inconsistent from session to session. Most
importantly, performance was more affected in sessions in which the same task included
a retention interval.

4.1.3 Relevance to Schizophrenia
NMDA receptor function is of particular relevance to cognitive disorders such as
schizophrenia, in which working memory impairments are associated with reduced
NMDA receptor action in maintaining persistent activity. As such, administration of
NMDA receptor antagonists, particularly ketamine, has become an increasingly used
method to model working memory deficits, among other cognitive impairments and
symptoms of schizophrenia in humans (Krystal et al., 1994) and in monkeys (Roberts et
al., 2010).
Following ketamine injection, the CDA (contralateral minus ipsilateral activity)
amplitude was smaller and more positive compared to that of control at the R300
component for set size 1 trials (mean amplitude: -0.25 µV vs. 0.20 µV), which is
consistent with the lower capacity estimate at this set size following ketamine injection
(k=0.92 vs. 1.0; capacity (k) = p(correct set size 1) x set size (Pashler, 1988; Cowan,
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2001)). This is in line with previous studies that have shown a reduced working memory
capacity in schizophrenia patients (Gold et al., 2003; 2010).
An important finding was an overall lack of a set size effect at R300 following
ketamine injection. A capacity estimate of less two items was obtained for the animal
following ketamine injection (k=1.8; capacity (k) = p(correct set size 4) x set size). This
suggests that there should not be a difference in R300 amplitude between set sizes,
presumably due to the unavailability of resources to encode stimuli of set sizes 2 and 4,
which is consistent with what was observed in this study. The lack of a set size effect is
also consistent with that of a previous human ERP study, in which the amplitude of the
CDA was correlated with individual differences in capacity in healthy individuals, but
not in people with schizophrenia (Leonard et al., 2012). Together, these results argue
against the hypothesis that the reduced working memory capacity in schizophrenia is
associated with the same patterns of neural activity that characterize low working
memory capacity in healthy individuals. However, the lack of a set size effect can also be
attributable to two other possibilities: that there was not enough statistical power to detect
an effect, or that a set size effect does exist but cannot be detected, considering the effect
of ketamine on reducing the signal-to-noise ratio of oscillatory activity in the brain
(Saunders et al., 2012).
NMDA receptor blockade by ketamine also reduced the amplitude of the visual
sensory component P100, which is consistent with the established reduction of P100
amplitude in schizophrenia (e.g., Foxe et al., 2001; Haenschel et al., 2007; Yeap et al.,
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2008; Dias et al., 2011). This effect has been associated with deficits in early visual
processing in schizophrenia, potentially in the magnocellular pathway that is responsible
for the rapid conduction of low-resolution visual information and is involved in
processing overall stimulus organization, including spatial information (Butler et al.,
2001; Foxe et al., 2001; Butler et al., 2005). From the primary visual cortex, spatial
information is conveyed to the parieto-occipital cortex and other dorsal-stream visual
areas. The reduction in P100 amplitude suggests that ineffective encoding of the visual
stimuli contributes at least partly to the decrease in performance following ketamine
injection, which is consistent with the finding that the contralateral activity reflects
spatial and feature information.
Many, but not all, studies have also reported a reduction in amplitude of the N200
sensory component in schizophrenia patients (see for review Shelley et al., 1999). Results
from these studies have suggested a deficit in visual discrimination processes. Here, the
modulations by ketamine were inconsistent. More ketamine data are required to
determine the effect on N200, if any.
During memory array presentation, ketamine was also found to modulate P300
amplitude. Unlike P100 however, its neural origins and the specific cognitive processes it
reflects are not well understood (see for review Polich, 2007). One hypothesis postulates
that P300 is related to resource allocation, such that a reduction in P300 amplitude
corresponds to a greater allocation of resources to meet an increase in task demands
(Ruchkin et al., 1992). The set size effect in P300 amplitude of controls, in which
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amplitude was greatest for set size 1 and least for set size 4, is consistent with this theory.
This suggests that the increase in P300 amplitude following ketamine injection reflects
improper allocation of resources, which is in line with a previous study that demonstrated
an increase in P300 amplitude in schizophrenic patients compared to healthy controls
(Zhao et al., 2011). Conversely, other studies have reported a reduction in P300
amplitude in schizophrenia patients performing spatial working memory tasks (Gaspar et
al., 2011; Rawdon et al., 2013), and that this may reflect a disruption in neural processes
underlying stimulus evaluation. These inconsistent findings are likely attributable to task
differences across studies, particularly in memory array presentation duration, which
leads to the common issue of overlapping ERP components (Woodman, 2010). Thus, it is
difficult to discern the exact processes that give rise to P300 component in these studies.
In addition, it is unclear in these studies if the signal that the P300 was detected in is
specific to working memory. The thorough analysis performed here on the contralateral
activity provides compelling evidence that it specifically indexes working memory,
strongly suggesting that modulations in P300 do reflect some kind of change in working
memory processing.
Overall, modulations of components potentially related to both stimulus encoding
and maintenance were observed following ketamine injection. These findings and those
of previous studies point to the importance of early sensory and maintenance deficits for
dysfunctions in working memory functions that are implicated in schizophrenia.
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4.2 Limitations and Future Directions
There were some limitations in this study that are of significance. In particular,
the number of trials collected during the analysis interval in ketamine sessions was
limited. Although a general trend in amplitude modulation at P100, P300, and R300
components following ketamine injection was observed, more trials are required to
accurately discern the effect of ketamine, which includes investigating ERPs of omissions
and errors following ketamine injection.
There was also a limited amount of data recorded from the electrodes. Although
ERPs were recorded from four electrodes, only ERPs recorded from electrodes OL and
PL on the left hemisphere were consistently reliable as the ground reference was only
placed on the animal’s right ear.
An additional limitation lies in the neural origins of the lateralized activity. While
a focus of activity was found over the posterior parietal and occipital areas, it is difficult
to isolate which specific regions contribute to the maintenance of the activity. It is also
possible that activity relating to working memory can be observed in other areas as well.
This can be investigated in future studies by recording single-unit activity and ERPs from
a denser array of electrodes simultaneously in the monkey (Woodman et al., 2007).
An important feature of the contralateral activity that was unexplored in this study
is its sensitivity to the limitation of the animal’s working memory capacity. In previous
human ERP studies, the magnitude of the CDA amplitude increase between array sizes of
2 and 4 was found to correlate with the capacity estimate for each individual. To
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determine if a similar correlation exists in the monkey, a capacity estimate of
approximately two items was obtained for the animal (k=2.24; capacity (k) = p(correct
set size 4) x set size). This suggests that there should be no difference in amplitude of the
contralateral activity during the retention interval between set sizes 2 and 4; however, this
is not the case considering the set size effect found here. This may indicate that the
amplitude of the contralateral activity is not directly related to working memory capacity,
although this is unlikely given the other analyses performed in this study. Moreover, the
capacity estimate is simply that, an estimate, and may not reliably reflect the limitation of
the animal’s working memory capacity. To thoroughly address this issue, comparisons
between the amplitude of the contralateral activity with higher set sizes are required.
Additional subjects are also required to investigate the limitations of individual working
memory capacity. Differences in the morphology of ERP components across individuals
may also provide useful information about the fundamental differences in working
memory ability.
Future studies focusing on the neural oscillations underlying the contralateral
activity is of interest as it has been proposed that oscillatory synchronies can be used to
establish dynamic links between the multiple areas participating working memory
processes (see for review Tallon-Baudry, 2003). In addition, the coordination of
oscillations of different frequencies has been implicated in the maintenance of working
memory (see for review Freunberger et al., 2011). Specifically, neurocomputational
models have suggested that persistent activity is stable in the presence of network
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oscillations typically in the gamma frequency range (Wang, 1999; Compte et al., 2000).
This hypothesis is supported by several working memory studies that have reported
increases in gamma oscillations or phase synchrony between gamma and other
frequencies in humans (Howard et al., 2003; Sauseng et al., 2009; Pavla et al., 2010) and
in monkeys (Reinhart et al., 2012). In one such study, Sauseng et al. (2009) showed that
the retention of relevant visual information is reflected by interactions between theta and
gamma oscillations. Using a task nearly identical to the lateralized visual sequential
comparison task in Vogel and Machizawa (2004), it was demonstrated that crossfrequency phase synchronization between theta and gamma oscillations was greater in the
contralateral hemisphere relative to the memorized hemifield. Synchronization also
increased with increasing memory load and predicted individual working memory
performance. By contrast, activity in the alpha band was shown to be greater for
irrelevant stimuli presented on the ipsilateral side. Its amplitude also increased with
memory load. This effect was attributed to the potential role of the alpha activity in
suppressing irrelevant information (Sauseng et al., 2009; van Dijk et al., 2010). It was
further suggested that both theta-gamma synchrony and alpha activity are specific to the
maintenance of information in working memory but are independent of each other
(Sauseng et al. 2009). In the monkey, a previous study has identified a strong alpha
activity over the ipsilateral hemisphere (Reinhart et al., 2012), but it is unknown whether
its amplitude is modulated by memory load. Furthermore, whether similar patterns of
theta-gamma oscillatory activity are also present in the monkey remains to be
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determined. Results from these studies may help provide insight on the temporal
relationships between neuronal responses that are relevant for working memory.
Here, I identified a neural correlate of visual working memory focused over the
PPC that demonstrated similar properties to persistent activity of single neurons in the
monkey PFC (Funahashi et al., 1989), such that both the contralateral activity and
persistent activity are sensitive to the spatial location of the target stimulus and predictive
of trial outcome. I additionally showed that the contralateral activity scales with memory
load and is modulated by ketamine. Based on these results, I predict that single neurons
of monkeys performing a working memory task, in which memory load can be
manipulated, will also scale with memory load. More specifically, I expect the firing rate
to decrease with increasing memory loads (e.g., Buschman and Miller, 2011) during the
retention interval. Conversely, I expect a decrease of persistent activity following
ketamine administration (e.g. Wang et al., 2013). These single-neuron studies are
required to fully elucidate the underlying neural mechanisms of working memory.

4.3 Conclusion
A neural correlate of visual working memory was identified in the contralateral
activity during the retention interval of the tasks that is similar to that of humans. This
component displayed several properties that support it as a specific electrophysiological
index of working memory. For the first time in the monkey, it was shown that this
contralateral activity was sensitive to the spatial locations of the to-be-remembered
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stimulus, the number of items that had to be remembered, and predictive of task
performance. Moreover, the contralateral activity was modulated by ketamine, primarily
during the retention interval but also during memory item presentation, which further
supports this contralateral activity as a neural correlate of working memory as well as
provides further evidence that working memory processes are dependent on proper
NMDA receptor function. This study helps provide a link to the single-neuron
mechanisms of working memory in monkeys and helps bridge the gap between animal
and human studies.

References
Adler CM, Goldberg TE, Malhotra AK, Pickar D, Breier A (1998) Effects of Ketamine
on Thought Disorder, Working Memory, and Semantic Memory in Healthy
Volunteers. Biological Psychiatry 43:811–816.
Alderson RM, Kasper LJ, Hudec KL, Patros CH (2013) Attention-deficit/hyperactivity
disorder (ADHD) and working memory in adults: A meta-analytic review. Neuropsychology 27: 287-302.
Ahn KH, Youn T, Cho SS, Ha TH, Ha KS, Kim MS, Kwon JS (2003) N-methyl-Daspartate receptor in working memory impairments in schizophrenia: event-related
102

potential study of late stage of working memory process. Progress in Neuropsychopharmacology & Biological Psychiatry 27:993-9
Anticevic A, Gancsos M, Murray JD, Repovs G, Driesen NR, Ennis DJ, Niciu MJ,
Morgan PT, Surti TS, Bloch MH, Ramani R, Smith MA, Wang XJ, Krystal JH,
Corlett PR (2012) NMDA receptor function in large-scale anticorrelated neural
systems with implications for cognition and schizophrenia. Proc Natl Acad Sci U S
A 109:16720-5.
Arthurs O, Boniface S (2002) How well do we understand the neural origins of the fMRI
BOLD signal? Trends in Neurosciences 25:27-31.
Baddeley A (1986) Working Memory. Oxford: Oxford University Press.
Baddeley A (2003) Working memory: looking back and looking forward. Nature reviews
Neuroscience 4:829–839.
Barch DM, Ceaser A (2012) Cognition in schizophrenia: core psychological and neural
mechanisms. Trends Cogn Sci 16:27-34.
Bauer RH, Fuster JM (1976) Delayed-matching and delayed-response deficit from
cooling dorsolateral prefrontal cortex in monkeys. Journal of Comparative and
Physiological Psychology 90:293–302.
Brainard DH (1997) The Psychophysics Toolbox. Spatial Vision 10:433-6.
Buschman TJ, Siegel M, Roy JE, Miller EK (2011) Neural substrates of cognitive
capacity limitations. Proc Natl Acad Sci U S A 108:11252-5.
Butler PD, Schechter I, Zemon V, Schwartz SG, Greenstein VC, Gordon J, Schroeder
CE, Javitt DC (2001) Dysfunction of early-stage visual processing in
schizophrenia. Am J Psychiatry 158:1126-33.
Butler PD, Zemon V, Schechter I, Saperstein AM, Hoptman MJ, Lim KO, Revheim N,
Silipo G, Javitt DC (2005) Early-stage visual processing and cortical amplification
deficits in schizophrenia. Arch Gen Psychiatry 62:495-504.
Cairo TA, Liddle PF, Woodward TS, Ngan ETC (2004) The influence of working
memory load on phase specific patterns of cortical activity. Cognitive Brain
Research 21:377-387.

103

Chafee MV, Goldman-Rakic PS (2000) Inactivation of Parietal and Prefrontal Cortex
Reveals Interdependence of Neural Activity During Memory-Guided Saccades.
Journal of Neurophysiology 83:1550–1566.
Clarence WM, Scott JP, Dorris MC, Paré M (2006) Use of enclosures with functional
vertical space by captive rhesus monkeys (Macaca mulatta) involved in biomedical
research. Journal of the American Association for Laboratory Animal Science
45:31-4.
Compte A, Brunel N, Goldman-Rakic PS, Wang WJ (2000) Synaptic Mechanisms and
Network Dynamics Underlying Spatial Working Memory in a Cortical Network
Model. Cerebral Cortex 10:910-923.
Condy C, Wattiez N, Rivaudpechoux S, Gaymard B (2005) Ketamine-induced
distractibility: An oculomotor study in monkeys. Biol Psychiatry 57:366-372.
Conway RA, Kane MJ, Engle RW (2003) Working memory capacity and its relation to
general intelligence. Trends in Cognitive Sciences 7:547-552.
Cools R, D’Esposito M (2011) Inverted-U-shaped dopamine actions on human working
memory and cognitive control. Biol Psychiatry 69: e113-25. doi: 10.1016/
j.biopsych.2011.03.028.
Cowan N (2001) The magical number 4 in short-term memory: a reconsideration of
mental storage capacity. Behavioral and Brain Sciences 24:87-185.
Cull-Candy S, Brickley S, Farrant M (2001) NMDA receptor subunits: diversity,
development and disease. Curr Opin Neurobiol 11:327-335.
Deakin JF, Lees J, McKie S, Hallak JEC, Williams SR, Dursan SM (2008) Glutamate
and the Neural Basis of the Subjective Effects of Ketamine. Arch Gen Psychiatry
65:154-164.
Dias EC, Butler PD, Hoptman MJ, Javitt DC (2011) Early sensory contributions to
contextual encoding deficits in schizophrenia. Arch Gen Psychiatry 68:654-64.
Dingledine R, Borges K, Bowie D, Traynelis SF (1999) The glutamate receptor ion
channels. Pharmcol Rev 51:7-61.
Driesen NR, Leung HC, Calhoun VD, Constable RT, Gueorguieva R, Hoffman R,
Skudlarski P, Goldman-Rakic PS, Krystal JH (2008) Impairment of Working
104

Memory Maintenance and Response in Schizophrenia: Functional Magnetic
Resonance Imaging Evidence. Biol Psychiatry 64:1026-1034.
Durstewitz D, Seamans JK, Sejnowski TJ (2000) Neurocomputational models of working
memory. Nature Neuroscience 3:1184-91
Edin F, Klungberg T, Johansson P, McNab F, Tegnér J, Compte A (2009) Mechanism for
top-down control of working memory capacity. Proceedings of the National
Academy of Sciences 106:6802-7.
Engle RW, Tulholski SW, Laughlin JE, Conway AR (1999) Working Memory, ShortTerm Memory, and General Fluid Intelligence: A Latent Variable Approach.
Journal of Experimental Psychology: General 128:309-331.
Foxe JJ, Doniger GM, Javitt DC (2001) Early visual processing deficits in schizophrenia:
impaired P1 generation revealed by high-density electrical mapping. Neuroreport
12:3815-20.
Freunberger R, Werkle-Bergner M, Griesmayr B, Lindenberger U, Klimesch W (2011)
Brain oscillatory correlates of working memory constraints. Brain Res 1375:93-102
Fukuda K, Vogel E, Mayr U, Awh E (2010) Quantity, not quality: The relationship
between fluid intelligence and working memory capacity. Psychon Bull Rev
17::673-679.
Funahashi S, Bruce C, Goldman-Rakic P (1989) Mnemonic Coding of Visual Space in
the Monkey’s Dorsolateral Prefrontal Cortex. Journal of Neurophysiology 61:331–
349.
Funahashi S, Bruce CJ, Goldman-Rakic PS (1993) Dorsolateral prefrontal lesions and
oculomotor delayed-response performance: evidence for mnemonic “scotomas”.
The Journal of Neuroscience 13:1479–1497.
Fuster J, Alexander G (1971) Neuron Activity Related to Short-Term Memory. Science
173:652– 654.
Gaspar PA, Ruiz S, Zamorano F, Altayó M, Pérez C, Bosman CA, Aboitiz F (2011) P300
amplitude is insensitive to working memory load in schizophrenia. BMC Psychiatry
13:11-29.
Gnadt J, Andersen R (1988) Memory related motor planning activity in posterior parietal
cortex of macaque. Experimental Brain Research 70:216–220.
105

Gold JM, Hahn B, Zhang W, Robinson BM, Kappenman ES, Beck VM, Luck SJ (2010)
Reduced capacity by spared precision and maintenance of working memory
representations in schizophrenia. Arch Gen Psychiatry 67:570–577.
Gold JM, Wilk C, McMahon R, Luck SJ (2003) Working memory for visual features and
conjunctions in schizophrenia. J Abnorm Psychol 112:61–71.
Goldman-Rakic PS (1994) Working Memory Dysfunction in Schizophrenia. Journal of
Neuropsychiatry 6:348–357.
Goldman-Rakic PS (1995) Cellular Basis of Working Memory Review. Cell 14:477–485.
Gratton G (1998) The contralateral organization of visual memory: A theoretical concept
and a research tool. Psychophysiology 35:638-647.
Haenschel C, Bittner RA, Haertling F, Rotarska-Jagiela A, Maurer K, Singer W, Linden
DEJ (2007) Contribution of Impaired Early-Stage Visual Processing to Working
Memory Dysfunction in Adolescents With Schizophrenia. Arch Gen Psychiatry
64:1229-1240.
Hagler DJ Jr, Serino MI (2006) Spatial maps in frontal and prefrontal cortex. Neuroimage
29:567-77.
Hartvig P, Valtysson J, Antoni G, Westerberg G, Långström B, Ratti Moberg E, Oye I
(1994) Brain kinetics of (R)- and (S)-[N-methyl-11C]ketamine in the rhesus
monkey studied by positron emission tomography (PET). Nucl Med Biol 21:92734.
Hartvig P, Valtysson J, Lindner KJ, Kristensen J, Karlsten R, Gustafsson LL, Persson J,
Svensson JO, Oye I Antoni G et al. (1995) Central nervous system effects of
subdissociative doses of (S)-ketamine are related to plasma and brain
concentrations measured with positron emission tomography in healthy volunteers.
Clin Pharmacol Ther 58:165-73.
Hays AVJ, Richmond BJ, Optican LM (1982) Unix-based multiple-process system, for
real-time data acquistion and control. El Segundo, CA: Electron Conventions.
Heijselaar ES (2011) Role of NMDA in the visual working memory of the macaque
monkey.
Heyselaar E, Johnston K, Paré M (2011) A change detection approach to study visual
working memory of the macaque monkey. Journal of Vision 11:1-10.
106

Holcomb HH, Lahti AC, Medoff DR, Weiler M, Tamminga CA (2001)Sequential
Regional Cerebral Blood Flow Brain Scans Using PET with 15H215O Demonstrate
Ketamine Actions in CNS Dynamically. Neuropsychopharmacology 25:165-172.
Howard MW, Rizzuto DS, Caplan JB, Madsen JR, Lisman J, Aschenbrenner-Scheibe R,
Schulze-Bonhage A, Kahana MJ (2003) Gamma oscillations correlate with working
memory load in humans. Cereb Cortex 13:1369-74.
Huntley J, Howard R (2010) Working memory in early Alzheimer's disease: a
neuropsychological review. International Journal of Geriatric Psychiatry 25:121-32.
Hustveit O, Maurset A, Oye I (1995) Interaction of the chiral forms of ketamine with
opioid, phencyclidine, sigma and muscarinic receptors. Pharmacol Toxicol 77:3559.
Ikkai A, McCollough AW, Vogel EK (2010) Contralateral delay activity provides a
neural measure of the number of representations in visual working memory. Journal
of Neurophysiology 103:1963–1968.
Ikkai A, Jerde TA, Curtis CE (2011) Common neural mechanisms supporting spatial
working memory, attention, and motor intention. Neuropsychologia 49:1428-34.
Jackson ME, Homayoun H, Mohgaddam B (2004) NMDA receptor hypofunction
produces concomitant firing rate potentiation and burst activity reduction in the
prefrontal cortex. Proc Natl Acad Sci U S A 101:8467-72.
Javitt DC, Jayachandra M, Lindsley RW, Specht CM, Schroeder CE (2000)
Schizophrenia-like deficits in auditory P1 and N1 refractoriness induced by the
psychomimetic agent phencyclidine (PCP). Clin Neurophysiol 111:833-6.
Javitt DC, Spencer K, Thaker G, Winterer G, Hajós M (2008) Neurophysiological
biomarkers for drug development in schizophrenia. Nature Reviews: Drug
Discovery 7:68-83.
Johnson MK, McMahon RP, Robinson BM, Harvey AN, Hahn B, Leonard CJ, Luck SJ,
Gold JM (2013) The Relationship Between Working Memory Capacity and Broad
Measures of Cognitive Ability in Healthy Adults and People With Schizophrenia.
Neuropsychology 27:220-9.
Jonides J, Smith EE, Koeppe RA, Awh E, Minoshima S, Mintun A (1993) Spatial
working memory in humans as revealed by PET. Nature 363:623-625.
107

Kastner S, DeSimone K, Konen CS, Szczepanski SM, Weiner KS, Schneider KA (2007)
Topographic maps in human frontal cortex revealed in memory-guided saccade and
spatial working-memory tasks. J Neurophysiol 97:3494-507.
Klaver P, Talsma D, Wijers a a, Heinze HJ, Mulder G (1999) An event-related brain
potential correlate of visual short-term memory. Neuroreport 10:2001–2005.
Kotermanski SE, Johnson JW (2009) Mg2+ imparts NMDA receptor subtype selectivity
to the Alzheimer’s drug memantine. J Neurosci 29:2774-79.
Krekelberg B, Boynton G, van Wezel R (2006) Adaptation: from single cells to BOLD
signals. Trends in Neurosciences 29:250-6.
Krystal JH, Karper LP, Seibyl JP, Freeman GK, Delaney R, Bremner JD, Heninger GR,
Bowers JR MB, Charney DS (1994) Subanesthetic effects of the noncompetitive
NMDA antagonist, ketamine, in humans. Archives of General Psychiatry 51:199214.
Kubota K, Niki H (1971) Prefrontal Cortical Unit Activity and Delayed Alternation
Performance in Monkeys. Journal of Neurophysiology 34:337–347.
Lahti AC, Koffel B, LaPorte D, Tamminga CA (1995) Subanesthetic doses of ketamine
stimulate psychosis in schizophrenia. Neuropsychopharmacology 13:9-19.
Lee J, Park S (2005) Working memory impairments in schizophrenia: a meta-analysis.
Journal of Abnormal Pyschology 114:599-611.
Leonard CJ, Kaiser ST, Robinson BM, Kappenman ES, Hahn B, Gold JM, Luck SJ
(2012) Toward the Neural Mechanisms of Reduced Working Memory Capacity in
Schizophrenia. Cerebral Cortex 23:1582-92.
Leung H, Seelig D, Gore J (2004) The effect of memory load on cortical activity in the
spatial working memory circuit. Cognitive, Affective, and Behavioral Neuroscience
4:553-63.
Lewis JW, Van Essen DC (2000) Mapping of architectonic subdivisions in the macaque
monkey, with emphasis on parieto-occipital cortex. J Comp Neurol 428:79-111.
Linden DE, Bittner RA, Muckli L, Waltz JA, Kriegeskorte N, Goebel R, Singer W, Munk
MH (2003) Cortical capacity constraints for visual working memory: dissociation
of fMRI load effects in a fronto-parietal network. Neuroimage 20:1518-30.
108

Lisman JE, Fellous JM, Wang XJ (1998) A role for NMDA-receptor channels in working
memory. Nature Neuroscience 1:273–275.
Lofwall MR, Griffiths RR, Mintzer MZ (2006) Cognitive and subjective acute dose
effects of intramuscular ketamine in healthy adults. Experimental and Clinical
psychopharmacology 14:439–449.
Luck SJ (2005) An Introduction to Event-Related Potentials and Their Neural Origins.
An introduction to the event-related potential technique. Cambridge: MIT Press 150.
Luck SJ, Fuller RL, Braun EL, Robinson B, Summerfelt A, Gold JM (2006) The speed of
visual attention in schizophrenia: electrophysiological and behavioral evidence.
Schizophr Res 85:174-95.
Luck SJ, Vogel EK (1997) The capacity of visual working memory for features and
conjunctions. Nature 390:279–281.
Malhotra AK, Pinals DA, Adler CM, Elman I, Clifton A, Pickar D, Breier A (1997)
Ketamine-induced exacerbation of psychotic symptoms and cognitive impairment
in neuroleptic-free schizophrenics. Neuropsychopharmacology 17:141-50.
McCollough AW, Machizawa MG, Vogel EK (2007) Electrophysiological measures of
maintaining representations in visual working memory. Cortex 43:77–94.
Mitchell D, Cusack R (2011) The temporal evolution of electromagnetic markers
sensitive to the capacity limits of visual short-term memory. Frontiers in Human
Neuroscience 5:1-20.
Miyashita Y, Chang HS (1988) Neuronal correlate of pictorial short-term memory in the
primate temporal cortex. Nature 331:68–70.
Morgan CJ, Mofeez A, Brandner B, Bromley L, Curran HV (2004) Acute effects of
ketamine on memory systems and psychotic symptoms in healthy volunteers.
Neuropsychopharmacology 29:208-18.
Murray JD, Anticevic A, Gancsos M, Ichinose M, Corlett PR, Krystal JH, Wang XJ
(2012) Lining Microcircuit Dysfunction to Cognitive Impairmnet: Effects of
Dishibition Associated with Schizophrenia in a Cortical Working Memory Model.
Cerebral Cortex doi:10.1093/cercor/bhs370.
109

Oemisch M, Heyselaar E, Johnston K, Paré M (2011) Consolidation, robustness, and
decay of visual working memory in the macaque monkey. Society for
Neuroscience, Washington, DC.
Oemisch M (2012) Contribution of catecholamines to visual working memory in the
macaque monkey.
Ogden KK, Traynelis SF (2011) New advances in NMDA receptor pharmacology.
Trends Pharmacol Sci 32:726-33.
Oye N, Hustveit O, Moberg ER, Pausen O, Skogland LA (1991) The chiral forms of
ketamine as probes for NMDA receptor function in humans In T. Kameyama, T.
Nabeshima, & E. F. Domino, eds. NMDA receptor related agents: Biochemistry,
Pharmacology, and Behaviour Ann Arbor, Mich: NPP Books, p. 381 - 389.
Paoletti P, Neyton J (2007) NMDA receptor subunits: functions and pharmacology. Curr
Opin Pharmacol 7:39-47.
Pashler H (1988) Familiarity and visual change detection. Perception & Psychophysics
44:369-78.
Pavla JM, Monto S, Kulashekhar S, Pavla S (2010) Neuronal synchrony reveals working
memory networks and predicts individual memory capacity. Proc Natl Acad Sci U
S A 107:7580-7585.
Pessoa L, Gutierrez E, Bandettini P, Ungerleider L (2002) Neural correlates of visual
working memory: fMRI amplitude predicts task performance. Neuron 35:975–987.
Phillips WA (1974) On the distinction between sensory storage and short-term visual
memory. Perception & Psychophysics 16:283–290.
Polich J (2007) Updating P300: An integrative theory of P3a and P3b. Clinical
Neurophysiology 118:2128-48.
Rao SC, Rainer G and Miller EK (1997) Integration of what and where in the primate
prefrontal cortex. Science 276:821-824.
Rawdon C, Murphy J, Blanchard MM, Kelleher I, Clarke MC, Kavanagh F, Cannon M,
Roche RA (2013) Reduced P300 amplitude during retrieval on a spatial working
memory task in a community sample of adolescents who report psychotic
symptoms. BMC Psychiatry 13:1-10.
110

Reddy L, Quiroga RQ, Wilken P, Koch C, Fried I (2006) A single-neuron correlate of
change detection and change blindness in the human medial temporal lobe. Current
Biology 16:2066-72.
Reichenberg A (2010) The assessment of neuropsychological functioning in
schizophrenia. Dialogues Clin Neurosci 12:383-92.
Reinhart RMG, Heitz RP, Purcell BA, Weigand PK, Schall JD, Woodman GF (2012)
Homologous Mechanisms of Visuospatial Working Memory Maintenance in
Macaque and Human: Properties and Sources. Journal of Neuroscience 32:77117722.
Roberts BM, Seymour PA, Schmidt CJ, Williams GV, Castner SA (2010) Amelioration
of ketamine-induced working memory deficits by dopamine D1 receptor agonists.
Psychopharmacology 210:407-418.
Robinson DA (1963) Movemnent Using a Scieral Search in a Magnetic Field. IEEE
Transactions on Bio-Medical Engineering 10:137-145.
Robitaille N, Grimault S, Jolicoeur P (2009) Bilateral parietal and contralateral responses
during maintenance of unilaterally encoded objects in visual short-term memory:
evidence from magnetoencephalography. Psychophysiology 46:1090–1099.
Robitaille N, Marois R, Todd J, Grimault S, Cheyne D, Jolicoeur P (2010) Distinguishing
between lateralized and nonlateralized brain activity associated with visual shortterm memory: fMRI, MEG, and EEG evidence from the same observers.
NeuroImage 53:1334– 1345.
Rosler F, Heil M, Roder B (1997) Slow negative brain potentials as reflections of specific
modular resources of cognition. Biological Psychology 45:109-141.
Rottschy C, Langner R, Dogan I, Reetz K, Laird AR, Schulz JB, Fox PT, Eickhoff SB
(2012a) Modelling neural correlates of working memory: a coordinate-based metaanalysis. NeuroImage 60:830-46.
Rottschy C, Caspers S, Roski C, Reetz K, Dogan I, Schulz JB, Zilles K, Laird AR, Fox
PT, Eickhoff SB (2012b) Differentiated parietal connectivity of frontal regions for
‘‘what’’ and ‘‘where’’ memory. Brain Struct Funct doi 10.1007/s00429-012-04764.

111

Ruchkin D, Johnson R, Canoune H, Ritter W (1990) Short-term memory storage and
retention: An event-related brain potential study. Electroencephalography and
Clinical Neurophysiology 76:419-439.
Ruchkin D., Johnson R, Grafman J, Canoune H, Ritter W (1992) Distinctions and
similarities among working memory processes: an event-related potential study.
Cognitive Brain Research 1:53-66.
Sakai K, Rowe JB, Passingham RE (2002) Active maintenance in prefrontal area 46
creates distractor-resistant memory. Nature Neuroscience 5:479–484.
Sander V, Soper B, Everling S (2009) Nonhuman primate event-related potentials
associated with pro- and anti-saccades. Neuroimage 49:1650-1658.
Saunders JA, Gandal MJ, Siegel SJ (2012) NMDA antagonists recreate signal-to-noise
ratio and timing perturbations present in schizophrenia. Neurobiol Dis 46:93-100
Sauseng P, Klimesch W, Heise KF, Gruber WR, Holz E, Karim A a, Glennon M, Gerloff
C, Birbaumer N, Hummel FC (2009) Brain oscillatory substrates of visual shortterm memory capacity. Current Biology 19:1846–1852.
scalablebrainatlas.incf.org Accessed June 3, 2013
Schroeder CE, Javitt DC, Steinschneider M, Mehta AD, Givre SJ, Vaughan HG Jr,
Arezzo JC (1997) N-methyl-D-aspartate enhancement of phasic responses in
primate neocortex. Exp Brain Res 114:271-8.
Seamans JK, Nogueira L, Lavin A (2003) Synaptic Basis of Persistent Activity in
Prefrontal Cortex In Vivo and in Organotypic Cultures. Cerebral Cortex 13:1242–
1250
Sereno MI, Pitzalis S, Martinez A (2001) Mapping of contralateral space in retinotopic
coordinates by a parietal cortical area in humans. Science 294:1350-4.
Shelley AM, Silipo G, Javitt DC (1999) Diminished responsiveness of ERPs in
schizophrenic subjects to changes in auditory stimulation parameters: implcations
for theories of cortical dysfunction. Schizophrenia Res 37:65-69.
Shen K, Kalwarowsky S, Clarence W, Brunamonti E, Paré M (2010) Beneficial effects of
the NMDA antagonist ketamine on decision processes in visual search. Journal of
Neuroscience 30:9947–9953.

112

Shen K, Paré M (2006) Guidance of eye movements during visual conjunction search:
local and global contextual effects on target discriminability. Journal of
Neurophysiology 95:2845-55.
Shima K, Tanji J (1993) Involvement of NMDA and non-NMDA receptors in motor taskrelated activity in the primary and secondary cortical motor areas of the monkey.
Cereb Cortex 3:330-47.
Shima K, Tanji J (1998) Involvement of NMDA and non-NMDA receptors in the
neuronal responses of the primary motor cortex to input from the supplementary
motor area and somatosensory cortex: studies of task-performing monkeys. Jpn J
Physiol 48:275-90.
Siegert RJ, Weatherall M, Taylor KD, Abernethy DA (2008) A meta-analysis of
performance on simple span and more complex working memory tasks in
Parkinson’s disease. Neuropsychology 22:450-61.
Silver H, Feldman P, Bilker W, Gur RC (2003) Working memory deficit as a core
neuropsychological dysfunction in schizophrenia. American Journal of Psychiatry
160:1809-16.
Skoblenick KS, Everling S (2012) NMDA antagonist ketamine reduces task-selectivity in
macaque dorsolateral prefrontal neurons and impairs performance of randomly
interleaved pro- and anti-saccades. J Neurosci 32:12018-27
Tallon-Baudry C (2003) Oscillatory synchrony and human visual cognition. Journal of
Physiology Paris 97:355-363.
Todd JJ, Marois R (2004) Capacity limit of visual short-term memory in human posterior
parietal cortex. Nature 428:751–754.
van Dijk H, Nieuwenhuis IL, Jensen O (2010) Left temporal alpha band activity increases
during working memory retention of pitches. Eur J Neurosci 31:1701-7.
Vogel EK, Woodman GF, Luck SJ (2001) Storage of features, conjunctions and objects
in visual working memory. J Exp Psychol Hum Percept Perform 27L92-114.
Vogel EK, Machizawa MG (2004) Neural activity predicts individual differences in
visual working memory capacity. Nature 428:748–751.
Vogel EK, McCollough AW, Machizawa MG (2005) Neural measures reveal individual
differences in controlling access to working memory. Nature 438:500-503.
113

Vogel EK, Awh E (2008) How to Exploit Diversity for Scientific Gain: Using Individual
Differences to Constrain Cognitive Theory. Current Directions in Psychological
Science 17:171-176 71
Wager TD, Smith EE (2003) Neuroimaging studies of working memory: a meta-analysis.
Cognitive, Affective, and Behavioral Neuroscience 3:255-274.
Wang XJ (1999) Synaptic basis of cortical persistent activity: the importance of NMDA
receptors to working memory. Journal of Neuroscience 19:9587–9603.
Wang XJ (2001) Synaptic reverberation underlying mnemonic persistent activity. Trends
in Neurosciences 24:455–463.
Wang M, Yang Y, Wang CJ, Gamo N, Jin LE, Mazer JA, Morrison JH, Wang XJ,
Arnsten AFT (2013) NMDA Receptors Subserve Persistent Neuronal Firing during
Working Memory in Dorsolateral Prefrontal Cortex. Neuron 77:736-749.
Woodman GF (2010) A brief introduction to the use of event-related potentials in studies
of perception and attention. Attention, Perception, & Psychophysics 72:2031-46.
Woodman GF (2012) The Oxford Handbook of Event-Related Potential Components.
Luck SJ, Kappenman ES (Eds.), New York: Oxford University Press.
Woodman GF, Kang MS, Rossi AF, Schall JD (2007) Nonhuman primate event-related
potentials indexing covert shifts of attention. Proc Natl Acad Sci U S A 104:151116.
Woodman GF, Vogel EK (2008) Selective storage and maintenance of an object's
features in visual working memory. Psychon Bull Rev 15:223-229.
Yeap S, Kelly SP, Sehatpour P, Magno E, Garavan H, Thakore JH, Foxe JJ (2008) Visual
sensory processing deficits in Schizophrenia and their relationship to disease state.
Eur Arch Psychiatry Clin Neurosci 258:305-16.
Zhao YL, Tan SP, Yang FD, Wang LL, Feng WF, Chan RC, Gao X, Zhou DF, Li BB,
Song CS, Fan FM, Tan YL, Zhang JG, Wang YH, Zou YZ (2011) Dysfunction in
different phases of working memory in schizophrenia: evidence from ERP
recordings. Schizophr Res 133:112-9.

114

