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Abstract The processes of attention and working memory are conspicuously
interlinked, suggesting that they may involve overlapping neural mechanisms.
Working memory (WM) is the ability to maintain information in the absence of
sensory input. Attention is the process by which a specific target is selected for
further processing, and neural resources directed toward that target. The content of
WM can be used to direct attention, and attention can in turn determine which
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information is encoded into WM. Here we discuss the similarities between attention
and WM and the role prefrontal cortex (PFC) plays in each. First, at the theoretical
level, we describe how attention and WM can both rely on models based on attractor
states. Then we review the evidence for an overlap between the areas involved in
both functions, especially the frontal eye field (FEF) portion of the prefrontal cortex.
We also discuss similarities between the neural changes in visual areas observed
during attention and WM. At the cellular level, we review the literature on the role of
prefrontal DA in both attention and WM at the behavioral and neural levels. Finally,
we summarize the anatomical evidence for an overlap between prefrontal mecha-
nisms involved in attention and WM. Altogether, a summary of pharmacological,
electrophysiological, behavioral, and anatomical evidence for a contribution of the
FEF part of prefrontal cortex to attention and WM is provided.

Keywords Attention - Dopamine - Working memory

1 Models of Attention and WM

Numerous computational models of WM and attention exist and exploit diverse
strategies to recreate the key features of neural activity during these states. One type
of computational model often used for both WM and attention is conceptually
defined by neural population “attractor states.” WM models primarily focus on the
maintenance and evolution of these attractor states, while attention models have
characterized how attractor states can be influenced by top-down activity.

Neurons can fire action potentials at specific rates and patterns, contingent on the
stimulus. Given that neurons have limited range in firing rates and limited selectivity
to stimuli, there is a finite set of firing “states” that neurons and populations of
neurons can occupy. Factors such as recurrent inhibition and excitation cause some
of these firing rate states to be more stable than others. Those relatively stable states
“attract” the firing rate activity of individual neurons and populations, creating
“attractor states.” When a stimulus is present, these attractor states can be thought
of as neural representations of its qualities. In periods when the stimulus is no longer
present, these attractor states represent a memory maintained in the system.

In WM networks, attractor states have been simulated in neural populations using
stable firing rates (Compte et al. 2000), time-varying firing rates (Druckmann and
Chklovskii 2012), and even “activity-silent” mechanisms that maintain representa-
tions synaptically (Goldman 2009). Neural populations can only support a finite
number of attractor states at any one moment. These states can thus be thought of as
competing with one another for representation (either in discrete slots or for shared
resources), with some “winning,” and thus maintained through the delay in WM
(Wang 2008).
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Various models of attention can be conceived as ways to direct the competition of
attractor states or align their transmission from one brain area to another. The sources
of such signals are often thought to arise from prefrontal cortex and be directed to
other brain areas, such as visual cortex. At the most basic, models of attention
selectively increase the activity of an attractor state that represents an “attended”
stimulus. That particular state then has a competitive bias relative to others (Ardid
et al. 2007). One can also model more complicated experimental findings, such as
normalization effects of attention, through a variety of mathematical frameworks
(Carandini and Heeger 2012), including network models (Kraynyukova and
Tchumatchenko 2018). The reduction in trial-to-trial variability seen with attention
has been modeled as a reduction in excursion between various attractor states from
one trial to the next, again caused by biased competition (Deco and Hugues 2012).
This increased consistency caused by attention can also be applied to population
oscillations, which has been used to model the communication of attractor content
from one brain area to another (Deco and Kringelbach 2016).

Instantiations of these network models using spiking units or rate units allow one
to capture patterns of response, the variability of that response from trial to trial, and
more general oscillations in currents. Spiking networks additionally allow one to
characterize spike timing and other discrete properties. These and other modeling
tools are proving incredibly powerful for elucidating the underlying mechanisms of
WM and attention.

2 FEF’s Role in Attention and WM

Psychophysical and electrophysiological studies indicate that the FEF is heavily
involved in both covert visual attention and WM. The first evidence suggesting the
FEF’s key role in high-level brain cognitive functions comes from its anatomical
properties. Through massive reciprocal connections, this area is interconnected with
many visual cortical and subcortical brain areas (Anderson et al. 2011; Markov et al.
2014b; Schall et al. 1995; Stanton et al. 1995). Some of these connected brain areas
have been suggested as sources of visual attention, including adjacent prefrontal
areas (Stanton et al. 1993), lateral intraparietal cortex (LIP) (Anderson et al. 2011;
Stanton et al. 1995), and the superior colliculus (SC) (Sommer and Wurtz 2000).
Originally, the FEF was identified as an area involved in making saccadic eye
movements (Robinson and Fuchs 1969). Electrical stimulation of a FEF site with
microampere-magnitude currents (microstimulation) results in a fixed vector saccade
to a specific part of space which is considered as the response field (RF) of that site
(Bruce and Goldberg 1985). Neurons in the FEF show diverse responses including
any combination of visual, memory-related, or saccade-related activity (Bruce and
Goldberg 1985; Lawrence et al. 2005). During the last couple of decades, several
studies have examined the role of the FEF in covert attention and WM. Psycho-
physical studies revealing a tight link between attention and saccadic eye movements
(Deubel and Schneider 1996) initially suggested the FEF as a source of visual
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attention. In the first study showing the causal role of the FEF in the control of
visual attention, it was shown that the microstimulation of FEF sites, with the
currents less than what is needed to produce a saccadic eye movement (subthreshold
microstimulation), improves the animal’s performance in detecting a contrast change
for stimuli presented within the area of space represented by the stimulated FEF site
(Moore and Fallah 2001, 2004). Thus, stimulating the FEF results in the behavioral
benefits of visual attention. Another study showed the link between FEF activation
and the neuronal signatures of visual attention: subthreshold microstimulation of
FEF is accompanied by an increase in firing rate and selectivity of V4 visual neurons
with RFs overlapping with those of the stimulated FEF site (Moore and Armstrong
2003). Neurons in FEF also encode the locus of visual attention (Armstrong et al.
2009). Interestingly, the same neurons in the FEF that carry memory signals during
the delay period are more likely to reflect target selection during the attention portion
of a task (Armstrong et al. 2009), which will be discussed further in the context of
identifying the FEF signal sent to visual areas. FEF inactivation profoundly impairs
behavioral performance in both spatial WM (Noudoost et al. 2014) and attention-
dependent tasks such as covert visual search and visual discrimination tasks (Wardak
et al. 2006). In sum, the FEF portion of PFC appears to play a crucial role in both
attention and WM.

3 Signatures of Attention and How WM-Induced Changes
Resemble Attention

Similarities between the neural signatures of attention and WM maintenance within
sensory areas further support the theory that these two processes have overlapping
mechanisms within prefrontal cortex.

The neural signatures of attention at the level of individual neurons include an
increase in response magnitude (Green and Swets 1966), reduced neuronal response
latency (Galashan et al. 2013; Sundberg et al. 2012; Lee et al. 2005), a shift of RFs
toward the locus of attention and shrinking RFs at the attended location (Anton-
Erxleben et al. 2009; Connor et al. 1996, 1997; Kusunoki and Goldberg 2003;
Womelsdorf et al. 2006; Suzuki and Cavanagh 1997; Anton-Erxleben & Carrasco
2013), reduced burstiness (Anderson et al. 2013), and reduced variability of visual
responses (Mitchell et al. 2007). Each of these signatures can contribute to increasing
the signal-to-noise ratio and thus lead to better discrimination and perception (Cohen
and Maunsell 2009; Ling et al. 2009; Mitchell et al. 2009) or a faster reaction
(Albrecht 1995; Bell et al. 2006; Oram et al. 2002; Raiguel et al. 1999). Attention
also affects the correlated noise of simultaneously recorded pairs of neurons (Cohen
and Kohn 2011; Cohen and Maunsell 2009; Ruff and Cohen 2014). The shared trial-
to-trial fluctuations in firing rates in response to the same stimulus are often called
the noise correlation. Attention can reduce the noise correlation in V4; interestingly,
this reduction in noise correlation enhances the signal-to-noise ratio of the pooled
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neural activity more than the changes in firing rates do (Mitchell et al. 2009). A study
by Cohen and Maunsell reported that over 80% of the attentional-induced enhance-
ment in V4 population sensitivity was due to the reduced noise correlations between
the firing rates of neurons (Cohen and Maunsell 2009).

WM plays an essential role in our daily life, determining how we interact with
the world based on our current goals (D’Esposito and Postle 2015). WM enhances
the processing of information related to the items held in WM, in part by altering the
processing of sensory information (Awh and Jonides 2001; Postle 2005). Finding the
neural basis by which WM engages sensory areas and enhances sensory represen-
tations in these areas is crucial to understanding the mechanisms underlying goal-
directed behavior. Our recent study revealed that sensory areas receive a WM-rich
signal from the FEF part of the prefrontal cortex during a memory-guided saccade
(MGS) task (Fig. 1a) (Merrikhi et al. 2017). This evidence, together with studies
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Fig.1 Changes in MT oscillatory power and spike timing during WM. (a) Schematic of the MGS
task. The monkey fixates on a central fixation point (FP), and a cue stimulus appears in one of six
positions arranged around the neuron’s RF location (right). The cue stimulus disappears, and the
monkey maintains fixation throughout a blank delay period. Following the disappearance of the
fixation point, the monkey saccades to the remembered location to receive a reward. (b) Firing rate
of MT neurons does not change based on WM location. The bottom plot shows the normalized
firing rate of 107 MT neurons across the course of the MGS task, when the memorized location is
inside (IN, red) and outside (OUT, blue) of the neurons’ RFs. The upper-right scatter plot shows raw
firing rates during the last 500 ms of the memory period, and diagonal histogram shows the
distribution of firing rate changes. (¢) aff LFP power reflects WM location. The average LFP
power spectrum during the memory period across frequencies (n = 480 LFP recordings), for
memory IN (red) and memory OUT (blue) condition. The scatter plot shows off power (8-25 Hz)
during memory IN vs. OUT. The diagonal histogram shows the distribution of differences in aff
power for all LFPs. (d) aff SPL reflects WM location. The SPL for memory IN (red) and memory
OUT (blue), across frequencies for all pairs of neurons and simultaneously recorded LFPs
(n = 1,605 neuron-LFP pairs). Inset scatter plot shows the SPL at aff for memory IN compared
to memory OUT, with the SPL values for multiple simultaneously recorded LFPs averaged for each
neuron (n = 107 neurons). Shading and error bars show standard error. Adapted from Bahmani
et al. (2018)
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demonstrating the FEF’s role in attention (reviewed in Clark et al. 2014), supports
the idea that one important purpose of persistent signals sent from the FEF is to
change neural processing within sensory areas (Gazzaley and Nobre 2012; Postle
2006).

Surprisingly, despite the WM-rich signal sent to extrastriate visual areas, there is
no change in the firing rate of these neurons during the memory period of WM tasks
(Fig. 1b) (Bahmani et al. 2018; Lee et al. 2005; Mendoza-Halliday et al. 2014;
Zaksas and Pasternak 2006). The behavioral impact of the content of WM on
perception in psychological studies (Awh and Jonides 2001), despite the lack of
firing rate modulation, suggests that the WM signal sent to visual areas may be
exerting a subthreshold effect on neurons in these areas, which in turn renders them
more sensitive to incoming visual signals. Oscillatory power can provide a signature
of such subthreshold effects. Indeed, the content of WM reflected is reflected in the
aff LFP power in area MT (Fig. 1c) (Bahmani et al. 2018). Moreover, this signature
was correlated with memory performance: monkeys had more precise and accurate
saccadic responses in trials with higher values of aff power (Bahmani et al. 2018).
This change also affected the temporal pattern of firing in MT neurons: spikes were
locked to the phase of af ongoing oscillations during the memory period (Fig. 1d).
Furthermore, in the presence of a bottom-up sensory signal, evoked visual responses
were enhanced (Fig. 2a). WM improved the ability of neurons in visual areas,
including V4 and MT, to distinguish between stimuli presented near the memorized
location by shifting and expanding their RFs toward the location held in WM
(Fig. 2b) (Merrikhi et al. 2017). WM was also able to enhance the discriminability
of stimuli based on oscillatory patterns of spikes in the off frequency range (Fig. 2¢).
In fact, when visual information was presented during the delay period of the MGS
task, the gain and discriminability of spiking activity increased in a af-phase-
dependent manner: the enhancement of gain and discriminability was more for the
spikes acquired at the preferred phase of ongoing af oscillations (Bahmani et al.
2018). Quantitatively, changes in spike timing had a greater effect on information
encoding during memory than changes in firing rate (Bahmani et al. 2018). Alto-
gether, these findings suggest that changes in spike timing in visual areas, driven by
a WM signal sent from the prefrontal cortex, could form the basis for enhanced
sensory representations and the accompanying benefits for visual perception.

4 Prefrontal Dopamine, a Common Modulator of Attention
and WM

Dopamine signaling within PFC has been shown to play a role both in WM activity
and behavior, and in generating attention-like modulations of visual signals else-
where in the brain.

Iontophoretic application of dopaminergic drugs can increase persistent activity
within PFC during a spatial WM task (Williams and Goldman-Rakic 1995). This
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Fig. 2 Changes in MT visual sensitivity during WM. (a) During the memory period, visually
evoked activity increased, but delay activity in the absence of probes was unchanged. A revised
version of MGS task with probe presentation was used; visual probes appeared on 91% of trials,
during both the fixation and delay periods of the MGS task. Scatter plot of WM-induced changes in
the visually evoked spiking activity (probe trials) against WM-induced changes in the delay period
activity (no-probe trials). Top histogram indicates the WM-induced change in delay period activity;
right histogram indicates the WM-induced change in visually evoked activity. Diagonal histogram
illustrates the difference between the effects of WM on firing rates in the presence and absence of
visual probes. (b) RFs shift toward the WM location. Heat map showing the RF of an example MT
neuron during fixation (at cross); RF of the same neuron measured while the monkey remembered a
location inside of the RF, indicated by the arrow; and RF of the same neuron while the monkey
remembered a location to the right of the fixation RF. Lower plots show the RF outlines of three
simultaneously recorded MT neurons during fixation (left) and the delay period when the monkey
remembered different locations (right). The blue outline is the RF of the neuron shown in upper
plot. (c¢) Visual information encoded in spike phases increases near the memory location. The
increase in mutual information during WM depends on the distance between the probes and the RF
center or memory location. Color scale shows the change in mutual information (memory —
fixation) between the spikes’ phases (af}) and probe location for pairs of probes. The change is
plotted as a function of the probes’ distance from the RF center (y-axis) and distance from the
memory location (x-axis). The geometric mean of the two probe positions was used to calculate
distances. Adapted from Bahmani et al. (2018) and Merrikhi et al. (2017)

dopamine-modulated change in persistent activity displays an “inverted-U” dose
dependency, with the greatest persistent activity at an intermediate level of dopamine
signaling (Vijayraghavan et al. 2007). Shifts in the baseline dopaminergic tone
within PFC may account for changes in WM observed due to stress or aging
(Arnsten et al. 1994, 1995; Arnsten 2000; Gamo and Arnsten 2011). Further work
has shown that dopamine alters the probability of glutamate release within PFC (Gao
et al. 2001) and increases the coincident firing of pyramidal PFC neurons, consistent
with an increase in the synaptic reliability of their inputs (Castner and Williams
2007). More recent work suggests that the effect of prefrontal dopamine on excit-
atory and inhibitory neurons may differ (Jacob et al. 2013), reducing the activity of
inhibitory neurons while increasing the activity and reliability of excitatory neurons.

Different classes of dopamine receptors within PFC have different effects on PFC
activity and behavior. Dopamine receptors are generally divided into two classes:
Dl-like receptors (D1Rs) and D2-like receptors (D2Rs) (Missale et al. 1998;
Seamans and Yang 2004); D1Rs are expressed in both superficial and deep cortical
layers, but D2R expression is restricted to the deep layers (Lidow et al. 1991).



136 7. Bahmani et al.

(Expression of dopamine receptors within PFC will be discussed in greater detail in a
later section.) While DIR manipulation was found to enhance persistent activity
within PFC during a spatial WM task (Williams and Goldman-Rakic 1995), as
discussed above, D2R manipulation instead modulates motor-related activity, with-
out altering persistent activity (Wang et al. 2004). Similarly, during a rule-based
oculomotor task, D1Rs affected PFC neuronal tuning for rule and memory, while
D2Rs only altered motor signals (Vijayraghavan et al. 2016). DIRs and D2Rs also
have different effects on oscillations within PFC, with power in the beta and gamma
bands sensitive to DIR and D2R signaling, respectively (Ott et al. 2018); both
receptor types altered alpha and theta power. Behaviorally, both DIR and D2R
manipulation can bias the animal toward saccading to the retinotopic location
corresponding to the infusion site; however, they have differential effects on the
effect of experienced reward on subsequent choices (Soltani et al. 2013). It should
also be noted that those effects which are similar for the two receptor types are
usually obtained using a D1R antagonist and a D2R agonist (Ott et al. 2018; Soltani
et al. 2013). Thus, dopamine signaling via DI1Rs vs. D2Rs produces distinct and
contrasting effects on prefrontal neurophysiology and behavior.

The effects of dopamine signaling within PFC are not limited to the activity of
prefrontal neurons. Noudoost and colleagues have shown that pharmacologically
manipulating dopamine signaling within the FEF can alter sensory responses in
extrastriate visual cortex (Noudoost and Moore 2011b). Local pharmacological
infusions into the FEF produced localized biases in saccade target selection in a
free-choice task, causing an increased tendency to choose the portion of space
represented by neurons near the infusion site (which can be estimated using electrical
stimulation, see Fig. 3a). Infusing a DIR antagonist (SCH23390) into the FEF
enhances visual responses at a retinotopically corresponding location of the V4
representation. This enhanced visual response included greater peak firing rates,
greater reliability, and greater feature selectivity (Fig. 3b, c). The effects observed in
V4 following FEF D1R manipulation resemble the reported signatures of spatial
attention (reviewed in Clark et al. 2015; Noudoost et al. 2010; Squire et al. 2013). A
D2R agonist, in contrast, produced a bias in saccadic target selection but no change
in visual responses. Inactivating FEF with a GABA agonist (muscimol) resulted in a
decrease in the selectivity of V4 visual responses, consistent with a net excitatory
effect of a DIR antagonist within PFC. In combination with the previously discussed
iontophoresis experiments showing that DIR but not D2R signaling enhances
persistent activity within PFC, these results are consistent with the hypothesis that
persistent activity in FEF is a key mediator of the attentional modulation of
extrastriate visual responses.

5 DA Imbalance and Attention-WM Impairments

The coincident impairment of WM and attention in many neurological disorders
associated with disruptions in dopamine signaling also suggests that both processes
rely on this pathway for normal function. Here we review findings on the effect of
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dopamine-related disorders on attention and WM task performance, focusing on
Parkinson’s disease (PD).

Visual processing and cognitive functions are considerably altered in populations
with dopamine dysfunction such as PD, schizophrenia, and attention deficit hyper-
activity disorder (ADHD) (Barkley 1997; Dakin et al. 2005; Gurvich et al. 2007;
Karatekin and Asarnow 1998; Seymour et al. 2013). WM and tasks requiring
top-down control are remarkably dependent on the integrity of dopamine function
in prefrontal cortex (Cools et al. 2002; Miller et al. 1996; Moustafa et al. 2008;
Williams and Goldman-Rakic 1995). In PD patients, dopamine dysfunction leads to
disruption of frontal cortical networks and explains performance deficits (i.e., slower
reaction time and higher error rates) often found in cognitive tasks that involve
central planning, WM, motor learning, conflict resolution, and prior information
about stimulus uncertainty (Brown et al. 1993; Brown and Marsden 1988; Ghilardi
et al. 2003; Herz et al. 2016; Jahanshahi and Frith 1998; Perugini et al. 2016; Stern
et al. 1983). Furthermore, visuo-motor abnormalities and visual sensory disturbances
in PD have been attributed to dopamine deficiency in striatal circuits of the basal
ganglia and the retina (Jankovic 2008; Patel et al. 2014; Rodnitzky 1998). Contrast
sensitivity tests in PD patients show a significantly elevated threshold for stimulus
detection compared to healthy controls (Bodis-Wollner 1990; Bodis-Wollner et al.
1987; Kupersmith et al. 1982).

The challenge of isolating “attentional deficits” from perceptual and executive
control deficits in PD was originally addressed by increasing levels of complexity in
choice reaction time tasks, in which subjects were instructed to respond according to
stimulus features (i.e., color, shape or tone, or the combination of all three) (Cooper
et al. 1994). Longer choice reaction time in PD patients suggested impaired central
processing. Moreover, PD patients being slower in tests of WM, such as the London
tower task, suggested an increased thinking time rather than deficits in the concep-
tion of logical steps toward a solution, given that strategies were comparable with
control subjects (Morris et al. 1988). This was also proposed to be an issue with
attention switching (Morris et al. 1988). The fact that PD patients exhibited WM
deficits and difficulty with internal deployment of “top-down” mechanisms raised
the question of whether exogenously driven attention was equally impaired. In a
simple cued and non-cued Stroop task (i.e., word and ink cues), patients performed
better when a cue relevant to the stimulus attribute was presented before each trial
(Brown and Marsden 1988). Further studies confirmed that behavioral performance
in PD is highly task dependent, with longer reaction times and more errors when
tasks rely on internal processing and relatively normal reaction times when external
cues are provided (Jahanshahi et al. 1995; Siegert et al. 2002). This benefit of
external cues on task performance offers further insight on the ways that sensory
stimuli can facilitate movement initiation, hypothetically explained by the patho-
physiology of PD (Praamstra et al. 1998).

Several studies have aimed to establish a relationship between task performance
and dopaminergic therapy or its withdrawal, using tests that are sensitive to frontal
lobe function (Gurvich et al. 2007; Lange et al. 1992, 1995; Moustafa et al. 2008).
Treatment with levodopa, a dopamine precursor, helps alleviate the motor symptoms
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of PD (Cotzias et al. 1969; Yahr et al. 1969) and has been associated with increased
blood flow in PFC (Roshan Cools et al. 2002). Withdrawal of levodopa caused
performance impairments in tests such as spatial memory and the tower of London
(Lange et al. 1992). Furthermore, levodopa withdrawal could either impair or
enhance performance on cognitive tasks, depending on the basal levels of dopamine
and the nature of the task, suggesting a more complex link (Cools and D’Esposito
2011). An inverted U-shaped action of dopamine could explain the various effects of
dopamine signaling on cognitive control (Cools and D’Esposito 2011; Cools et al.
2001, 2010). These observations support the inverted U-shaped findings in animal
studies, although on a behavioral rather than neural level (Vijayraghavan et al.
2007).

Relevant studies in PD, schizophrenia, and ADHD are described with more detail
in Table 1.

6 Anatomical Basis of Prefrontal Dopamine’s Contribution
to Attention and WM

Anatomical evidence, including patterns of receptor expression and the specific
properties of neurons projecting from the PFC, also suggests a unique and important
role for dopamine in the prefrontal networks that modulate sensory processing.
FEF neurons exhibit a mixture of visual, motor, and memory-related activity in
varying proportions (Bruce and Goldberg 1985; Lawrence et al. 2005; Sommer and
Wurtz 2000, 2001; Umeno and Goldberg 2001). FEF neurons also project to
multiple cortical and sub-cortical areas (Leichnetz 1982; Markov et al. 2014a;
Schnyder et al. 1985; Sommer and Wurtz 2000; Stanton et al. 1995). In order to
determine which kinds of FEF activity are sent via these projections, projecting
neurons must be identified, e.g., via antidromic stimulation in the target area
(Ferraina et al. 2002; Sommer and Wurtz 2000), and their response characteristics
assessed. For example, a combination of visual, motor, and delay activity is sent
from the FEF to the SC (Sommer and Wurtz 2000, 2001). Recently, the content of
FEF’s projection to extrastriate visual cortex was examined using antidromic stim-
ulation (Merrikhi et al. 2017), revealing that memory-related, delay period activity is
the defining feature of FEF neurons projecting to extrastriate visual cortex. This
memory activity was significantly stronger in the FEF projection to V4 than in the
FEF population as a whole (Fig. 4). Motor activity, in contrast, was present in a
much smaller fraction of V4-projecting FEF neurons than in the FEF population.
Since modulation of FEF activity has been shown to modulate V4 activity in ways
that mimic the effects of selective attention (Moore and Armstrong 2003; Noudoost
and Moore 2011b), and we know now that the direct projection to V4 contains
primarily memory-related activity (Merrikhi et al. 2017), this suggests that neurons
exhibiting delay-period activity could be a source of attentional modulation in
extrastriate cortex. In fact, the same neurons in FEF that display persistent
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Table 1 Studies of attention and WM performance in PD, schizophrenia, and ADHD

Author

Task

Disease, treatments

Performance change

Mathis et al.
(2011)

Attentional blink

Schizophrenia

Patients show an exag-
gerated attentional blink
effect compared to
healthy controls, with
significantly lower detec-
tion of the second

target. Results suggest
deficits in both visual
processing and general
attentional deficits

Javitt et al.
(1995)

WM, auditory oddball task

Schizophrenia

Impaired mismatch nega-
tivity, increased reaction
time and decreased num-
ber of correct detections

Stablein
et al. (2016)

‘WM, visual motion task

Schizophrenia

Decreased task accuracy,
attributed to visual defi-
cits and impaired atten-
tion in patients

Clementz
et al. (2008)

Target identification
sustained attention

Schizophrenia

Abnormal target identifi-
cation in patients, attrib-
uted to visual deficits in

schizophrenia

Fuller et al.
(2006)

Visual search tasks, four
types

Schizophrenia

Rates of search were
slower in patients, espe-
cially when the task
required precise atten-
tional control. Results
suggest primary impair-
ment of attention in
schizophrenia

Slagter et al.

Attentional blink

Parkinson’s disease

Patients exhibited poorer

(2016) on and off dopami- performance than healthy
nergic therapy (levo- | controls
dopa and agonists) An optimum level of
dopamine for cognitive
function is suggested
Cools and Review, tower of London, Parkinson’s disease PD patients had deficits
D’Esposito | WM task, attentional set- on and off medication | on the Tower of London
(2011) shifting planning task, WM and
attentional set-shifting
tests
Rodriguez- | Review of tasks in which Parkinson’s disease Issues when switching
Oroz et al. shifting of attention is attention and double task
(2009) impaired in PD demands

(continued)



142

Table 1 (continued)

Z. Bahmani et al.

Author Task Disease, treatments Performance change
Bulens et al. | Contrast sensitivity test Parkinson’s disease Loss of contrast sensitiv-
(1987) and on and off levodopa ity in patients. Levodopa
Hutton et al. treatment improves contrast sensi-
(1993) tivity function, close to
normal levels
Lange et al. | Tower of London and Parkinson’s disease; L-dopa withdrawal
(1992) spatial WM task on and off L-dopa dramatically impaired
medication performance in the tower
of London test, with times
slower than baseline
condition (on L-dopa).
Increase of errors in the
spatial WM task during
L-dopa withdrawal
Moustafa WM task, continuous per- | Parkinson’s disease; PD patients showed
et al. (2008) | formance AX-CPT on and off dopami- deficits for ignoring
nergic medications distractors and attentional
(L-dopa and agonists) | shifting
Kempton Cambridge Neuropsycho- ADHD; stimulant Medicated ADHD chil-

et al. (1999)

logical Test Automated
Battery (CANTAB)

methylphenidate,
D-amphetamine

dren did not show
impairment in most of the
executive function tasks,
except the spatial recog-
nition memory task.
These results suggested
that stimulant medication
improved executive func-
tion performance

Karatekin
and
Asarnow
(1998)

Dot test of visuospatial WM
and digit span subtest of the
Wechsler intelligence scale
(digit recall)

Childhood onset
schizophrenia and
ADHD

Normal children were
able to recall more digits
than children with
schizophrenia and
ADHD. Both schizo-
phrenic and ADHD chil-
dren had greater distance
error on the dot test

memory-related activity are more likely to show attentional modulation (Armstrong
et al. 2009) — suggesting that the same memory-selective FEF neurons which project
to visual areas drive both the modulations of these areas during WM (see Fig. 3) and
also attentional modulation of incoming visual signals. Consistent with this is the
fact that D1Rs in PFC selectively modulate persistent memory-related activity there
(Williams and Goldman-Rakic 1995) and also modulate activity in visual areas
(Noudoost and Moore 2011b). In sum, dopamine’s modulation of persistent pre-
frontal activity (Williams and Goldman-Rakic 1995), which we know to be strongly
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Fig. 4 Comparison of visual, memory, and motor activity in V4-projecting FEF neurons and the
FEF population as a whole. Visual, memory, and motor selectivity were assessed using a memory-
guided saccade task in which the cue appeared inside or opposite the RF of the FEF neurons being
recorded (see Fig. 1a). Histograms show the distribution of average visual, memory, and motor
selectivity for 1,000 ensembles of 15 FEF neurons chosen at random from the population (n = 307
non-projecting FEF neurons). Yellow arrow shows the mean selectivity for the V4-projecting FEF
neurons (n = 15). Selectivity was measured based on the ROC value for trials in which the cue
appeared inside vs. outside the FEF RF (during the visual, delay, or motor epochs of the task).
Memory selectivity was significantly stronger in the V4-projecting FEF population, and motor
selectivity was significantly weaker, compared to the non-projecting FEF population. Modified
from (Merrikhi et al. 2017)

represented in FEF’s projections to visual areas (Merrikhi et al. 2017), drives
attention-like modulations of visual cortex (Noudoost and Moore 2011b).

Examinations of patterns of dopamine receptor expression suggest a specialized
role for dopamine in prefrontal processing. Dopamine receptors are enriched in the
prefrontal cortex compared to more caudal regions in both macaque (Lidow et al.
1991) and rodent (Gaspar et al. 1995). Dopamine terminals converge onto pyramidal
neurons and a class of fast-spiking interneurons (Sesack et al. 1995; Verney et al.
1990). However, the contacts are more often made onto pyramidal neurons than
interneurons (Goldman-Rakic et al. 1989; Sesack et al. 1995; Smiley and Goldman-
Rakic 1993; Smiley et al. 1992). Goldman-Rakic and colleagues (Bergson et al.
1995; Smiley and Goldman-Rakic 1993) found that D1Rs were most prominent on
pyramidal neurons in macaque dIPFC. Mueller et al. (2018) examined the expression
of D5Rs (which are part of the D1 family of receptors) on different classes of
neurons in the macaque PFC and found that D5Rs are more prevalent on pyramidal
neurons than inhibitory interneurons and are especially prevalent on anatomically
defined putative long-range projection neurons. These findings suggest that dopa-
mine will exert a strong influence on the majority of pyramidal neurons through the
D1 family of dopamine receptors.
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The expression of dopamine receptors also varies across cortical layers. Previous
in situ results have shown that within the macaque PFC, mRNA encoding all
dopamine receptor subtypes was expressed most strongly in layer V; however, this
was not the case for all cortical regions (Lidow 1998). Others (Bergson et al. 1995;
Smiley and Goldman-Rakic 1993) found that DIR staining was most prominent in
layers II-IIT and V. Goldman-Rakic and colleagues (Goldman-Rakic et al. 1990;
Smiley et al. 1994) used autoradiography and immunofluorescence to show com-
paratively higher expression of D1Rs in layers I-II, medium expression in layers V
and VI, and lower expression in layers IIIb and IV of dIPFC. They found D2R
expression was strongest in layer V. Collectively these results suggest dopamine is
likely to influence pyramidal neurons through D1 and D5 dopamine receptors in the
macaque PFC, particularly in layer II-IIT and V. Because D1R activation potentiates
NMDA receptor-mediated increases in excitability (Gonzalez-Islas and Hablitz
2003; Tseng and O’Donnell 2004), activation of D1Rs on recurrently connected
pyramidal neurons could directly influence the increase in sustained activity in
attention and WM.

Some interneuron classes in primate dIPFC differentially express D1Rs in their
processes (Glausier et al. 2009). However, only very few studies have examined the
expression of DIRs on different neuronal populations in the macaque PFC. Muly
et al. (1998) examined the distribution of D1Rs across different interneuron cell
types across PFC layers. They found no variation in expression of D1R+/calretinin+
neurons but did for D1R+/calbindin+ and D1R+/parvalbumin+ neurons: there were
fewer D1R+/parvalbumin+ neurons in superficial layers (I and II) than other layers,
and DIR+/calbindin+ expression peaked in layer III (Muly et al. 1998). This
suggests that the expression of D1Rs may also be laminarly specific to facilitate
differential processing of sustained signals (WM- or attention-related) or motor
signals.

There are also many differences in dopamine neuroanatomy between different
species (Fig. 5). In contrast to dopamine receptor expression in the macaque, in the
mouse PFC, it was shown that D1R+ neurons are mainly in deep layers and D2R+
neurons are mainly in superficial neurons (Wei et al. 2018). In the rat several studies
show D1Rs and D2Rs are both mainly found in deeper layers (Berger et al. 1988,
1991; Davidoff and Benes 1998; Descarries et al. 1987; Gaspar et al. 1995; van Eden
et al. 1987). Again in contrast to the macaque, immunological studies in rat mPFC
showed that the density of D1R+ neurons was almost one third lower in layers II-III
than layers V-VI and also that there was a higher density of D2R+ neurons than DIR
+ neurons in layers II-1IT (Vincent et al. 1993). Further in situ of different classes of
neurons in the rat mPFC found that D1R expression was lower on pyramidal neurons
compared to inhibitory neurons (11-21% vs 25-52%) (Santana and Artigas 2017) —
again a stark contrast to dopamine receptor expression in the macaque. Combined,
these very divergent results suggest a different role of neuromodulators in
PFC-related cognitive functions across different species.
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7 Conclusion

Numerous lines of evidence indicate the involvement of the PFC, and specifically
the FEF, in both attention and WM. The FEF shows both memory- and attention-
related activity, largely in the same neurons, and its activity is tied to performance on
both attention and WM tasks. The FEF sends memory-related activity to visual
areas, and the modulation of visual responses observed during spatial WM resembles
that caused by covert spatial attention. Dopamine signaling and persistent activity
within PFC may be the key mechanisms linking these two processes. Patients with
altered dopamine signaling, such as PD, show disruptions of WM performance and
tasks involving top-down control. Dopamine receptors display specific expression
patterns within primate PFC, and manipulating PFC dopamine signaling both
selectively modulates memory-related activity within PFC and reproduces the sig-
natures of attention within visual cortex. In sum, dopamine-modulated activity in
prefrontal cortex appears to be a critical player in both the behavioral and neural
signatures of attention and WM.
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