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Visual perception occurs when a set of physical signals emanating from the environment
enter the visual system and the brain interprets such signals as a percept. Visual working
memory occurs when the brain produces and maintains a mental representation of a
percept while the physical signals corresponding to that percept are not available. Early
studies in humans and non-human primates demonstrated that lesions of the prefrontal
cortex impair performance during visual working memory tasks but not during perceptual
tasks. These studies attributed a fundamental role in working memory and a lesser role
in visual perception to the prefrontal cortex. Indeed, single cell recording studies have
found that neurons in the lateral prefrontal cortex of macaques encode working memory
representations via persistent firing, validating the results of lesion studies. However,
other studies have reported that neurons in some areas of the parietal and temporal
lobe —classically associated with visual perception—similarly encode working memory
representations via persistent firing. This prompted a line of enquiry about the role of
the prefrontal and other associative cortices in working memory and perception. Here,
we review evidence from single neuron studies in macague monkeys examining working
memory representations across different areas of the visual hierarchy and link them to
studies examining the role of the same areas in visual perception. We conclude that
neurons in early visual areas of both ventral (V1-V2-V4) and dorsal (V1-V3-MT) visual
pathways of macaques mainly encode perceptual signals. On the other hand, areas
downstream from V4 and MT contain subpopulations of neurons that encode both
perceptual and/or working memory signals. Differences in cortical architecture (neuronal
types, layer composition, and synaptic density and distribution) may be linked to the
differential encoding of perceptual and working memory signals between early visual
areas and higher association areas.
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1. INTRODUCTION

1.1. Are Working Memory and Perception

Two Distinct Cognitive Functions?

Visual perception is defined as the ability to interpret the
surrounding environment from electromagnetic signals entering
the retinas. Visual perception occurs when neurons across
different areas of the visual system are activated by retinal inputs
and the brain produces “a percept” or interpretation of the
physical reality (e.g., seeing a red shirt) (Chalupa and Werner,
2003). Visual working memory is the ability to remember and
manipulate, for short periods of time, an interpretation of the
physical reality when the corresponding physical signals are no
longer entering the retinas (Baddeley, 2010) (e.g., the mental
image or memory of the same red shirt). Perhaps the best
operational distinction between visual perception and working
memory is that the former is linked to the flow of visual
inputs, while the latter is not. The distinction between perceptual
and mnemonic states seems intuitive. Indeed, a typical human
subject can distinguish when they “see” an image of a red shirt
(perceptual) and when they “remember” an image of a red shirt
(mnemonic). Thus, for typical individuals, the mental states
corresponding to visual perception and working memory are
different and distinguishable.

It is important to clarify that perception is not always a lawful
reflection of the physical properties of stimuli. Phenomena such
as perceptual illusions have taught us that perception is a creative
process, and under particular circumstances of ambiguity, we
could “misinterpret” the physical environment or even interpret
the same environment in multiple ways (Todorovi¢, 2020).
However, we would argue that in general, perception reflects
the physical reality in a predictable manner. Therefore, in the
current review, we refer to perception as a predictable and
stable process and exclude cases of perceptual illusions or
variations (Foster, 2011). We focus on the distinction between
the physical presence of an object (visual perception) and the
mental image of the same object when unavailable to the senses
(mnemonic representation).

A somewhat related review of this topic largely based on
findings from human experiments using non- invasive signal
measurement techniques has been recently published (Dijkstra
et al, 2021). In this current review, we primarily refer to
data collected in experiments using invasive techniques in non-
human primates such as lesion studies and electrophysiological
recordings. We make the reasonable axiomatic assumption that
anthropoid non-human primates with a developed visual system
and brain areas that have human homologs (Petrides, 2005)
use perception and working memory as part of their cognitive
repertoire (Beran et al., 2016).

The distinction between working memory and perceptual
functions can be traced to lesions studies conducted more than
a century ago in humans and animals. They reported that
damage to certain brain areas can produce selective deficits of
working memory while sparing visual perception (reviewed in
the next section). However, more recent studies have reported
co-existence of signal correlates of visual perception and working
memory across brain areas and have questioned the segregation

of the neural substrates for these two functions in the brain
(reviewed in the section “Dissociating Visual Working Memory
and Perception: Electrophysiological Studies of Single Neurons
Across Brain Areas”). Influential in this latter view, have been
findings of functional imaging and EEG/MEG studies in human
subjects (Dijkstra et al., 2021).

On a cautionary note, we have found that the diversity of
techniques used to record brain signals in humans and non-
human primates and that of paradigms (tasks) used to explore
working memory and perception makes it difficult to examine the
relationship between the neural correlates of the two functions
across species. This is in part because different techniques used in
humans and non-human primates explore different spatial and
temporal scales of brain activity and record different types of
signals. It is therefore difficult to reconcile the results of studies in
different species. In this review, we have taken a focused approach
to examine reports mainly from studies in non-human primates
using different methodologies to study working memory coding
along areas of the visual processing pathways and its relationship
to visual perception. We also assume that over the short temporal
scales of perception and working memory, action potentials are
the central elements of information coding and transmission
between neurons and neuronal networks over distances that
extend beyond synapses. Therefore, we concentrate on studies
that have directly recorded action potentials from neurons or
neuronal populations during behavioral tasks that involve visual
perception and working memory.

2. MAIN

2.1. Dissociating Visual Working Memory

and Perception: Lesion Studies
The idea that perceptual and mnemonic representations
are separable in the brain originated by investigations into
patients with localized cortical damage. Although they did not
directly measure working memory, early case studies describe
independent impairments in top-down driven representations
(visual imagery) or perception. Charcot and Bernard first
described a patient in 1883 that could identify objects but was
neither able to form mental representations of these objects
nor envision them from memory (Charcot and Bernard, 1883).
The opposite deficit has also been described in which patients
are unable to perceive objects yet can describe them in detail
based on clear mental representations. A well-known case of
this, described in patient C.K, was presented by Behrmann and
colleagues in the early 1990’s. C.K was unable to identify either
simple or complex items but was able to produce clear and
detailed drawings of those same items (Behrmann et al., 1994).
Early lesion studies in non-human primates supported
the dissociation between working memory and perception.
Jacobsen (1936) conducted a series of lesion experiments
in the prefrontal cortex (PFC) of different species of non-
human primates [Macaca mulatta (rthesus macaque), Cercocebus
torquatus (mangabey), and Papio papio (baboon)] and noticed
that the lesions produced selective performance deficits in
delayed response tasks, where animals had to remember the
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locations or features of objects for a short period of time.
Importantly, the animals could perform other perceptual tasks
without major difficulty (Jacobsen, 1936). These results suggested
that lesions of the PFC affect mainly working memory while
sparing perception. In another study, Chow, Blum and Blum
conducted lesion experiments of the posterior association areas
of the parieto-occipital temporal region and the prefrontal areas
close to the frontal pole in macaque monkeys (Chow et al,
1951). They found that posterior lesions did not substantially
affect performance in a delayed response task. On the other
hand, prefrontal lesions did affect the animals’ performance
without substantially affecting other discrimination abilities.
They concluded that the PFC plays a selective role in the delayed
aspects of the task.

In 1952, Harlow and colleagues reported two distinct deficits
associated with lesions of the posterior cortices and anterior
(prefrontal) cortices in macaque monkeys. The animals with
posterior lesions had stronger deficits in discrimination tasks,
whereas animals with anterior prefrontal lesions had stronger
deficits in delayed response tasks (Harlow et al., 1952). Curiously,
lesions to the posterior parietal cortex have little effect on the
performance of delayed response tasks. In the case of complete
and bilateral posterior parietal cortex lesions, visuospatial
information may possibly arrive to PFC through alternate
connections (i.e., anterior/posterior cingulate cortex) or through
connections to preoccipital regions (i.e., dorsomedial area DP),
via the occipitofrontal fascicle (Selemon and Goldman-Rakic,
1988; Yeterian and Pandya, 2010; Yeterian et al., 2012; Arnsten,
2013).

In 1952, Pribram and coworkers described that lesion of the
PFC in baboons (Papio papio) also produced performance deficits
in delayed response tasks. Dorsolateral lesioned animals had
greater alterations in all tasks compared to ventromedial lesioned
animals (Pribram et al., 1952). In 1969, a study by Butters and
Pandya (1969) reported a more specific finding concerning the
role of the PFC in working memory tasks. They compared the
performance of lesioned and control rhesus macaques in delayed
alternation tasks. Lesions included bilateral inferior parietal
cortex lesions and three types of prefrontal lesions around
the principal sulcus. Animals with lesions of the anterior and
posterior thirds of the principal sulcus as well as periarcuate
and parietal lesions could re-learn the delay alternation task but
animals with lesions of the central part of the arcuate sulcus could
not re-learn the task and showed permanent deficits. A later
study by Warren and Divac (1972) demonstrated that the effect
of principal sulcus lesions extends to delayed response tasks.

Importantly, decades earlier, Malmo (1942) and Orbach
and Fischer (1959) reported the importance of the PFC in
maintaining working memory representations in the presence of
irrelevant incoming visual signals. Without PFC, stored mental
representations can be disrupted by incoming sensory signals.
These studies highlighted the importance of PFC to guard mental
representations from distracters.

In 1960, Miles and Blomquist (1960) reported that lesions
of the PFC in squirrel monkeys (Samiri sciureus), a new
world primate, produced a similar syndrome as the one
observed in the old world species. The syndrome consisted

of hyperactivity, deficits in delayed response tasks, and no
adverse effects on the ability to solve discrimination tasks when
the stimulus was present. This study extends the observed
effects of prefrontal lesions to new world monkeys, with a
relatively less expanded PFC than their old world relatives
(Passingham and Wise, 2012).

More recently, in the second half of the twentieth century,
spatially refined lesion and pharmaceutical inactivation studies in
the PFC of macaque monkeys further demonstrated perturbation
of visuospatial working memory representations and sparing
of perceptual representations (Sawaguchi and Goldman-Rakic,
1991; Funahashi et al, 1993; Iba and Sawaguchi, 2003). This
work introduced the concept of mnemonic scotoma, a deficit in
remembering a certain spatial location during a delayed response
task induced by inactivating small regions in the lateral prefrontal
cortex (LPFC) (Funahashi et al., 1993). However, animals with
mnemonic scotomas are able to make saccades to the region
of the mnemonic scotoma when the target object is visually
available. The latter not only confirmed the results of previous
studies, but also emphasized a major role of the PFC in visual
working memory and a lesser role in visual perception. Thus,
from lesions studies, one may conclude the PFC is needed
for maintaining information in working memory, but it is not
essential for visual perception (i.e., when visual information
remains available). Table 1 shows a summary of studies that
explore the effects of lesions in perceptual and working memory
tasks in non-human primates. Figure 1 provides a graphical
summary of this information.

2.2. Dissociating Visual Working Memory

and Perception Along the Visual Pathways

Departing from the accumulated evidence in early lesion studies
in non-human primates (reviewed above) and the development
of single cell recording techniques in behaving animals (Hubel,
1957), Fuster and Alexander (1971) recorded the responses of
neurons in the LPFC and mediodorsal nucleus of the thalamus
in macaque monkeys during delayed response tasks. They
discovered cells in the LPFC that represent remembered locations
and features of visual stimuli via persistent firing: an increase
in firing rate above baseline tuned for the location of the items
held in working memory. One important feature of persistent
firing is that it occurs in the absence of sensory inputs, when
the cue or sample stimulus disappears from the visual field—
the so-called delay period of working memory tasks. An amount
of controversy has been accumulating around the concept of
persistent firing. For example, whether it is sustained during
the entire delay period by single neurons or populations, or it
has a temporal structure (e.g., oscillations in certain frequency
bands) (Sreenivasan et al., 2014; Lundqvist et al., 2016, 2018;
Constantinidis et al., 2018). In the original report Fuster and
Alexander (1971) do not make considerations about the temporal
structure of persistent firing in individual trials but used trial
averages. Although clarifying the temporal structure of persistent
firing is important to reveal the mechanisms of working memory
coding, this review will not expand on this topic. We will
consider persistent firing as increases in firing rate that encode
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TABLE 1 | Lesion studies.

References

Species

Main finding

Bianchi (1895)

Jacobsen et al. (1935)

Jacobsen (1936)

Jacobsen and Nissen
(1937)

Malmo (1942)

Finan (1942)

Spaet and Harlow
(1943)

Campbell and Harlow
(1945)

Pribram (1950)

Chow et al. (1951)

Harlow et al. (1952)

Pribram et al. (1952)

Blum (1952)

Mishkin and Pribram
(1955)

Mishkin and Pribram
(1956)

Orbach (1956)

Rosvold and Delgado
(1956)

Mishkin (1957)

Orbach and Fischer
(1959)

Miles and Blomaquist
(1960)

Gross and Weiskrantz
(1962)

Papio cynocephalus

Pan troglodytes

Macaca mulatta
Cerocebus torquatus
Papio papio

Macaca mulatta

Macaca mulatta
Cerocebus torquatus

Cerocebus torquatus

Macaca mulatta

Macaca mulatta

Papio porcarius

Macaca mulatta

Macaca mulatta

Papio papio

Macaca mulatta

Macague (unknown)

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Saimiri sciureus

Macaca mulatta

Lesions of the frontal cortex resulted in attentional but not perceptual deficits.
Concludes that the frontal lobes serve to fuse incoming sensory signals and
motor output forming associative representations.

Bilateral lesions of the prefrontal cortex diminished performance on a delayed
response task.

Bilateral lesions of the prefrontal cortex diminished performance on a delayed
response task.

Bilateral lesions of the prefrontal cortex diminished performance on a delayed
alternation task.

Bilateral prefrontal lesions made animals more susceptible to extraneous stimuli
occurring during the delay interval of a delayed response task.

Bilateral prefrontal lesions decrease performance of a delayed response task.
Pre-rewarded food increased performance.

Bilateral prefrontal lesions created greater deficits in delayed reaction problems
(non-spatial delayed reaction, spatial delayed reaction) than in stimulus-object
discrimination problems.

Bilateral lesions of the frontal cortex related in reduced performance on a spatial
delayed response task. Performance differed based on recovery time from
surgery.

Bilateral lesion of the prefrontal cortex anterior to FEF decreased performance on
a delayed response task. Insulin administration, cooling and fasting increased
performance likely through increased reward value of the stimulus (food).

Animals with bilateral lesions of the prefrontal cortex showed similar performance
deficits on a delayed reaction test as animals with prefrontal lesions and
additional damage to parietal and temporal regions. Sedative drugs did not
improve performance.

Anterior and posterior lesions produce predominantly delay response and
discrimination deficits respectively.

Dorsolateral lesions reduced performance on delayed response-type problems
but showed little effect on visual-discrimination task performance. Two of the
four animals with ventromedial lesions showed no change in task performance.

Lesions to the ventrolateral and dorsal region produced smaller deficits in a
visual and auditory delay reaction tasks while lesions in the midlateral region
(region anterior to the arcuate sulcus) produced large deficits.

Lesions to the anterolateral frontal cortex resulted in poor performance on a
series of delayed alternation problems.

Animals with bilateral anterolateral prefrontal lesions were tested on a series of
delayed response tasks. Lesions resulted in deficits in the performance of
traditional delayed response tasks, but performance increased when traditional
cues are replaced by non-positional cues.

Bilateral prefrontal lesions resulted in deficits in a delayed response task within
hours after surgery. This deficit was present 14 days after surgery though there
was a slight recovery in performance.

Stimulation in the region of the head of the caudate nucleus impaired alternation
without affecting visual discrimination, as did tissue destruction in the same site.

Lesions of the midlateral region of the prefrontal cortex (anterior to arcuate
sulcus) produced a deficit in a delayed alternation task that was as severe as
total anterior frontal lesions.

Bilateral lesions of the frontal granular cortex reduced performance on a delayed
response task. Performance in animals with lesions was further reduced with
added light interruption. Retraining on the task after surgery did improve
performance.

Bilateral frontal lesions result in reduced delayed response performance but
show no change in discrimination learning.

Lesions surrounding the principal sulcus resulted in greater impairment on
delayed response tasks whereas frontal lesions excluding tissue surrounding the
principal sulcus resulted in greater impairment on auditory-discrimination tasks.
Lesions in either area did not affect performance of a visual-discrimination task.

(Continued)
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TABLE 1 | Continued

References

Species

Main finding

Tucker and Kling (1967)

Butters and Pandya
(1969)

Fuster and Alexander
(1970)
Goldman and Rosvold
(1970)

Goldman et al. (1971)

Stamm and
Weber-Levine (1971)

Butters et al. (1971)

Warren and Divac
(1972)
Fuster and Bauer
(1974)

Oscar-Berman et al.
(1975)

Passingham (1975)

Bauer and Fuster
(1976)

Mishkin and Manning
(1978)
Brozoski et al. (1979)

Sawaguchi and
Goldman-Rakic (1991)

Funahashi et al. (1993)

Petrides (1995)

Petrides (2000)

Macaca mulatta
Macaca speciosa

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca mulatta

Macaca nemestrina

Macaca nemestrina

Bilateral lesions of the dorsolateral frontal granular cortex at either the 35th
postnatal day or 3 years of age showed similar deficits in a delayed alternation
task but performance on a delayed response task was better in animals with
earlier lesions.

Bilateral lesions were performed in the anterior, middle, or posterior thirds of the
principal sulcus, of the periarcuate prefrontal region, or of the inferior parietal
lobule. Lesions within the middle third of the principal sulcus produced deficits
on a delayed alternation task whereas lesions in other regions had little effect.

Performance of a delayed response task was impaired by bilateral cooling of the
dorsolateral prefrontal cortex.

Lesions around the principal sulcus impaired performance on the spatial task
with delay and lesions around the arcuate impaired performance on the spatial
task without delay.

Lesions to the dorsolateral prefrontal cortex and to regions along the principal
sulcus resulted in deficits in both a spatial discrimination task and spatial delayed
response task.

Total bilateral lesions of the dorsolateral prefrontal cortex and lesions of the
banks and floor of the principal sulcus produced the greatest deficits on a
delayed alternation task while lesions to the surrounding dorsolateral cortical
strips produced smaller deficits.

Lesions were made in the superior and/or inferior banks of the middle third of
principal sulcus. Lesions which involved both banks led to greater deficits in a
spatial delayed alternation and place reversal task than lesions to either bank
alone.

Lesions of the middle third of principal sulcus decrease performance of a
delayed response and delayed alternation task.

Cooling of the prefrontal cortex reduced performance of a delayed
matching-to-sample task with bilateral cooling having a greater effect than
unilateral cooling. Cooling of the parietal cortex did not produce a deficit.

Lesions to the dorsolateral prefrontal cortex produced greater deficits in a
delayed response task than lesions to the ventrolateral orbito-frontal cortex but
had a smaller impact on visual and auditory discrimination tasks.

Dorsal prefrontal lesions decreased performance of a spatial delayed alternation
task but had little impact on a delayed matching task for colors. Ventral prefrontal
lesions impaired performance on the delayed matching task for colors.

Delayed matching and delayed response deficit from cooling dorsolateral
prefrontal cortex in monkeys.

Lesions surrounding the principal sulcus resulted in deficits on delayed spatial
memory tasks but had little effect on three non-spatial tasks such as delayed
object matching, and delayed color matching.

Depletion of prefrontal dopamine leads to deficits on delayed alternation but not
visual pattern discrimination.

Local injections of selective D1 receptor antagonists into the prefrontal cortex
reduced performance of an oculomotor delayed response task but had no effect
on performance of a visually guided saccade task.

Unilateral lesions of the dorsolateral prefrontal cortex produced the greatest
deficits in an oculomotor delayed response task for contralateral targets. Deficits
were not seen for a visually guided saccade task suggesting the existence of
mnemonic scotomas.

Lesions of the mid-dorsal part of the lateral produced deficits in non-spatial
self-ordered and externally ordered working memory tasks. The number of
remembered items influenced performance. Deficits were not seen after lesions
of the posterior dorsolateral frontal cortex (surrounds the arcuate sulcus).

Increasing the number of stimuli to be remembered during a visual working
memory task impaired performance after mid-dorsolateral lesions but not after
anterior inferotemporal lesions whereas the opposite was true after extending the
duration of the delay period. Full lesion of the mid-dorsolateral region created
greater deficits than lesions on area 9 alone.

(Continued)
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TABLE 1 | Continued

References

Species

Main finding

Sawaguchi and Iba
(2001)

Croxson et al. (2011)

Upright et al. (2018)

Macaca mulatta

Macaca mulatta

Macaca mulatta

Local injection of muscimol into the dorsolateral prefrontal cortex produced
deficits in an oculomotor delayed response task to specific and typically
contralateral target locations. No deficits we identified for a visually guided
saccade task.

Selective lesions of cholinergic input to prefrontal cortex severely impaired on a
spatial working memory task while leaving unimpaired decision-making and
episodic memory.

Reversible chemogenetic inhibition of only 3% of prefrontal neurons is sufficient
for impairing performance on a spatial delayed response task.

N
(&)
1

1895
Bianchi

deficits

1 0 PFC lesions
cause attentional

1890-1903

1916-1929

1951
Chow, Blum, Blum
Delay deficits are

specific to PFC 1970

Fuster and Alexander
1952 Cooling of dIPFC
Pribram reduces delayed
Lesions in dIPFC response performance

have a greater

effect on delayed 1968-1981

task performance
than in vmPFC

1942-1955

2001

Sawaguchi and lba
Transient chemical lesions
of dIPFC using muscimol
produce working memory
deficits

1994-2007

|

Number of Prefrontal Leison Studies
(6)]

1903-1916

1981-1994
1893 2007-2020

Funahashi, Bruce,

1929-1942

1936 Goldman-Rakic ~ 2018
10 Jacobsen Small dIPFC Upright
PFC lesions lesions produce Reversible chemogenic
decrease perfor- selective and inhibition of 3% of PFC
mance of delayed precise working neurons impairs delayed
response task 1955-1968 memory deficits response performance
mnemonic scoto-
1942 1957 mes)
Malmo Mishkin
Delay performance ~ Smaller lesions to
relies on the PFC dIPFC has the
in the presence of ~ Same effects on
distractors delay performance
as full PFC lesions
FIGURE 1 | Summary of lesion studies.
the contents of working memory. The temporal structure It must be noted that rodent models are commonly used to

of such changes may be variable in individual neurons and  study short-term memory and delay activity has been reported

across tasks.

in areas associated with rodent cognition, in particular the
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medial prefrontal cortex (Park et al., 2019; Ozdemir et al., 2020).
Although experiments using rodent models have enriched our
understanding of short-term memory mechanisms, the rodent
visual system diverges from that of primates: rodents lack a
granular prefrontal cortex making the comparison with primate
brain regions problematic (Uylings et al., 2003; Passingham
and Wise, 2012). Interareal connectivity between rat medial
prefrontal cortex also diverges from primate IPFC in which it was
shown to be more similar to primate premotor regions (Schaeffer
et al., 2020), further complicating direct comparisons. The topic
of similarities and differences between short term or working
memory mechanisms in rodents (mice and rats) and primates
necessitates an extensive discussion. Our review will therefore
focus on experiments in primates.

We must also indicate here that we are not distinguishing
different aspects of working memory in this review. What
some believe makes working memory distinct is that it implies
manipulation of information and not simply maintenance in its
original form (Baddeley, 2010) (e.g., a mental rotation of an
object or a reference frame transformation from retina-centered
to space centered). However, physiological studies in non-human
primates have not classically made that distinction, and refer
to working memory in its maintenance aspect (Goldman-Rakic,
1995). We will continue this tradition here and acknowledge that
work needs to be done to clarify this issue.

The initial results of Fuster and Alexander in the LPFC
were confirmed by other studies (Kubota and Niki, 1971), thus
supporting the hypothesis that the neural substrates of working
memory is allocated to the LPFC in primates (areas 46/9, around
the principal sulcus). Importantly, the existence of persistent
firing pointed toward a different mechanism for working
memory coding compared to the mechanisms of permanent
synaptic storage for long-term memory (Eccles, 1986). The
fundamental idea is that the memory is maintained as long
as persistent firing is maintained; therefore, it dissipates when
neurons stop firing. This matches the behavioral observations
of working memory as a mechanism susceptible to temporal
decay (Baddeley, 2010). It also agrees with the fact that most
representations held in working memory are not transferred into
long-term memory. Such a continuous transfer would be wasteful
in many situations since many items held in working memory
are “temporally useful” and therefore not needed to be kept in
long-term memory (e.g., the location of a car in a parking lot after
driving out of the parking lot).

Fuster and Alexander also reported in their seminal work that
a number of neurons in the LPFC were activated during the cue
period of the delayed response task, whereas others were active
only when the cue stimulus disappears. They suggested that the
activity during the cue period may be related to attention since
many neurons did not show selectivity for the position of the cue
(Fuster and Alexander, 1971). Importantly, the fact that a group
of neurons show activity exclusively during the delay period
(mnemonic cells) suggests that, at the level of individual neurons,
the neural correlates of working memory can be dissociated from
those of visual perception (Figure 2A).

After this initial report, several studies have reported that
persistent firing representing the contents of working memory

can also be found in association areas of the frontal, parietal
(Andersen et al., 1985), and temporal lobes (Mikami and
Kubota, 1980; Fuster and Jervey, 1981); for a review see (Leavitt
et al., 2017a). These findings sparked the debate on what the
role of association areas outside the LPFC in WM coding is
(Riley and Constantinidis, 2015). This question remains mostly
unanswered but something that is common to studies in the
PFC and posterior association cortices is the existence of neurons
that represent information during different task periods. Thus,
no matter where persistent firing has been reported, neurons
showing selectivity for a visual cue are not necessarily the same
as neurons showing persistent firing when a representation of a
cue is held in working memory. The latter could be interpreted
as evidence in favor of the hypothesis that the substrates for
perception and working memory are at least partially segregated
within areas such as the LPFC.

One study has reported that the proportion of neurons
encoding information during the cue and delay period of a
delayed match-to-sample task changes as one moves along
the hierarchy of visual processing from area MT (neurons
almost exclusively encode during the sample period) to MST
(neurons predominantly encode information during the sample
period but a proportion of cells also encode information during
the delay period) to LPFC (a similar proportion of neurons
encode information during the sample and delayed period) (see
Figures 2B-D) (Mendoza-Halliday et al., 2014). Bisley et al.
(2001) reported that microstimulation of area MT during the
encoding stage of a working memory task for motion direction
biased the neural response to direction but stimulation during
the delay period did not. The latter supports the hypothesis that
although sensory areas are recruited during visual processing
and perception, which is require for encoding information
during working memory tasks, they may play a lesser role
in maintaining working memory representations. These results
match the pattern revealed by lesion studies with neurons
in the posterior early sensory and association areas encoding
predominantly perceptual information and neurons in the PFC
encoding mnemonic signals (Figures 2B-D). One may also
conclude that a population of neurons in areas such as LPFC
seem to encode information about the cue during all task periods
(Mendoza-Halliday and Martinez-Trujillo, 2017).

Although we, as most researchers, discuss independent
properties of various brain regions, it is important to expand
beyond the local-circuit model and recognize the impact that
cortical—cortical connections have in generating persistent
activity. In 1998, Chafee and Goldman-Rakic made the
observation that patterns of neuronal activity in the dorsolateral
prefrontal cortex and parietal area LIP/7a were remarkably
similar including their spatial tuning and ability to generate
persistent activity (Chafee and Goldman-Rakic, 1998). They later
demonstrated, using cortical cooling, that WM memory related
activity in both regions were dependent on shared reciprocal
activity (Chafee and Goldman-Rakic, 2000). Synchronized
activity between PFC and PPC underlying working memory has
since been substantiated (Salazar et al, 2012). The prefrontal
and parietal cortices thus represent two regions in which
persistent activity is frequently observed but the role of their
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reciprocal connections is still debated (Christophel et al., 2017;
Constantinidis et al., 2018).

To explore the function of these prefrontal- parietal
connections, Murray et al. (2017) developed a computational
model of two bidirectionally connected modules that
biophysically represented local networks of PFC and PPC.
This model shows that PPC functions in a weak attractor state
and transiently encodes the stimulus and propagates this sensory
signal to PFC. Although both maintain the WM representation
after stimulus offset, the attractor state is stronger in PFC
module, allowing for robustness against distractors. Feedback
projections from PFC can additionally switch PPC neurons
back to encoding target stimuli after distractor presentation.
Therefore, in this model, persistent activity was supported by
both local and long-range network connections.

Synchronized activity was also identified between area MT
and LPFC through observations of phase- coherent local field
potential oscillations during a motion direction match to sample
task. This observation suggests that persistent activity in LPFC
modulates synaptic activity in MT, again showing a top-down
mechanism by which memory signals in LPFC influence stimulus
processing (Mendoza-Halliday et al., 2014).

Regarding the neural correlates of visual perception, there
is a large body of literature starting as early as when single
cell recording techniques became popular (Hubel, 1957). Early
studies of Hubel and Wiesel demonstrated that neurons in the
monkey primary visual cortex (V1) encode the features of sensory

stimuli shown inside their receptive field (RF) (Hubel and Wiesel,
1968). Later studies discovered similar selectivity in other brain
areas of both the dorsal and ventral visual pathways (Mikami
et al., 1986). The selectivity for features and their conjunction
becomes more complex in areas downstream from V1 (e.g.,
linear motion in MT and complex optic flow motion in MST, or
color and orientation selectivity in V4 and face selectivity in IT)
(Felleman and Van Essen, 1991). However, most of these studies
focused on the specific role of brain areas in conscious visual
perception rather than in the distinction between perception
and mnemonic processes. For example, lesions of area V1
leaves subjects cortically blind; however, lesioned individuals may
show some residual vision or blindsight, likely suggesting that
some perception can happen without V1 (reviewed in Leopold,
2012). Nevertheless, many agree that visual perception is deeply
impaired after V1 lesions, suggesting that V1 is a bottleneck for
visual signals entering higher level areas of the visual pathways
(Leopold, 2012).

Remarkably, selective deficits in motion perception without
affecting contrast thresholds can be observed after lesions of
area MT (Newsome and Pare, 1988). Area MT contains a high
proportion of direction selective neurons that receive inputs from
direction selective neurons in area V1 (Born and Bradley, 2005).
These observations suggests that V1 is not sufficient for motion
perception but necessitates area MT. This hypothesis has been
supported by reports of electrical microstimulation in area MT
neurons, biasing motion perception (Salzman and Newsome,
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the perceptual (right) task the sample RDP does not disappear but stays on
the location of units with selectivity during the memory (blue) and perceptual

1994). On the ventral pathways, damage to areas of the temporal
lobe, such as the fusiform face area, leads to prosopagnosia:
a selective deficit in face perception (Barton, 2003). Cells
selective for faces have been extensively reported in the macaque
inferiortemporal cortex (Perrett et al., 1984; Freiwald and Tsao,
2012). One influential study used visual rivalry, a phenomenon
in which two different images are presented separately to each
eye, the subject experiences alternating percepts of each image
and periods of fusion of the two images. Single neuron activity
is reported to more accurately reflect the percept downstream
from area V1 (Leopold and Logothetis, 1996). The latter
suggests that although V1 activity is essential to perception, the
phenomenology that triggers perceptual awareness may occur or
at least be triggered in downstream areas such as MT or MST,
where neurons selective for the perceived features exist.

A central question to this review is whether the neural
substrates that support visual perception and those that support
working memory are the same or different. From the previous
sections we may conclude that: (1) there is a set of areas in
which neurons represent visual attributes such as motion (Duffy
and Wurtz, 1991) and complex shapes (Rolls, 1984) during
both perception and working memory tasks (Miller et al., 1991;

Mendoza-Halliday et al., 2014), (2) there is a set of areas where
neurons encode perceptual but not mnemonic representations
of visual attributes, mainly early areas in the hierarchy of visual
processing (i.e., V1 to MT in the dorsal pathway, and V1 to
V4 in the ventral pathway), and (3) the relative proportion
of neurons showing selectivity for perceptual and mnemonic
visual attributes changes along the hierarchy of visual processing
(i.e., the proportion of cells encoding mnemonic relative to
perceptual representations is lower in MST than in LPFC),
and (4) there are different subpopulations of neurons encoding
perceptual and mnemonic representations in association areas,
as well as a subpopulation of neurons that encode both types
of representations.

2.3. Coding of Perceptual and Working
Memory Representations by
Subpopulations of Neurons Within Brain

Areas

The exclusive role of the PFC and association cortices in working
memory coding has recently been put into question (Pasternak
and Greenlee, 2005; Christophel et al., 2017; Scimeca et al., 2018).
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Some studies have proposed that neurons in sensory areas such as
V1 and V4 encode working memory representations (Pasternak
and Greenlee, 2005; Tong and Pratte, 2012). One argument in
favor of this idea is that single neurons and neuronal populations
in early sensory areas contain precise maps of visual attributes
(Hubel and Wiesel, 1968; Albright, 1984; Born and Bradley,
2005). Thus, these populations must be recruited for perceiving
such attributes accurately (Ester et al., 2013). However, encoding
of visual attributes by single neurons and populations does not
exclusively occur in early sensory areas such as V1, MT, and V4
but also occurs in downstream association areas where the neural
correlates of working memory have been isolated. One example
is coding of linear motion direction, which has been found not
only in MT, but also in MST and LPFC (Bisley et al., 2004; Zaksas
and Pasternak, 2006; Mendoza-Halliday et al., 2014; Mendoza-
Halliday and Martinez-Trujillo, 2017), as well as in areas such
as the Lateral Intraparietal (LIP) area (Freedman and Assad,
2006). Another example is encoding of color which has been
reported not only in area V4, but also in the LPFC (Schwedhelm
et al., 2020). Something to point out is that feature-selective
neurons in the LPFC do not exhibit the retinotopic or feature-
topic organization observed in early sensory areas (see Figure 3B;
Mendoza-Halliday and Martinez-Trujillo, 2017). Thus, human
studies using functional imaging techniques or EEG/MEG, that
pool activity over cubic millimeters of cortical tissue, may
underestimate selectivity for individual features or locations.

One important detail we have already mentioned is that
feature selectivity in association areas does not only occur
during delayed response tasks, but also during perceptual
tasks when a stimulus remains visible (Mendoza-Halliday and
Martinez-Trujillo, 2017). Interestingly, single unit responses to
the same visual attribute become more correlated with behavioral
outcomes as one advances downstream from V1 in the hierarchy
of visual processing, for example from MST to LPFC (Freedman
et al,, 2001; Freedman and Assad, 2006; Mendoza-Halliday et al.,
2014). Thus, association areas are equipped with “copies” of
perceptual representations likely inherited from upstream areas,
as well as with mnemonic representations that may emerge as a
result of local processing. Unlike in visual areas, such “copies”
are sensitive to the statistics of the environment and can form
categories within a single feature dimension (Freedman et al.,
2001).

Indeed, association areas in the frontal lobe such as the
LPFC (around the posterior third of the principal sulcus)
contain neurons that encode motion direction during a delayed
match-to-sample task as well as neurons that encode memory
representations of the same motion direction (Mendoza-Halliday
and Martinez-Trujillo, 2017) (Figures 3A,B). A study found that
about 1/3 of the neurons encoded perceptual representations of
motion direction but not mnemonic representations, another
1/3 encoded mnemonic representations but not perceptual
representations, and another 1/3 encoded a mix of both
perceptual and mnemonic representations (Mendoza-Halliday
and Martinez-Trujillo, 2017). Importantly, mnemonic cells are
selective for motion direction only during the delay period
and not during the visual presentation of the same motion
direction (Figure3C middle panel). Perceptual cells show

the opposite pattern. Perceptual and mnemonic cells show a
concentration within the posterior end of the principal sulcus
and were also found to be spread within area 9/46 but without
any apparent clustering by the type of representation (perceptual
or mnemonic) or the feature they encode (Figure3B). The
latter deviates from observations in early sensory areas
such as MT where neurons are topographically organized
according to their RF location and motion direction they
encode (Born and Bradley, 2005). As mentioned before,
exploring the fine granulated functional architecture of
the LPFC using BOLD signal measurement or EEG/MEG
with spatial resolution of millimeters may cause an under
estimation of feature selectivity or selectivity for perceptual and
mnemonic representations.

The segregation of the different populations (perceptual and
mnemonic) within LPFC allows a linear decoder to use single
neuron activity to estimate whether a direction of motion is held
in working memory or is visually presented (perception-memory
decoder) as well as which direction is perceived or memorized
(direction decoder) (Figure 3D). This indicates that perceptual
and mnemonic signals as well as the features they encode can
be discriminated, with reasonable accuracy, from the activity of
neurons within the LPFC circuitry.

The existence of subpopulations of perceptual and mnemonic
neurons within the LPFC circuitry may be considered as
evidence in favor of separate substrates for perception and
working memory “concentrated” within a single brain area
microcircuit. One potential functional relevance of such a
concentration is that a “read-out” of the population activity
in the LPFC can provide a substrate for rapidly “identifying”
the nature of the representation—perceptual or mnemonic—as
well as its content. In the language of dynamical systems, the
different activity profiles during the perceptual and mnemonic
states could serve as attractors for corresponding cognitive
states respectively (Wimmer et al, 2014). Interestingly, in
patients with schizophrenia that lose the ability to differentiate
between perceptual and mental representations (e.g., during
hallucinations and delusions), abnormal patterns of activity
are commonly reported in areas such as the LPFC (Callicott
et al, 2000). Working memory deficits are also common
in patients with schizophrenia and abnormal LPFC activity
is consistently reported (Glahn et al, 2005; Forbes et al,
2009). In favor of this hypothesis, we have recently reported
that systemic administration of ketamine, a drug often used
to model symptoms of schizophrenia, modulates the activity
landscape in the LPFC of macaques. In this experiment, ketamine
drastically reduced performance during a working memory task
by destroying the tuning of prefrontal neuron delay activity for
remembered locations but had no effect on a perceptual control
version of the same task (Roussy et al., 2021).

Another possible functional relevance to the coexistence
of perceptual and mnemonic signals in the LPFC, is that
information transfer from perceptual to mnemonic neurons
can happen locally through short range connections within the
area microcircuit, without the need for transfer through long
range connections (e.g., perceptual neurons in MST transferring
information about the cue to mnemonic cells in LPFC). For
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example, during delayed matched-to-sample tasks, a read-out
from sensory areas can be “loaded” into the perceptual cells and
transferred “internally” to mnemonic cells that will “maintain”
the representation via persistent firing. The role of perceptual
and mnemonic cells in the generation of feedback signals that
influence processing in early sensory areas is not clear. One
study has documented synchrony between spikes in LPFC and
local field potentials (LFPs) in MT during the delay period of a
memory task (Mendoza-Halliday et al., 2014). Other studies have
documented that microstimulation of areas such as the Frontal
Eye Fields (FEF), posterior to LPFC, produces a modulation of
responses in area V4 (Moore and Armstrong, 2003). Thus, it
is possible that perceptual and mnemonic cells in LPFC play
a critical role in modulating the activity of neurons in early
visual areas during tasks that require attention either to sensory
(perceptual) or mnemonic representations.

Finally, a concentration of neurons holding different
representations of space, objects, and their attributes within a
relatively small brain volume may facilitate the implementation
of other cognitive operations such as attention. The predominant
hypothesis of how attention is implemented is through
competition via inhibitory interactions between neurons
encoding representations of targets and distracters (Reynolds
et al, 1999). Studies have reported evidence that the strength
of such competition increases in association areas downstream
from V1 (Buffalo et al., 2010; Lennert and Martinez-Trujillo,
2013). The strength of the competition also increases when
targets and distracters become closer in space (Treue and
Martinez Trujillo, 1999). Interestingly, association areas in the
PEC possess spatial representations of the entire visual field,
which may allow implementing competition between neurons
representing targets and distracters in opposite hemifields via
short range inhibitory connections within a local circuitry
(Lennert and Martinez-Trujillo, 2013; Duong et al., 2019).
Such operations could be more difficult to implement through
short range projections between neurons in areas such as V1 or
MT, where neurons represent stimuli in the opposite hemifield
(Born and Bradley, 2005). Additionally, for the particular
case of V1, with a large surface area, short range connections
may be insufficient to implement operations when targets and
distracters are far apart but still within the same hemifield.
The latter may suggest the reduction in surface area from early
visual areas relative to areas downstream facilitates interactions
between neurons encoding different representations via short
range connections.

2.4. Cortical Architectures for Perceptual

and Mnemonic Coding

The primate cerebral cortex is not homogenous. Cortical
architecture varies between early sensory and association areas
in terms of thickness of cortical layers (Yang et al, 2018),
neuronal densities (Collins et al., 2010), and proportion of
different interneuron types (Torres-Gomez et al., 2020). The
latter has been related to the ability of some local microcircuits
to generate persistent firing in the absence of sensory stimulation
(Leavitt et al., 2017a; Torres-Gomez et al., 2020). Indeed, the

neural basis of persistent firing has been linked to the existence
of recurrent connections between pyramidal cells within a local
area circuitry (Goldman-Rakic, 1995). Empirical evidence shows
more numerous excitatory synapses between pyramidal cells as
well as differences in the distribution of long time constant
NMDA receptors relative to short time constant AMPA receptors
in the LPFC compared to the early visual cortex (Wang, 1999;
Gonzalez-Burgos et al.,, 2000; Zaitsev et al.,, 2012; Yang et al.,
2018). These differences in excitatory synapse numbers and
glutamate receptor types may explain the larger integration
times found in association and executive areas of the visual
processing hierarchy relative to sensory areas (Murray et al,
2014) and the ability of the former set of areas to encode working
memory representations.

More recently, a larger proportion of interneurons that
disinhibit pyramidal cells (e.g., calretinin positive (CR) cells)
relative to interneurons that directly inhibit pyramidal cell firing
(e.g., parvalbumin (PV) positive cells) have been reported in
the LPFC compared to early visual areas like MT (Torres-
Gomez et al., 2020). Wang has elaborated on a model that
incorporates different cell types within the LPFC circuitry
such as the calretinin positive (CR, sometimes identified as
functionally similar to vasointestinal peptide (VIP)-expressing
neurons in mice) and the calbindin positive neuron (CB,
sometimes identified as functionally similar to somatostatin
(SST)-expressing neurons in mice) (Wang et al., 2004; Wang,
2009). CR cells receive inputs from pyramidal cells and inhibit
CB cells. The CB cells inhibit inputs into the dendrites of
pyramidal cells (Figure 4A). Thus, an increase in the number
or activation strength of CR neurons or their synapses onto
CB cells would have a positive impact on the activation of
the pyramidal cells (Figure 4B). A decrease in CR numbers or
synaptic strength on their targets may have the opposite effect
(Figure 4C). On the other hand, for PV neurons, an increase
in their proportion or relative synaptic strength would increase
the inhibition of pyramidal cells. A high ratio of CR to PV cells
in LPFC relative to sensory areas may favor the emergence of
persistent firing encoding working memory via facilitation of
recurrent excitatory dynamics amongst pyramidal cells (Torres-
Gomez et al., 2020) (Figure 4D). A low ratio of CR to PV cells
(e.g., a relatively high proportion of PV cells or synaptic strength
onto their target pyramidal cells) may cause strong inhibition
of pyramidal cell firing and dampening of recurrent excitatory
dynamics (perceptual encoding).

Supporting the idea that cortical architectures differ in their
interneuron type proportions, a recent study has compared
transcriptomic profiles of different neuronal types [PV, SST,
VIP, and LAMP5 (Lysosome associated membrane protein 5
expressing interneurons)] in areas V1 and PFC of different
species of primates (common marmosets, rhesus macaques, and
humans). SST and PV originate from the Medial Ganglionic
Eminence (MGE), while the VIP and LAMP5 originate from
the Caudal Ganglionic Eminence (CGE). Neurons originating
from the MGE tend to be more numerous in the deep layers
while those originating in the CGE tend to be more numerous
in the superficial layers. The study found that whereas PV and
SST cells are more abundant in area V1, VIP, and LAMP5
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are relatively more abundant in PFC. These differences may
be due to the expansion of superficial (supragranular) cortical
layers in primate association cortices, better documented in
LPFC (Arnsten et al., 2012). Interestingly, such differences in the
proportion of interneuron types were not found in the mouse
(Krienen et al., 2020; but see Kim et al., 2017). This suggests that
gradients of interneuron types may have become pronounced in
primate neocortex, which is compatible with studies reporting a
larger proportion of interneurons in primates relative to rodents
(Dzaja et al., 2014), as well as a larger proportion of CR cells in
LPFC relative to sensory areas (Torres-Gomez et al., 2020).

One issue that remains unclear is why areas such as MST,
where neurons show persistent firing during working memory
tasks, do not show the same increase in the ratio of CR to
PV neurons observed in the LPFC. There may be two possible
explanations for this result. First, that persistent firing in areas
such as MST is not intrinsic to the area circuitry and needs
strong feedback signals from LPFC. Second, it is possible that the
differences in CR interneurons proportion described in previous
studies (Torres-Gomez et al., 2020) is not directly related to the
ability to produce persistent firing, but to the ability of a local area
circuitry to make persistent firing encoding working memory
representations less disrupted by incoming distracting sensory
signals (e.g., sensory signals unrelated to the representation
held in working memory but co-occurring during the period
of memory maintenance). In favor of the latter explanation,
inactivation of the LPFC, where CR interneurons are abundant,
increases distracter interference during working memory tasks
and activity in LPFC is less disrupted by incoming distracting
signals than in areas such as LIP (Suzuki and Gottlieb, 2013).

Wang and Yang have proposed a model circuit motif
composed of the same cell types referred to earlier (pyramidal,
CB, CR, and PV). Here the dendrite targeting CB neurons can
regulate the flow of signals into dendritic trees. These neurons
are controlled by CR interneurons. An increase in these cell
type proportions and their control by cognitive signals encoding
the behavioral relevance of stimuli in the environment in areas
like LPFC where the filtering of distracter signals is particularly
strong (Lennert and Martinez-Trujillo, 2011), may allow flexible
“gating” of inputs into a pyramidal cell network. An increase in
the proportion of SST neurons, a putative functional homolog of
CB neurons in primates, has been reported in association areas of
the mouse neocortex (Kim et al., 2017). One issue that remains
unclear is how the gating of sensory inputs from upstream areas
interplay with the gating of recurrent excitatory inputs from
neighboring cells within the area. Further exploration will clarify
apparent contradictions between the aforementioned hypotheses
regarding cell type gradients.

Another difference between early sensory and association
cortices concerns the distribution of receptors for
neuromodulators that have been classically involved in
working memory functions (Brozoski et al., 1979). Froudist-
Walsh and coworkers have recently shown that receptors for
neuromodulators that regulates working memory function such
as the dopamine D1 receptor (D1R) (Williams and Goldman-
Rakic, 1995) has an unequal distribution in the macaque
cerebral cortex (Froudist-Walsh et al., 2020) (Figures 4E,F).

D1 dopamine receptors action have been associated with
the ability to filter distracter stimuli (Jacob et al., 2016). The
concentration of D1 receptors increases along the hierarchy
of visual processing reaching their maximal concentration
in the parietal and prefrontal cortices. Froudist-Walsh and
coworkers elaborated on a computational model in which release
of dopamine favors persistent firing and resilience to distracters
in association areas via its action on D1 receptors. Insufficient or
excessive dopamine release on the other hand, makes persistent
firing less robust to distracter interference (Froudist-Walsh
et al., 2020). One relevant detail is that the model makes the
prediction that dopamine increases the synaptic strength of the
inhibition to the apical dendrites of pyramidal cells. Because
recurrent excitatory connections between pyramidal cells
target the soma and proximal dendrites, which are NMDA
dependent and facilitated by D1R, and inhibitory connections
from calbindin-expressing interneurons target the apical
dendrites and are also facilitated by DIR, the next effect for
dopamine release is to facilitate persistent firing via recurrent
excitation. Additional details of this model can be found
in Froudist-Walsh et al. (2020).

Despite an accumulating body of evidence in favor of
different cortical architectures that support perception and
working memory, several issues remain unexplained. For
example, studies have reported that a noticeable proportion
of neurons in areas of the LPFC encode perceptual but not
mnemonic representations (see Figure 3; Mendoza-Halliday and
Martinez-Trujillo, 2017). Here one may conceive the possibility
that the LPFC microcircuitry is heterogeneous in composition
and may contain features of both perceptual and mnemonic
microcircuits. One may speculate that perceptual neurons inherit
and “echo” the responses and selectivity from perceptual neurons
in upstream visual areas (e.g., MT) via feed-forward inputs,
processing these signals within circuits that do not include
mnemonic neurons. During working memory, perceptual LPFC
neurons then transfer such signals to mnemonic neurons,
which are in turn capable of maintaining them via local
recurrent excitatory networks that do not necessarily include
perceptual neurons.

Is it possible the LPFC is a mosaic of perceptual and
mnemonic cortical architectures that differ in basic features
such as proportion of interneuron types, or the number of
synapses that enable recurrent connections? If that were the case,
one may conceive evolution of the neocortex produced such a
hybrid architecture for a “purpose”: compressing information
about the nature of a representation (perceptual or mnemonic)
within a brain area. One possibility is that such architecture
originates, at least partially, during migrations of interneurons
from MGE (e.g., PV) and CGE (e.g., CR/VIP) that produce
cortical columns of different composition in areas such as
LPFC. It may also be shaped by patterns of inputs and
activity during development. As we have proposed earlier, this
hybrid architecture may facilitate computations and information
transfer within local microcircuits in an efficient manner. On
the other hand, it may also make the brain more vulnerable
to disorders of perception/imagination when such a circuit
undergoes certain deviations from typical development in early
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life, as can be seen in schizophrenia. This idea, however, needs to
be tested experimentally.

An interesting question related to the possible existence of a
hybrid architecture of perceptual or mnemonic “blocks” in the
LPFC, is what the resolution of such blocks would be. Some
studies have pointed out the existence of a non-retinotopic
topography for mnemonic representations of visual space in
the macaque monkey LPFC (Leavitt et al, 2017b). Another
study found that neurons with the strongest selectivity for
perceived and memorized motion directions were concentrated
within a small subregion of LPFC near the posterior end
of the principal sulcus (Mendoza-Halliday and Martinez-
Trujillo, 2017). Moreover, a previous study has described a
pattern of stripe-like areas in the LPFC that connects to the
ipsilateral parietal cortex and the contralateral LPFC respectively
(Goldman-Rakic and Schwartz, 1982). Could such a pattern be
related to subregions of LPFC with perceptual and mnemonic
architectures such as the ones illustrated in Figures 4B,C?
One possibility is that neurons in perceptual blocks receive
projections from the parietal cortex, while neurons in the
mnemonic blocks receive projections from perceptual blocks
within the same hemisphere and contralateral blocks in the
opposite hemisphere. The latter may allow manipulation of
spatial information in working memory (e.g., interhemispheric
transfer of information; Brincat et al., 2021). However, this
proposal remains speculative and future studies must clarify
this issue. With the advent of modern techniques for high-
yield electrophysiological recordings and 2-photon imaging of
neuronal activity using calcium indicators (Yang and Yuste,
2017), it may be possible to test some of the hypotheses
mentioned or proposed here.

2.5. The Case for Overlapping Substrates

of Visual Working Memory and Perception
With the advent of modern functional imaging, it has been
possible to measure Blood Oxygenation Level Dependent
(BOLD) signals in humans performing perceptual and working
memory tasks. One common finding is that it is possible to
decode the contents of working memory from BOLD signals
in early visual areas (V1-V4) (Tong and Pratte, 2012). Yet,
electrophysiological studies in monkeys find little evidence of
persistent firing of action potential by single neurons (see Leavitt
et al., 2017a for a review). These functional imaging findings
have been the motivation of a popular hypothesis that proposes
early sensory areas are recruited, and may be necessary, for the
maintenance of working memory representations (Postle, 2006;
Ester et al., 2013; Scimeca et al., 2018). This hypothesis is known
as the “sensory recruitment” hypothesis, and has been a matter of
debate amongst neuroscientists investigating the topic (Scimeca
et al, 2018). At first glance, the sensory recruitment hypothesis
does not fully match the results of electrophysiological and lesion
studies in non-human primates we have reviewed above. Below,
we consider a few explanations for this mismatch.

Boynton (2011) outlines several hypotheses to understand the
identified discrepancies between single neuron electrophysiology
and fMRI findings. The first outlines that the BOLD signal

more closely represents local field potential activity rather than
spiking activity. It is possible that sensory areas are not recruited
during working memory maintenance and the results of fMRI
studies reflect feedback signals from higher-order association
areas into early sensory areas. Such signals would increase
synaptic activity and oxygen consumption in early visual cortex
in a retinotopic or feature-topic fashion, which is sufficient
to produce BOLD signals that provide information about
remembered locations/features, but insufficient to significantly
evoke action potentials from single neurons. In favor of this
hypothesis, at least one study in monkeys has reported the
direction of a stimulus held in working memory can be decoded
from LFP signals recorded in area MT but cannot be decoded
from spiking activity of neurons within the area (Mendoza-
Halliday et al., 2014). Indeed, previous studies have shown that
in certain experimental conditions, it is possible to dissociate
between the inputs into a cell and the spiking outputs: BOLD
signals are better correlated with LFP signals (as a measure
of synaptic inputs) than with spikes (Logothetis and Wandell,
2004). The feedback signals into early visual cortex would
help implement top-down attention, facilitating or prioritizing
the processing of incoming stimuli that match the features or
locations held in working memory (Mendoza et al., 2011). Such
effects are commonly found in visual search paradigms (Bichot
et al, 2019) and have been interpreted as top-down modulation
of neuronal activity in early visual areas by attentional templates
(working memory signals) originating in executive control areas
of the parietal and PFC.

One issue that also needs clarification is why classification
accuracy during working memory tasks is poorer using BOLD
signals recorded in parietal areas and the LPFC compared to
early visual cortex (e.g., V1, V4, MT) (Bettencourt and Xu,
2016; Ester et al., 2016). One possible explanation is that the
retinotopy of visual space is weaker in high-order association
cortices, leading to reduced decoding performance for working
memory using BOLD signals (Xu, 2017). Here, one may consider
that decoding methods used in fMRI rely on the selectivity of
voxels for remembered features or locations. Such voxels are
usually isotropic and distributed in a way that map BOLD signals
in the cortex homogeneously. Although a voxel in areas like V1
and MT may include neurons with similar selectivities (Born and
Bradley, 2005), this is not the case in late association areas such
as the LPFC, where retinotopic and feature-topic maps are not
homogenous (Leavitt et al., 2017b) (see Figure 3).

Boynton (2011) also suggest that discrepancies are caused by
differences in experimental design including the use of different
species. The same research group is unlikely to study both
macaques and humans and use both fMRI and single neuron
recording techniques. Differences in experimental approach and
design and interpretation of results could certainly contribute to
the observed discrepancies. Another possible explanation is that
humans differ from other primates such as macaque monkeys in
the way in which working memory networks encode information
in the brain. The recruitment of early sensory areas could be
a feature of the human cortex that is not present in macaques
and other species of monkeys. This hypothesis is difficult to
test. We did not find any study in humans recording neuronal
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activity in early visual areas during working memory tasks.
Methods such as fMRI, EEG, and MEG do not have sufficient
spatial resolution to measure spikes in single neurons. They
are most sensitive to transient changes in sensory inputs or
behavioral states. Recordings of single neurons from areas such
as V1 in human subjects during working memory tasks would
clarify the issue. However, these experiments are difficult due
to ethical constraints, and are exclusively performed in patients
with clinically-implanted electrodes for epilepsy mapping, almost
all of which do not target early visual areas. Although we
cannot fully discard this hypothesis, it would assume that
humans have undergone a major step in the evolution of
working memory mechanisms and cortical architectures. Beside
the expansion of the PFC and the more pronounced folding of
the brain surface in humans, there is no evidence in favor of
fundamental changes in circuitry between macaques and humans
(Passingham and Wise, 2012). Future studies in humans may
clarify this issue.

3. CONCLUSION

We conclude that the neural substrates of working memory
and perception are segregated in the non-human primate
neocortex. Neurons and neuronal populations in early visual
areas mainly encode perceptual signals. In areas downstream,
there are populations of neurons that encode both perceptual
and working memory signals, with the relative proportion of
neurons encoding the latter increasing from early association
areas to the PFC. In the LPFC, the activity of neuronal
populations can provide a neural substrate for the distinction
between perceptual and mnemonic states via population activity
profiles that can be translated into attractor landscapes. Changes
in the architecture of microcircuits across the hierarchy of
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