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Neural mechanisms of working memory, particularly its visuospatial aspect, have long
been studied in non-human primates. On the other hand, rodents are becoming more
important in systems neuroscience, as many of the innovative research methods have
become available for them. There has been a question on whether primates and rodents
have similar neural backgrounds for working memory. In this article, we carried out
a comparative overview of the neural mechanisms of visuospatial working memory in
monkeys and rats. In monkeys, a number of lesion studies indicate that the brain region
most responsible for visuospatial working memory is the ventral dorsolateral prefrontal
cortex (VDLPFC), as the performance in the standard tests for visuospatial working
memory, such as delayed response and delayed alternation tasks, are impaired by
lesions in this region. Single-unit studies revealed a characteristic firing pattern in neurons
in this area, a sustained delay activity. Further studies indicated that the information
maintained in the working memory, such as cue location and response direction in a
delayed response, is coded in the sustained delay activity. In rats, an area comparable
to the monkey vDLPFC was found to be the dorsal part of the medial prefrontal cortex
(mPFC), as the delayed alternation in a T-maze is impaired by its lesion. Recently,
the sustained delay activity similar to that found in monkeys has been found in the
dorsal mPFC of rats performing the delayed response task. Furthermore, anatomical
studies indicate that the vDLPFC in monkeys and the dorsal mPFC in rats have much
in common, such as that they are both the major targets of parieto-frontal projections.
Thus lines of evidence indicate that in both monkeys and rodents, the PFC plays a critical
role in working memory.

Keywords: monkey, rat, lesion, single-unit recording, prefrontal

INTRODUCTION

The term “working memory” refers to the cognitive ability to actively maintain and manipulate
information that is behaviorally relevant. The concept of working memory extends far beyond that
of short-term memory being a temporary storage of information, as working memory is assumed as
a workplace for processing information. Baddeley and Hitch (1974) proposed a multi component
model of human working memory, consisting of central executive, visuospatial sketchpad and
phonological loop components, to which an episodic buffer as the fourth component was added
later. Our current understanding of the neural mechanisms of working memory is mainly based on
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neuropsychological and electrophysiological experiments carried
out on monkeys, many of which were focused on visuospatial
functions. Recently, novel techniques derived from molecular
biology have become common for rodents and started to
provide further information concerning the role of specific
receptors, cell types, and neural circuits. It is increasingly
necessary to integrate the knowledge obtained from monkey and
rodent experiments for a deeper understanding of the neural
mechanisms linking molecular, cellular and systems levels. There
is also a purely biological interest in comparing the neural
background of common cognitive functions between different
mammalian species. Here, we provide a comparative overview
of visuospatial working memory in monkeys and rats on the
systems level.

VISUOSPATIAL WORKING MEMORY IN
MONKEYS

Neuropsychology—Lesion and Inactivation
Studies

For primates, various delay tasks have been used to study
the neural background of working memory (for a review
see Fuster, 2008). The standard tests for visuospatial working
memory are “delayed response” and “delayed alternation”
tasks, whereas those for nonspatial visual working memory
are “delayed-match-to-sample” and “delayed object alternation”
tasks (Figure 1). The prefrontal cortex (PFC) has been specified
as the brain region responsible for visuospatial delay tasks, even
well before the establishment of the concept of working memory.
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FIGURE 1 | Standard delay tasks for monkeys performed on
computer-controlled push-button panel. (A) Delayed response. The
subject is required to memorize the location of the illuminated button and
press it after the delay period when both buttons are illuminated. (B) Delayed
alternation. The subject is required to alternate pressing the left and right
buttons with intervening delays. The subject’s action in the previous trial
serves as a cue in the present trial. (C) Delayed match-to-sample. The subject
is required to memorize the color of the light illuminated at the cue period, and
after the delay, press a button illuminated with the same color. (D) Delayed
object alternation. The subject is required to alternate the choice between two
colors with intervening delays. In (C,D) the color with which the two buttons
are illuminated at the response period is randomized between trials. Arrows
indicate the button pressed by the monkey.

The first report of spatial delay task deficit due to a PFC lesion
was made by Jacobsen (1936). Since then, a number of studies
making smaller lesions within the PFC indicated that the ventral
dorsolateral prefrontal cortex (VDLPFC), i.e., the area within
and around the principal sulcus (Walker’s area 46), is the most
critical region for visuospatial delay task performance (Mishkin,
1957; Gross, 1963; Goldman and Rosvold, 1970). From studies
involving focal unilateral lesioning (Funahashi et al., 1993a)
or induction of focal unilateral inactivation (Sawaguchi and
Iba, 2001) in the vDLPFC of monkeys performing oculomotor
delayed response tasks with eight possible target positions
arranged in a circle at 45° intervals, and with 16 possible
target positions of eight different directions and two different
eccentricities respectively, the visuospatial working memory
function of the vDLPFC was suggested to be topographically
organized, with each hemisphere basically being responsible for
the contralateral visual hemifield. It was concluded that the
nature of the deficit induced by vDLPFC lesions or inactivation is
based on the concept of “mnemonic scotoma”. Our recent study
using low-frequency (1 Hz) repetitive transcranial magnetic
stimulation (rTMS), with which we can temporarily inactivate
the neural activity of the stimulated brain area, has shown that
even in monkeys performing a delayed response task manually,
unilateral inactivation of the vVDLPFC yields visuospatial working
memory deficits in the contralateral hemifield but not in the
contralateral hand (Nakamura et al., 2014; Ogawa et al,, 2015).
In this temporal inactivation study using rTMS, monkeys were
trained to manually perform a delayed response task with
eight illuminable buttons arranged in a circle, similarly to
the targets in oculomotor delayed response task in previous
studies. The durations of the delay period (1.5, 4.5, 9, and
18 s) were randomized across trials. Low-frequency rTMS was
applied either to the left or right vDLPFC before the daily task
performance. During the daily session, left or right hand use was
switched multiple times. Irrespective of the left or right hand use,
the task performance was impaired in a delay-dependent manner
only for targets contralateral to the stimulated hemisphere. This
result may strongly support the idea that the memory coding in
the vDLPFC is based on visuospatial but not on an effector-based
coordinate.

Tsujimoto and Postle (2012) analyzed subjects’ responses
in error trials in the oculomotor delayed response task with
16 possible target positions (arranged in eight directions
and two eccentricities) and found that errors were made
mostly by responding to the correct target position in the
previous trial. On the basis of this finding, they proposed
that the nature of deficits in delayed response tasks induced
by vDLPFC lesions or inactivation is the susceptibility to
proactive interference or perseveration rather than mnemonic
scotoma. However, by analyzing the data from our study in
which we examined the performance of a delayed response
task while vDLPFC was inactivated by low-frequency rTMS
(Nakamura et al., 2014; Ogawa et al, 2015), we found that
most errors were made by responding to the target adjacent
to the correct target in the current trial, suggesting the
blurring of the topographically organized visuospatial working
memory. We speculate that the inconsistency of results in those
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studies may be due to the difference of the severity of the
visuospatial working memory deficit induced by experimental
manipulations. A mild impairment of the vDLPFC function
may induce the blurring of the memory of the current cue
location, resulting in making errors by responding to a target
adjacent to the correct one, whereas a severe impairment
may induce almost complete disappearance of the memory
of the current cue location, resulting in making errors by
confusing the memory trace of the current and the previous
cue locations. Thus we speculate that the result described by
Tsujimoto and Postle (2012) does not contradict the idea of
the topographical organization of visuospatial working memory
in vDLPFC, but rather it may reflect the severity of deficits
induced under their experimental conditions. This hypothesis
should be tested in the future study by manipulating the
severity of deficit by parametrically changing the amount
of muscimol injection or the intensity of low frequency
rTMS.

Electrophysiology —Unit Recording Studies
When Fuster and Alexander (1971) and Kubota and Niki
(1971) independently recorded single-unit activity in monkeys
performing delay tasks for the first time, they discovered
a sustained increase in the firing rate of vDLPFC neurons
during the delay period. Such an activity was considered
to be the neuron-level correlate of short-term memory and
was later reinterpreted as that of working memory. Niki
(1974b) found that many of the neurons with a sustained
delay activity exhibited different discharge rates depending
on the location of the cue, e.g., a higher discharge rate
for the “left” cue than for the “right” cue (Figure 2). It
soon became an issue whether the differential activity codes
the information of the cue presented or the action planned,
i.e., the problem of retrospective sensory coding vs. prospective
motor coding. By comparing the activity of a neuron in the
standard delayed response task and in a task that requires a
response to a direction different from that of the cue, Niki
and Watanabe (1976) found that 70% of differential delay
neurons coded the cue location, whereas the remaining 30%
coded the response direction. Later, Funahashi et al. (1993b)
confirmed the dominance of cue location coding over action

direction coding in the vDLPFC by using oculomotor pro-
and anti-saccade tasks. Thus, it was indicated that the majority
of neurons in the vDLPFC are involved in the retrospective
coding of visuospatial information, rather than prospective
coding. By using an oculomotor delayed response task with
eight possible target positions, Funahashi et al. (1989) found
that the differential delay activity was finely tuned to a certain
area in the visual field, normally on the contralateral hemifield.
Together with their lesion and inactivation studies (Funahashi
et al, 1993a; Sawaguchi and Iba, 2001), this suggests the
topographic organization of the visuospatial working memory
function in the vDLPFC. Although most attention has been
paid to sustained delay activity since its discovery, transient
activity for cue presentation, response execution, and reward
delivery have also been reported from the early years of
unit recording in the vDLPFC (Fuster, 1973; Kubota et al,
1974; Niki, 1974a; Niki and Watanabe, 1979). It has been
discussed that transient activity during cue presentation is
considered related to the encoding of information in working
memory, whereas the transient activity after the delay period
can be related to the extinction of working memory content,
action execution, or evaluation of the outcome of one’s
action (Fuster, 2008). More recently, it has been found that
vDLPFC neurons show transient or sustained activity related
to complicated visuospatial processes, such as route planning
in a multistep maze (Mushiake et al., 2006) and perceptual
categorization of arbitrarily distributed dots (Antzoulatos and
Miller, 2011).

Anatomy of Monkey PFC

In addition to neuropsychology and electrophysiology, the
anatomical connectivity, ie., fiber projections, between brain
regions provide key information for understanding brain
functions on the systems level. The monkey PFC can be
roughly subdivided into three areas: lateral, medial and orbital
(Figure 3). As the lateral PFC is well interconnected with
various sensory association and higher motor cortices, it may
be mainly concerned with interaction with the external world,
such as perception and recognition of external stimuli as well
as planning and execution of motor actions. On the other
hand, as the medial PFC is connected to medial temporal areas,

“Left” trials

Cue Delay

FIGURE 2 | Sustained delay activity recorded in the monkey ventral dorsolateral prefrontal cortex (vDLPFC) during performance of delayed response
task. This particular neuron showed higher activity during the delay in the “right” trial than in the “left” trial.
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FIGURE 3 | Major fiber connections of monkey prefrontal cortex (PFC). (A) Connections with other cortical areas. (B) Connections with subcortical areas.
Colored circles represent connections with correspondingly colored areas of PFC (Green, dDLPFC; orange, VDLPFC; blue, VLPFC; purple, OFC; red, MPFC).
Abbreviations: EC, entorhinal cortex; IPL, inferior parietal lobule; IPS, inferior parietal sulcus; ITG, inferior temporal gyrus; PH, parahippocampal cortex; PR, perirhinal
cortex; STG, superior temporal gyrus; STS, superior temporal sulcus. (For references see Selemon and Goldman-Rakic, 1985; Ongur and Price, 2000; McFarland
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such as the amygdala, the hippocampus, and their surrounding
cortical areas, and the hypothalamus, it may be related to
internal processes, such as long-term memory, emotion, and
autonomic nervous system. The orbitofrontal cortex (OFC)
seems to be specifically involved in reward, punishment and
association learning, as it is connected to visual, olfactory and
gustatory sensory areas as well as the amygdala, the hippocampus
and their surrounding cortical areas, and the hypothalamus.
Such an idea of broad functional segregation of the PFC is
in accordance with the results of the default-mode analysis
of data obtained by PET (Kojima et al, 2009) and fMRI
(Mantini et al., 2011), and cortical network analysis of resting-
state fMRI data (Hutchison and Everling, 2014). The lateral
PFC can be further subdivided into vDLPFC (Walker’s area
46), ventrolateral PFC (VLPFC; Walker’s areas 12 and 45), and
dorsal dorsolateral PFC (dDLPFC; lateral surface of Walker’s
area 9 and 8B). The vDLPFC is mainly connected to various
areas in the posterior parietal cortex (PPC), such as the superior
and inferior parietal lobule (IPL), areas in the intraparietal
sulcus (IPS), and the medial parietal (precuneus) cortex (Petrides
and Pandya, 1984, 1999, 2006; Cavada and Goldman-Rakic,
1989). In contrast, the VLPFC is mainly connected with the
temporal cortex, including the superior temporal cortex (STC),
the inferior temporal cortex (ITC), and the areas in the superior
temporal sulcus (STS; Webster et al., 1994; Borra et al., 2011;
Saleem et al., 2014). The dDLPFC seems to function as an
interface between the lateral and medial frontal cortices, having

reciprocal connections to both the lateral and medial frontal
cortices.

Functional Organization of the Lateral PFC
On the basis of our current understanding of the anatomical
connections of the PFC described above, it appears quite
reasonable to consider that the lines of evidence from
neuropsychological and electrophysiological studies indicate the
critical involvement of the vVDLPFC in visuospatial working
memory. The PPC, which provides the major visual input
to the VDLPFC, is the terminal region of the dorsal visual
pathway. Lesions in this area cause poor performance in a
“landmark test”, in which subjects are required to select a
target closer to a landmark object, which reflects the deficit in
the visuospatial guidance of action (Mishkin and Ungerleider,
1982). Strangely, however, some studies have shown that no
deficit was observed in a delayed response task for inactivating
the PPC (Fuster, 1995; Chafee and Goldman-Rakic, 2000), in
which the visuospatial guidance of action is also necessary.
Neuronal activity in the PPC during spatial delay tasks has
been reported to be similar to that in the PFC, i.e., a large
proportion of PPC neurons show a differential sustained activity
during the delay period (Constantinidis and Steinmetz, 1996;
Chafee and Goldman-Rakic, 1998; Qi et al., 2010). When tested
using pro- and anti-saccade tasks, most of the PPC neurons
were found to code the cue location (Gottlieb and Goldberg,
1999).
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Beyond the critical involvement of the VDLPFC in visuospatial
working memory, some studies have indicated the functional
segregation of working memory within the PFC. Behaviorally,
one can dissociate visuospatial and nonspatial object working
memory by different types of delay tasks (Figure 1). Early
lesion studies indicated that whereas the visuospatial working
memory was most impaired by vDLPFC lesions (Mishkin,
1957; Gross, 1963; Goldman and Rosvold, 1970), the nonspatial
visual working memory was most impaired by lesions in the
VLPEC (Passingham, 1975; Mishkin and Manning, 1978). A
single-unit study also showed the functional segregation between
the VDLPFC and the VLPFC. That is, neurons related to
visuospatial working memory were mainly found in the vDLPFC
whereas those related to nonspatial visual object working
memory were mainly found in the VLPFC (Wilson et al., 1993).
Results of those neuropsychological and electrophysiological
studies are in good agreement with anatomical connections.
Namely, the vVDLPFC is mainly connected to the PPC while
the VLPFC is mainly connected to the ITC for visual input.
However, the idea of the parallelism of the visuospatial and
nonspatial working memories between vVDLPFC and VLPFC
may be an oversimplification (Rushworth and Owen, 1998). A
number of single-unit recording studies showed that neurons
related to nonspatial visual working memory were distributed
not only in the VLPFC but also in the vDLPFC (Watanabe,
1986a; Quintana et al, 1988; Miller et al., 1996; Wallis
and Miller, 2003b; Warden and Miller, 2010). Furthermore,
other studies have indicated that the vDLPFC is concerned
with abstract information beyond any sensory modality: a
recent lesion study indicates that the vDLPFC is involved
in working memory for abstract rule (Buckley et al, 2009).
Additionally, there are a number of single-unit recording studies
reporting sustained activity of neurons coding the abstract
rule information (Wallis and Miller, 2003a; Yamada et al,
2010).

Unlike in the case of the vDLPFC or VLPEC, only a few
studies examined the function of the dDLPFC specifically.
Petrides (2000) showed by selective lesioning of the dDLPFC
that the contribution of this area is critical when monkeys are
required to maintain more than two items in their working
memory at the same time.

VISUOSPATIAL WORKING MEMORY IN
RATS

Anatomy of Rat PFC

As the vDLPFC has been indicated as the most critical structure
for visuospatial working memory in monkeys, a comparable area
in rats would be the most promising candidate for having the
same neural function. However, in rats, the anatomical definition
of the PFC is not as clear as in monkeys (Preuss, 1995; Uylings
et al., 2003). A classical definition of the PFC in primates is
the existence of granular layer IV; therefore, the PFC has been
referred to as the “frontal granular cortex”, but there is no
such area in the rat frontal cortex. Using another definition,
i.e., the projection from the thalamic nucleus medialis dorsalis
(MD), we can define the PFC extending medially and ventrally

in the anterior part of the cerebral cortex. For simplicity, we
subdivide the PFC into two areas, medial and ventral. The medial
and ventral areas of the PFC are referred to as the medial
prefrontal cortex (mPFC) and OFC, respectively. The mPFC
includes cytoarchitechtonically defined areas such as frontal area
2 (Fr2), dorsal anterior cingulate area (ACd), prelimbic (PL) and
infralimbic (IL) areas. The OFC includes areas such as the medial,
ventral, ventrolateral and lateral orbitofrontal cortices (MO, VO,
VLO and VL, respectively).

It appears that, according to the inter-regional connectivity,
the mPFC can be further divided into two subareas: the dorsal
mPFC, which corresponds to the cytoarchitechtonically defined
areas Fr2 and ACd, and the ventral mPFC, which corresponds
to PL and IL (Figure 4). Concerning the thalamo-cortical
connectivity, the dorsal mPFC is reciprocally connected to the
lateral part of the MD nucleus, whereas the ventral mPFC is
reciprocally connected to the medial part of the MD nucleus
(Uylings and van Eden, 1990). Concerning the cortico-cortical
connectivity, the dorsal mPFC is reciprocally connected to
the occipital, parietal and retrosplenial cortices, whereas the
ventral mPFC is reciprocally connected to the rhinal cortex and
amygdala (Ongur and Price, 2000; Uylings et al., 2003). The
ventral mPFC can also be characterized as a medial prefrontal
area that receives a heavy innervation from the hippocampus
(Jay and Witter, 1991; Cenquizca and Swanson, 2007). These
anatomical data suggest that the dorsal mPFC is the most likely
candidate for the rat brain region comparable to the vDLPFC
in the monkey brain, whereas the ventral mPFC in rats may be
comparable to the mPFC in monkeys.

Neuropsychology—Lesion Studies

The widely used task to test visuospatial working memory in rats
is delayed alternation in a T or Y maze (Figure 5). Eight-arm
radial and figure-eight mazes are also common in testing the
visuospatial working memory function. Kolb et al. (1974) tested
for the first time whether visuospatial memory deficits can be
observed in rats by lesioning a part of the frontal lobe using
a delayed alternation task in a T-maze and a delayed response
task in their original device. They found that the performance
in those tasks was impaired by the mPFC lesion. Since then,
a number of studies confirmed that a mPFC lesion leads to
spatial working memory deficits detected as poor performance
in the delayed alternation task in the T or Y maze (Larsen
and Divac, 1978; Thomas and Brito, 1980; Eichenbaum et al,,
1983; Wolf et al., 1987; Sanchez-Santed et al., 1997). From
those studies, it appears that the impairment in the delayed
alternation in the T or Y maze tends to be more severe when
the lesion is limited to the dorsal part of the mPFC rather
than when limited to the medial part of the mPFC. Kesner
et al. (1996) dissociated the working memory for egocentric
and allocentric spaces by using a six-arm modified plus maze
and demonstrated that the egocentric working memory deficit
(forgetting whether one has made a right or left turn before)
is induced by a dorsal mPFC lesion, whereas the allocentric
working memory deficit, forgetting which arm (place) one has
been before, is induced by a ventral mPFC lesion. The difference
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Vertes, 2004; Hoover and Vertes, 2007, 2011).
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FIGURE 4 | Major fiber connections of rat PFC. (A) Connections with other cortical areas. (B) Connections with subcortical areas. Colored circles represent
connections with correspondingly colored areas of PFC (Orange, dmPFC; red, vmPFC; purple, OFC). Abbreviations: EC, entorhinal cortex; GC, gustatory cortex;
PC, piriform cortex; PPC, posterior parietal cortex; PR, perirhinal cortex; SMC, sensorimotor cortex; VC, visual cortex. (For references see Reep et al., 1987, 1996;
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in the spatial coordinate used in the dorsal mPFC and ventral
mPFC may reflect the difference in the visuospatial information
provided by their afferent connections. That is, the dorsal
mPFC is mainly connected to the parietal cortex whereas the
ventral mPFC is mainly connected to the hippocampus and
its surrounding cortical areas (Jay and Witter, 1991; Ongur
and Price, 2000; Uylings et al., 2003; Cenquizca and Swanson,
2007).

Electrophysiology—Unit Recording Studies
Electrophysiological activities related to visuospatial working
memory functions have not been extensively studied in rats as
in monkeys, but there have been several studies that have shown

neuronal activities in the rat mPFC which are presumably related
to visuospatial working memory. Jung et al. (1998) recorded
unit activity mainly in the mPFC during the performance of
working memory tasks in an eight-arm radial maze and a
figure-eight maze and reported a transient activity related to
a specific timing in a trial or a specific place in the maze.
Baeg et al. (2003) recorded unit activity in the mPFC during
performance in a figure-eight maze and indicated that the left
or right choice at the end of the central section of the maze can
be predicted from the differential activity in the central section
of the maze prior to the choice. Similarly, Yang et al. (2014)
recorded unit activity in the mPFC during the performance of
delayed alternation in a Y maze and found a choice-predicting
differential activity during the delay period preceding the choice.

removed.

FIGURE 5 | Mazes for rats used to examine visuospatial working memory. (A) T-maze. After a certain delay period, a barrier in front of the branching point is
removed so that the rat can move into either the left or right arm. The left and right arms are alternatively baited in a series of trials. (B) Figure-eight maze. The rat is
required to visit the left and right portions of the maze alternatively, always coming back to the central portion (it should run in the maze as indicated by the dotted
lines with arrows). (C) Eight-arm radial maze. The subject is required to collect food that is baited at the end of each arm without re-entering the arms in which food
has been already collected. To prevent subjects from developing a fixed sequence, four randomly selected arms are blocked until the rat goes into all of them then
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Such a differential activity can be the retrospective coding of
the choice in the previous trial or the prospective coding of the
choice in the next trial. However, in both studies, the differential
activity during the delay was transient in many neurons, and
only a small population showed a sustained activity throughout
the delay period. There has been a long debate on why the
sustained delay activity can be only rarely found in the rat mPFC
when performing delay tasks (Baeg et al., 2003; Yang et al,
2014).

One possible reason why previous studies failed to clearly
show delay activity in rats is that the visuospatial working
memory coding is different between monkeys and rats. It
is the most straightforward idea that each of the neurons
showing differential sustained delay activity carries information
throughout the delay. On the other hand, Batuev et al. (1980)
proposed a model in which ensembles of neurons showing
transient activity in different timings can relay the information
throughout the delay period. It is possible that in monkeys
the working memory is coded in both ways, whereas in rats,
mainly in the latter way. Another possibility is that the rarity
of the sustained delay activity in rats is derived from task
difference. During neuron recording, monkeys perform delay
tasks manually as they sit in a primate chair with their head firmly
fixed by a head-fixation device, whereas rats make locomotive
movements without restrictions in a larger environment with
respect to their body size. It is possible that in freely moving

rats, prefrontal neurons, which fire transiently in relation to
continuous sensory inputs and continuous motor planning
and execution, overwhelm sustained delay neurons in number,
whereas they remain silent in head-fixed monkeys. It is also
possible that the sustained delay activity can be interrupted from
certain sensory stimulation, which may shift the attention of a
subject.

To address the second possibility, we recorded single-unit
activity from the mPFC of head-fixed rats performing a delayed
response task (Figure 6). We found a considerable number
of neurons showing a sustained activity during the delay
period, many of which were differential between “left” and
“right” trials (Figure 7). Importantly, these sustained delay
neurons appeared to be more densely distributed in the dorsal
mPFC than in the ventral mPFC. We recorded from over
200 neurons from both areas and found that 17% of dorsal
mPFC neurons showed differential sustained activity during
the delay period of the delayed response task performance,
whereas only 8% of ventral mPFC neurons did so. This result
corresponds to the anatomical connectivity showing that the
dorsal mPFC is the main target of parieto-frontal projections
(Ongur and Price, 2000; Uylings et al., 2003), which may
convey egocentric visuospatial information. To specify whether
the recorded sustained delay activity was coding the location
of the cue retrospectively or the direction of the movement
prospectively, unit activity was recorded under the pro- and
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/ Acrylic chamber
D
2 fi
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Cue . Delay Spou-t Choice
presentation protrusion
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FIGURE 6 | Delayed response task for head-fixed rats. (A) Apparatus used for experiments with head fixation (Left, top view; right, side view). A rat is laid in a
prone position with its head fixed and body loosely restrained in a half-cylinder acrylic chamber. (B) Sequence of task events in a trial. At the beginning of a trial, an
LED, either on the left or right, is illuminated for a short time then turned off. After a delay period, two spouts protrude towards the mouth of the rat. The correct
response is to lick the same direction as the LED illuminated before the delay. The duration of the delay was typically 2 s for single-unit recording. Correct responses
are rewarded with a drop of sucrose from the spout. Prior to the behavioral training, the head fixation device was implanted under anesthesia. After a period for
recovery from the surgery, rats were habituated to the head-fixation condition by giving free reward from the spout. Then, the rats were trained in the delayed
response task. As they performed about 300 to 400 trials per day, the correct rate gradually increased and reached over 80% in 2 or 3 weeks.
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“Left” trials

Cue Delay

FIGURE 7 | Sustained delay activity recorded in the rat medial prefrontal cortex (mPFC) during performance of delayed response task. This particular
neuron showed higher activity during the delay in the “left” trial than in the “right” trial.

“‘Right” trials

1s

anti-response rules. Under the pro-response rule, a rat was
required to lick the spout in the same direction as the cue
illuminated before the delay period. Under the anti-response
rule, the rat was required to lick the spout in the opposite
direction from the cue illuminated before the delay period.
The rule was altered every eight trials. Surprisingly, only less
than 20% of all differential delay neurons coded the cue
location, whereas the rest coded the response direction. This
result is the opposite from those obtained from the monkey
vDLPFC, where the vast majority of neurons coded the cue
location retrospectively during delayed response performance.
Further investigation is needed to specify whether the rat mPFC
primarily codes the planned action or the result is dependent
on the subjects’ strategy in performing the delayed response
task.

LIMITATIONS AND FUTURE
PERSPECTIVES

In this article, we have provided a comparative overview of
visuospatial working memory in monkeys and rats. Experimental
neuropsychological studies over the years have indicated that
the monkey vDLPFC plays critical roles in visuospatial working
memory covering the peripersonal space, and probably the
functionally comparable rat brain region may be the dorsal
mPFC. Monkey electrophysiological studies have indicated that
the sustained delay activity typically recorded in the vDLPFC
may be the neural background of visuospatial working memory,
and our recent study has found similar neuronal activity in
the dorsal mPFC in rats. Anatomical studies indicate that
the vDLPFC in monkeys and the dorsal mPFC in rats have
much in common, such as that they are both the major
targets of parieto-frontal projections. In summary of this
review article, we conclude that to date accumulating evidence
from anatomical, neuropsychological, and electrophysiological
studies suggest the similarity between the monkey vDLPFC
and rat dorsal mPFC in their roles in visuospatial working
memory.

We should mention here the limitations of this review study.
First, to keep the discussion well focused, we strictly limited
the subject to visuospatial working memory in monkeys and

rats, which resulted in focusing on a specific region of the
PFC, the monkey vDLPFC and the rat dorsal mPFC. Much
evidence from human neuropsychological and neuroimaging
studies indicate that the human PFC is involved not only in
visuospatial working memory but also in nonspatial working
memory of various modalities, as well as many other aspects
of cognitive and executive control functions (e.g., Owen
et al, 1996; Koechlin et al, 1999; Olesen et al, 2004; for
review, Stuss and Knight, 2002; Fuster, 2008; Passingham and
Wise, 2012). Monkey electrophysiological studies have shown
the neural correlates of various cognitive functions besides
working memory within the PFC on the single-neuron level,
such as response inhibition (Watanabe, 1986b), attentional
control (Sakagami and Tsutsui, 1999; Lebedev et al., 2004),
categorical recognition (Freedman et al., 2001; Antzoulatos
and Miller, 2011; Tsutsui et al.,, 2016b), numerical recognition
(Nieder et al.,, 2002), rule-based judgments (Wallis et al., 2001;
Mansouri et al., 2006; Yamada et al., 2010), value-based decision
making (Barraclough et al, 2004; Cai and Padoa-Schioppa,
2014; Tsutsui et al, 2016a), and complex action planning
(Mushiake et al., 2006). We have no intention to insist that
the function of the entire PFC can be solely explained by
working memory, and indeed we admit that even the above
mentioned list of PFC functions is not at all exhaustive.
Nevertheless, working memory, i.e., the active maintenance
and manipulation of information, may be the key element
of any higher function that the PFC is responsible for, as
we discuss in the last paragraph of this section. Second, we
did not intend to make an exhaustive comparative study
of monkeys and rats. Rather than comparing differences in
various aspects of their physical and behavioral features, we
focused on their common behavior, that is, they actively move
around in the environment to explore and forage. Monkeys
and rats use different types of senses to collect information
from the environment; for example, what can be specific
to rats may be whiskering and sniffing. Nevertheless, vision
can be important in both monkeys and rats to recognize
spatial information necessary to generate appropriate actions. In
general, spatial information is supramodal, as it is established
by combining information of different sensory modalities.
Therefore, we consider that there can be many common
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aspects between different species for the neural coding of
space. Indeed, by introducing the head-fixed experimental
settings, we found neurons in the rat dorsal mPFC that code
the location of sensory cues or the direction of an intended
movement, similarly to what has been found in the monkey
vDLPFC.

Here, we should also mention that the function of the rat
frontal cortex is still under debate, with some researchers having
views quite different from ours. Wise (2008) argued in his review
comparing the frontal cortices of primates and rodents that there
is no brain region in the rodent frontal cortex that is comparable
to the primate PFC, referring to the conventional anatomical
definition of the primate PFC as the frontal “granular” cortex,
which is characterized by the prominence of granule cells
in layer IV. However, if we refer to the inter-regional fiber
projections, which constitute large-scale neural networks, instead
of the cytoarchitecture mainly reflecting the features of a local
neural network, there appears to be a common rule preserved
between species: the dorsomedial, ventromedial, and orbital
parts of the rat frontal cortex have similar cortico-subcortical
and cortico-cortical projection patterns as the lateral, medial,
and orbital parts of the monkey frontal cortex. As we have
extensively reviewed in this article, neuropsychological and
electrophysiological studies of monkeys and rats indicate that
the monkey vDLPFC and rat dorsal mPFC appear to play a
critical role in visuospatial working memory. By citing several
monkey neuropsychological and electrophysiological studies,
Wise (2008) further argued that the functional characteristics of
the granular cortex in primates is not working memory, or the
temporary storage of behaviorally relevant information, but the
storage of “knowledge” that guides nonroutine behavior, such as
rules and strategies. Indeed we admit that the rat PFC is not a
replica-in-miniature of the monkey PFC, just as the monkey PFC
is not that of the human PFC. Behavioral flexibility, which may
be a manifestation of the PFC function, is more prominent in
monkeys than in rats, and in humans than in monkeys. However,
if the rule- or strategy-based behavior was specifically associated
with the granular frontal cortex, the logical expectation is that
rodents that lack the granular frontal cortex should not exhibit
rule- or strategy-dependent behavior. In our studies, however,
the rats learned to switch between pro- and anti-licking delayed
responses as frequently as every eight trials. We consider that
the notion that rodents do not have any PFC at all may be
an underestimation of the capacity of the rodent frontal cortex
function.

For the next step of the comparative study of the visuospatial
working memory, we consider that it is important to investigate
the flow of information in a large-scale network in both
monkeys and rats. For such a purpose, we can benefit from
recent progress in analytical methods and computing power.
By the network information flow analysis of various forms
of neural data, not only PET and fMRI images, but also
simultaneously recorded electrocorticogram (ECoG), local field
potential (LFP), and single-/multiple-unit activities throughout
multiple brain regions, we may reveal how different brain
areas work in harmony and how information is processed
throughout the neural network. Furthermore, new techniques,

such as optogenetics and TMS, that enable the event-related
manipulation of local neural activity during task performance
would be useful to test the validity of a network information
flow model. The proposed inter-cellular mechanism of sustained
delay activity is a reverberating neural circuit. The simplest
of such circuit is reciprocally connected to excitatory neurons.
Empirically, both the monkey vDLPFC (Petrides and Pandya,
1984, 1999, 2006; Cavada and Goldman-Rakic, 1989) and rat
dorsal mPFC (Ongur and Price, 2000; Uylings et al., 2003) are
reciprocally connected to the PPC. They also form thalamo-
cortical and cortico-striato-thalamo-cortical circuits, as the other
frontal regions do (Alexander et al., 1986). It is quite possible that
the closed-loop reverberating circuit is included in those inter-
regional projections. We will be able to test these hypotheses
both in the monkey and rat brains by applying the network
information flow analysis of various kinds of neural data
simultaneously obtained throughout the brain.

Visuospatial working memory is the most well-studied
function of the PFC and has been a central topic of PFC research
for a long time. However, it is only a part of a vast variety
of PFC functions. Dysfunction of the PFC leads to deficits
in various cognitive abilities, such as visuospatial and object
working memory and attention, inhibitory control of movement,
motivational and emotional regulation, prospective inference,
behavioral planning, and decision making (Stuss and Knight,
2002; Fuster, 2008; Passingham and Wise, 2012). Nonetheless,
we believe that the investigation of the visuospatial working
memory function using standard delay tasks would lead us to
a fundamental understanding of the PFC function in general.
One important aspect of the visuospatial working memory
is that it can encode and extinguish information whenever
necessary. Not only immediate encoding of information but
also immediate clearance of the memory buffer is essential
for avoiding confusion regarding the memorized information
between trials. Indeed, proactive interference, the interference
of the past memory over the new memory, occurs owing to
PFC damage. Another important aspect is the conversion of
information, such as from visual to motor, in the case of a
delayed response. The PFC is capable of switching between
different conversion rules immediately, such as from the pro- to
anti-response rule or vice versa. In humans, such function can
be examined using the Wisconsin Card Sorting Test, which has
been a standard neurological procedure to test the PFC function.
Immediate encoding, extinction and multiple conversion of
information seem to be the key features of the PFC, which cannot
be observed in other cortical regions, and may be the biological
background of cognitive thought processes. These views are still
at the level of working hypotheses, but we consider that this
kind of reductionist attitude would be of much importance when
investigating the function of the PFC, as we normally tend to
end up adding a new item to a long-lasting list of PFC functions
after conducting a new study. In addition, together with studies
directly testing the working hypotheses, studies showing what
kind of function a certain part of the PFC is “not” involved (e.g.,
Baxter et al., 2008; Minamimoto et al., 2010) can sometimes be
more informative than so-called “positive” reports that further
extend the list of PFC functions.

Frontiers in Systems Neuroscience | www.frontiersin.org

December 2016 | Volume 10 | Article 99


http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive

Tsutsui et al.

Visuospatial Working Memory in Monkeys and Rats

ETHICS STATEMENT

Animal Care and Use Committee of the Tohoku University
Environmental & Safety Committee.

AUTHOR CONTRIBUTIONS

K-IT, KO, SN and TI wrote the manuscript while K-IT took a
major role.

REFERENCES

Alexander, G. E., DeLong, M. R, and Strick, P. L. (1986). Parallel
organization of functionally segregated circuits linking basal ganglia and
cortex. Annu. Rev. Neurosci. 9, 357-381. doi: 10.1146/annurev.neuro.9.
1.357

Antzoulatos, E. G., and Miller, E. K. (2011). Differences between neural activity
in prefrontal cortex and striatum during learning of novel abstract categories.
Neuron 71, 243-249. doi: 10.1016/j.neuron.2011.05.040

Baddeley, A. D., and Hitch, G. J. (1974). “Working memory,” in Recent Advances
in Learning and Motivation, ed. G. A. Bower (New York, NY: Academic Press),
47-89.

Baeg, E. H.,Kim, Y. B., Huh, K., Mook-Jung, I, Kim, H. T., and Jung, M. W. (2003).
Dynamics of population code for working memory in the prefrontal cortex.
Neuron 40, 177-188. doi: 10.1016/s0896-6273(03)00597-x

Barraclough, D. J., Conroy, M. L., and Lee, D. (2004). Prefrontal cortex and
decision making in a mixed-strategy game. Nat. Neurosci. 7, 404-410. doi: 10.
1038/nn1209

Batuev, A. S., Pirogov, A. A,, Orlov, A. A,, and Sheafer, V. I. (1980). Cortical
mechanisms of goal-directed motor acts in the rhesus monkey. Acta Neurobiol.
Exp. (Wars) 40, 27-49.

Baxter, M. G., Gaffan, D., Kyriazis, D. A., and Mitchell, A. S. (2008). Dorsolateral
prefrontal lesions do not impair tests of scene learning and decision-making
that require frontal-temporal interaction. Eur. J. Neurosci. 28, 491-499. doi: 10.
1111/j.1460-9568.2008.06353.x

Borra, E., Gerbella, M., Rozzi, S., and Luppino, G. (2011). Anatomical evidence for
the involvement of the macaque ventrolateral prefrontal area 12r in controlling
goal-directed actions. J. Neurosci. 31, 12351-12363. doi: 10.1523/JNEUROSCIL.
1745-11.2011

Buckley, M. J., Mansouri, F. A., Hoda, H., Mahboubi, M., Browning, P. G. F,,
Kwok, S. C., et al. (2009). Dissociable components of rule-guided behavior
depend on distinct medial and prefrontal regions. Science 325, 52-58. doi: 10.
1126/science.1172377

Cai, X., and Padoa-Schioppa, C. (2014). Contributions of orbitofrontal and lateral
prefrontal cortices to economic choice and the good-to-action transformation.
Neuron 81, 1140-1151. doi: 10.1016/j.neuron.2014.01.008

Cavada, C., and Goldman-Rakic, P. S. (1989). Posterior parietal cortex in rhesus
monkey: II. Evidence for segregated corticocortical networks linking sensory
and limbic areas with the frontal lobe. J. Comp. Neurol. 287, 422-445. doi: 10.
1002/cne.902870403

Cenquizca, L. A., and Swanson, L. W. (2007). Spatial organization of direct
hippocampal field CA1 axonal projections to the rest of the cerebral cortex.
Brain Res. Rev. 56, 1-26. doi: 10.1016/j.brainresrev.2007.05.002

Chafee, M. V., and Goldman-Rakic, P. S. (1998). Matching patterns of activity
in primate prefrontal area 8a and parietal area 7ip neurons during a spatial
working memory task. J. Neurophysiol. 79, 2919-2940.

Chafee, M. V., and Goldman-Rakic, P. S. (2000). Inactivation of parietal and
prefrontal cortex reveals interdependence of neural activity during memory-
guided saccades. J. Neurophysiol. 83, 1550-1566.

Constantinidis, C., and Steinmetz, M. A. (1996). Neuronal activity in posterior
parietal area 7a during the delay periods of a spatial memory task.
J. Neurophysiol. 76, 1352-1355.

Eichenbaum, H., Clegg, R. A, and Feeley, A. (1983). Reexamination of functional
subdivisions of the rodent prefrontal cortex. Exp. Neurol. 79, 434-451. doi: 10.
1016/0014-4886(83)90224-8

ACKNOWLEDGMENTS

This study was supported by Grants-in-Aid for Scientific
Research (KAKENHI: #24223004 and #24243067 to K-IT and
#50615250 to KO), a Grants-in-Aid for Scientific Research on
Innovative Areas “Adaptive Circuit Shift” (#26112009 to K-IT),
and the Strategic Research Program for Brain Sciences (SRPBS)
provided by the Ministry of Education, Culture, Sports, Science
and Technology (MEXT) of Japan.

Freedman, D. J., Riesenhuber, M., Poggio, T., and Miller, E. K. (2001). Categorical
representation of visual stimuli in the primate prefrontal cortex. Science 291,
312-316. doi: 10.1126/science.291.5502.312

Funahashi, S., Bruce, C. J., and Goldman-Rakic, P. S. (1989). Mnemonic coding of
visual space in the monkey’s dorsolateral prefrontal cortex. J. Neurophysiol. 61,
331-349.

Funahashi, S., Bruce, C. J., and Goldman-Rakic, P. S. (1993a). Dorsolateral
prefrontal lesions and oculomotor delayed-response performance: evidence for
mnemonic “scotomas”. J. Neurosci. 13, 1479-1497.

Funahashi, S., Chafee, M. V., and Goldman-Rakic, P. S. (1993b). Prefrontal
neuronal activity in rhesus monkeys performing a delayed anti-saccade task.
Nature 365, 753-756. doi: 10.1038/365753a0

Fuster, J. M. (1973). Unit activity in prefrontal cortex during delayed-response
performance: neuronal correlates of transient memory. J. Neurophysiol. 36,
61-78.

Fuster, J. M. (1995). Memory in the Cerebral Cortex: an Empirical Approach to
Neural Networks in the Human and Nonhuman Primate. Cambridge, MA: MIT
Press.

Fuster, J. M. (2008). The Prefrontal Cortex. 4th Edn. New York, NY: Academic
Press.

Fuster, J. M. and Alexander, G. E. (1971). Neuron activity related to
short-term memory. Science 173, 652-654. doi: 10.1126/science.173.
3997.652

Goldman, P. S., and Rosvold, H. E. (1970). Localization of function within the
dorsolateral prefrontal cortex of the rhesus monkey. Exp. Neurol. 27, 291-304.
doi: 10.1016/0014-4886(70)90222-0

Gottlieb, J., and Goldberg, M. E. (1999). Activity of neurons in the lateral
intraparietal area of the monkey during an antisaccade task. Nat. Neurosci. 2,
906-912. doi: 10.1038/13209

Gross, C. G. (1963). A comparison of effects of partial and total lateral frontal
lesions on test performance by monkeys. J. Comp. Physiol. Psychol. 56, 41-47.
doi: 10.1037/h0044332

Hoover, W. B., and Vertes, R. P. (2007). Anatomical analysis of afferent projections
to the medial prefrontal cortex in the rat. Brain Struct. Funct. 212, 149-179.
doi: 10.1007/500429-007-0150-4

Hoover, W. B., and Vertes, R. P. (2011). Projections of the medial orbital and
ventral orbital cortex in the rat. J. Comp. Neurol. 519, 3766-3801. doi: 10.
1002/cne.22733

Hutchison, R. M., and Everling, S. (2014). Broad intrinsic functional connectivity
boundaries of the macaque prefrontal cortex. Neuroimage 88, 202-211. doi: 10.
1016/j.neuroimage.2013.11.024

Jacobsen, C. F. (1936). The functions of the frontal association areas in monkeys.
Comp. Psychol. Monogr. 13, 1-60.

Jay, T. M., and Witter, M. P. (1991). Distribution of hippocampal CAl and
subicular efferents in the prefrontal cortex of the rat studied by means of
anterograde transport of phaseolus-vulgaris-leukoagglutinin. J. Comp. Neurol.
313, 574-586. doi: 10.1002/cne.903130404

Jung, M. W., Qin, Y. L., McNaughton, B. L., and Barnes, C. A. (1998). Firing
characteristics of deep layer neurons in prefrontal cortex in rats performing
spatial working memory tasks. Cereb. Cortex 8, 437-450. doi: 10.1093/cercor/8.
5.437

Kesner, R. P, Hunt, M. E., Williams, J. M., and Long, J. M. (1996). Prefrontal
cortex and working memory for spatial response, spatial location and visual
object information in the rat. Cereb. Cortex 6, 311-318. doi: 10.1093/cercor/6.
2311

Frontiers in Systems Neuroscience | www.frontiersin.org

December 2016 | Volume 10 | Article 99


https://doi.org/10.1146/annurev.neuro.9.1.357
https://doi.org/10.1146/annurev.neuro.9.1.357
https://doi.org/10.1016/j.neuron.2011.05.040
https://doi.org/10.1016/s0896-6273(03)00597-x
https://doi.org/10.1038/nn1209
https://doi.org/10.1038/nn1209
https://doi.org/10.1111/j.1460-9568.2008.06353.x
https://doi.org/10.1111/j.1460-9568.2008.06353.x
https://doi.org/10.1523/JNEUROSCI.1745-11.2011
https://doi.org/10.1523/JNEUROSCI.1745-11.2011
https://doi.org/10.1126/science.1172377
https://doi.org/10.1126/science.1172377
https://doi.org/10.1016/j.neuron.2014.01.008
https://doi.org/10.1002/cne.902870403
https://doi.org/10.1002/cne.902870403
https://doi.org/10.1016/j.brainresrev.2007.05.002
https://doi.org/10.1016/0014-4886(83)90224-8
https://doi.org/10.1016/0014-4886(83)90224-8
https://doi.org/10.1126/science.291.5502.312
https://doi.org/10.1038/365753a0
https://doi.org/10.1126/science.173.3997.652
https://doi.org/10.1126/science.173.3997.652
https://doi.org/10.1016/0014-4886(70)90222-0
https://doi.org/10.1038/13209
https://doi.org/10.1037/h0044332
https://doi.org/10.1007/s00429-007-0150-4
https://doi.org/10.1002/cne.22733
https://doi.org/10.1002/cne.22733
https://doi.org/10.1016/j.neuroimage.2013.11.024
https://doi.org/10.1016/j.neuroimage.2013.11.024
https://doi.org/10.1002/cne.903130404
https://doi.org/10.1093/cercor/8.5.437
https://doi.org/10.1093/cercor/8.5.437
https://doi.org/10.1093/cercor/6.2.311
https://doi.org/10.1093/cercor/6.2.311
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive

Tsutsui et al.

Visuospatial Working Memory in Monkeys and Rats

Koechlin, E., Basso, G., Pietrini, P., Panzer, S., and Grafman, J. (1999). The role
of the anterior prefrontal cortex in human cognition. Nature 399, 148-151.
doi: 10.1038/20178

Kojima, T., Onoe, H., Hikosaka, K., Tsutsui, K. I., Tsukada, H., and Watanabe, M.
(2009). Default mode of brain activity demonstrated by positron emission
tomography imaging in awake monkeys: higher rest-related than working
memory-related activity in medial cortical areas. J. Neurosci. 29, 14463-14471.
doi: 10.1523/JNEUROSCI.1786-09.2009

Kolb, B., Nonneman, A. J., and Singh, R. K. (1974). Double dissociation of spatial
impairments and perseveration following selective prefrontal lesions in rats.
J. Comp. Physiol. Psychol. 87, 772-780. doi: 10.1037/h0036970

Kubota, K., Iwamoto, T., and Suzuki, H. (1974). Visuokinetic activities of primate
prefrontal neurons during delayed-response performance. J. Neurophysiol. 37,
1197-1212.

Kubota, K., and Niki, H. (1971). Prefrontal cortical unit activity and delayed
alternation performance in monkeys. J. Neurophysiol. 34, 337-347.

Larsen, J. K., and Divac, I. (1978). Selective ablations within prefrontal cortex of
rat and performance of delayed alternation. Physiol. Psychol. 6, 15-17. doi: 10.
3758/bf03326684

Lebedev, M. A., Messinger, A., Kralik, J. D., and Wise, S. P. (2004). Representation
of attended versus remembered locations in prefrontal cortex. PLoS Biol.
2:e365. doi: 10.1371/journal.pbio.0020365

Mansouri, F. A., Matsumoto, K., and Tanaka, K. (2006). Prefrontal cell activities
related to monkeys’ success and failure in adapting to rule changes in a
Wisconsin Card Sorting Test analog. J. Neurosci. 26, 2745-2756. doi: 10.
1523/JNEUROSCI.5238-05.2006

Mantini, D., Gerits, A., Nelissen, K., Durand, J. B., Joly, O., Simone, L., et al. (2011).
Default mode of brain function in monkeys. J. Neurosci. 31, 12954-12962.

McFarland, N. R., and Haber, S. N. (2002). Thalamic relay nuclei of the basal
ganglia form both reciprocal and nonreciprocal cortical connections, linking
multiple frontal cortical areas. J. Neurosci. 22, 8117-8132.

Miller, E. K., Erickson, C. A., and Desimone, R. (1996). Neural mechanisms of
visual working memory in prefrontal cortex of the macaque. J. Neurosci. 16,
5154-5167.

Minamimoto, T., Saunders, R. C., and Richmond, B. J. (2010). Monkeys quickly
learn and generalize visual categories without lateral prefrontal cortex. Neuron
66, 501-507. doi: 10.1016/j.neuron.2010.04.010

Mishkin, M. (1957). Effects of small frontal lesions on delayed alternation in
monkeys. J. Neurophysiol. 20, 615-622.

Mishkin, M., and Manning, F. J. (1978). Non-spatial memory after selective
prefrontal lesions in monkeys. Brain Res. 143, 313-323. doi: 10.1016/0006-
8993(78)90571-1

Mishkin, M., and Ungerleider, L. G. (1982). Contribution of striate inputs to the
visuospatial functions of parieto-preoccipital cortex in monkeys. Behav. Brain
Res. 6, 57-77. doi: 10.1016/0166-4328(82)90081-x

Mushiake, H., Saito, N., Sakamoto, K., Itoyama, Y., and Tanji, J. (2006). Activity
in the lateral prefrontal cortex reflects multiple steps of future events in action
plans. Neuron 50, 631-641. doi: 10.1016/j.neuron.2006.03.045

Nakamura, S., Hosokawa, T., Iijima, T., and Tsutsui, K. I. (2014). Functional
segregation of prefrontal and premotor cortices in a delayed response task: An
r'TMS study. Program Number 842.15. Society for Neuroscience Abstract.

Nieder, A., Freedman, D. J., and Miller, E K. (2002). Representation of the quantity
of visual items in the primate prefrontal cortex. Science 297, 1708-1711. doi: 10.
1126/science.1072493

Niki, H. (1974a). Prefrontal unit-activity during delayed alternation in monkey. 1.
Relation to direction of response. Brain Res. 68, 185-196. doi: 10.1016/0006-
8993(74)90388-6

Niki, H. (1974b). Differential activity of prefrontal units during right and
left delayed response trials. Brain Res. 70, 346-349. doi: 10.1016/0006-
8993(74)90324-2

Niki, H., and Watanabe, M. (1976). Prefrontal unit activity and delayed response:
relation to cue location versus direction of response. Brain Res. 105, 79-88.
doi: 10.1016/0006-8993(76)90924-0

Niki, H., and Watanabe, M. (1979). Prefrontal and cingulate unit-activity during
timing behavior in the monkey. Brain Res. 171, 213-224. doi: 10.1016/0006-
8993(79)90328-7

Ogawa, K., Nakamura, S., Hosokawa, T., Iijima, T., and Tsutsui, K. L
(2015). Comparing the impact of online and low-frequency offline rTMS

over the unilateral dorsolateral prefrontal cortex on the delayed response
task performance. Program Number 442.17. Society for Neuroscience
Abstract.

Olesen, P. J., Westerberg, H., and Klingberg, T. (2004). Increased prefrontal and
parietal activity after training of working memory. Nat. Neurosci. 7, 75-79.
doi: 10.1038/nn1165

Ongur, D., and Price, J. L. (2000). The organization of networks within the orbital
and medial prefrontal cortex of rats, monkeys and humans. Cereb. Cortex 10,
206-219. doi: 10.1093/cercor/10.3.206

Owen, A. M., Evans, A. C., and Petrides, M. (1996). Evidence for a two-stage
model of spatial working memory processing within the lateral frontal cortex:
a positron emission tomography study. Cereb. Cortex 6, 31-38. doi: 10.
1093/cercor/6.1.31

Passingham, R. (1975). Delayed matching after selective prefrontal lesions
in monkeys (Macaca mulatta). Brain Res. 92, 89-102. doi: 10.1016/0006-
8993(75)90529-6

Passingham, R. E., and Wise, S. P. (2012). The Neurobiology of the Prefrontal
Cortex. New York, NY: Oxford University Press.

Petrides, M. (2000). Dissociable roles of mid-dorsolateral prefrontal and anterior
inferotemporal cortex in visual working memory. J. Neurosci. 20, 7496-7503.

Petrides, M., and Pandya, D. N. (1984). Projections to the frontal cortex from the
posterior parietal region in the rhesus monkey. J. Comp. Neurol. 228, 105-116.
doi: 10.1002/cne.902280110

Petrides, M., and Pandya, D. N. (1999). Dorsolateral prefrontal cortex:
comparative cytoarchitectonic analysis in the human and the macaque brain
and corticocortical connection patterns. Eur. J. Neurosci. 11, 1011-1036.
doi: 10.1046/j.1460-9568.1999.00518.x

Petrides, M., and Pandya, D. N. (2006). Efferent association pathways originating
in the caudal prefrontal cortex in the macaque monkey. J. Comp. Neurol. 498,
227-251. doi: 10.1002/cne.21048

Preuss, T. M. (1995). Do rats have prefrontal cortex-the rose-woolsey-
akert program reconsidered. J. Cogn. Neurosci. 7, 1-24. doi: 10.1162/jocn.
1995.7.1.1

Qi, X. L., Katsuki, F., Meyer, T., Rawley, J. B., Zhou, X., Douglas, K. L., et al.
(2010). Comparison of neural activity related to working memory in primate
dorsolateral prefrontal and posterior parietal cortex. Front. Syst. Neurosci. 4:12.
doi: 10.3389/fnsys.2010.00012

Quintana, J., Yajeya, J., and Fuster, J. M. (1988). Prefrontal representation of
stimulus attributes during delay tasks. I. Unit activity in cross-temporal
integration of sensory and sensory-motor information. Brain Res. 474,
211-221. doi: 10.1016/0006-8993(88)90436-2

Reep, R. L., Corwin, J. V., Hashimoto, A., and Watson, R. T. (1987). Efferent
connections of the rostral portion of medial agranular cortex in rats. Brain Res.
Bull. 19, 203-221. doi: 10.1016/0361-9230(87)90086-4

Reep, R. L., Corwin, J. V., and King, V. (1996). Neuronal connections of orbital
cortex in rats: topography of cortical and thalamic afferents. Exp. Brain Res.
111, 215-232. doi: 10.1007/bf00227299

Rushworth, M. F., and Owen, A. M. (1998). The functional organization of
the lateral frontal cortex: conjecture or conjuncture in the electrophysiology
literature? Trends Cogn. Sci. 2, 46-53. doi: 10.1016/s1364-6613(98)01127-9

Sakagami, M., and Tsutsui, K. I. (1999). The hierarchical organization of decision
making in the primate prefrontal cortex. Neurosci. Res. 34, 79-89. doi: 10.
1016/s0168-0102(99)00038-3

Saleem, K. S., Miller, B., and Price, J. L. (2014). Subdivisions and connectional
networks of the lateral prefrontal cortex in the macaque monkey. J. Comp.
Neurol. 522, 1641-1690. doi: 10.1002/cne.23498

Sanchez-Santed, F., Debruin, J. P. C., Heinsbroek, R. P. W., and Verwer, R. W. H.
(1997). Spatial delayed alternation of rats in a T-maze: effects of neurotoxic
lesions of the medial prefrontal cortex and of T-maze rotations. Behav. Brain
Res. 84, 73-79. doi: 10.1016/s0166-4328(97)83327-x

Sawaguchi, T., and Iba, M. (2001). Prefrontal cortical representation of visuospatial
working memory in monkeys examined by local inactivation with muscimol.
J. Neurophysiol. 86, 2041-2053.

Selemon, L. D., and Goldman-Rakic, P. S. (1985). Longitudinal topography and
interdigitation of corticostriatal projections in the rhesus monkey. J. Neurosci.
5,776-794.

Stuss, D. T., and Knight, R. T. (2002). Principles of Frontal Lobe Function, Second
Edition. New York, NY: Oxford University Press.

Frontiers in Systems Neuroscience | www.frontiersin.org

11

December 2016 | Volume 10 | Article 99


https://doi.org/10.1038/20178
https://doi.org/10.1523/JNEUROSCI.1786-09.2009
https://doi.org/10.1037/h0036970
https://doi.org/10.3758/bf03326684
https://doi.org/10.3758/bf03326684
https://doi.org/10.1371/journal.pbio.0020365
https://doi.org/10.1523/JNEUROSCI.5238-05.2006
https://doi.org/10.1523/JNEUROSCI.5238-05.2006
https://doi.org/10.1016/j.neuron.2010.04.010
https://doi.org/10.1016/0006-8993(78)90571-1
https://doi.org/10.1016/0006-8993(78)90571-1
https://doi.org/10.1016/0166-4328(82)90081-x
https://doi.org/10.1016/j.neuron.2006.03.045
https://doi.org/10.1126/science.1072493
https://doi.org/10.1126/science.1072493
https://doi.org/10.1016/0006-8993(74)90388-6
https://doi.org/10.1016/0006-8993(74)90388-6
https://doi.org/10.1016/0006-8993(74)90324-2
https://doi.org/10.1016/0006-8993(74)90324-2
https://doi.org/10.1016/0006-8993(76)90924-0
https://doi.org/10.1016/0006-8993(79)90328-7
https://doi.org/10.1016/0006-8993(79)90328-7
https://doi.org/10.1038/nn1165
https://doi.org/10.1093/cercor/10.3.206
https://doi.org/10.1093/cercor/6.1.31
https://doi.org/10.1093/cercor/6.1.31
https://doi.org/10.1016/0006-8993(75)90529-6
https://doi.org/10.1016/0006-8993(75)90529-6
https://doi.org/10.1002/cne.902280110
https://doi.org/10.1046/j.1460-9568.1999.00518.x
https://doi.org/10.1002/cne.21048
https://doi.org/10.1162/jocn.1995.7.1.1
https://doi.org/10.1162/jocn.1995.7.1.1
https://doi.org/10.3389/fnsys.2010.00012
https://doi.org/10.1016/0006-8993(88)90436-2
https://doi.org/10.1016/0361-9230(87)90086-4
https://doi.org/10.1007/bf00227299
https://doi.org/10.1016/s1364-6613(98)01127-9
https://doi.org/10.1016/s0168-0102(99)00038-3
https://doi.org/10.1016/s0168-0102(99)00038-3
https://doi.org/10.1002/cne.23498
https://doi.org/10.1016/s0166-4328(97)83327-x
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive

Tsutsui et al.

Visuospatial Working Memory in Monkeys and Rats

Thomas, G. J., and Brito, G. N. O. (1980). Recovery of delayed alternation in rats
after lesions in medial frontal cortex and septum. J. Comp. Physiol. Psychol. 94,
808-818. doi: 10.1037/h0077834

Tsujimoto, S., and Postle, B. R. (2012). The prefrontal cortex and oculomotor
delayed response: a reconsideration of the “mnemonic scotoma”. J. Cogn.
Neurosci. 24, 627-635. doi: 10.1162/jocn_a_00171

Tsutsui, K. L, Grabenhorst, F., Kobayashi, S., and Schultz, W. (2016a). A
dynamic code for economic object valuation in prefrontal cortex neurons. Nat.
Commun. 7:12554. doi: 10.1038/ncomms12554

Tsutsui, K. I., Hosokawa, T., Yamada, M., and Iijima, T. (2016b). Representation of
Functional category in the monkey prefrontal cortex and its rule-dependent use
for behavioral selection. J. Neurosci. 36, 3038-3048. doi: 10.1523/JNEUROSCI.
2063-15.2016

Uylings, H. B. M., Groenewegen, H. J., and Kolb, B. (2003). Do rats have a
prefrontal cortex? Behav. Brain Res. 146, 3-17. doi: 10.1016/j.bbr.2003.09.028

Uylings, H. B. M., and van Eden, C. G. (1990). Qualitative and quantitative
comparison of the prefrontal cortex in rats and in primates, including humans.
Prog. Brain Res. 85, 31-62. doi: 10.1016/s0079-6123(08)62675-8

Vertes, R. P. (2004). Differential projections of the infralimbic and prelimbic
cortex in the rat. Synapse 51, 32-58. doi: 10.1002/syn.10279

Wallis, J. D., Anderson, K. C., and Miller, E. K. (2001). Single neurons in
prefrontal cortex encode abstract rules. Nature 411, 953-956. doi: 10.1038/350
82081

Wallis, J. D., and Miller, E. K. (2003a). From rule to response: neuronal processes
in the premotor and prefrontal cortex. J. Neurophysiol. 90, 1790-1806. doi: 10.
1152/jn.00086.2003

Wallis, J. D., and Miller, E. K. (2003b). Neuronal activity in primate dorsolateral
and orbital prefrontal cortex during performance of a reward preference task.
Eur. J. Neurosci. 18, 2069-2081. doi: 10.1046/j.1460-9568.2003.02922.x

Warden, M. R,, and Miller, E. K. (2010). Task-dependent changes in short-term
memory in the prefrontal cortex. J. Neurosci. 30, 15801-15810. doi: 10.
1523/JNEUROSCI.1569-10.2010

Watanabe, M. (1986a). Prefrontal unit activity during delayed conditional Go/No-
Go discrimination in the monkey. I. Relation to the stimulus. Brain Res. 382,
1-14. doi: 10.1016/0006-8993(86)90104-6

Watanabe, M. (1986b). Prefrontal unit activity during delayed conditional Go/No-
Go discrimination in the monkey. II. Relation to Go and No-Go responses.
Brain Res. 382, 15-27. doi: 10.1016/0006-8993(86)90105-8

Webster, M. J., Bachevalier, J., and Ungerleider, L. G. (1994). Connections of
inferior temporal areas TEO and TE with parietal and frontal cortex in macaque
monkeys. Cereb. Cortex 4, 470-483. doi: 10.1093/cercor/4.5.470

Wilson, F. A., Scalaidhe, S. P., and Goldman-Rakic, P. S. (1993). Dissociation of
object and spatial processing domains in primate prefrontal cortex. Science 260,
1955-1958. doi: 10.1126/science.8316836

Wise, S. P. (2008). Forward frontal fields: phylogeny and fundamental function.
Trends Neurosci. 31, 599-608. doi: 10.1016/j.tins.2008.08.008

Wolf, C., Waksman, D., Finger, S., and Almli, C. R. (1987). Large and small medial
frontal cortex lesions and spatial performance of the rat. Brain Res. Bull. 18,
1-5. doi: 10.1016/0361-9230(87)90025-6

Yamada, M., Pita, M. C., lijima, T., and Tsutsui, K. I. (2010). Rule-dependent
anticipatory activity in prefrontal neurons. Neurosci. Res. 67, 162-171. doi: 10.
1016/j.neures.2010.02.011

Yang, S. T., Shi, Y., Wang, Q., Peng, J. Y., and Li, B. M. (2014). Neuronal
representation of working memory in the medial prefrontal cortex of rats. Mol.
Brain 7:61. doi: 10.1186/s13041-014-0061-2

Yeterian, E. H., Pandya, D. N., Tomaiuolo, F., and Petrides, M. (2012). The cortical
connectivity of the prefrontal cortex in the monkey brain. Cortex 48, 58-81.
doi: 10.1016/j.cortex.2011.03.004

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2016 Tsutsui, Oyama, Nakamura and Iijima. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution and reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Systems Neuroscience | www.frontiersin.org

12

December 2016 | Volume 10 | Article 99


https://doi.org/10.1037/h0077834
https://doi.org/10.1162/jocn_a_00171
https://doi.org/10.1038/ncomms12554
https://doi.org/10.1523/JNEUROSCI.2063-15.2016
https://doi.org/10.1523/JNEUROSCI.2063-15.2016
https://doi.org/10.1016/j.bbr.2003.09.028
https://doi.org/10.1016/s0079-6123(08)62675-8
https://doi.org/10.1002/syn.10279
https://doi.org/10.1038/35082081
https://doi.org/10.1038/35082081
https://doi.org/10.1152/jn.00086.2003
https://doi.org/10.1152/jn.00086.2003
https://doi.org/10.1046/j.1460-9568.2003.02922.x
https://doi.org/10.1523/JNEUROSCI.1569-10.2010
https://doi.org/10.1523/JNEUROSCI.1569-10.2010
https://doi.org/10.1016/0006-8993(86)90104-6
https://doi.org/10.1016/0006-8993(86)90105-8
https://doi.org/10.1093/cercor/4.5.470
https://doi.org/10.1126/science.8316836
https://doi.org/10.1016/j.tins.2008.08.008
https://doi.org/10.1016/0361-9230(87)90025-6
https://doi.org/10.1016/j.neures.2010.02.011
https://doi.org/10.1016/j.neures.2010.02.011
https://doi.org/10.1186/s13041-014-0061-2
https://doi.org/10.1016/j.cortex.2011.03.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Systems_Neuroscience
http://www.frontiersin.org/
http://www.frontiersin.org/Systems_Neuroscience/archive

	Comparative Overview of Visuospatial Working Memory in Monkeys and Rats
	INTRODUCTION
	VISUOSPATIAL WORKING MEMORY IN MONKEYS
	Neuropsychology—Lesion and Inactivation Studies
	Electrophysiology—Unit Recording Studies
	Anatomy of Monkey PFC
	Functional Organization of the Lateral PFC

	VISUOSPATIAL WORKING MEMORY IN RATS
	Anatomy of Rat PFC
	Neuropsychology—Lesion Studies
	Electrophysiology—Unit Recording Studies

	LIMITATIONS AND FUTURE PERSPECTIVES
	ETHICS STATEMENT
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


