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Abstract
Microelectrode recordings of cortical activity in primates performing working memory tasks
reveal some cortical neurons exhibiting sustained or graded persistent elevations in firing rate
during the period in which sensory information is actively maintained in short-term memory.
These neurons are called “memory cells”. Imaging and transcranial magnetic stimulation studies
indicate that memory cells may arise from distributed cortical networks. Depending on the sensory
modality of the memorandum in working memory tasks, neurons exhibiting memory-correlated
patterns of firing have been detected in different association cortices including prefrontal cortex,
and primary sensory cortices as well.

Here we elaborate on neurophysiological experiments that lead to our understanding of the
neuromechanisms of working memory, and mainly discuss findings on widely distributed cortical
networks involved in tactile working memory.

1. Distributed cortical network of working memory in primates
Short-term memory functions were first hypothesized to be related to the cortical surface of
the frontal lobe by early lesion studies (Jacobsen, 1936; Milner, 1963). This hypothesis was
strengthened when it was discovered that in the principal sulcus (area 46), there were cells
that continued to fire during the delay period of a delayed-response task (Fuster and
Alexander, 1971). In the task, a trial began with the cue period when a piece of food was
placed in one of two wells in front of the monkey. These two wells were then covered with
two identical test objects. During the subsequent delay period (memorization period), the
monkey's view of objects was blocked. At the end of the delay, the monkey could see the
objects again and was allowed to remove only one of them. Memory cells were
characterized by sustained elevated discharge (significantly above the spontaneous inter-trial
baseline) during the whole or part of the forced delay period between the cue and the motor
response. Mock trials failed to elicit delay activation, and when the animal no longer needed
to memorize the cue, the discharge of the cell returned to the inter-trial baseline level. Short-
term memory cells were also investigated by another pioneer study (Kubota and Niki, 1971)
in which Kubota and Niki recorded single units in the prefrontal cortex (PFC) when
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monkeys performed a delay-alternation task. These two findings give the first insight into
the neuronal basis of short-term memory.

The term “working memory” evolved from the earlier concept of short-term memory,
proposed by the psychologist Baddeley and Hitch in 1974 (Baddeley and Hitch, 1974). In
their theory, there are three components in the model of working memory: an attentional
control system and two storage systems for phonological and visual-spatial information. In
1980s, the concept of working memory was first introduced into neuroscience by a series of
outstanding electrophysiological studies (Goldman-Rakic, 1995). Among these studies,
Funahashi and Goldman-Rakic (Funahashi et al., 1989) developed an oculomotor delay-
response task in which the monkey was trained to make a saccade to a remembered target
location at the end of the delay period, and found that PFC neurons exhibited directional
delay-period activity, as revealed in single-unit recordings. Based on these results,
Funahashi and his colleagues proposed that those PFC neurons have mnemonic receptive
fields (memory fields) regarding visual cues in the visual field (Funahashi et al., 1989;
Rainer et al., 1998). Memory cells in the PFC have also been reported by other studies on
monkeys (Miller et al., 1996; Niki, 1974; Rao et al., 1997; Romo et al., 1999). From the
results of those studies, it appears that other than those cells showing sustained firing during
the whole or part of the delay, in general there exist two other types of delay cells in PFC
(Fuster, 1995). One is the “sensory-coupled” cue cell, the discharge of which tends to
diminish from the peak to the baseline level through the delay period. The other is the
“motor-coupled" cell; its discharge tends to increase as time for expected movement
approaches. These two types of cells may participate in two complementary processes:
sensory-coupled cells are involved in the retention of sensory information, and motor-
coupled cells engage in preparation for motor action responding to that information. It is
apparent that PFC plays a critical role in temporal organization of behavior by integrating
motor action with recent sensory information through cooperation of its two basic cognitive
functions: short-term memory and preparatory set (Fuster, 1997, 2001). In PFC, memory
cells appear to be components in neuronal networks that encode a large variety of sensory
stimuli associated with impending action. These similar types of cells have also been found
in inferior temporal cortex by Miyashita and his colleagues, in which they termed them as
“cue-holding” and “target-recall” cells(Takeda et al., 2005).

Over the last decade, great progress has been achieved in understanding the organization of
working memory networks and the functional specialization of brain areas that constitute the
networks. Neurons with memory-related responses have been reported in multiple brain
regions, such as the prefrontal cortex (D'Esposito et al., 1995; D'Esposito et al., 1999;
D'Esposito et al., 2000; Fuster, 1973; Fuster and Alexander, 1971; Hernandez et al., 2002;
Miller et al., 1996; Petrides et al., 1995; Romo et al., 1999), the inferior temporal cortex
(Fiebach et al., 2006; Fuster and Jervey, 1982; Miller et al., 1993; Miyashita and Chang,
1988) and the posterior parietal cortex (PPC) (Champod and Petrides, 2007; Constantinidis
and Steinmetz, 1996; Curtis et al., 2004; Joelving et al., 2007; Koch and Fuster, 1989;
Pierrot-Deseilligny et al., 2005; Zhou et al., 2007). These distributed cortical areas play a
critical role in working memory networks. Especially, neural synchronization between PFC
and PPC has been proposed to be the representation of task-specific information in visual
working memory (Salazar et al., 2012), and other cognitive processes (Buschman and
Miller, 2007; Pesaran et al., 2008). Recently, there is increasing evidence that elemental
sensory dimensions, such as tactile information in the somatosensory system (Hernandez et
al., 2000; Zhou and Fuster, 1996), are stored by segregated feature-selective systems that
include not only the associative cortex, but also the sensory cortex that carries out early-
stage processing(Gottlieb et al., 1989; Super et al., 2001). Neural circuits in these cortical
areas seem to have a dual function: the precise sensory encoding and the short-term storage
of the encoded information(Pasternak and Greenlee, 2005).
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2. Tactile working memory in monkeys
Tactile working memory in early cortical somatosensory areas

Memory cells have been further revealed in primary sensory cortices(Super et al., 2001;
Zhou and Fuster, 1996). Findings of memory cells in primary sensory cortices indicate that
the same neurons are involved in both sensory processing and temporary storage of sensory
information, and agree with the idea that memory is stored as changes in the same neural
systems that participate in perception, analysis, and processing of sensory information
(Squire, 1986; Squire and Zola-Morgan, 1991; Thompson, 1986). Our studies(Zhou and
Fuster, 1996) have shown that memory cells exist in the primary somatosensory cortex (SI)
of monkeys performing a tactile unimodal delayed matching-to-sample task (Figure 1 & 2).
As the neural correlate of the sample stimulus, the delay activity is possibly the neural
representation of stimulus information in cortical memory networks, and carries this
information for the animal's corresponding behavioral action. Recently, our studies (Wang et
al., 2012a) have further shown that this persistent delay activity appears to be an intrinsic
property of SI neurons and suggests that there exist neural networks in SI subserving tactile
memory. SI cortex may also participate in decision-making during the haptic choice in the
haptic delay task (Wang et al., 2012b). The study has indicated that SI cells (Figure 1&3)
show the significant differential neural activity only when the monkey has to make a choice
between two different haptic objects, and such differential activity diminishes significantly
in incorrect-response trials.

In the cortical dynamics of the perception-action cycle (Fuster, 2001), interactions are
supposed to occur between cortical stations at various levels of the two hierarchies,
including those between two lowest stations, MI (primary motor cortex) and SI. Evidence
from past studies (Jiang et al., 1991; Lebedev et al., 1994; Nelson and Douglas, 1989)
indicates that cortical neuronal signals may arrive in SI prior to movement onset. In a recent
study, Peterson and his colleagues (Matyas et al., 2010) have found that SI directly drives
whisker retraction, providing a rapid negative feedback signal for sensorimotor integration.
Those studies indicate the existence of dynamic interactions between SI and MI. The close
anatomical relationship between those two cortices (Jones et al., 1979; Stepniewska et al.,
1993) may provide a neural basis for the timely reciprocal information exchange from one to
the other during active tactile exploration. This exchange may play an essential role in the
matching between a tactile memory trace and the present haptic stimulus represented by
neural networks in SI cortex (Zhou and Fuster, 1996). Further, this timely information
exchange may be critical for fine hand movements during tactile exploration leading to
proper decisions(Wang et al., 2012b).

A recent functional magnetic resonance imaging (fMRI) study (Kaas et al., 2012) has
specifically shown that the effect of tactile working memory load can be observed in the
hand- and modality-specific regions, BA2 (SI) and the secondary somatosensory cortex
(SII), indicating the involvement of these regions in tactile encoding and maintenance of
fine surface textures. The involvement of SI in the short-term retention of tactile information
has also been shown in a human working memory study (Harris et al., 2002). The study has
shown that the SI cortex temporarily retains (< 1 sec) information of a tactile vibration
frequency in a retention period of a task for later comparison between two frequencies.
Performance of the task is significantly disrupted when a pulse of transcranial magnetic
stimulation (TMS) is delivered early in the retention period to SI cortex contralateral to the
tactile stimulus.

In addition, SI cells in monkeys have been observed to respond to a visual stimulus that has
been associated with a tactile stimulus in a visuo-tactile crossmodal task, and they may also
be involved in retention of tactile information that visual stimulus represents for a later
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tactile choice (Zhou and Fuster, 1997, 2000). In those studies, the firing rate of certain SI
cells in the delay period of the task depends on the visual stimulus presented before, and
some other cells show similar responses to the visual stimulus and its corresponding tactile
stimulus (Figure 4). The presence of such cross-modal cells in SI suggests that associated
non-tactile stimuli activate SI cells via cross-modal cortical associations shaped through the
task-specific animal training, and therefore the modality-specific primary sensory cortex
contributes to associations between stimuli from different sensory modalities. This notion
has also been suggested by a human TMS study (Bolognini et al., 2011), in which authors
have found that rTMS (repetitive TMS) over SI selectively impairs subject performance for
interpreting whether a contralateral visual tactile stimulus contains a tactile event.

SII cortex has reciprocal connections with all areas of SI and via insular projections to
frontal and temporal limbic structures, and is probably a higher-order station in the
somatosensory processing hierarchy that proceeds from SI and SII to other cortical areas
related to tactile learning and memory (Burton et al., 1995; Cipolloni and Pandya, 1999;
Friedman et al., 1986; Kaas, 1995; Mesulam and Mufson, 1982; Murray and Mishkin,
1984). Results of a recent study have shown that in performance of a tactile working
memory task, cells in SII of monkeys are involved in retention of information of a vibration
frequency (base stimulus) for a later comparison with another vibration frequency
(comparison stimulus) (Salinas et al., 2000). Many SII cells in this study show stimulus
frequency-specific firing modulation during the period between the base and the comparison
stimuli. When the animal does not need to remember the stimulus, the frequency-specific
modulation is diminished significantly.

From the studies discussed above, it is apparent that in working memory, sensory
information is temporally maintained in widely distributed cortical neural networks
including those in sensory cortical areas, the sensory modality-specific cortical stage of a
sensory system.

Tactile working memory in association areas (PPC and PFC)
Memory cells have been recorded in PPC of monkeys during performance of a haptic
delayed matching-to-sample task (Koch and Fuster, 1989). The discharge of some cells is
elevated through most or all of the delay period, in some cases selectively with regard to
tactile samples (cube or sphere) perceived by active touch. These memory cells are mostly
located in area 5 of parietal association cortex. Tactile memory cells are commonly excited
not only by the touch or task-required retention of a tactile cue but also by the movement of
arm and hand while the animal reaches and palpates that cue. These movement-related
tactile memory cells may function in both sensorimotor integration and active tactile short-
term memory. The neural activity related to maintenance of tactile information about the
object’s surface texture has also been observed in the superior parietal lobule in an fMRI
study(Kaas et al., 2012), in which subjects are asked to answer whether a probe stimulus
(sandpaper) matches the memory array in a delay task.

In a study on PFC neural firing in working memory, Romo and his colleagues (Romo et al.,
1999) have found that the firing rate of PFC neurons in the delay period is monotonically
correlated with the vibration frequency of the tactile stimulus when a monkey performs a
vibration frequency discrimination task. In this task, two vibrating stimuli are sequentially
presented in each trial. The monkey has to memorize the frequency of the first stimulus
during the delay and then make a behavioral choice at the end of the delay by comparing the
frequency of the first stimulus with that of the second stimulus. The work indicates that
monotonic encodings in PFC neurons are the basic representation of sensory magnitude
continua in working memory, and are likely derived from inputs from cortical
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somatosensory areas (Romo and Salinas, 2003). This paper shows clear evidence of
involvement of PFC neural networks in tactile working memory.

fMRI imaging studies have also demonstrated that PFC plays an important role in tactile
working memory (Fiehler et al., 2008; Kaas et al., 2012; Kostopoulos et al., 2007;
Preuschhof et al., 2006). A recent fMRI study (Kaas et al., 2007) has shown that haptic
sensory traces, maintained in contralateral sensorimotor cortex, are transformed into more
abstract hapticospatial representations in the early delay stages. Maintenance of these
representations engages anterior PFC and parietal-occipital cortex.

Previous electrophysiological and imaging studies have shown that both dorsal and ventral
parts of PFC are intensively involved in the neural processing of visual and auditory
working memory(Bodner et al., 1996; Constantinidis and Procyk, 2004; D'Esposito et al.,
2000; Miller et al., 1996; Quintana and Fuster, 1999; Romanski, 2007). However, the
contribution of different prefrontal areas to tactile working memory is still unclear. Both
human fMRI and primate electrophysiology studies have shown that the ventral-lateral
prefrontal region is involved in the tactile (vibration) working memory (Kostopoulos et al.,
2007; Romo et al., 1999). We have recently investigated whether the dorsal-lateral
prefrontal cortex (area 46d/8) participates in haptic working memory. Cells have been
recorded in the dorsal-lateral PFC in two monkeys performing a haptic-haptic unimodal
working memory task (Figure 1). Persistent delay activity, preferring to either horizontal or
vertical tactile information, has been observed (see Figure 5, unpublished data). This result
indicates that the dorsal-lateral prefrontal cortex may possess information of the haptic
stimuli selectively.

In the somatosensory system, information is processed by SI, and relayed to SII and higher
order association cortical areas, including areas 5 and 7b in the parietal lobe and the insular
cortex. The lateral frontal cortical regions, including both ventral and dorsal parts, receive
information through anatomical connections with parietal lobe regions and SII (Cavada and
Goldman-Rakic, 1989; Mesulam and Mufson, 1982; Murray and Mishkin, 1984). We
propose that the haptic information flows through different stations in the somatosensory
cortical hierarchy up into dorsal lateral prefrontal cortex, and manipulated and integrated
there for later action.

3. Conclusion
Working memory appears to engage widely distributed cortical areas including primary
sensory cortices, although certain cortical areas may be more selectively activated
depending on the sensory modality of the memorandum involved in the working memory
task. In the somatosensory system, cortical areas involved in tactile working memory
include not only association areas, such as prefrontal cortex and posterior parietal cortex, but
also sensory areas, such as SI and SII--the modality-specific cortical stage of the system.
This notion is supported by the recording of cortical activity in monkeys performing tactile
unimodal and cross-modal working memory tasks and imaging studies in humans.

Due to the dual functions in SI (sensory encoding and short-term storage of sensory
information), it seems necessary to understand the dynamics of the local neural circuit in this
cortex, which subserves working memory. Multi-contact laminar electrode recording may
provide a valuable tool in future research to investigate the circuit by exploring the laminar
structures of SI cortex. The involvement of PFC in crossmodal working memory is also a
potentially important topic as PFC has been thought to be the center for crossmodal transfer
of information from one sensory modality to the other (Fuster et al., 2000)
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Highlights

• Working memory cells may arise from distributed cortical networks.

• Primary sensory cortex may have a dual function: sensory coding and short-term
memory storage.

• Dorsal-lateral prefrontal cortex may possess information of the haptic stimuli
selectively.
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Figure 1.
Diagram of two working memory tasks. In a trial of the hapti-chaptic (HH) task (top), the
monkey touches the tactile sample (without seeing it), one of two objects (rods) differing by
a surface feature (orientation of parallel ridges, vertical vs. horizontal). At the end of the
delay period that follows the sample touch, the animal is presented with the two rods
simultaneously and must choose by touching and pulling the one that matches the sample to
get a certain amount of fluid as a reward. In a trial of the visual-haptic (VH) task (bottom),
the animal first views an icon of vertical or horizontal stripes, and then at the end of the
delay, the animal makes a behavioral choice by touching and pulling one of the two rods
with ridges oriented in the same direction as the stripes of the sample icon. (The figure is
adapted from Zhou et al. 2007, Cerebral Cortex)
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Figure 2.
Spike rasters and histograms from a sample- and delay-differential unit in SI cortex through
horizontal (hor)- and vertical (ver)-sample trials. The unit's receptive field is marked (white)
on the hand diagram, the unit's position (red triangle) on the outlined parietal section on
upper left. (The figure is adapted from Zhou et al. 2007, Cerebral Cortex)
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Figure 3.
Rasters and perievent histograms (bin size = 50 msec) of a cell recorded in the hand area of
SI cortex in the HH task, showing the activity in both sample and choice periods. Left: The
time-locking event for histograms is the first touch of the sample. The average firing rate
(non-differential) for both rods in the sample period increases significantly from the baseline
level. Right: The time-locking event for histograms is the onset of the last touch prior to the
pull of the chosen rod. The red raster in each trial indicates the onset of the choice (the pull).
The firing rate of the cell is significantly higher in touch of the horizontal rod (p < 0.001).
This cell shows the choice-only differential activity. (The figure is adapted from Wang et al.
2012, Journal of Cognitive Neuroscience)
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Figure 4.
Average frequency histograms (bin size 500 ms) from an SI cell showing differential
activity in two periods, cue and choice. The locking event for the left histograms is the onset
of the visual cue, and for the right histograms it is the first contact of the matching object.
The middle part of the delay is omitted from the histograms (dashed line). The cell favors
the horizontal ridges at the choice (P < 0.01). Accordingly, it favors the horizontal visual cue
(P < 0.05). (The figure is adapted from Zhou and Fuster 2000, PNAS)
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Figure 5.
The differential delay activity of a frontal cell in the HH task. Rasters and histograms are
aligned to the beginning of the delay. Blue rasters and histograms indicate the neural activity
in horizontal trials, and black ones, in vertical trials. Only correct trials are included.
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