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Abstract

■ Working memory is where thoughts are held and manipu-
lated. For many years, the dominant model was that working
memory relied on steady-state neural dynamics. A neural
representation was activated and then held in that state.
However, as often happens, the more we examine working
memory (especially with new technology), the more complex

it looks. Recent discoveries show that working memory
involves multiple mechanisms, including discontinuous bouts
of spiking. Memories are also dynamic, evolving in a task-
dependent manner. Cortical rhythms may control those
dynamics, thereby endowing top–down “executive” control
over our thoughts. ■

INTRODUCTION

Over 30 years ago, working memory was solved. We had
found the neural basis for holding an item in working
memory. The model was straightforward. A stimulus acti-
vates neural spiking in the pFC. That activity is sustained
after the stimulus disappears and its memory is held in
working memory (Miller, Erickson, & Desimone, 1996;
Funahashi, Bruce, & Goldman-Rakic, 1989; Fuster &
Alexander, 1971). Decades of research had supported
and elaborated this model. We now know working mem-
ory representations are seen in a variety of cortical areas
(Christophel, Klink, Spitzer, Roelfsema, & Haynes, 2017).
We learned about the important role of neuromodulators
(Vijayraghavan, Wang, Birnbaum, Williams, & Arnsten,
2007). We gained insight into the biophysical and circuit
mechanisms that keep activity elevated (Wang, 1999).
However, as usually happens in science, we came to

realize that the neural bases of working memory are more
complex than we originally thought. New technology has
allowed a more detailed understanding of working
memory. These insights confirmed that neural activity
seen during a memory delay plays an important role in
working memory. However, they also revealed working
memory is not simply steady-state maintenance, like a
latch circuit in your brain that turns on and off. There
are bouts of spiking versus no spiking. There are dynamics
and emergent properties that can only be seen at the level
of neuron populations and the summed activity of millions
of neurons (in local field potentials [LFPs]). Furthermore,
new work has shown these dynamics support the most

important thing about working memory: It is under top–
down “executive” control. We can choose what to think
about and how to think about it.

Mark Stokes was a catalyst in driving this new under-
standing of working memory. Here, we review our take
on the “Stokesian” view of working memory. There were
two key insights. First, working memory is not simply the
persistent activity of neurons. It is also “activity-silent”with
bouts of spiking versus little or no spiking. During the
“silent” periods, thememories are held by short-term plas-
ticity mechanisms, like an echo or impression that spiking
leaves in the network. Second, working memory activity is
not a persistent, veridical, representation of sensory
inputs. Instead, it is highly dynamic with representations
that change and evolve over time. These are not unrelated
insights. The activity-silent dynamics contribute to, and
leave room for, emergent properties like oscillatory
rhythms at different frequencies. Recent work on those
rhythms has captured the neural signatures of top–down
control.

WORKING MEMORY IS ACTIVITY-SILENT

The classic view of working memory is that it is repre-
sented in the sustained activity of neurons within pFC.
For example, when monkeys were trained to remember
the location of a reward (Fuster & Alexander, 1971)
or remember the location of a stimulus (Funahashi
et al., 1989), neurons in pFC were found to be tonically
active for as long as the animal held the item in memory.
This matched our own experience of working memory
as an active process that requires effort. So, naturally,
researchers assumed the sustained activity was what main-
tained representations over memory delays.
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However, over the past decade, close inspection of
neural activity has found neural responses in pFC are
not as sustained as we once believed. As reviewed in
Stokes (2015), neural responses often return to “baseline”
levels after a few seconds. Furthermore, interrupting
workingmemorymaintenance, by having an animal briefly
switch to another task, caused working memory repre-
sentations to disappear. They then re-emerged when
the animal re-engaged the original working memory task
(Watanabe & Funahashi, 2014). These results led to the
idea that other mechanisms may support memory repre-
sentations. Several possibilities have been raised over the
last few years.

First, building on theoretical work (Mongillo, Barak, &
Tsodyks, 2008), Stokes and colleagues proposed working
memory could be maintained in the short-term synaptic
plasticity (STSP). In this model, transient neural represen-
tations, such as the ones evoked by a sensory stimulus, can
temporarily change synaptic weights in the network (e.g.,
by altering synaptic vesicle and/or neurotransmitter recep-
tor concentration). These changes are thought to be short
term (under 1 sec) but last long enough to maintain the
trace of a stimulus in the connectivity within the network
over a memory delay. In other words, spiking leaves an
“impression” in the network that can maintain the mem-
ory between spiking.

Of course, one inherent difficulty in testing this theory is
that we cannot directly observe synaptic weights in the
behaving brain—all of our methods detect neural activity.
To get around this, the Stokes and Postle laboratories
developed a clever approach to measuring the synaptic
changes—“ping” the system with a bright visual stimulus
(Wolff, Jochim, Akyürek, & Stokes, 2017) or a TMS pulse
(Rose et al., 2016). If the memory is stored in short-term
synaptic changes, then the neural response induced by the
stimulus/pulse should change as a function of what is
being held in memory. In other words, the pulse should
“re-activate” the memory. Consistent with the activity-
silent model, the item in memory could not be decoded
(with EEG or fMRI) before the pulse. However, the
memory could be decoded in the neural response follow-
ing the visual stimulus/TMS pulse. Although not entirely
excluding alternative explanations, these studies provide
the first test of an activity-silent form of memory.

STSP may not be the only activity-silent mechanism at
play in working memory tasks. Long-term episodic mem-
ory plays an important role in supporting workingmemory
(Beukers, Buschman, Cohen, & Norman, 2021; Sutterer,
Foster, Serences, Vogel, & Awh, 2019). However, one
limitation of long-termmemory is that it suffers from “pro-
active interference.” This interference occurs when two
memories are similar, making it hard to distinguish a cur-
rent memory from the recent past (e.g., the previous
behavioral trial). Theoretical work suggests that episodic
memory couldmitigate interference by storing the context
in which the memory occurred (DuBrow, Rouhani, Niv, &
Norman, 2017; Mensink & Raaijmakers, 1988). Such

context information could provide a uniquemarker to sort
and differentiate between different memories, keeping
them from interfering with each other (Beukers et al.,
2021). In this way, long-term memory could provide
another activity-silent mechanism supporting working
memory. Consistent with this, recent work has found
proactive interference is strongest on trials in which
participants must remember a large number of items
(likely exceeding the capacity of working memory;
Oberauer & Awh, 2022). This suggests participants may
engage long-term memory only when it is helpful to sup-
plement working memory.
Altogether, these results suggest the brain usesmultiple

mechanisms to maintain information in working memory.
This makes sense—maintaining short-term memories of
sensory inputs is critical to cognition, allowing it to break
free from the immediate world. There may have been
strong evolutionary pressure to develop multiple mecha-
nisms for maintaining information in working memory.
For example, recent modeling work has shown STSP can
make working memory more robust. Kozachkov and
colleagues (2022) trained artificial recurrent neural net-
works (RNNs) with and without STSP to perform an object
working memory task. Both RNNs with and without STSP
were able to maintain memories, even in the face of a dis-
tractor. However, RNNs with STSP were more robust to
noise and network degradation than RNNs without STSP.
Furthermore, RNNs with STSP showed activity that was
similar to that seen in the cortex of a non–human-primate
performing the same task. RNNs without STSP were more
artificial, less brain-like. In short, STSP, and other activity-
silentmechanisms, make workingmemory networks work
better. Next, we discuss how working memory is also
dynamic.

WORKING MEMORY IS DYNAMIC

The classic view of working memory is that it is a stable
representation of recent sensory inputs. Work from
Fuster, Goldman-Rakic, and others found neurons in
pFC that responded to visual stimuli and then maintained
spiking activity over a subsequent memory delay (Miller
et al., 1996; Funahashi et al., 1989; Fuster & Alexander,
1971). However, more recent work has shown working
memory is more dynamic than once thought. Newer
large-scale recordings of populations of neurons have
allowed us to decode neural information with far greater
sensitivity than the previous single-electrode approach
(King & Dehaene, 2014; Meyers, Freedman, Kreiman,
Miller, & Poggio, 2008). If representations are stable, then
a decoder trained on neural representations at one
moment in time should be able to decode the represen-
tation at another moment in time. Alternatively, if repre-
sentations are dynamic, then the decoder should fail to
generalize across time. Using this approach, Stokes and
colleagues (2013) showed that memory representations
are highly dynamic. Decoders trained to decode the
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identity of the visual stimulus when it was visible were
unable to decode the memory of that same stimulus,
even just 250 msec into the memory delay. This suggests
that, at the population level, the neural code for sensory
inputs and memories are different. Similar results have
been seen in rodents (Harvey, Coen, & Tank, 2012).
Interestingly, Stokes and colleagues found that, after a
few hundred milliseconds, the representation stabilized
(Spaak, Watanabe, Funahashi, & Stokes, 2017). Then,
toward the end of the delay period, when the animal
was preparing to respond, the neural representation
again became dynamic.
Building on this work, Panichello and Buschman (2021)

found dynamics in working memory are under cognitive
control. Monkeys performed a task that required them
to remember the color of two squares (Figure 1A). After
a memory delay, the monkeys were cued to select one
of the two squares and then, after a secondmemory delay,
report the color of the selected square by saccading to
the matching color on a color wheel. Consistent with pre-
vious work, the memory representation in pFC was
dynamic. Interestingly, how the memory representation
changed depended on whether it was selected for a
response (or forgotten).
During the first memory delay (before selection), the

color of each item was stably encoded as a ring, forming
two color wheels in neural space (schematized in
Figure 1B, left). Interestingly, each item’s ring existed in
its own independent “subspace” of neural activity. How-
ever, this changed when a memory was selected. The
ring representing the color of the selected item moved
from its independent subspace into a new “target” sub-
space (Figure 1B, right). This target subspace was the
same for both items. When Memory 1 was selected, its
representation moved into the target subspace, and when
Memory 2 was selected, it moved into the same subspace.
In other words, the dynamics of thememory depended on
which memory was selected: Selecting Memory 1 induced
one set of dynamics that moved Memory 1 from its

independent subspace into the target subspace, whereas
selecting Memory 2 induced a different set of dynamics
that transformed the representation of Memory 2 into
the target subspace.

These results show dynamics in working memory are
under cognitive control. But, to what purpose? The
independent subspaces observed during the first memory
delay make sense—the animal’s task is to remember the
color of each square separately, which is facilitated by
the independent subspaces (Libby & Buschman, 2021).
However, after selection, the animal’s task changes.
Now, they must report the color of the selected item,
regardless of whether it used to be Memory 1 or 2. This
can explain the dynamics observed in working memory.
When Memory 1 is selected, the dynamics “move” the
Memory 1 representation into the target subspace (and
vice versa for Memory 2). Now that the selected item is
in the common target subspace, downstream circuits
can use this representation to drive the animal’s response,
regardless of whichmemory was selected. In this way, cog-
nitive control may induce different dynamics to support
different cognitive tasks.

This same model could explain the dynamics observed
in other studies. Many of these tasks require the brain to
shift from processing a sensory stimulus to preparing a
motor response (classically referred to as a shift from ret-
rospective to prospective memory; Rainer, Rao, & Miller,
1999). In other words, working memory does not just
maintain a veridical representation of inputs. Rather, it
exists to support cognition and behavior. From this
perspective, it makes sense that working memory repre-
sentations would be dynamic—they evolve in a way that
facilitates the task at hand.

WORKING MEMORY IS RHYTHMIC
(AND RHYTHMS ARE CONTROL)

Working memory is under top–down (“executive”) con-
trol. We can choose what to encode in working memory,

Figure 1. Model of dynamic control of working memory. (A) Behavioral task for selecting an item from working memory. (B) Memory representations
transformed in a task-dependent manner. Before selection, the color of each item was represented in an independent subspace within the neural
population in LPFC (left). Selection transformed the selected item into a new “target” subspace (right) that was used to guide behavior. Adapted from
Panichello and Buschman (2021).
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we can manipulate those thoughts, and we can ignore dis-
tractions and choose to stop thinking those thoughts. pFC
plays a key role in controlling workingmemory (Panichello
& Buschman, 2021; Gazzaley & Nobre, 2012; Miller &
Cohen, 2001). As discussed above, top–down control of
neural dynamics may change how working memory repre-
sentations are used. Mounting evidence suggests control
may arise from oscillatory dynamics that emerge at a
higher level of integration—in the LFPs. LFPs are the
summation of coordinated, oscillatory, activity of millions
of neurons. The electrical fields that arise from this activity
can act as “guard rails” that control higher-dimensional,
neuron-level activity by funneling it along stable low-
dimensional routes (Pinotsis & Miller, 2022).

The central idea is that sensory information (the
contents of working memory) and control signals use
different frequency bands that interact. As reviewed by
Miller, Lundqvist, and Bastos (2018), recent work suggests
sensory information is carried by spiking associated with
bursts of gamma (>30 Hz) power. The top–down control
signals are carried by alpha/beta rhythms (8–30 Hz).
Alpha/beta inhibits gamma wherever they “collide” in cor-
tex. Thus, top–down (alpha/beta) controls bottom–up
(gamma/spiking). Figure 2 shows how this works. The
top–down alpha/beta are carried in the deep layers of
cortex. The deep cortical layers carry feedback signals
down the cortical hierarchy. Bottom–up sensory infor-
mation in gamma/spiking is carried in the superficial
cortical layers that send signals in a feedforward man-
ner, up the cortical hierarchy. Alpha/beta originating
in the deep layers inhibits gamma/spiking in the super-
ficial layers (Bastos, Loonis, Kornblith, Lundqvist, &
Miller, 2018).

To gain access to workingmemory, deep-layer alpha/beta
power and/or its coupling to superficial layer beta
weakens. This disinhibits recurrent excitation of superfi-
cial layer neurons, generating bursts of gamma and
spiking to sensory inputs. During memory maintenance,
the balance between alpha/beta and gamma can regulate
the level of spiking to occasionally refresh the synaptic
weight changes that help maintain memories (Miller
et al., 2018).
To read out information from working memory,

alpha/beta power/coherence drops. This allows increased
gamma bursting and the ramp-up of spiking often seen
near the end of memory delays (Hussar & Pasternak,
2010; Roesch & Olson, 2005). The disinhibition of gamma
increases spiking so that thememories can acquire control
of behavior. Balance between alpha/beta and gamma dur-
ing the memory delay can keep gamma to a moderate
level. That way, spiking does not prematurely gain control
over behavior. To clear out working memory, beta
power/coupling increases. This suppresses gamma and
the spiking that was maintaining the memory. Examples
of these dynamics can be found in Lundqvist and
colleagues (2016) and Lundqvist, Herman, Warden,
Brincat, and Miller (2018).
These dynamics may have a role in many cognitive func-

tions, not just working memory. The superficial layer
gamma and deep-layer alpha-beta is a ubiquitous motif
seen across all of cortex (Mendoza-Halliday et al., 2022;
Lundqvist, Bastos, & Miller, 2020). Recent work suggests
that the same dynamics play a role in predictive coding
(Bastos, Lundqvist, Waite, Kopell, & Miller, 2020). It is
possible that much of cognitive control stems from the
balance and control of these rhythms.

TOP–DOWN CONTROL BY
SPATIAL COMPUTING

Thus far, we have discussed alpha/beta as if it were a
coarse-gating signal. It turns working memory on and off
like turning a faucet or a light switch on and off. However,
its control can be more specific, operating on the level of
individual contents of working memory. In Predictive
Coding, for example, alpha/beta targets representations
of specific stimuli in visual cortex to inhibit processing of
predicted sensory inputs (Bastos et al., 2020).
Recent work has shown top–down information, such as

the task at hand, is carried by unique patterns of
alpha/beta synchrony across cortex (Antzoulatos & Miller,
2014, 2016; Buschman, Denovellis, Diogo, Bullock, &
Miller, 2012). In other words, patterns of alpha/beta form
neural “ensembles” that reflect top–down information.
Importantly, the spatial resolution of these patches is on
the macro-scale. It is seen at the level of LFPs that reflect
the summed activity of millions of neurons. These LFPs
synchronize across millimeters or more of cortex (some-
times across large expanses of cortex). It is these patterns
that may provide the control.

Figure 2. Top–down control model of working memory by brain
rhythms. Inhibitory connections are line segments with a red, rounded
end, and excitatory connections are line segments with a black, arrow
end. The sinusoidal red line in deep layers reflects beta oscillations
and their driving influence on superficial beta oscillations. Beta
oscillations are phase-amplitude coupled with gamma oscillations (blue
squiggly lines), and these gamma oscillations organize delay-period
spiking representing working memory content (straight black marks).
Over time, moving from left to right in the figure, the deep beta
reduces in power and releases inhibition onto the superficial layers.
This results in enhanced superficial gamma and spiking. The reversed
process (enhancement of deep layer beta, enhanced suppression of
superficial layer gamma/spiking) would “clear out” the contents of
working memory. From the work of Bastos and colleagues (2018).
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The idea is called “spatial computing” (Lundqvist et al.,
2022). It suggests that patterns of alpha/beta power and
coherence create a macro-scale patchwork of higher
power alpha/beta versus higher power gamma across cor-
tical networks. Wherever alpha-beta power is low, gamma
and spiking are high and vice versa. Different patterns of
alpha/beta result in different patterns of gamma/spiking.
By contrast, stimulus information (e.g., the contents of
working memory) is represented at a much finer scale. It
is carried by patterns of activity of (and connectivity
between) individual neurons (rather than millions of neu-
rons). Stimulus information is widely distributed and
repeated across the networks, like sand across a larger
scale “checkboard” pattern of alpha/beta and gamma. In
other words, the contents (stimuli) and the control of
working memory operate on very different spatial scales.
Stimulus representation is high-dimensional, reflected by
spiking patterns of populations of individual neurons. By
contrast, control is low-dimensional, operating at the level
of groups of millions of neurons via patterns of alpha–beta
versus gamma coherence.
Control comes from where in network space a stimulus

representation is currently expressed. The patterns of
alpha/beta versus gamma and changes in those patterns
are computations. Applying a set of operations (e.g.,
executing a task’s rules) corresponds to imposing different
macro scale patterns of alpha/beta and gamma. Items can
be accessed and operated on just by knowing their place
in network space.
To understand how this works, consider a task requiring

an animal to remember two objects (A and B) in the order
in which they appeared (first or second; Lundqvist et al.,
2018; Warden &Miller, 2007). Just before the first object is
shown, the alpha/beta patterns create a mirror-image pat-
tern of gamma. That specific pattern corresponds to “1st
item.”When the object appears (say, object A), neurons in
the gamma patches selective for that object are activated,
priming them (via STSP). Next, before the second object is
shown, a different pattern of alpha/beta sets up a different
pattern of gamma that corresponds to “2nd item.” When
the second object (say object B) appears, neurons in those
gamma patches are activated and primed. Tomaintain and
read out which object was first or second, the pattern cor-
responding to the first or second item is re-established.
The primed neurons in the corresponding gamma patches
will “ring back” and spike more strongly. When, for
example, the patchwork corresponding to the first object
is re-established, the neurons ring back with “object A”
because they were primed by that object when it appeared
first. In short, spatial computing posits that working
memory control stems from the spatio-temporal activity
patterns across network space that reflect and change with
top–down task demands.
The separation of content versus control to high versus

low-dimensional scales solves a critical issue in many
neural network models. In typical models, the rules of
the task (the control) and the content (e.g., the items

held in working memory) are both encoded in the
high-dimensional details of connectivity between spiking
neurons. Because of this lack of separation, if one wants to
introduce novel items into working memory, the network
has to be retrained. They do not show the flexibility of
working memory seen in humans and animals. Typical
network models cannot do “zero-shot” learning (instant
generalization) that real brains can (see Bouchacourt &
Buschman, 2019, for a different model of flexibility;
O’Reilly & Frank, 2006). Spatial Computing solves this
by separating control versus content into different scales
of representation.

From a normative perspective, the brainmay use a small
(low-dimensional) set of control states to flexibly adapt to
new situations (MacDowell, Tafazoli, & Buschman, 2022).
Adapting to a new situation requires the brain to identify
the control state that is appropriate for the current situa-
tion. This control state will determine how information is
processed, maintained, and used to guide behavior in that
situation. Although a large number of high-dimensional
control states would allow for precise control of behavior,
optimizing it for the current situation, this would also
make it difficult to identify the “best” control state. In con-
trast, if the brain uses a small, low-dimensional set of con-
trol states, then it will be easier to find the best one of the
set. However, such low-dimensional control states will be
necessarily coarse and, so, imperfect. This suggests that
there is a trade-off between high-dimensional control
states, which would be accurate but slow to adapt, and
low-dimensional control states, which would be flexible,
yet suboptimal. Given this, the brain may choose to sam-
ple a limited number of control states that can balance
precision and flexibility (MacDowell et al., 2022).

SUMMARY

Working memory is central to cognition, acting as a work-
space on which thoughts are stored and manipulated.
Given its importance, it is no surprise that multiple mech-
anisms have evolved to support the maintenance of
working memory. Classic results showing the sustained
representations of items in working memory are not
wrong, they are just an incomplete picture. Mounting evi-
dence points to other mechanisms and emergent proper-
ties. The neural basis of working memory is complex and
dynamic, just asMark Stokes told us. It is in these dynamics
that we have gained insight into both how we hold items
“inmind” and how those thoughts are controlled.Working
memory is not yet solved, but the work of Mark Stokes
showed us a path to a deeper level of understanding.
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