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Synaptic Theory of Working Memory
Gianluigi Mongillo,1*† Omri Barak,2* Misha Tsodyks2‡§

It is usually assumed that enhanced spiking activity in the form of persistent reverberation for
several seconds is the neural correlate of working memory. Here, we propose that working memory
is sustained by calcium-mediated synaptic facilitation in the recurrent connections of neocortical
networks. In this account, the presynaptic residual calcium is used as a buffer that is loaded,
refreshed, and read out by spiking activity. Because of the long time constants of calcium kinetics,
the refresh rate can be low, resulting in a mechanism that is metabolically efficient and robust. The
duration and stability of working memory can be regulated by modulating the spontaneous activity
in the network.

Working memory (WM) enables the
temporary holding of information for
processing purposes, playing a crucial

role in the execution of a wide range of cognitive
tasks (1). In the delayed-response paradigm, a
stimulus that is briefly presented to an animal has
to be kept for several seconds until the execution
of a task. Enhanced, stimulus-specific spiking
activity has been observed during this delay peri-
od and is considered to be a neuronal correlate of
WM (2–5). The current theoretical framework
holds that delay activity emerges either from
intrinsic cell properties (6, 7) or as persistent
reverberations in selective neural populations
coding for differentmemories (8–12). These popu-
lations are formed during learning via long-term
synaptic modifications (13). However, electro-
physiological studies have shown that the delay
activity increase can be very modest (14, 15),
sometimes disappearing completely during part

of the delay period (16). These observations sug-
gest that WM might not reside entirely in the
spiking activity. Furthermore, holding informa-
tion in a spiking form is energetically expensive
because of the high metabolic cost of action
potentials (17). Here, we present an alternative
account based on properties of excitatory synap-
tic transmission in the prefrontal cortex (PFC)
(18). The PFC is a cortical area implicated in
WM (4), and excitatory synaptic transmission in
this area can be markedly facilitatory, unlike sen-
sory areas where it is mostly depressing (19, 20).
We therefore propose that an item is maintained
in theWM state by short-term synaptic facilitation
mediated by increased residual calcium levels at
the presynaptic terminals of the neurons that code
for this item (21). Because removal of residual
calcium from presynaptic terminals is a relatively
slow process (22, 23), the memory can be tran-
siently held for about 1 s without enhanced spik-
ing activity.

We implemented this mechanism with a
recurrent network of integrate-and-fire neurons
(24). The network encodes a set of memories
(items) by randomly composed selective popu-
lations of excitatory neurons (Fig. 1B). Connec-
tions between the neurons coding for the same
memory are stronger than connections between
different populations, mimicking the result of
prior long-term Hebbian learning (25) or intrin-
sic clustering of recurrent connections (26). In-
hibitory neurons are connected to the excitatory

ones in a nonstructured way, resulting in compe-
tition between different memories [see supporting
online material (SOM)]. All excitatory-to-excitatory
connections display facilitating transmission, de-
scribed by a phenomenological model of short-
term plasticity (20, 27). Synaptic efficacy is
modulated by the amount of available resources
(x, normalized so that 0 < x < 1) and the utili-
zation parameter (u) that defines the fraction of
resources used by each spike, reflecting the resid-
ual calcium level (22, 23) (Fig. 1A and SOM).
Upon a spike, an amount ux of the available re-
sources is used to produce the postsynaptic current,
thus reducing x. This process mimics neuro-
transmitter depletion. The spike also increases u,
mimicking calcium influx into the presynaptic
terminal and its effects on release probability.
Between spikes, x and u recover to their baseline
levels (x = 1 and u = U) with time constants tD
(depressing) and tF (facilitating), respectively.
The phenomenological model reproduces the
behavior of cortical synapses, both depressing
(tD > tF) and facilitating (tF > tD) (27). For PFC
facilitating excitatory connections, the experi-
mental fit reports tF >> tD (18), with tF on the
order of 1 s.

The simulations begin with loading one item
into WM by providing transient external excita-
tion to the corresponding neural population (Fig.
2A). The population activity increases for the
duration of the input, changing the internal state
of the synaptic connections. The connections are
both depressed (reduced x) and facilitated (in-
creased u), with depression dominant on the time
scale of tD and facilitation dominant on the time
scale of tF (where tD = 0.2 s and tF = 1.5 s; see
SOM for all parameter values). As long as the
synapses remain facilitated, the memory can be
reactivated by presenting a weak nonspecific
excitatory input to the whole network (gray
shading), even though the neural activity is at
the spontaneous level. Reactivation is expressed
as a short epoch of synchronized activity [“popu-
lation spike” (PS)], where almost every neuron in
the population fires a spike within an interval of
about 20 ms (28, 29). Even though the reactivat-
ing signal is nonspecific (that is, it uniformly
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