Multiple forms of working memory emerge from
synapse-astrocyte interactions in a neuron-glia

network model

Maurizio De Pitta*>“%! and Nicolas Brunel*'

aKrembil Research Institute, University Health Network, Toronto, Canada; ®Faculty of Medicine, University of Toronto, Toronto, Canada; “Basque Center for Applied
Mathematics, Bilbao, The Basque Country, Spain; ¢Faculty of Medicine, University of the Basque Country, Leioa, Spain; Department of Neurobiology, Duke University, Durham,

NC, United States; ‘Department of Physics, Duke University, Durham, NC, United States

This manuscript was compiled on November 14, 2022

Persistent activity in populations of neurons, time-varying activity
across a neural population, or activity-silent mechanisms carried out
by hidden internal states of the neural population, have been pro-
posed as different mechanisms of working memory (WM). Whether
these mechanisms could be mutually exclusive or occur in the same
neuronal circuit remain however elusive, and so do their biophys-
ical underpinnings. While WM is traditionally regarded to depend
purely on neuronal mechanisms, cortical networks also include astro-
cytes that can modulate neural activity. We propose and investigate
a network model that includes both neurons and glia, and show that
glia-synapse interactions can lead to multiple stable states of synap-
tic transmission. Depending on parameters, these interactions can
lead in turn to distinct patterns of network activity that can serve as
substrates for working memory.
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models

he neural basis of working memory (WM) remains a subject of

debate. A large body of evidence supports a role for sustained
neural activity in prefrontal and other cortices, possibly supported
by attractor dynamics in recurrently connected circuits (1). In this
view, neurons hold sensory information beyond the presentation of a
sensory-relevant cue by their persistent firing activity (PA). However,
competing evidence suggests that WM could also be accounted for by
dynamically varying activity patterns and activity-silent representa-
tions (2).

There is a growing debate on whether different mechanisms
of WM could coexist within the same brain region (3), and the un-
derpinning cellular substrate for their coexistence remains elusive (2).
Activity-dependent synaptic facilitation has emerged in recent years
as an appealing candidate mechanism for this coexistence (4, 5). On
the one hand, it bestows cortical networks with slow time scales (from
hundreds of milliseconds to minutes) that might help stabilize PA
(4, 6). On the other, it can also encode memory by synaptic variables
whose dynamics can sustain WM in the absence of PA (5). Although
synaptic facilitation is traditionally regarded as a purely neuronal
process, we consider here the possibility that it could also involve
glial signaling. Among cortical glial cells, astrocytes are ubiquitous
in the neuropil. They are prominently found in proximity of nerve
terminals, sensing neural activity and being activated during synaptic
transmission. Astrocytes can also modulate synaptic transmission
by releasing transmitters — dubbed “gliotransmitters” for their glial
origin — like glutamate (7). In particular, gliotransmission may pro-
mote synaptic release from excitatory terminals for several seconds,
up to minutes, thus potentially contributing to WM processing, akin
to short-term synaptic facilitation, but on longer time scales. In agree-
ment with this hypothesis, astrocyte stimulation in mouse primary
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sensory areas increases neural firing beyond stimulation (8, 9). This
phenomenon appears in association with changes of neuronal gain by
higher concentrations of extracellular glutamate, possibly due to the
enhanced release of this neurotransmitter by gliotransmission (8). In
this fashion, gliotransmission would mediate a positive feedback on
neuronal activity that could also be relevant for WM processing (6).

Results

Neuronal and synaptic correlates of working memory induced
by gliotransmission. To investigate the possibility that astrocyte-
mediated gliotransmission could be an active player in working mem-
ory, we started by analyzing a minimal neuron-glial circuit (Fig. 1a)
of a single integrate-and-fire neuron stimulated by N synapses. A
fraction f of those synapses are shared with an astrocyte, leading to
interactions in both directions (Fig. 1b). Incoming action potentials
(APs) trigger synaptic release (1), which occur stochastically: r = 1,
with probability u, and O otherwise (Fig. 1c). We also introduce an
integrate-and-fire formalism to describe astrocyte activation (v¢g) in
terms of slow build-up (by W per incoming AP) and fast release of
intracellular calcium mediating gliotransmitter release (Materials and
Methods). Since gliotransmitter release only occurs beyond some
calcium threshold, and is short-lived with respect to the triggering
calcium increases (Supporting Information (SI) Appendix), its timing
can be approximated by the timing of intracellular calcium eleva-
tions beyond the release threshold. Specifically, we posit that when
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Fig. 1. Minimal neuron-glial circuit. (a) Schematics of a single
neuron-astrocyte domain, where a fraction f of the synapses are
shared by the neuron with the astrocyte. (b) Synapse-astrocyte
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(vn) of a leaky integrate-and-fire neuron (red traces), leading to
irregular firing (vertical red bars). (d) The shared synapses also stim-
ulate the astrocyte whose activation (v¢g) is equivalently described
by a leaky integrate-and-fire formalism (green trace). Each calcium
‘spike’ (purple vertical lines) triggers stochastic glutamate (Gt.) re-
lease from the astrocyte (yellow vertical lines). (e) The instantaneous
neurotransmitter release probability from a synapse modulated by
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astrocytic glutamate (from d) (orange trace) is shown together with
the release probability from the same synapse in the absence of
gliotransmission (blue line). Bottom rasters exemplify how these two
scenarios results in different transmission of a train of APs (black
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va = 1, a calcium ‘spike’ occurs, triggering glutamate release from
the astrocyte with some probability (Fig. 1d). Each gliotransmitter
release event (GRE), in turn, transiently increases glutamate release
probability at those synapses shared between the astrocyte and the
neuron (Fig. 1le). In agreement with experimental observations (7),
this increase decays slowly, with a time scale 7¢ > 5, to the value
of release probability attained by the synapses in the absence of glio-
transmission (SI Appendix).

In the absence of the astrocyte, this minimal circuit is memoryless
- the neuronal firing rate only depends on the current inputs, and while
an increase in the input rate of presynaptic APs (v) can increase the
neuron’s firing rate, this rapidly goes back to baseline after the original
input is restored (Fig. 2a). In the presence of gliotransmission, the
neuronal response to an input can change dramatically, with two possi-
ble scenarios. In Fig. 2b, gliotransmission is triggered by stimulating
the (1 — f)N synapses that are not shared with the neuron, while
the stimulation rate of the neuron remains constant. In this fashion,
gliotransmission occurs only during the stimulus presentation (yellow
marks coinciding with the green square pulse in the top panels), yet
it promotes a slow-decaying increase of neurotransmitter release at
synapses shared between the neuron and the astrocyte (orange trace).
This increases the net synaptic drive to the neuron, resulting in a
transient increase of its firing activity that decays over time scales of
the order of 7 (bottom raster).

A ramping activity can be obtained when gliotransmission is trig-
gered by synapses that also stimulate the neuron (Fig. 2¢). In this case,
the positive feedback of gliotransmission on synaptic stimulation can
promote astrocytic glutamate release beyond the cue’s presentation
and, in turn, keep higher levels of synaptic release in a self-sustained
manner. PA may also emerge following the cue for sufficiently strong
astrocytic activation, even though presynaptic stimulation recovers to
pre-cue rates. PA is generated thanks to the emergence of bistability
in the rate of gliotransmitter release (v ), as evinced by considering
the steady-state solutions for such release rate. v is the inverse of
the mean time between two consecutive GREs in which astrocyte
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activity reaches the threshold for gliotransmitter release (v<) from
the reset value (v<) attained immediately after the first GRE. It can
be expressed as a function of the time-averaged synaptic release prob-
ability U = (u) ar at shared synapses in a time interval AT — oo
by the mean (ug(U) = fNWUv7g) and standard deviation of the
synaptic input to the astrocyte (oG (U) = /W i), namely

vtcfu(;(U) -1

_ » oq((U)
ve =176t e o0

og(U)

d2Va(z) | = Do (ua(U),06(0))

(1]
where U (z) = 176/ exp(2?)(1 + erf(z)), and 7¢ represents the
absolute refractory period for gliotransmitter release (10, 11) (and SI
Appendix). When gliotransmission does not modulate the synaptic
input to the astrocyte, ¢ (@, o) in equation 1 provides an explicit
function to estimate the average steady-state rate of gliotransmitter
release at given (constant) U values. In this case, ¢ coincides
with the classic solution of the first passage-time problem of a leaky
integrate-and-fire neuron with a white noise input current (11, 12). On
the other hand, when the synaptic input to the astrocyte is modulated
by gliotransmission, U becomes a function of v (see equation ?? in
the SI Appendix), and the solutions of equation 1 can be graphically
found by the intersections of the straight line of slope unity with
the curve given by the r.h.s. of equation 1 as a function of U(vg).
In this scenario, besides the trivial solution for the intersection at
vg ~ 0, two other intersections may exist for vg > 0, depending on
the rate of synaptic stimulation (vs) of which the one at higher v¢,
is stable, while the other is not. The minimal neuron-glial circuit is
thus bistable since two distinct steady-state rates of gliotransmitter
release exist for the same synaptic stimulation: a very low rate when
synaptic stimulation is not sufficient to promote gliotransmission, and
a higher rate of a few release events per second when gliotransmission
is promoted by synaptic stimulation.

Gliotransmission brings forth bistable synaptic release. Anal-
ysis of the bifurcation diagrams for v (vs) in Fig. 2e allows appre-
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3 absence of gliotransmission, the circuit is memoriless, and neuronal
firing (raster) quickly returns to baseline right after the presenta-
tion of a square-pulse input current (top panel, for 0 < t < 1s).
(b) Independent stimulation of the astrocyte (green square pulse),
to trigger gliotransmitter release therefrom (yellow raster) results in
the transient increase of synaptic release probability (orange trace)
in association with a long-lasting transient increase of postsynap-
tic firing (black raster). (c) Postsynaptic firing can ramp up, and
eventually turn persistent, when gliotransmission is stimulated by the
same synapses that it modulates (yellow raster). When this occurs,
synaptic release is bistable, leading to two stable post-synaptic firing
rates, one low, the other high (black raster, fort < Oand t > 155).
(d-g) Local stability analysis of the minimal neuron-astrocyte circuit.
(d) Graphical solutions of the steady-state rates of gliotransmitter re-
lease: one or two stable rates exist depending on the rate of synaptic
stimulation (vs). Mapping such rates for all vs values provides the
bifurcations diagrams for (e) the rate of gliotransmitter release from
the astrocyte, (f) the synaptic release probability, and (g) the firing
rate of the postsynaptic neuron. The sigmoid-shaped bifurcation
diagrams in the presence of feedback gliotransmission hallmark the
emergence of bistability with hysteresis (orange curves and data
points). Theoretical curves were constructed by numerical contin-
uation of mean-field equations (equations ??—??). Data points and
errorbars: mean=+ts.d. across 20 synapses in n = 20 simulations.
Solid/dashed curves: stable/unstable equilibria. Parameters as in
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ciating how bistability (gray shaded) only exists in the presence of
positive feedback mediated by release-increasing gliotransmission on
the astrocyte’s synaptic input. Moreover, the sigmoid shape of the
orange diagram associated with feedback gliotransmission reveals
the existence of hysteresis, that is, the dependence of gliotransmitter
release on the astrocyte’s activation history. For such release to oc-
cur steadily, not only the rate of synaptic stimulation must be in the
gray-shaded range, but also the astrocyte’s activity must be above the
dashed line that represents the unstable fixed point. Only in this case
the increase in synaptic release ensuing from gliotransmission can
promote further gliotransmitter release from the astrocyte in a self-
sustained fashion that can outlast the original synaptic stimulation.

A corollary of this reasoning is that, in the presence of positive
feedback by gliotransmission and for appropriate rates of synaptic
stimulation, steady-state synaptic release in the minimal neuron-glial
circuit may be either low, for very low gliotransmitter release, or
high for sustained gliotransmitter release (Fig. 2f). These different
levels of synaptic release, in turn, result in different postsynaptic
firing rates (Fig. 2g). Thus, the postsynaptic neuron that would be
silent or fire sporadically for low stimulation rates in the absence of
gliotransmission(vg < 6.5 Hz) instead fires in the same conditions
yet with sustained gliotransmitter release from the astrocyte. Hence,
when an input pushes synaptic release from the low attractor to the
high one, like in the simulation in Fig. 2, the neuron’s activation
is also expected to ramp up after the cue presentation, reminiscent
of experimental observations in delay periods of delayed response
tasks (3, 13, 14). The ramping-up ultimately ends with neuronal
firing stabilizing at a constant steady-state rate of PA. The ensuing
firing is higher than that otherwise attained by the neuron in the low
synaptic release attractor, until a sufficiently long decrease in external
input resets it to baseline. In this model, sustained activity can be
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% Table ??.

highly irregular, with a coefficient of variation of the neuron’s inter-
spike interval distribution that can be higher than baseline, and also
be above one (Fig. ??), in agreement with the observed irregularity
of PA in delayed response tasks (15). In addition, bistability of
synaptic release and neuronal firing by feedback gliotransmission in
the minimal circuit occurs robustly for a broad range of neuronal and
astrocytic parameters (Fig. ??).

Working memory in neuron-glial networks. The next question we
ask is whether bistability could also emerge in large cortical neuron-
glial networks. To answer this question, we considered a network
of 4000 excitatory (E) and 1000 inhibitory (I) randomly connected
neurons (16) that interact with 4000 astrocytes (G). Denoting € =
1000 / 4000 the E : I neuron ratio, each neuron receives exactly Cg
excitatory synapses, and eC'g inhibitory ones from other neurons in
the network. Motivated by experimental data, we consider the case
where all these recurrent excitatory and inhibitory synapses stimulate
astrocytes, but only excitatory ones are modulated by gliotransmission
(7). In this regard, we assume that recurrent synapses can randomly
connect with equal probability to any astrocyte in the network, so
that each astrocyte is stimulated by K g excitatory synapses and eK g
inhibitory ones (see SI Appendix). The contribution of excitatory
and inhibitory synapses to neuronal depolarization is J and —g;J,
whereas both synapse types contribute to astrocyte activation by W
(Materials and Methods).

Analysis of the asynchronous state of the ensuing EI+G network
confirms the possibility of bistability by the positive feedback of
gliotransmission on recurrent excitatory connections. This can be
seen considering the solutions of the system of implicit equations for
the network’s average rates of neuronal firing (vn') and gliotransmitter
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Fig. 3. Working memory in neuron-glial networks. (a-d) Bistability in a randomly-connected EI+G network. (a) Graphic solution of the self-consistency equations for the
asynchronous state(s) (equation ??) reveals the possibility of coexistence of two stable equilibria separated by an unstable one (orange curve) in a range of values of g ;
and p (g5 = 5, p* = 2.2). While stronger inhibition prevents the onset of persistent gliotransmission, resulting in low firing rates (gs = 6, purple curve), stronger external
stimuli promote gliotransmission, leading to a distinct firing rate of the asynchronous state (p = 2.7, red curve). Such bistability of the asynchronous state is exclusively by
gliotransmission, since only one equilibrium is found solving the self-consistency equations for the mere neuronal (El) network (black dashed lines), regardless of the scenario
under consideration. (b) Firing rates in network asynchronous states as a function of recurrent inhibition, and (c) as a function of the external excitatory input. The orange
bifurcation diagram for the El+G network with basal synaptic release probability wog = 0.3, always lies between the diagrams of the El network without gliotransmission,
respectively for the same value of ug (solid blue and green curves), and for deterministic synaptic release (ug = 1, dash-dotted curves). In the case of the EI+G network there
exists an intermediate range of both g ; and p values for two distinct asynchronous states exist: a low rate one, similar to the one that exists in the El network in the absence of
gliotransmission; and a higher rate one, resulting from ongoing, persistent gliotransmitter release from the astrocyte network. (d) Comparison between the bistability regions of
the neuron-only El network (hashed area) and the bistability region in the EI+G network (orange area). In the El+G network, the bistability region is composed of two parts: (i) for
p < 0.8, aregion that extends bistability in El network towards higher inhibitory drive, and (ii) for p > 0.8 a stripe that extends into the inhibition-dominated region (g; > 2).
This shape is a consequence of our assumption that both excitatory and inhibitory synapses stimulate astrocytes, but only excitatory ones are strengthened by gliotransmission.
In this fashion, as inhibition grows, it comes to competes with release-increasing gliotransmission at excitatory connections: only when excitation reinforced by gliotransmission
wins over inhibition, bistability emerges. Simulations (circles) agree with analytical results. Data and error bars: mean+s.d. for n = 5 different network realizations simulated
for 20s. (e-f) Persistent activity emerging from gliotransmission-mediated bistability in a neuron-glia network. (e) Random neuron-glia (EI+G) network model (Materials and
Methods). (f) The El+G network is stimulated by a brief square pulse (cue ‘C’ with rate of ~25Hz) for 0 < ¢ < 1s (dark shading). Without gliotransmission, neuronal firing
quickly returns to baseline after cue presentation (blue trace). In the presence of gliotransmission, the cue promotes a persistent increases of synaptic excitation (u, top orange
trace), resulting in PA. Black dots: spike rasters of a representative subset of 30 excitatory neurons. The purple bar marks a reduction of afferent excitation, leading to a
reduction in neuronal activity. Parameters as in Table ??.

release (v¢) (SI Appendix) the rate of stimulation needed for a neuron to fire in the absence of
recurrent inputs (16). Then, as illustrated by the (orange curve) in
Fig. 3a, two stable equilibria, reflecting UP and DOWN asynchronous
where @, (pta,00) (¢ = N,G) is in the form of equation 1 and  states, respectively at high and low firing rates, can co-exist separated
yields the firing rate of a cell in population o receiving noisy inputs by an unstable equilibrium depending on the values of two parameters:
of mean p,, with standard deviation o,,. Equations 2 generalize those  the strength of the network’s recurrent inhibitory connections (g.),
for balanced neuronal networks introduced by Amit and Brunel (17)  and the strength of afferent excitatory stimulation to the neurons (p).
to neuron-glial networks, where the mean inputs to neurons and glia, ~While bistability can exist in purely neuronal unstructured EI net-
and the corresponding amplitude of fluctuations read (SI Appendix): ~ works (16, 18), the presence of glia-synapse interactions dramatically
expands the parameter region in which bistability occurs. A com-
pun =CeJ (U —gse)vn +vx)Tn  on =+/Ceun (3] parison of the orange bifurcation diagrams of the EI+G network as
pe = KeW (U + €)unta o = \/ITMG [4] functior.ls of gs .(Fig. 3) and p (Fig. .30) with those of the same EI net-
work without glia (green and blue diagrams, respectively) reveals that
In the above equations, it is convenient to express the rate of stim-  bistability in the EI+G network could emerge for regimes of strong
ulation of external inputs to the network as vx = pry where vy is

Vo = Do (ta(vn,va), 0a(Vn, ve)) [2]
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Fig. 4. Multistability in structured El+G networks encoding two distinct memories. (a) Structured El+G network model. The network of Fig. 3e is separated in two sub-networks
(1 and 2) of equal E, I and G cell numbers. Recurrent synapses in each sub-network are modulated by distinct astrocyte populations (Materials and Methods). (b) A random
subset of 50% of neurons in subnetwork 1 is stimulated by a high-frequency (~60Hz) cue, promoting PA in subnetwork 1, while suppressing most of the subnetwork 2’s activity
thanks to recurrent inhibition. At t = 4 s, the cue is fed to the subnetwork 2, making it persistently active, while suppressing activity in subnetwork 1. Individual memories can
be reactivated by weaker stimulations (30 Hz) of single subnetworks, occurring within a temporal window of about 7 = 10 s. Parameters as in Table ??.

recurrent inhibition and strong external excitation that, in the absence
of gliotransmission, could account for only one stable asynchronous
state instead. Such bistability could also be found in the presence
of moderate noise levels, mimicking putative gliotransmitter release
ensuing from spontaneous calcium dynamics in astrocytes (19) (red
diagrams). Moreover, it could be found for arbitrarily large values of
recurrent inhibition and external excitation, in stark contrast with the
mere EI network (Fig. 3d). In the latter, external excitation and recur-
rent inhibition exert opposite effects on the average network’s firing:
the former increases it, whereas the latter decreases it. In the presence
of glia, however, because both excitatory and inhibitory connections
promote the gliotransmitter release, these two opposite effects can
compete, resulting in close but distinctly higher (respectively, lower)
firing rates besides those otherwise attained by the network in the
absence of gliotransmission, with strong recurrent inhibition (respec-
tively, strong external excitation). The range for bistability in the
gs — p plane ultimately depends on the relative scaling of the contri-
bution of inhibitory synapses vs. excitatory ones to glial activation
(Fig. ??).

A simulation of a randomly-connected EI+G network (Fig. 3e) al-
lows appreciating how bistability emerges in the inhibition-dominated
regime by feedback gliotransmission, providing a mechanism for WM
(bottom orange trace) in a network that would be otherwise memory-
less without astrocytes (blue trace). Here, a short high-frequency step
increase of afferent stimulation can push the network from the DOWN
to the UP state, triggering PA (bottom panel, orange vs. blue traces).
However, because the increase of excitatory drive mediated by glio-
transmission competes with the strong inhibition, PA firing rates differ
by just a few Hz from the DOWN state. At the same time, ongoing
gliotransmission changes the internal state of excitatory synapses,
providing a latent mechanism for WM by facilitation of synaptic re-
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lease probability (middle panel, orange trace). This also holds for
more silent versions of WM achieved by lower spontaneous activity
and allows reactivating the cue’s memory by weaker nonspecific in-
puts presented to the network, as long as gliotransmission-mediated
synaptic facilitation is high enough (Figures S?? and S??).

Synaptic-astrocyte connectivity can account for multi-item
working memory encoding. The topology of synapse-astrocyte
interactions is an additional important factor in shaping network dy-
namics. Different synaptic ensembles modulated by distinct astrocytes
could promote discrete domains of excitation and inhibition (20), re-
sulting in heterogeneous active neuronal populations. Consider the
scenario in Fig. 4a where the astrocytes in the EI+G network be-
long to two disjoint populations that split the neurons into distinct
subnetworks whose recurrent connections are modulated by distinct
astrocytes. Without astrocytes, the selective stimulation of a subnet-
work transiently promotes the firing of neurons in that subnetwork that
also leads to a transient surge of feedback inhibition to the rest of the
network, suppressing the firing of unstimulated neurons (blue traces
in the dark gray shades), as in standard attractor neural networks
with strong recurrent inhibition (21). Moreover, after cue presenta-
tion, no PA is observed as the network is dominated by inhibition.
With the addition of astrocytes, the stimulated subnetwork can instead
turn persistently active by the selective stimulation of the associated
astrocyte population. In this way, the ensuing increase of recurrent
excitation promoted by gliotrasmission remains spatially confined
within the subnetwork (top u orange trace). The whole network can
also be switched to another ‘memory state,” by a sufficiently strong
stimulation of the second subnetwork, which leads to suppression of
the first (gray shade at t = 4s). Moreover, thanks to the slow time
scale 7¢ of decay of the modulation of synaptic excitation by glio-
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transmission, it is possible to reactivate individual memories by ~30%
weaker stimuli to individual subnetworks (light gray shades). In this
fashion, different domains of gliotransmission from distinct astrocyte
populations, promote clustered network activity. Each cluster encodes
a separate WM item, and emerges as a neuronal population that is kept
persistently active by spatially-segregated astrocyte activation, and
the associated gliotransmission modulating synaptic release. These
observations also hold for moderate noise levels of gliotransmission
(Fig. ??), mimicking spontaneous and stochastic glial activity (SI
Appendix).

Discussion

The cellular and circuit bases of WM have been the subject of debate
for decades. The traditional view is that WM maintenance depends
on the stationary persistence of neural activity patterns representing
specific memory items. However, this view has been challenged by
emerging evidence that PA does not always accompany WM main-
tenance but could instead wax and wane as a function of the current
task relevance of memoranda (13, 22). These observations spurred
the idea that WM might not reside entirely in the spiking activity
but could also be maintained by non-spiking, “activity-silent” mech-
anisms, like short-term facilitation (5). While traditionally regarded
to be exclusively mediated by synaptic mechanisms, we propose
that mechanisms of synaptic facilitation underpinning WM could be
mediated by gliotransmission from astrocytes (23, 24).

Combining numerical simulations of biophysically realistic
neuron-glial circuits with analytical calculations, we show how astro-
cytic gliotransmission could sustain different WM activity patterns
observed experimentally, both at the level of individual neurons and
large cortical networks. In our models, dynamical patterns of WM can
be generated by the slowly decaying facilitation of synaptic weights
by gliotransmission — up to tens of seconds slower than the decay of
traditional short-term synaptic facilitation (7) — and can encompass
ramping-up, persistent, and ramping-down neuronal firing patterns.
These patterns could occur network-wide or be confined to portions
of the network under the influence of specific astrocyte populations,
suggesting that cortical networks could exploit distinct astrocyte pop-
ulations to encode multiple WM items.

Multi-item WM is not a prerogative of neuron-glial networks. It
can be generated by purely neuronal networks in which connectivity
has been structured by Hebbian plasticity, both with static synapses
(25), and dynamic synapses (5). Here, we propose a scenario in which
synaptic connectivity is left unstructured but in which distinct ensem-
bles of potentiated synapses encoding distinct memoranda emerge
through different domains of gliotransmitter-mediated synaptic facili-
tation under the influence of different astrocyte populations.

In our network model consisting of two astrocyte populations, trig-
gering PA in the subnetwork associated with one astrocyte population
suppresses memory-related firing in the remainder of the network
under the influence of the other astrocyte population. However, in the
portion of the network where activity is suppressed, a “silent” memory
encoding persists, thanks to the slowly-vanishing synaptic facilitation
mediated by gliotransmission. Presenting a noisy input to the silent
subnetwork before the decay of gliotransmission-mediated facilita-
tion can indeed restore PA in that subnetwork while switching WM
encoding in the active subnetwork to activity-silent. This behavior
supports recent accounts that activity-based vs. activity-silent forms
of memory maintenance, which have traditionally been regarded as
mutually exclusive, could rather coexist in the same brain region (3).
We suggest that heterogeneous domains of gliotransmission ensuing
from different astrocyte populations (26, 27) could be the biophysical
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substrate for the coexistence of such different WM forms.

Opto- and chemo-genetic approaches adopted to study astrocytes’
influence on other memory forms could be used to monitor and ma-
nipulate the molecular pathways underpinning gliotransmission se-
lectively and test our hypotheses (28, 29). In this regard, optoge-
netics imaging of astrocytic calcium activity in WM tasks supports
our simulations revealing the temporally-precise delayed onset of
the astrocyte’s activity with neuronal firing at WM onset, mainte-
nance, and recall (30). Likewise, genetic suppression of synaptically-
activated astrocytic calcium signaling correlates with reduced cogni-
tive performance in classic WM experiments like the Y-maze-based
spontaneous alternation task (31), and the T-maze-based delayed
nonmatching-to-place task (23). While other mechanisms of astro-
cytic origin rather than gliotransmission could underpin such exper-
imental observations, compelling evidence exists that agrees with
our model predictions insofar as WM encoding could originate from
gliotransmission-mediated modulations of the network’s excitatory
vs. inhibitory balance (23).

It will be important to characterize better experimentally the
anatomy of the connections between cortical synapses, and astro-
cytes (32), given our observation that multistability could emerge
from neuron-glia networks in which astrocytes define specific neu-
ronal clusters. Clustered neuronal activity could emerge from the
heterogeneous astrocyte arrangement across the brain (27), within
brain regions and in specific circuits (33). Such a scenario is in agree-
ment with recent experimental and theoretical studies that identifies
the anatomy of individual astrocytes (34, 35), as well as their possible
arrangement into syncytial networks (36, 37), as key aspects in the
emergence of neuronal firing ensembles in cognitive-related tasks
(32).

On the other hand, the same astrocyte population could also dynam-
ically exert multiple neuromodulatory actions on distinct neurons by
a combination of different calcium-dependent pathways (38, 39) and
synaptic activity requirements (40, 41). This aligns with the growing
recognition that sensory input dynamics could dictate the spatial ex-
tent and temporal dynamics of astrocytic calcium signals (39, 40, 42),
and thus, potentially, of gliotransmission (7, 32, 43). In turn, modeling
arguments suggest this as a biophysical substrate to relay information
of multiple memoranda by minimally-overlapping spatial domains of
calcium-dependent gliotransmission (44). It remains however unclear
to what extent the number of possible memoranda that could be stored
by neuron-glial networks depends on the reciprocal arrangement of
astrocytes with respect to neurons and synaptic elements (44).

The modulations of intrasynaptic calcium by extrasynaptically-
located presynaptic receptors bound by gliotransmitters could exert
varied effects on synaptic transmission besides increasing the release
probability. For instance, they could interfere with mechanisms of
short-term plasticity, speeding up the refilling process of synaptic vesi-
cles (45) thus enabling sustained release at the synaptic terminals for
extended periods, as required by our theory (e.g., Fig. 3f). At the same
time, independent theoretical investigations suggest that the modula-
tion of short-term plasticity by gliotransmission, in combination with
the network’s noise, could also stabilize (or not) WM depending on
the ongoing activity, ultimately controlling WM duration by modu-
lating its mechanisms of onset and termination (46). Thus, including
short-term synaptic plasticity in our neuron-glial models is expected
to enrich the activity requirements for different WM forms emerging
by gliotransmission.

We focus here on the well-documented homosynaptic scenario of
regulation of synaptic release by gliotransmission, where the same
synapses that stimulate an astrocyte are also modulated by gliotrans-
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mission from it. Nonetheless, we predict our theory to also hold
for gliotransmitter-mediated increases of postsynaptic efficacy and
heterosynaptic modes of gliotransmission (7), as long as they mediate
a positive feedback loop in the circuit that can be self-sustained. On
the other hand, gliotransmission could also nonlinearly depend on
the history of activation of interacting astrocytic domains (41, 47),
which could respectively be accounted for by nonlinear extensions of
the integrate-and-fire astrocyte model, and the addition of astrocyte-
astrocyte interactions in the EI+G network model.

While we have restricted ourselves to multistability between sev-
eral asynchronous states, other, more dynamic scenarios for WM
maintenance could also be dependent on gliotransmission. Dynamical
regulations of neuronal gain could alter cortical tuning properties of
neuronal ensembles with possible repercussions on dynamic WM
encoding (13, 22, 48). There is also emerging evidence that astrocytic
gliotransmission could modulate cognitive-relevant brain rhythms
(9, 40, 49) which might play a role in WM maintenance (50, 51).
These intriguing possibilities require future efforts to characterize the
variety of possible neuron-glial networks’ spatio-temporal dynamics.

Materials and Methods

Single neuron-astrocyte domain. We consider a minimal neuron-glial
circuit of a neuron (N) and an astrocyte (G). The neuron has N = 1000
identical synapses in total feeding into the circuit, that are independently
stimulated by trains of Poisson-distributed action potentials (APs), modelled
by Dirac delta functions, i.e., s;(t) = Zk 5(t — t¥) for the 4-th synapse. A
fraction f of these synapses is “shared” by the neuron and the astrocyte. Those
synapses stimulate both cells, and are modulated by gliotransmission from
the astrocyte. The remaining (1 — f)N synapses stimulate instead only the
astrocyte, in the scenario of feedforward gliotransmission (Fig. 2b), or only
the neuron, in the case of feedback gliotransmission (Fig. 2c).

Glutamate release from synaptic terminals is described by a Bernoulli
process: when an AP reaches a presynaptic terminal, release occurs with
probability u, with each release occurring independently from all other ones.
We thus define a train of synaptic releases 3;(t) = Zk rks(t — tF), where

i.“ are independent Bernoulli random variables describing release occurring

with probability u(tf) following the k-th spike at synapse 7. Each glutamate
release instantaneously depolarizes the neuron by .J, while increasing astro-
cytic activation by W. Neuronal depolarization (vy) is described by a leaky
integrate-and-fire (LIF) formalism, such that

Dy W3 50 [5]
J

T

dt 7_7']\[

where 7y is the characteristic decay time constant for neuronal depolarization.
Every time vy reaches a threshold value vg\f , the neuron generates an AP, vy
is reset to v¥, and subsequently held to this value for a refractory period 7, .
We also consider a LIF description for astrocytic activation. This activation can
be thought as being an increasing function of the astrocyte’s intracellular Ca>*
concentration, which critically regulates gliotransmitter release (SI Appendix).
Astrocytic Ca®* activity (v ) is driven by synaptic stimulation i (¢) according

to d
v v .
=G = i) (61
dt TG

withig(t) =W Zj 5;(t), and 7¢ is a lumped time constant for stimulus

integration by astrocytic Ca?* signaling (Supplementary Text Section ??).
Because gliotransmitter release only occurs when Ca®* reaches a threshold
th , a gliotransmitter release event (GRE) is set to occur when vg > th s
following which v is reset to and held at baseline v for a refractory period
TTG (ST Appendix).

Both astrocytic calcium signaling (42) and gliotransmitter release have
a stochastic component (52, 53), therefore we also consider a stochastic de-
scription of GREs. That is, GREs are modelled by i.i.d. Bernoulli random
variables ré whose value is 1 (release success) with probability uq, and 0
(release failure) otherwise, for each astrocytic threshold crossing k. The single
gliotransmitter release event in this context represents the ‘total release’ of
gliotransmitter per threshold crossing, and it does not account for potentially
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different mechanisms of gliotransmitter release (19). In this fashion, the se-
quence of GREs originating from the astrocyte, each occurring at instants tg,
; : _ k K

is described by g(t) = Zk rcé(t_f ts). _

At synapses that are shared with the astrocyte, synaptic release proba-
bility u is taken to be modulated by GREs from the astrocyte according to
(Supplementary Text Section ??)

du ug — U

o P + G(€ —u)g(t) [7]

where ug stands for the (baseline) synaptic release probability in the absence of
gliotransmission; G' and £ > wuq control the strength of the positive feedback
of gliotransmission on synaptic release, and 7, is the decay time constant of
the increase of synaptic release mediated by gliotransmission.

Neuron-glial network. The model network of excitatory and inhibitory neu-
rons originally introduced by Brunel (16) is extended to include astrocytes.
The resulting neuron-glial network is composed of Ng = 4000 astrocytes (G),
together with N = 4000 excitatory neurons (E) and Ny = 1000 in-
hibitory neurons (I). All neurons (astrocytes) are described by a LIF formalism,
with identical membrane time constants 7y (TG ), and firing thresholds vf\’
(th ). Neurons in the network are randomly connected such that each neuron
receives C'p = 400 connections from excitatory neurons, and C'; = 100 con-
nections from inhibitory neurons. Additionally, all neurons are supposed to be
stimulated by C'g excitatory afferents from the same cell population (X) out-
side the network. Synaptic release from neuron j to % (r;;) is probabilistic at re-
current excitatory connections, with a probability (u;;) that depends on GREs
from the astrocytes, as described above. For simplicity, we consider identical
postsynaptic potential amplitudes J > 0 at excitatory synapses, and —g yJ at
inhibitory synapses. The external synapses are taken to be stimulated by inde-
pendent Poisson processes with rate vx = pvg, where vg = v}¥ /(JCgTN)
is the external frequency that leads to an average membrane potential equal to
the neuronal firing threshold. In this fashion, the external input to the network
is modelled by a background noisy current, with mean ux = CpJvx Ty
and variance 0% = Jpux. Denoting by §;;(t) = & rfjé(t — t;c) the
train of synaptic releases from excitatory neuron j, where rfj are independent
Bernoulli r.v. with release probability w; (t;C ), and by s]I. () the spike train
for inhibitory neuron j, the depolarization v§* of the i-th neuron in population
a = E, I evolves according to:

dvt i Bx | 0x
R R 5i;(t) —gJ Ty + =+ Znx(t
7 ~ E 5i;(t) — g g s5(t) T 7 nx (1)
JEE; JET;

[8]

where 7x () is a temporally uncorrelated normal random variable with mean 0
and variance 1, and &; (respectively, Z;) denotes the set of all excitatory
(respectively, inhibitory) synapses impinging onto neuron .

All synapses, regardless of their type, can depolarize glial cells. This
reflects the experimental observation, that both glutamatergic (excitatory), and
GABAergic (inhibitory) synapses can trigger calcium-dependent gliotrans-
mission (7, 54). We assume that all synapses contribute equally to astrocytic
depolarization by W. Moreover, given that the molecular machinery for
gliotransmission is found in juxtaposition with synaptic terminals (55), we
assume that each excitatory synapse stimulating an astrocyte, is also modu-
lated by gliotransmission from the latter. Although gliotransmission has also
been documented at inhibitory synapses, we limit our analysis to pathways of
release-increasing gliotransmission to excitatory synapses only, as the latter
accounts for the majority of available evidence supporting gliotransmission
(43).

Accordingly, the depolarization vg of the i-th astrocyte and the release
probabilities of excitatory synapses are described by the set of coupled differ-
ential equations

dv€ v&
d; =fi+w E () +W E sf(t) [9]
(G, D)EeAE (G.eA]
du; ug — Uj
W]l = % +GE—uj)gi(t)  forall (j,1) € AP [10]
p

where g; is the train of GREs originating from the k-th astrocyte, and A is
the set of all o synapses impinging on astrocyte 7. Specifically, we consider
different scenarios for connections between recurrent synapses and astrocytes.
In the random network of Figures 3e.f, each astrocyte picks a random subset
N /Ng of synapses, out of a total of Vs = (C'g +C7)(Ng + Np) recurrent

PNAS | November 14,2022 | vol. XXX | no.XX | 7



synapses. In the EI+G network of Fig. 4 instead, the EI neuron network was
partitioned into two subnetworks of equal numbers of neurons ((Ng+ N7)/2)
and synapses (N /2). Then, recurrent connections of those subnetwork were
assigned to distinct populations of N¢ /2 astrocytes.

In our neuron-glial networks, the number of neurons per astrocyte is 1.25,
and an astrocyte domain can contain between 300 and 600 synapses, depending
on whether we consider two distinct astrocyte populations, or one population
only (Fig. 4). These figures agree with experimental data (56) in mice, and are
also in line with whole-brain estimations of the neuron-to-glia ratio by isotropic
fractionation (SI Appendix). Likewise, the fact that only recurrent synapses
(N in total), but not external ones (Cg(Ng + Ny) in total) are coupled
with astrocytes in our networks accounts for approximately 55% of synapses
associated with astrocytes, reflecting recent data suggesting that 40-80% of
cortical synapses are likely astrocyte-regulated (57, 58).

Mathematical analysis. Mean-field analyses of the minimal neuron-glial
circuit (Fig. 2) and the unstructured EI+G network (Fig. 3) were performed
along the lines of Amit and Brunel (17). We choose the network’s parameters
such that the mean firing rate of excitatory neurons equals that of inhibitory
cells, vg = v; = vy. Both vy . Details can be found in the Supplementary
Text Section ??.

Numerical methods. Simulations and mean field analysis used custom code
implemented in C/C++, Python 3.x, and the Python-based Brian 2.x simulator
(59). Numerical integration used either an event-based scheme, or the Euler-
Maruyama method with time step dt = 10 ps. Bifurcation diagrams were
generated by Matcont 6.x in Matlab® (R2017a, MathWorks) (60). Simulations
were performed on an Intel® Xeon® 12-core CPU E5-1660 @3.30 GHz Linux
desktop. The Python classes to reproduce the neuron-glial circuits of this study
are available from the authors upon request.
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Supporting Information Text
1. Biological background

A. Biophysical justification of the leaky integrate-and-fire astrocyte model. The leaky integrate-and-fire approximation of the astrocyte
(LIFA) introduced in this study is based on experimental observations of astrocytic calcium (Ca*) signaling and Ca®*-dependent exocytosis
of common gliotransmitters like glutamate and ATP. Possible extensions of the LIFA to model other gliotransmission pathways are briefly
addressed at the end.

Integration. The Ca®* signal responsible for gliotransmitter release builds up in an integrative fashion (1, 2), with the number of stimuli
delivered to the astrocyte (e.g. by optogenetic Ca®* uncaging, or by electrical stimulation of synaptic afferent) (3, 4), the duration of stimulation
(3), and its strength (see Supplementary Figure 10 in 5, 6).

Leakage. Multiple cell-intrinsic mechanisms for Ca®* homeostasis are present in astrocytes that recover baseline intracellular Ca>* levels and
resemble Ca** leakage from the astrocyte cytosol (7). These mechanisms range from subcellular buffering in combination with diffusion away
from the Ca** source (8-10), to transmembrane fluxes by ion exchangers (11, 12). Although these mechanisms are generally nonlinear, the
minimal stimulation of putative gliotransmitter-competent astrocytic domains — the equivalent of the domain’s impulse response to quantal
synaptic release — displays a Ca>* signal that decays exponentially (1, 13).

Firing. Astrocytic Ca®* elevations triggered by physiological synaptic stimulation appear with a latency of a few hundreds of milliseconds to a
second from the onset of stimulation (14—16), and are generally characterized by an early, quasi-linear phase, followed by a rapid increase to
peak (1, 5, 17). At the same time, Ca>*-dependent gliotransmitter release is a threshold phenomenon that requires intracellular Ca®* to reach a
threshold concentration to promote gliotransmitter exocytosis (18, 19).

Reset and refractoriness. Release of glutamate from astrocytes prominently occurs during the rising phase of a Ca®* transient (18, 20), but stops
when Ca”* plateaus or decreases (20). Additional sources of refractoriness could also be accounted for by the Ca*>* pathways underpinning
astrocytic glutamate release. A well-studied pathway in this context is that of Ca®* release from the ER (21, 22), whose timing depends on
the gating kinetics of second-messenger-activated Ca** channels on the ER membrane (23). In parallel, other molecular mechanisms can
contribute to the recovery of baseline Ca** concentrations. These include: Ca**-dependent enzymes related to second-messenger pathways
underpinning astrocytic Ca** signaling (24, 25); active uptake by Ca**-ATPases on the plasma and the endoplasmic reticulum membranes
(12, 26), uptake by mitochondria (27), and intracellular buffering (9, 10).

Beyond gliotransmitter exocytosis. The leaky integrate-and-fire description could, in principle, be adopted to also account for Ca**-dependent
mechanisms of gliotransmitter release other than exocytosis, like glutamate and GABA release by bestrophin-1 channels (28-30), GABA
release by reversed transporters (31, 32), or gliotransmitter release by hemichannels (33, 34). Moreover, it could also be taken as a first-order
approximation of other Ca**-independent, astrocytic endocrine pathways that show some degree of stimulus-integration and threshold dynamics:
e.g., ROS-dependent glutamate release by volume-sensitive channels (35), lactate release by acute glycogenolysis (36, 37), or glutamine release
by sustained synaptic release (38). Aside from the consideration that some of these release routes have been linked to pathology (21), the
properties of routes of transmitter release not mediated by exocytosis, are expected to produce extracellular transmitter concentrations that are
different, over time, from those ensuing from exocytosis, possibly with different functional consequences (39) that call for additional modeling
(40).

B. Derivation of the gliotransmission model. Synaptic release probability u depends on intracellular Ca** at synaptic terminals (41). The
arrival of an action potential at a synapse opens Ca’*-permeable channels, triggering a rapid increase of intrasynaptic Ca’>* promoting
neurotransmitter release. Besides action potentials, however, several other mechanisms, including gliotransmission (42), can modify
intrasynaptic Ca®* thereby modulating synaptic release probability u. Gliotransmitters can indeed target receptors that are usually located
extrasynaptically on presynaptic terminals. Despite their variegated nature, their dependence on the type of gliotransmitter released from
perisynaptic astrocytic processes, and possibly on a combination of functional and anatomical constraints (43), all these receptors can
nonetheless be linked with the regulation of intrasynaptic Ca>*, and thus of synaptic release (44, 45). The underpinning molecular details are
not fully understood, but they are not necessary if we make the hypothesis that u is a smooth function of the fraction ~y of receptors activated by
gliotransmission through intrasynaptic Ca**around the baseline value of synaptic release probability uo, in the absence of gliotransmission (i.e.,
for v = 0). Then, we can use a Taylor expansion of u up to first order,

d
u() =uo+ 5| v+0(7?). [1]
dy Y=o

The first-order term in the above equation can be written as du/dy(y = 0) = £ — up, where 0 < ¢ < 1 accounts for the nature of
gliotransmission on synaptic release — release-decreasing for £ < wg, and release-increasing for £ > wug (46). Assuming that the onset of the
effect of receptor’s activation on synaptic release is much faster than its decay time (7, ), the fraction of receptors bound by gliotransmitter
release events g(t) (occurring at instants tf), i.e. g(t) = > L Ot — tk), evolves according to (46)

dy

Togy = 7+ G(1—y)g(t)mp [2]
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where G accounts for the gliotransmission’s efficiency, and can be thought as the equivalent strength of the astrocyte-to-synapse connection
mediated by gliotransmission. Finally, differentiating both sides of equation 1 using 2 provides

du

Tpa =uo—u+ G —u)g(t)p. 3]

2. Mean field analysis

A. Single neuron-astrocyte domain (SGD) model.

A.1. Self-consistent equations for mean firing rates. We start with the SGD model described by equations 5-7 in the main text with f NV
shared synapses, and (1 — f)N non-shared synapses. We consider a regime in which both neuron and astrocyte receive a large number
of synaptic inputs per integration time 7, (&« = N, 7). Each input makes a small contribution compared to the cell’s firing threshold, i.e.,
J < v, W « v, and can be approximated by a Poisson process where a Dirac delta function describes each incoming action potential. In
this scenario, the synaptic current to the neuron (respectively, astrocyte) can be approximated by the sum of a temporal average part plus a
fluctuating Gaussian white noise, i.e.

ia :,Uta_"a-a\/a a(t) [4]

with (o) = 0 and (74 (t)na(t')) = 8(t — t’). Therefore, the equation for the depolarization of the neuron (respectively, astrocyte), coincide
with that of an Ornstein-Uhlenbeck (OU) process (e.g. 47)

dva
Ta% = —Va + Ha + 0a \V4 Tana(t)- [5]

In the above equation, the average p. is related to the cell’s firing rate v, and is a sum of shared (s) and non-shared inputs (n), i.e.
o = [a,s + Ma,n. Hence, it follows from equations 5 and 6 that

un,s = fNJUvsTN wa,s = FNWUvsTa [6]
unn = (1 — f)NJuovstn uen = (1— f)NWuovsta [7]

where U = (u) a7 denotes the time-averaged synaptic release probability at shared synapses over a time window AT — oo, i.e.,

uo + EGraTy

U=
1+ Gugtp

(8]

and we absorbed ug in G for simplicity of notation.

The fluctuating part in equation 4 is given by the fluctuations in the sum of shared and non-shared Poisson inputs incoming at rate vg, i.e.

Ui = 02,5 + ai,n. Its magnitude, then, is given by

ons = fNJ*Uvstn 0t.s = FNW?*Uvsta [9]
012\;7,1 =(1- f)NJ2uous7'N aé,n =(1- f)NW2UQl/5TG [10]

Finally, the output spike rate of the neuron (respectively, astrocyte) is given by the inverse of the mean time between two consecutive events
in which each cell’s depolarization reaches threshold plus the absolute refractory period, i.e.

Va :q:'a(,uzouo'a) [11]

where ® can be analytically derived solving the mean first-passage time problem of the OU process in equation 5 (47-50), i.e.,

yg -1
Do (o, 0a) = <T(; +/ dz\Ila(z)) [12]
Y
with
U, (2) = Tav/mexp(2?) (1 + erf(2)) [13]
Yy = (V7 — pa)/0a [14]
v = (V) = pa)/0a [15]

The set of equations 6-11 provides a set of self-consistent equations for the gliotransmission rate, leveraging the fact that U = U(v). In
particular, because gliotransmission influences the firing of the postsynaptic neuron by modulation of presynaptic release but not vice versa, the
steady-state of the SGD model must only satisfy the equation

vg = ®¢ (pe(U(vg)),0c(U(va))) [16]

whose solutions can be solved graphically (Fig. 2a).
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A.2. Local stability analysis. To analyze the stability of the states described by the self-consistent equations 611, we adopt a heuristic approach.
We approximate the dynamics of the firing rates of both neuron (vn) and astrocyte (vc) by linear ODEs with time constants 7y and 7¢
respectively, and whose fixed points v, v solve equation 11. Note that this approximation is exact only in the low firing rate limit (51).
Accordingly, defining 8 = min(7n, e, 7p), 8o = Ta /0 (e = N, G, p), and § = t/6 the normalized time, we thus approximate the dynamics
around the stationary states of the system as

d
91\7% :—VN-i-(I)N(,u,N,JN) [17]
d
HG% = —vg + Pc(pa,0q) [18]
dv
Hp@ =—-v+U(vg) [19]

where we introduced the variable v (‘upsilon’) to denote the temporal mean of (u)s7 over a fast time scale, i.e. 7n,7¢ < 0T < 7. When
™~ < T, Tp (see Section Model parameters), neuronal dynamics can be assumed to be at steady state with respect to astrocytic dynamics, so
that the slow dynamics of the SGD model can be approximated by

dvg

06 — e+ 0616 (0). 06 (v)) 20
d
apd—z =—-v+U(ve) .

The stability of the fixed points v, v¢, U™ of equations 17-19 is determined by the Jacobian of this reduced system:

M= ' 060 [22]
0, 0cU  —0,"

whose determinant is given
det M = (0c,) " (1 — Dy PcdU) [23]

where 9, = 9/0v, Og = 0/0v¢ are evaluated at (v, v) = (v&, U™). Since M has a negative trace, the stability condition for the fixed
points boils down to det M > 0. Hence, the condition for local stability of gliotransmission is given by the inequality

0 PcOcU < 1 [24]

In the above equation, 0,,® is always positive, so the instabilities can only arise if dgU is positive, i.e. in the case of release-increasing
gliotransmission (£ > wo). In this case, bistability of synaptic release emerges through a saddle-node bifurcation (Figures 2b—d). In practice,
the condition for bistability requires that 9,® = (OgU) ' at the bifurcation point (vg, v) = (g, U), that is (by equation 12)

(1 + Grpre)?

(XaOupc +Ya0u06)| 0 i) = € —uo)Gr, o [25]
where
Xo = 0,6 = 2o (wof) ~ wof) 261
Yo = e = 2 00wf) —yPwa ) 27
Ouvpc = fNWvstg [28]

006 = 0u(VWie) = 5| w-tunc. [29]

B. Coefficient of variation of the inter-spike interval distribution. The squared coefficient of variation (CV) of postsynaptic inter-spike
intervals can be analytically derived in terms of moments of the first-passage time (7'v) distribution of the OU process given by equation 5, and

reads
var(Tn) _ (T) — (Tw)?

2 __ —
CvV- = TN e [30]
where (52)
1

(Tn) = . (311

v , [
w3y = L 2T e / Aoy (2)(1 + erf(2)) [32]

VN N y{}f —o0
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so that

N
i u
cv? = 2\/7?1/]2\, du eu2/ dz¥ N (2) [33]

T
N Uiv oo

Hence, it suffices to know the mean firing rate of the postsynaptic neuron to estimate the CV of the corresponding inter-spike interval
distribution.

In general, when the mean input is sub-threshold, i.e., un < v, spike discharge is triggered by fluctuations in the input current, and
firing is irregular with CV values close to one or above. For mean inputs above the firing threshold instead, that is when pn > v}, spike
discharges are more regular, and the CV decreases to zero. How sharply the neuron transitions from firing irregularly to regularly (or vice
versa) depends on the amplitude of the fluctuations of the input current, that is, the noise level o . In the absence of gliotransmission, with a
neuron membrane time constant 7y = 20 ms, large values of o resulting in CV > 1 can be achieved for low presynaptic rates (vs) when
the neuron’s after-spike reset potential approaches the firing threshold (53). In this scenario, equation 33 describes a CV vs. vg curve that
is non-monotonic with a maximum value at un (vs) < vY (see Fig. Sla,c, blue and cyan curves). Intuitively, this is possible because the
proximity of the reset potential to the firing threshold allows for small input noise to be sufficient to trigger neuronal firing. At the same time,
the after-spike reset mechanism promotes noise fluctuations further, ultimately accounting for short inter-spike intervals with higher probability.
Inclusion of gliotransmission does not change this mechanism (Fig. S1), but may account for CV > 1 at lower presynaptic rates thanks to the
increase of synaptic release, and thus of the average mean postsynaptic depolarization (equation 6).

C. Neuron-glial network (EIG) model.

C.1. Self-consistent equations for mean rates. Derivation of the mean-field equations for the EIG network follows analogous assumptions
on connection weights used in the SGD case. We posit that N; = eNg, whereby it follows that Ct1 = eCg. We denote by K, =
(Ce + Cr)No/N¢ (o = E, I) the total number of excitatory (respectively inhibitory) synapses per astrocyte. Moreover, we take the weights
of connections from inhibitory synapses to astrocytes to be proportional to those from excitatory synapses, i.c., Wfﬁ =gwW (gw > 0).
Finally, we consider the case in which all external afferents to the network are stimulated by Poisson-distributed spike trains incoming at equal
rate vx . With this regard, we express the rate of external stimulation as ¥ = pv}’, where v/}’ = v}" /(CrJrTnN) represents the external
frequency needed for the mean external input to reach a neuron’s firing threshold in the absence of recurrent input (52). In a similar fashion,
we define a threshold rate for spontaneous astrocytic activation by v5 = vf /(KW1g), where K = Kg + K7 is the average number of
synapses impinging on an astrocyte; and we express the rate of spontaneous astrocyte activation by v§¢ = pav§. Accordingly, we proceed to
distinguish between recurrent (1) and external (x) components of the mean and fluctuating (noisy) parts of synaptic currents in neurons (N) and
astrocytes (G), for which it is

UN = [Nl + UN,z [34]
punyg = CeJ(U — gre)unTn [35]
N, = CreJpreTn [36]

HG = pa,l [37]
per = KeW (U + gwe)vnTta [38]
pic.e = KWpavg' ta [39]

oN = 0N+ 0Nz [40]
012\771 = CEJQ(U +936)VNTN [41]
X2 = CrJ’promn [42]

0t =061+ 05, [43]
oty = KeW?(U + gie)unta [44]
O’éym = KWQPGl/gcTG. [45]

Putting in relief the functional dependence on the two firing rates v, vq, and noting that U = U (v¢) (equation 8), we can express vg as a
function F' of vy, i.e.,

va = Pa(pca(vn,ve),oa(vn,va)) = va = F(vn). [46]
In turn, the latter can be replaced in the equation of v, thereby obtaining the self-consistent equation
vy = Dy (,uN(VN, vn),oc(vN, l/N)) =dy ([LN(VN, F(vn)),oc(vn, F(VN))) [47]
which can conveniently be solved graphically (Fig. S3a).
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C.2. Local stability analysis. To analyze the stability of the stationary (asynchronous) states of the EIG network, we use the same heuristic
approach as in section A.2. As in the SGD model, we define a normalized time ¥ = t/¢ with ¥ = min(7~, 7, 7p), and express the time
constants as ¥ = 7o /9. The dynamics around the asynchronous states of the EIG network are approximated by the following system of ODEs

d
ﬁN% = —vn + On(un(vN,v), 08 (v, V) [48]
d
ﬂG% = 7VG+¢)G(.UJG(VN7U)7UG(VN7U)) [49]
dv
ﬂpd—ﬁ =—v+U(ve) [50]

where v = (u)st With 7o < 0T < T,. We define the diagonal matrix ® = diag(¥~,¥a,Vp). The Jacobian matrix of the system described
by equations 48-50 is

—14+ 08PN 0 0u PN
M=6" onda -1 0,Pc¢ [51]
0 ocU -1

where On = 9/0vn, Og = 0/0va, 0, = 0/0v are evaluated at the fixed point (vn, va,v) = (v, V&, U™). The analytical expression of
OcU is given by equation 25, whereas the other partial derivatives read

8[3<I)a = Xaaﬁ,ufa + Yaaﬁo'oa (a,ﬁ = Na G7 u) [52]
CI)i fe a
Xo = 0u®a = Z%(Va(yf) — Valy?) >3
(I>2
Yo = 05®a = —=(y5 Va(ys) — v Ya(yr))- [54]

The eigenvalues of the Jacobian matrix of the EIG system are solved numerically (Figures SS3b,c). It is however informative to consider the
determinant of this matrix, i.e.

det M = (InDc¥p) " (=14 ONPN + OcU (ONDPc0, PN + (1 — INPN)DuDG)) . [55]

Bistability of the network asynchronous states emerge through a saddle-node bifurcation, at which det Ml = 0. In the right hand side of
equation 55, we can distinguish two terms:

- A purely neuronal term, —1 + Oy ®n. This terms coincides with the determinant of the EI network in the simplified (‘model A’)
framework. In particular the network is stable when Oy ®n < 1 (54).

- An astrocyte-dependent term, A = dqU (ON PPN + (1 — ONPN)DyPc). This term affects the condition for stability of the EI
network, which becomes On®n < 1 — A. If the EI network is originally stable without gliotransmission, then it is straightforward to see
that instabilities may only arise for A > 0, i.e. release-increasing gliotransmission, since dgU > 0.

3. Model parameters

A. Estimation of glial parameters.

Network size parameters. The majority of available data on Ca**-dependent gliotransmission currently comes from experiments on protoplasmic
astrocytes of the grey matter in rodents; thus, we constrain our following estimations to the murine brain. The ratio of non-neuronal cells
(comprising glial and endothelial cells) to neurons in the brain of mice and rats is estimated in the range of 0.88—1.34 (Supplementary Table 2
in 55). Excluding endothelial cells from these figures, we can thus predict lower values for the true glial-to-neuron ratio (GNR) (56). In our
simulations, we set N = Ng, with Ng = 4000, N; = 1000, ¢ = N;/Ng = 0.25, corresponding to a GNR = N¢g/(Ng + Ny) = 0.8. On
the other hand, if we regard the “astrocytes” in our models more like “astrocytic domains” that are competent for gliotransmission, rather
than individual cells, then the GNR is little informative (57). From this perspective, a justification of the number of astrocytic domains in
our simulations could be based on considering that such domains possibly co-localize with astrocytic branching processes that account for
>75% of the cell volume (5). Based on the only available observation that domain-like putative gliotransmission-competent Ca>*-spikes could
roughly account for 10-15% of individual process volumes (5), and considering an average of 3—10 primary processes per cortical astrocyte
(5, 58, 59), we end up with an estimation of 0.75-3.75% of the astrocytic volume per Ca>* microdomain. For cortical astrocytes, whose
volumes appear to be variegated across different cortical layers and be comprised between 5.5 - 10-8.1 - 10*um? (60), this means domain
volumes in the range of ~410-2850 um®. With an average density of 0.8—1 synapses/um® (61, 62), we get an estimate of ~320-2850 synapses
per astrocytic domain. In this study, we consider networks with a number of synapses per astrocyte generally between >310 (Figures 4) and
KE + K7 = 625 synapses/astrocyte (Figures 3 and 4).

Astrocyte activation. The decay time of Ca®* spikes triggering gliotransmitter release can be considerably fast, with an original estimation
in cultures of 7¢ = 0.4-0.6 s (18), although recent estimates hint 7¢ values as low as <30-250ms (13). A complication is that 7¢ seems
dependent on the local process geometry, with larger 7o values associated with larger domains (13). We estimate instead the absolute refractory
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period 7%, considering the maximum possible rate of GREs. Because gliotransmitter release correlates with the rising phase of a Ca>* spike
(18, 20), in the presence of consecutive spikes, the maximum GRE rate must be comprised between the full-width half-maximum of a Ca**
spike and their period, whose minima are estimated in the ranges of <0.2-1.5 s (Supplementary Figure 5 in 5) and ~0.2-0.7 s, respectively
(18, 63). These figures for 7¢ and 75 can be considerably larger when considering somatic Ca®* events (40). Finally, regarding the LIFA
threshold and reset potential, since these quantities are introduced by our modeling argument, without loss of generality, we consider a
normalized scale for the (equivalent) depolarization of the astrocyte such that baseline astrocytic activity (in the absence of noise) is 0. In
contrast, the threshold for gliotransmitter release is v& = 1, and v< is arbitrarily set in this range.

Gliotransmission. Recent estimates of time scales of synaptic neurotransmitter release by gliotransmitters provide decay times 7, in the range
of ~5-100s and rise times of <0.05-30's (40). Although the rise time depends on the protocol of stimulation of gliotransmission, in general,
much shorter rise times than decay times are observed for sensory-triggered gliotransmission in vivo (64—66), which support our modeling
assumption of instantaneous onset of synaptic modulation after gliotransmitter release. The remainder of parameters of gliotransmission —
ug, G, & — are instead arbitrarily set since, to the best of our knowledge, there exist no experimental data that would allow us to constrain their
values.

Synaptic transmission. Release probability (uo) at cortical synapses is generally low and suggested to be in the range of 0.1-0.5 (67). In our
simulations we only consider the case of probabilistic excitatory synapses (uo, g = 0.3) and deterministic inhibitory synapses (uo,;r = 1). We
leave to future investigations the scenario in which inhibitory synaptic transmission would be probabilistic (67, 68) and regulated by astrocytic
gliotransmission (69-72).

B. Simulation-specific parameter sets. Model parameters used in the simulations of the SGD and the EIG models are summarized in
Tables S1 and S2 respectively, except for the cases listed below.

e Fig. I: cvs =30Hz, J =0.12mV;d vs = 5Hz, G = 0.68, ug = 0.55; e vs = 4Hz, G = 0.72, ug = 0.55.
* Fig. 3: f high-frequency cue for p = 3.5; reduced baseline activity for p = 1.

* Fig. 4: b high-frequency cues for p = 5.5; read-out stimuli for p = 3.0.
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Table S1. Parameter values used in the simulations of the SGD model.

Symbol  Description Value Units
Neuron dynamics
o Reset potential 19 mV
o Firing threshold 20 mV
N Membrane time constant 20 ms
™ Absolute refractory period 2 ms
Astrocyte dynamics
o8 Equivalent reset potential 0.2 -
vf Equivalent firing threshold 1.0 -
TG Ca®* time constant 0.5 $
TG Absolute refractory period 0.1 S
Synaptic transmission
Uo Resting release probability (exc. synapses) 0.3 -
f Fraction of shared synapses 0.5 -
J Excitatory PSP (on neurons) 0.4 mV
w Equivalent Excitatory PSP (on astrocytes) 181072 —
Gliotransmission
UG Gliotransmitter release probability 1.0 -
G Strength of gliotransmission 0.05 -
13 Polarity of gliotransmission 0.8 -
Tp Decay time constant 10 S
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Table S2. Parameter values used in the simulations of the EIG network model.

Symbol  Description Value Units
Neuronal dynamics

oy Reset potential 10 mV

o Firing threshold 20 mV

™ Membrane time constant 20 ms

™ Absolute refractory period 2 ms
Astrocytic dynamics

v& Equivalent reset potential 1 -

v& Equivalent firing threshold 0.2 -

TG Ca*" time constant 0.5 s

TG Absolute refractory period 0.1 s
Synaptic connections

U, E Resting release probability (exc. synapses) 0.3 -

o, 1 Resting release probability (inh. synapses) 1 -

J Excitatory PSP (on neurons) 0.2 mV

qgJ Scaling of synaptic inhibition 5.5 -

w Equivalent excitatory PSP (on astrocytes) 3.2:1074

gw Scaling of inhibition to astrocytes 1.0 —
External stimulation

p Baseline external stimulation (neurons) (x I/év ) 2.0 -

PG Baseline external stimulation (astrocytes) (X 1/9G ) 0.0f -

Gliotransmission

UG Gliotransmitter release probability 1.0 -

G Strength of gliotransmission 0.5 -

13 Polarity of gliotransmission 0.8 -

Tp Decay time constant 10 s

t External noise input to astrocytes is only taken into account in the simulations in the Supplementary Figures S5 and S6.
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Supplementary Figures

Fig. S1. Coefficient of variation (CV) of the postsynaptic inter-spike-interval distribution in the minimal neuron-glial circuit. When neuronal
parameters allow for postsynaptic firing with CV>1 (53), release-increasing gliotransmission can dramatically change the range of presynaptic
activity rates (vg) to record such CV values. (a) Considering shared synapses stimulating both the neuron and the astrocyte (f > 0) accounts
for different CV>1 values for the same level of presynaptic activity. Consistently with the scenario of bistability illustrated in Figs. 2a-d, at low
levels of presynaptic activity and for not too strong inputs to the astrocyte (f = 0.5, red curve and data), the higher CV value is associated
with ongoing gliotransmission, while the lower coincides with the value attained in the absence thereof. On the other hand, stronger inputs
to the astrocyte (f = 0.8, orange curve and data), can quickly make CV values in the presence of gliotransmission decrease below those
observed in the absence of gliotransmission. Larger fractions of shared synapses can indeed promote high rates of gliotransmitter release,
resulting in robust increases of synaptic release, which, in turn, can depolarize the postsynaptic neuron beyond the spiking threshold more
regularly (i.e., CV<1). (b) How much gliotransmission increases synaptic release is another factor that can modulate CV values. For example,
as we increase the effect parameter £ beyond the occlusion scenario (§ = uo, blue curve), the emergence of bistability accounts for CV>1
values that are larger in the presence of gliotransmission than without it. The range of presynaptic rates for which this phenomenon can be
observed generally grows with £ > wug (compare purple and orange curves), as far as the gliotransmitter-mediated increase of synaptic drive to
the neuron is not too strong to promote neuronal firing with some degree of irregularity (i.e., CV>1). (¢) Besides parameters related to the
nature of neuron-glial coupling, like f or £, the nature of synaptic connections in terms of their neurotransmitter release probability is a further
factor modulating the effect of gliotransmission on the CV. Specifically, at fixed connectivity (f = 0.8), CV>1 can be attained for broader
ranges of presynaptic rates when synaptic release probability is low to moderate (i.e. ug < 0.5, orange vs. curves). CV curves were computed
based on equation 33. Data points and error bars represents mean+s.m.e. over 100 < n < 1000 simulations. Other parameters as in Table S1.

Fig. S2. Ranges of bistability in the minimal neuron-glial circuit model as a function of the rate of afferent stimulation (s) and the different
neuronal and glial parameters. Regions with analogous shapes are colored alike. Solid rose lines mark the parameters values from Table S1,
also adopted to compute the bifurcation diagrams of Fig. 2.

Fig. S3. Regions for bistability in the EI+G network for different scaling of the inhibitory synapses (W) vs. excitatory ones (Wg) impinging
on the astrocytes (Section Self-consistent equations for mean rates). (a) The case W; = Wg considered in all simulations of this study is
reproduced from Fig. 3d for the sake of comparison with different scaling considered in the other panels. In this case, the competition between
inhibition and excitation enhanced by gliotransmission account for bistability at arbitrarily high values of both, drawing a characteristic strip
that spans across the plane p vs. gs. (b) The width of such strip and its slope, roughly quantifiable by the ratio p/g for points in it, inversely
correlates with k = W /Wg. We illustrate this concept, considering in this panel the case where W; = 2Wg. In comparison with a, it may
be noted how the range of bistability, quantified by the height (width) of the strip for fixed values of g (respectively, p), decreases. In this case
in fact, smaller increases of external stimulation are required to promote robust increases of inhibition with respect to a, reducing the bistability
range. This is further illustrated in (¢) where we consider the possibility that W7 scales like J; with respect to excitatory connections, that is
Wi = gsWg. This makes the growth of inhibition with gliotransmission strongly nonlinear (as a result that g; enters in both equations of vg
and v (rather than only in the latter as in the previous cases). This ultimately results in bistability disappearing for growing g; and p values.
Parameters as in Table S2.

Fig. S4. Activity-silent WM by gliotransmission. A high-frequency cue (p = 3) is delivered to all neurons in the network at ¢ = 0 (dark
shading). The cue triggers gliotransmission that, in turn, promotes synaptic release (u) at excitatory connections. After the cue however, neural
activity increases little (< 5 Hz) with respect to before the cue’s presentation (~ 2 Hz), and slowly recovers to baseline. In this fashion, the
synaptic variable u encodes the memory of the cue. This memory can be retrieved and refreshed by weak read-out signals (p = 2, light
shadings) delivered to the whole network, as far as u attains values not too far from those right after the cue. Baseline external stimulation was
fixed at p = 1. Other network parameters as in Table S2.

Fig. S5. Effect of glial noise. The same network of Fig. S4 is considered with the addition of a noisy external input to glia. The latter promotes
sustained gliotransmitter release with respect to the scenario without glial noise (middle panel, red vs. green traces, respectively), resulting in
the emergence of persistent firing at low rates (bottom panel, red trace). In this fashion, synaptic release at excitatory connections (u, red trace
in the fop panel) is persistently high, and the memory can be retrieved at any instant as far as the external input to the background is not
reduced (purple bar) beyond a critical value that cannot guarantee astrocyte activation. Simulation parameters as in Fig. S4 except for pg = 0.5.

Fig. S6. Robustness of clustered neuron-glial network activity in the presence of glial noise. The same network of Fig. 4 is consid-
ered in the presence of a noisy external input to the astrocytes. The network can still encode for multiple memories, by subnetworks
associated with individual glial populations, as far as glial (G) noise levels are moderate. Simulation parameters as in Fig. 4 except for pg = 0.5.
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