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Blurb

Astrocyte regulation of presynaptic plasticity



Abstract

Short-term presynaptic plasticity designates variations of the amplitude of synaptic information
transfer whereby the amount of neurotransmitter released upon presynaptic stimulation
changes over seconds as a function of the neuronal firing activity. While a consensus has
emerged that the resulting decrease (depression) and/or increase (facilitation) of the synapse
strength are crucial to neuronal computations, their modes of expression in vivo remain unclear.
Recent experimental studies have reported that glial cells, particularly astrocytes in the
hippocampus, are able to modulate short-term plasticity but the mechanism of such a
modulation is poorly understood. Here, we investigate the characteristics of short-term
plasticity modulation by astrocytes using a biophysically realistic computational model. Mean-
field analysis of the model, supported by intensive numerical simulations, unravels that
astrocytes may mediate counterintuitive effects. Depending on the expressed presynaptic
signaling pathways, astrocytes may globally inhibit or potentiate the synapse: the amount of
released neurotransmitter in the presence of the astrocyte is transiently smaller or larger than
in its absence. But this global effect usually coexists with the opposite local effect on paired
pulses: with release-decreasing astrocytes most paired pulses become facilitated, namely the
amount of neurotransmitter released upon spike i+1 is larger than that at spike i, while paired-
pulse depression becomes prominent under release-increasing astrocytes. Moreover, we show
that the frequency of astrocytic intracellular Ca®* oscillations controls the effects of the
astrocyte on short-term synaptic plasticity. Our model explains several experimental
observations yet unsolved, and uncovers astrocytic gliotransmission as a possible transient
switch between short-term paired-pulse depression and facilitation. This possibility has deep

implications on the processing of neuronal spikes and resulting information transfer at synapses.



Authors’ summary

Synaptic plasticity is the capacity of a preexisting connection between two neurons to change in
strength as function of neuronal activity. Because it admittedly underlies learning and memory,
the elucidation of its constituting mechanisms is of crucial importance in many aspects of
normal and pathological brain function. Short-term presynaptic plasticity refers to changes
occurring over short time scales (milliseconds to seconds) that are mediated by frequency-
dependent modifications of the amount of neurotransmitter released by presynaptic
stimulation. Recent experiments have reported that glial cells, especially hippocampal
astrocytes, can modulate short-term plasticity, but the mechanism of such modulation is poorly
understood. Here, we explore a plausible form of modulation of short-term plasticity by
astrocytes using a biophysically realistic computational model. Our analysis indicates that
astrocytes could simultaneously affect synaptic release in two ways. First, they either decrease
or increase the overall synaptic release of neurotransmitter. Second, for stimuli that are
delivered as pairs within short intervals, they systematically increase or decrease the synaptic
response to the second one. Hence, our model suggests that astrocytes could transiently trigger
switches between paired-pulse depression and facilitation. This property explains several
challenging experimental observations and has deep impact on our understanding of synaptic

information transfer.



l. Introduction

Activity-dependent modification of synaptic transmission critically moulds the properties of
synaptic information transfer with important implications for computation performed by
neuronal circuitry [1-4]. Multiple mechanisms could coexist in the same synapse, regulating the
strength or the efficacy of synaptic transmission therein in a way that depends on the timing
and frequency of prior activity at that same synaptic terminal [5].

One widely studied mechanism responsible for the dependence of synaptic transmission on past
activity has been dubbed presynaptic short-term plasticity [6]. Upon repetitive action potential
stimulation, the response of a presynaptic terminal — usually assessed as the amount of
neurotransmitter molecules released from this latter — will not follow with uniform strength but
will be modified in a time- and activity-dependent manner, leading either to facilitation or to
depression of synaptic release, or to a mixture of both [2]. Such stimulus-related variations of
presynaptic response can span a time scale from few milliseconds to seconds from the stimulus
onset [2, 7] and fade away after sufficiently prolonged synaptic inactivity [3, 5].

The ability of a presynaptic terminal to convey stimulus-related information is determined by
the probability to release neurotransmitter-containing vesicles upon arrival of action potentials
[3, 6]. The release probability depends on the number of vesicles that are ready to be released,
i.e. the readily releasable pool, but also on the state of the calcium (Ca*") sensor for the
exocytosis of synaptic vesicles [8]. On the mechanistic level, both the finite size and the slow
post-stimulus recovery of the readily releasable pool, that is the reintegration of the content of
synaptic vesicles, give rise to the phenomenon of short-term presynaptic depression, with the
extent of depression being determined by the frequency of prior synaptic stimulation [9]. The
dependence of short-term facilitation on the pattern of synaptic activation is likely determined
either by the slow removal of free presynaptic residual Ca** or by the slow unbinding of this
latter from the Ca®* sensor [3], although these issues are still debatable [10, 11].

Given the important role assumed by presynaptic short-term plasticity in neural computation [6,
12] and the variety of plastic responses — depression, facilitation or both — exhibited by central
synapses [13, 14], it is important to unravel the mechanisms that might govern dynamical
transitions between depressing and facilitating synapses. The goal of the present work was to
investigate one such candidate mechanism: modulation of presynaptic plasticity by glial cells

and astrocytes in particular.



Recent years have witnessed mounting evidence on a possible role of glial cells in the dynamics
of neuronal networks [15]. In particular, the specific association of synapses with processes of
astrocytes — the main type of glial cells in the hippocampus and the cortex [16-18] — together
with the discovery of two-way astrocyte-neuron communication [19, 20], suggest an active role
of these cells in modulation of synaptic transmission and information processing in the brain
[21].

Astrocytes could modulate synaptic transmission at nearby synapses by releasing
neurotransmitter (or “gliotransmitter”) in a Ca**-dependent fashion [22]. In the hippocampus in
particular, several studies have shown that astrocyte-released glutamate modulates short-term
plasticity at excitatory synapses either towards depression or facilitation [23-25]. This is
achieved by activation of presynaptic glutamate receptors [26] (see also Figure 1 for a schematic
presentation). Thus, astrocytes are equipped with means to modulate the extent to which
presynaptic terminal exhibits short-term depression or facilitation in response to sustained
rhythmic stimulation [27].

We devised a biophysically plausible computational model to investigate the characteristics of
astrocyte modulation of presynaptic short-term plasticity. Using the model, we were able to
identify the parametric regime in which the synaptic response to action potential stimulation
can switch from facilitating to depressing and vice versa. This ability to switch synaptic modus
operandi depended critically on the characteristics of astrocyte-to-synapse signaling. These
findings highlight the new potential role played by astrocytes in defining synaptic short-term
plasticity and could explain contradicting experimental evidences.

Although based on experimental results in the hippocampus, [28-34], our description could also
be extended to model other recognized neuron-glia signaling pathways such as GABAergic
gliotransmission on interneurons-to-pyramidal cell synapses in the hippocampus [35], glia-
mediated ATP release both on hippocampal synapses [36, 37] or in the hypothalamus [38] as

well as in the retina [39], and glial modulation of neuromuscular transmission [40-42].



Il. Methods

1. The road map of astrocyte regulation of presynaptic short-term plasticity

Regulation of synaptic transmission by astrocyte-released gliotransmitter is supported by an
elaborate signaling network schematized in Figure 1. Here, we consider the well-characterized
experimental case of glutamate-mediated astrocyte regulation of synaptic transmission in the
hippocampus [27, 43]. At excitatory synapses there, astrocytes can respond to synaptically-
released glutamate by intracellular Ca** elevations that in turn, may trigger the release of
further glutamate from the astrocytes [22, 44]. This astrocyte-released glutamate (G,) diffuses
in the extrasynaptic space and binds to presynaptic metabotropic glutamate receptors (mGIuRs)
or NMDA receptors (NMDARs) on neighboring presynaptic terminals [21, 30]. Glutamate
activation of these receptors can modulate Ca** influx into the presynaptic terminal, affecting
the release probability of glutamate-containing synaptic vesicles [26]. Thus, glutamate release
from the presynaptic terminal is expected to increase the astrocytic intracellular Ca**, eventually
leading to glutamate release from that astrocyte. In turn, astrocytic glutamate modulates
presynaptic Ca** and thus affects the amount of glutamate released from that same synapse in
response to action potentials that will follow [27].

Astrocyte Ca** dynamics may also not be modulated by glutamate originating from the very
presynaptic terminal that is regulated by the astrocyte, but rather by an exogenous source [45].
This could correspond to the heterosynaptic case whereby two distinct synapses, A and B, are
contacted by processes from the same astrocyte [21]. Glutamate released by the presynaptic
terminal of synapse A modulates astrocytic Ca**, leading to modulation of glutamate release
from the presynaptic terminal of synapse B. Alternatively astrocyte Ca®* dynamics could be
modulated by intercellular IP; diffusion from neighboring astrocytes through gap junctions [46]
or by exogenous stimulation of the astrocyte by different techniques or external stimuli [47, 48],
or occur spontaneously [49, 50].

Although both homosynaptic and non-homosynaptic scenarios equally occur physiologically [21,
45], here we focus only on the latter. This approach, which is often adopted in the majority of
experiments [30-32, 49], presents several advantages. First, it allows us to characterize the
effect of astrocytic glutamate on short-term synaptic plasticity in general, that is, independently
of the nature of synaptic inputs. Second, it uses Ca’* signals to merely trigger glutamate

exocytosis from the astrocyte. Thus we can focus on the timing of glutamate release without



considering the complexity of the underlying Ca®* dynamics [48] which can be ultimately
modeled by simple stereotypical analytical functions (Supplementary Text, Section 1.2). Third, it
can be used in the derivation of a mean-field description of synaptic transmission [51, 52] aimed
at understanding regulation of short-term synaptic plasticity by a large variety of astrocytic
glutamate signals impinging on the synapse, without the need to consider an equally large

number of cases.

2. Modeling of the astrocyte-to-synapses interaction

a) The Tsodyks-Markram model of a dynamical synapse

To describe the kinetics of a synaptic terminal, we use the model of an activity-dependent
synapse first introduced by Tsodyks and Markram [6]. This model assumes that
neurotransmitter resources in the presynaptic bouton are limited and only a fraction x(t) of
them is available for release at time t. Upon arrival of a presynaptic spike at time t;, a fraction u
of these latter is released into the cleft, thus reducing x by the amount of “released resources”
RR = ux. As x(t) recovers to its original value at a rate Qg, the process mimics neurotransmitter

depletion and reintegration [9]. The dynamics of x(t) thus reads:

x=Qd(l—x)—Zux8(t—t,) (1)

On a par with the classical quantal model of synaptic transmission [53], x(t) is analogous to the
probability of a glutamate-containing vesicle to be available for release at any time t, whereas u
corresponds to the probability of release of a docked vesicle [54]. Accordingly, u biophysically
correlates to the state of occupancy of the Ca®* sensor of synaptic glutamate exocytosis and its
value is incremented following incoming spikes, mimicking Ca®* influx into the presynaptic
terminal and its effects on release probability [8]. In particular, at each spike a fraction U, of
the (1-u) vacant states of the sensors is occupied by presynaptic Ca** ions and later returns to be

available at rate Q. Hence, the dynamics of u follows the equation

U=-Qu+ UOZ(I—U)S(t—t,) (2)



The parameter U, coincides with the value of u for very low frequencies of stimulation so that it
can be regarded as the basal value of synaptic release probability (Supplementary Text,

Section I.1).

b) Mechanisms of short-term presynaptic plasticity

Despite its apparent simplicity, the Tsodyks-Markram (TM) model (equations 1-2) can generate
surprisingly complex synaptic dynamics including multiple mechanisms of short-term plasticity
among which are facilitation and depression. Nonetheless, the occurrence of each mechanism
ultimately depends on specific values of synaptic parameters and the rate and the pattern of
synaptic activation [55]. The biophysical correlates of different synaptic parameters (e.g., time
of recovery from synaptic depression and per-spike usage of synaptic resource) have been
extensively documented for central synapses [14, 56], but relatively little effort was done to
understand in the TM framework, the nature of transitions between facilitating and depressing
synaptic response. Accordingly, we performed thorough theoretical and computational analysis
of the TM model.

In Figure 2A we show a sample response of the TM model to a train of a few input spikes (top).
The low frequency of the first four spikes largely enables the recovery of available synaptic
resource x between spikes (middle) so that depletion of releasable resources is limited. This
process is coupled with a progressive increase of per-spike resource usage u, so that the amount
of released resources (RRs) per spike (bottom) increases and short-term potentiation (STP or
facilitation) of synaptic response is observed [3]. On the contrary, stimulating the model synapse
with a series of high frequency spikes at t = 300 ms, results in a rapid increase of u but also in a
larger depletion of x, so that from one spike to the next one, progressively less neurotransmitter
is available for release. Consequently, the amount of released resources decreases after each
input spike hallmarking the onset of short-term depression (STD) [9]. Finally, a relatively long
guiescence before the occurrence of last input spike in the series allows for partial recovery of x
while u hardly changes, which accounts for the increase of resources released by the last spike
with respect to immediately preceding ones (compare response in state “3” to the last response

in state “2”). Thus, the frequency and the temporal pattern of synaptic stimulation can



modulate the synaptic response either transiently facilitating it or transiently depressing it (see
also Figure S1).

While the precise pattern of synaptic response is shaped by the timing of input spikes and
depends also on initial conditions [13] (Figures 2A,S1,S2; see also Supplementary Text,
Section 1l.1), it is of interest to be able to characterize synaptic release and related plasticity on
“average”, namely over different trials of inputs with shared statistics. With this aim, mean-field
analysis can be deployed to show that, depending on the basal value U,, two fundamentally

different behaviors can be exhibited by the TM model [51, 57] (Supplementary Text, Section 11.3,

Figure S3). When U, is larger than the threshold value U, :Qd/(Qd +Qf), the amount of

released resources in the steady state is roughly independent of the input frequency f;, for low-
frequency synaptic stimulation, and decreases only above some cut-off frequency (Figure
2B, left). Hence, if Uy > Uy, the synapse is depressing. On the other hand, when Uy < Uy, the
amount of released resources first increases up to a peak input frequency so that the synapse is
facilitating, then it decreases afterwards, marking the onset of depression (Figure 2B, right).
Therefore, both the cut-off frequency in depressing synapses and the peak frequency in
facilitating ones, set an upper limit for the range of input frequencies beyond which STD is
observed [6]. For this reason both the cut-off frequency and the peak frequency can be
regarded as the “limiting” frequency (fim) for the onset of STD for the specific synapse under
consideration.

The steady-state frequency response FRA fm) of a synapse can be computed using the mean-

field analysis (Supplementary Text, Section 11.4) as

UOQd (Qf + fm)

U X =
A, =U. X, Q.0 +U,(Q, +Q,)f, +U, f?

0 "in
The above equation can then be solved to obtain the expression for f;,, which reads

Q, &(ﬂj 1| ifu,<uU,,

fo=1 LU (@)

Q, .
ifU, >U
V2, 07 Yo

Thus, depending on the value of U, with respect to the threshold Uy, fimis described by

different analytical functions with different dependencies on synaptic parameters. Furthermore,

while a negative slope of Fﬂo(fm) coincides with the onset of depression, a positive slope
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marks occurrence of facilitation. Accordingly, two conditions are necessary for the occurrence of
facilitation in the TM model: (1) that U, < Uy, which guarantees the existence of f;, values for

which AR, could have either positive or negative slope; and (2) that f;, < f,, which assures that

the input stimulus effectively falls within the frequency range of positive slope values of RR, .

c) Modeling the action of the astrocytic glutamate on synaptic release

Glutamate release from astrocytes bears several similarities with synaptic exocytosis [27, 44].
Both processes are Ca**-dependent [8, 58]. Furtermore, glutamate is released from astrocytes in
guanta consistently with vesicle exocytosis [44, 59]. A vesicular compartment competent for
regulated exocytosis, is indeed present in astrocytes [60, 61] and synaptic-like vesicle fusion and
recycling is observed in concomitance with astrocytic glutamate exocytosis [62].

Based on such arguments, we assumed that the dynamics of astrocytic glutamate resources
could be modeled in a way that is mathematically similar to the TM description of the dynamics
of synaptic neurotransmitter resources, although it should be kept in mind that the biological
interpretation of the two mechanisms is different [62]. Accordingly, we assumed that a
fraction x,(t) of the intracellular astrocytic glutamate is available for release at any time t. Any
increase of intracellular Ca** concentration beyond a threshold value Cy, [59, 63] results in the
release of a constant fraction U, of x, to the extrasynaptic space, and this released
gliotransmitter is later reintegrated into the pool of available glutamate resources of the
astrocyte at rate Q, (Supplementary Text, Section 1.3).

The effect of the astrocyte-released glutamate (G,) on the release probability of synaptic
neurotransmitter is mediated by the activation of presynaptic glutamate receptors [30, 31, 33].
Several experiments showed that activation of these receptors could modulate the magnitude
of Ca* influx into the presynaptic terminal, thus defining the levels of residual Ca®* therein
(reviewed in [26]). Furthermore, activation of presynaptic glutamate receptors can modulate
the synaptic response to an action potential via changes in residual synaptic Ca** [64]. It is
important to note that this kind of modulation does not require synaptic activation by action
potentials and is observed even in basal conditions [3, 8, 13], likely reflecting changes of the

2+ . . .
occupancy of Ca”" sensors of exocytosis of synaptic vesicles.
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We modeled the effect of astrocytic glutamate on synaptic neurotransmitter release assuming
the modulation of synaptic basal release probability Uy by astrocytic glutamate. In particular, we
assumed that U, is not a constant (as it is in the original TM model), but rather is a
function Uy(I") of the fraction I of presynaptic glutamate receptors that are activated by
astrocyte-derived glutamate. In the absence of quantitative physiological data, we assumed that

the function Uy(I") is analytic around zero and we considered its first-order expansion,
i.e.: Uy(T)=U,(0)+U,(0)C. The 0-th order term U,(0)=const = U, corresponds to the
value of U, in absence of the astrocyte; hence, in the 0-th order approximation, the model of
short-term presynaptic plasticity is just the classical TM model. To express U(')(O), we note that

both Uy(I') and I represent fractions and as such are constrained to the interval [0, 1] so that it
must be 0 < U,(I")<1. Hence, we define U,(0)=-U, +a (with 0 <a <1), and accordingly
(Supplementary Text; Section 1.5):

U,(0)=(1-T)U; +aT (5)

In the above equation, the parameter a lumps in a phenomenological way, all the information
related to the activation properties of presynaptic glutamate receptors that mediate the effect
of astrocyte on synaptic release (Section I.1). Finally, the fraction I of presynaptic glutamate
receptors that are occupied by astrocyte-released glutamate G, is modeled as (Supplementary
Text; Sections 1.5):

'=0,G(1-T)-Q, (6)

The above parameters Og and () are rate constants that biophysically correlate to the rise and
decay of the effect of astrocyte glutamate on synaptic neurotransmitter release.

Figure 3 illustrates how in our model, astrocytic Ca®* oscillations (top) modulate synaptic basal
release probability (bottom) via presynaptic receptors activation (I') by astrocyte-released
glutamate (G,) (middle panels). The observed saw-shaped increase of I' is due to the large
difference between the rise and decay rates of the astrocyte effect on synaptic release,
being O:Ga << Q¢ (Supplementary Text, Appendix C). Since in our approximation, U, is a linear
function of I, the time evolution of I" also determines U, according to equation (5). Depending

on the value of the effect parametera, Uy(I')can either decrease as low as

UO(F,a = 0): U,-U," (bottompanel, greenline) or increase as high as

U,(T,a=1)=U, + (1 - U;‘)r (bottom panel, magenta line).

12



13



lIl. Results

1. Astrocyte can either depress or facilitate synaptic neurotransmitter release

We first studied the effect of astrocytic glutamate release on the transfer properties of our
model synaptic terminal. Because the response of a synapse to action potential critically
depends onthe value of U, (equation 3), which in turn could be modulated by astrocytic
glutamate binding to presynaptic glutamate receptors (equation5), we expected thatthe
steady-state frequency response of a synapse ( RR, ) could also be modulated by the astrocyte-
synapse signaling. Since both geometry of synaptic bouton and diffusion of glutamate in the
extracellular space are beyond the scope of the present work, we implicitly assumed, based on
experimental evidence [31], that the release site of astrocytic glutamate apposes targeted
presynaptic glutamate receptors. When the intracellular Ca®* in the astrocyte crossed over the
threshold of glutamate exocytosis (Figure 4A; top, dashed red line), the extracellular
concentration of glutamate in proximity of presynaptic receptors first increased rapidly and then
decayed exponentially at rate QO,, as a result of the concomitant uptake by astrocytic glutamate
transporters and diffusion away from the site of exocytosis (Figure 4A, middle) (see also
Supplementary Text, Section |.4; Figure S5).

For a = 0, equations (5-6) predict that this glutamate peak should lead to a sharp decay of Uj,
followed by a slower recovery phase (Figure 4.C, left). Using equation (5), we can also predict
the resulting dependence of the steady-state synaptic response RR, on the input frequency
(Figure 4C, middle). In the absence of astrocytic glutamate release (thick dashed black line),

RR_ monotonously decreases for increasing input frequency f;, for the merely depressing

synapse considered in this figure. At the release of astrocytic glutamate (Figure 4A, middle), the
peak of bound presynaptic receptors (Figure 4A, bottom) and the resulting sharp drop of Uy
(Figure 4C, left, black mark) induce a strong decrease of the steady-state amount of released
resources at low to intermediate input frequencies(0.1—10Hz) (Figure 4C, middle,
thick red line). In addition, the steady-state response looses its monotonicity and displays a peak

frequency characteristic of facilitating synapses (Section 11.2b). The RR, curve then slowly

transforms back to its baseline form (thin colored lines) and the peak synaptic input frequency

appears to progressively shift toward smaller input frequencies (thick dashed arrow). Hence,
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for a = 0, the limiting frequency (equation 4) is predicted to sharply increase following astrocytic
glutamate release and then to slowly relax back to smaller values (Figure 4C, right).

The exact opposite picture instead describes the scenario of oo = 1 (Figure 4B). In this case, the
parameter U, increases upon astrocytic glutamate release (Figure 4B, left) causing a dramatic
increase of the steady-state response AR, for a range of frequencies within 0.1 - 10 Hz

(Figure 4B, middle). Accordingly, the limiting frequency of the synapse dramatically reduces
following astrocytic glutamate release, and slowly recovers back to its baseline value
(Figure 4B, right). Taken together, the above results of the mean-field analysis predict that,
depending on the parametric scenario, astrocyte can either transiently decrease, when a =0, or
increase, if o = 1, the release of a model synapse.

To assess the validity of these predictions, we show in Figure 5 the responses of two different
model synapses (A: depressing; B: facilitating) to Poisson spike trains delivered at frequency fi,
(Figure 5, top panels for specific realizations of such spike trains). To simplify the presentation,
we considered the case in which a single Ca®* peak (Figure 5, middle) is sufficient to trigger the
release of glutamate from the astrocyte. The synaptic response under different scenarios of
astrocytic glutamate modulation (A: oo = 0; B: . = 1) is then compared to the “Control” scenario
obtained for the model synapses without astrocyte. In the case of o = 0 (Figure 5A, bottom) the
amount of resources released by the model synapse steeply decreased at the onset of
glutamate release from the astrocyte (green area) and slowly, i.e. tens of seconds, recovered to
the levels comparable to those of the control scenario (blue area). The opposite effect was
observed instead foroa =1 (Figure 5B). The synaptic response in this case was strongly
augmented by astrocytic glutamate (magenta area) and then slowly decayed back to the levels
obtained in control conditions (Figure 5B, bottom).

Collectively our mean field analysis (Figure 4) and simulations (Figure 5) suggest that glutamate
release by the astrocyte can induce STD or STP of synaptic response to action potentials
(Figure S6). Which one between these scenarios occurs depends on the value of the “effect”
parameter o that lumps together both the density and the biophysical properties of presynaptic
receptors targeted by astrocytic glutamate. These results are consistent with a large body of
experimental observations in the hippocampus, where astrocyte-released glutamate could

transiently decrease [33] or increase the synaptic response to stimulation [30-32, 34, 49].
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2. Astrocyte-synapse signaling mediates transitions between paired-pulse

depression and facilitation at the same synapse

a) Modulation of paired-pulse plasticity by astrocytic glutamate

The analysis presented above disclosed two independent routes to affect synaptic efficacy.
(1) On one hand astrocyte-to-synapse signaling could either decrease (o = 0) or increase (o = 1)
synaptic release. (2) On the other hand, the synapse itself, in the absence of the astrocyte, could
exhibit STP if Uy < Uy and fin < fiim, Or STD otherwise. In principle, these two independent routes
give rise to four possible scenarios to modulate the strength of synaptic response. For the sake
of clarity, we restrict our attention in the rest of the paper to the intuitively simpler cases of
“release-decreasing” astrocytes on otherwise depressing synapses, and of “release-increasing”
astrocytes on otherwise facilitating synapses. The complementary cases — i.e. release-decreasing
astrocytes on facilitating synapses and release-increasing astrocytes on depressing synapses —
are addressed in the Supplementary Online Material (Figures S10 and S11 respectively).

Earlier studies suggested that variations of basal probability of synaptic release due to the
activation of presynaptic glutamate receptors, are also expected to change synaptic plasticity as
assessed by paired-pulse ratio (PPR) tests [5, 31]. Thus, we set to investigate how astrocytic
glutamate modulated synaptic release in pairs of consecutive spikes for the realistic scenario of
stochastic input trains such as those in Figure 5 (top) [65]. To this aim, we considered the
synaptic response to Poisson-distributed spikes, computing the PPR value for each pair of
consecutive spikes in the train (Supplementary Text, Section I1.2). The results are summarized in
the histograms in Figures 5C,D in terms of ratio PPF/PPD of facilitated pulse pairs (i.e. PPF,
when PPR > 1) over depressed ones (i.e. PPD, when PPR < 1), averaged over n =100 Poisson
spike trains with the same average frequency.

In the “Control” simulation (i.e. without astrocyte modulation), the depressing synapse of
Figure 5A was expectedly characterized by PPF/PPD < 1 (Figure 5C, blue bar). By contrast, when
a release-decreasing astrocyte was incorporated in this synapse, paired-pulse facilitation
dominated, with PPF/PPD > 1 (green bar). The opposite picture was observed instead in the
alternative scenario of release-increasing astrocyte modulating the facilitating synapse in

Figure 5B. In this latter in fact, while in control simulations the synaptic response was
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consistently characterized by a ratio PPF/PPD > 1 (Figure 5D, blue bar), the release-increasing
astrocyte shifted instead the balance between facilitated and depressed pairs in favor of these
latter thus resulting in PPF/PPD < 1 (magenta bar).

To rule out the possibility that such increase of PPF (PPD) could have resulted out of the slow
increase (decrease) of synaptic release during the recovery (decay) of the effect of release-
decreasing (increasing) astrocytic glutamate, model synapses were also stimulated by pairs of

spikes (Figure 6). For each spike pair we compared the amount of resources released after the

first spike in the pair ( RR) to those released after the second spike in the pair ( RR,). The
averaged paired-pulse ratio, defined as PPR = <H% / H-_]’> , was expected to be larger than 1

for a potentiating synapse, but less than 1 in the case of a depressing synapse (Supplementary
Text, Section 11.2; Figure S2).

In absence of glutamate release from the astrocyte a depressing synapse responded to a spike
pair releasing an amount of resources at the second spike that was less than the one at the first
spike (Figure 6A, middle). Accordingly, the average paired-pulse ratio in this case was PPR< 1
(Figure 6C, blue bar). In presence of release-decreasing astrocyte however (equation 5-6, o = 0),
the response of that same synapse to paired-pulse stimulation changed from depressing to
facilitating — that is the amount of resources released upon the second spike in a pair was larger
than that at the first spike (Figure 6A, bottom) —, and the average PPR became larger than 1
(Figure 6C, green bar). For the scenario of a release-increasing astrocyte on otherwise
facilitating synapse, the exact opposite was observed (Figures 6B,D). Namely, glutamate release
from the astrocyte transformed the model synapse from facilitating, i.e. PPR > 1 (Figure 6D,
blue bar) to depressing, i.e. PPR < 1 (Figure 6D, magenta bar).

Taken together, the above results obtained both from Poisson input spike trains and paired-
pulse stimulation hint that astrocytes could modulate short-term paired-pulse synaptic plasticity

in a nontrivial way, triggering transitions from PPD to PPF or vice-versa.

b) Theoretical explanation of astrocyte-mediated transitions between PPD

and PPF

Although the exact order of PPF and PPD for generic input spike trains, such as those in Figure 5,

depends on the detail of spike timings of the stimulus, in light of the above observations, the
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effect of astrocytic glutamate on paired-pulse plasticity is expected to be similar for individual
spike trains but all sharing the same statistics. We show this in the raster plots in
Figures 7A,B (left) for the released resources of a depressing synapse modulated by a release-
decreasing  astrocyte (i.e. a.=0). Facilitated (green dots)  vs. depressed spike
pairs (magenta dots) are displayed for 100 simulated Poisson spike trains sharing the same
average frequency. In absence of the astrocyte (“Control”), the majority of pulse pairs is
depressed given the depressing nature of the synapse, but as soon as the depressing astrocyte
releases a glutamate pulse (Figure 7B, black mark at time t=10s), the number of facilitated
pulse pairs becomes the majority, (green dots in the raster plot in Figure 7B, left). Notably, the
alternation of facilitated and depressed pairs is different for each trial, but on average, the
number of facilitated pairs increases for all trials right after astrocytic glutamate release.

The occurrence of this scenario can be explained by noting that the effect of the depressing
astrocyte complies the two conditions required for PPF (Section Il.2b) namely: (1) that the
baseline synaptic release probability Uy is less than the switching threshold Uy, and (2) that the
frequency of presynaptic spikes is less than the limiting frequency of the synapse. In
Figures 7A,B (middle) we show how U, (black line) changes during the stimulus with respect
to Uy, (blue line). In the absence of the astrocyte, Uy is constant and because the synapse is
depressing, it is larger than Uy, (Figure 7A, middle). In presence of the astrocyte instead,
U, changes, rapidly decreasing beyond Uy, at the onset of glutamate exocytosis from the
astrocyte (Figure 7B, middle), so that the first condition of facilitation is satisfied.

With regards to the second condition, in Figures 7A,B (right) we compare the instantaneous
input frequency fi, (black line), i.e. the inverse of the interspike interval averaged over trials, to
the limiting frequency fim, as given by our mean-field analysis (Figure 4C, right, reported as the
dark red line in Figure 7B, right). In control conditions, fi, is fixed (because U, is constant, see
equation 4), and intersections of f;,, with f;, do not change synaptic plasticity, because in these
conditions U, > Uy, anyway. On the other hand, in presence of the astrocyte, fi, intersects f, at
two points (Figure 7.B, right): first at the onset of glutamate release and then about 60 seconds
later. Hence, at the first intersection of the two curves, the input frequency becomes smaller
than the limiting frequency and the second condition for facilitation is also verified. In the raster
plot of Figure 7B (left), this is marked by a dramatic increase at t = 10 s, of the number of green
dots that mark facilitated pulse pairs. Conversely, after the second intersection, the input

frequency becomes again larger than the limiting frequency, and the return to an essentially

18



depressing regime can be noticed in the associated raster plot by an increasing occurrence
of PPD towards the end of the considered time window.

The mirror reasoning also explains why a release-increasing astrocyte increases the chances of
observing depressed paired-pulses in a facilitating synapse (Figures 7C,D). Here we start from a
control case where both conditions for PPF are satisfied, that is Uy < Uy, (Figure 7C, middle) and
fin < fiim (Figure 7C, right). Upon glutamate release by the astrocyte this scenario changes instead
becasue U, increases below Uy, thus bringing forth predominant PPD as can be seen in the
raster plot in Figure 7D, left). Depressed pulse pairs remain predominant also when U, recovers
back to values below Uy, towards the end of the considered time window, i.e. at t =100s. In
this case in fact, fi, drops to zero by definition (equation 4) (results not shown) becoming less
than f,,, which accounts for the predominance of PPD. Identical results can also be obtained by
analysis of the slope of the frequency response curve as a function of f;, (Figure S9).

In summary, our hitherto analysis shows that the effect of the astrocyte can be segregated into
two components. First, the astrocyte modulates the overall amount of synaptic resources
released after each input spike compared to the case without it. This imposes global decrease or
increase of synaptic efficacy in terms of amount of released neurotransmitter. Second, because
this effect shifts the location of the limiting frequency of the synapse, the astrocyte can also
simultaneously modulate paired-pulse plasticity. Notably, these modulations are in the opposite
direction with respect to the global depressing effect. That is, while a release-decreasing

astrocyte is predicted to enhance PPF, a release-increasing one could instead reinforce PPD.

3. Persistent Ca’* oscillations in astrocytes can regulate presynaptic short-term

plasticity

a) Different Ca®* dynamics correspond to different frequencies of glutamate

release from the astrocyte

In many cases, astrocytic processes are found to display oscillating Ca®* dynamics. Because
the Ca®* threshold for glutamate release is relatively low compared to the amplitude of Ca®*

signal [47, 59, 63], one would expect persistent exocytosis of glutamate into the extrasynaptic
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space [47]. Thus, we proceeded to study the implications of such persistent glutamate release
from the astrocyte on modulation of short-term presynaptic plasticity.

Generally speaking, the frequency of astrocytic Ca®* oscillations translates into the frequency at
which astrocytic glutamate is released, implying that high rates of Ca’* oscillations would likely
lead to stronger and faster depletion of releasable astrocytic glutamate [59]. Conversely, if the
frequency of Ca** oscillations is much smaller than the recovery rate Q, [44, 66], glutamate can
recover in between the oscillation peaks and roughly the same amount of glutamate be released
per oscillation. The rate at which the astrocytic glutamate pool is depleted is also likely to
depend on the amplitude of Ca®* oscillations, with smaller-amplitude oscillations corresponding
to lower probability of exocytosis [59].

The effects of amplitude and frequency of astrocytic Ca®* oscillations on the modulation of
synaptic response properties are summarized in Figure 8. We considered three different
stereotypical patterns of Ca** oscillations modulated with time of their amplitude (AM),
frequency (FM) or both (AFM) (Supplementary Text, Section|.2; Figure S4). The Ca**
threshold Cy,, for glutamate exocytosis (dashed red line) was such that FM oscillations
(Figure 8B) always crossed it, each triggering a single glutamate release event [67]. Conversely,
AM or AFM oscillations (Figures 8A and 8C) did not always lead to the release of glutamate, as
the Ca®* levels did not always reach Cy,. Thus, while the FM oscillations triggered glutamate
exocytosis at the same frequency as their own (Figure 8B, bottom), the amplitude of AM
and AFM oscillations selectively discriminated which oscillations triggered glutamate exocytosis,
eventually dictating the frequency of “measured” glutamate release events. Hence,
AM oscillations at constant frequency (Figure 8A, top) would generate sequences of glutamate
release events of identical magnitude yet at variable frequency (Figure 8A, bottom). An
implication of this mechanism is that different patterns of Ca** oscillations could be encoded

mainly by the frequency rather than the magnitude of astrocytic glutamate release.

b) Astrocyte regulates transitions between facilitation and depression

Results presented in the previous section lead to the model prediction that if astrocytic Ca®*
dynamics is encoded by the frequency f. of “measured” glutamate release events (GREs), then
this frequency should critically shape the astrocytic modulatory effect on synaptic plasticity. We
demonstrate this in Figure 9, where the effect of different GRE frequencies f. on facilitated (PPF)

vs. depressed (PPD) pulse pairs is shown for n = 100 Poisson spike trains with the same average
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input rate. For a “release-decreasing” astrocyte acting on a depressing synapse, higher rate
of GRE leads to stronger facilitation (Figure 9A). By constrast, increasing GRE frequency results in
more synaptic depression when a “release-increasing” astrocyte modulates a facilitating
synapse (Figure 9B).

We set to determine the effect that the rate f. of GREs might have on the basal synaptic release

probability Uy,. We employed mean-field analysis, assuming the existence of multiple GREs at

different frequencies. The steady-state synaptic basal release probability UOOO was computed as

an explicit function of the GRE frequency f, the four rates Q,, Q, Og and Q; (see Table S1 for an
explanation), the total amount of releasable astrocytic glutamate [3, and the effect parameter a

(the detailed derivation can be found in the Supplementary Text, Section II.5):

U 200U+ (Q.Q.U; +ap,0, U, . o)
o QAQCQG + (QCQG +mAOG )UA fC

Experimental data [30-34] suggests that the rate-limiting step in U, dynamics is due to the slow

astrocyte modulation of synaptic neurotransmitter release. Thus, we assumed
that Q; <<Q, <<Q_,G,O, (Table S1). This implies that U,, — a in the high GRE rate

regime (for fc >> Qg). In other words, in the presence of fast astrocytic Ca®* oscillations that
would cause persistent release of glutamate at a high rate, the synaptic basal release probability
would be stable and would be defined by the nature of presynaptic glutamate receptors.

This concept is further elucidated in Figures 10. At f. = 0.001 Hz, when glutamate release from
astrocyte is sporadic, a facilitating synapse without astrocyte expectedly has basal release
probability U, lower than the threshold value Uy, at which the synapse switches from facilitating
to depressing (Figure 10A, left, blue line). When a release-increasing astrocyte is added, our
prediction suggests that U, should increase towards o for progressively higher GRE rates.
Indeed, above a critical rate f,, of GREs, U, crosses over from facilitating regime to depressing
one (magenta area in Figure 10A). For release-decreasing astrocytes acting on depressing
synapses, the opposite holds instead, as shown in Figure 10B (left). In this latter case however
the astrocyte effectively induces PPD-to-PPF transition only if the condition for facilitation on
the limiting frequency condition is also satisfied, that is if the input rate of incoming spikes is
such that f;, < f}, (Section I1.2b).

The synaptic limiting frequency fi, for the above-discussed cases as function of the GRE rate is

shown in Figures 10A,B (right). Taking as an example the case of the release-decreasing
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astrocyte that modulates the depressing synapse inFigure 10B, we note that for incoming spikes
at average frequency fi, = 1.5 Hz, PPF is effectively expected to prevail on PPD for GRE rates

close to f, ~ 0.0015Hz (dashed-dotted blue line). On the other hand, for higher input

frequencies, f, =0.0015 Hz is not the effective threshold for the switch between PPD and PPF

because for such input rates, the condition required for facilitation that f,, < fim is verified only
for f- > 0.0015 Hz. Opposite dependence can be found for the release-increasing astrocyte on

the facilitating synapse in Figure 10A.

IV. Discussion

The character of synaptic information transfer is shaped by several factors [2]. Synaptic strength
at any given moment is determined by an earlier “activation history” of that same synapse [3,
5]. Structural and functional organization of presynaptic bouton affects the release and
reintegration of neurotransmitter vesicles, ultimately defining the filtering feature (depressing
or facilitating) of a synapse in response to spike train stimulation [3, 68]. Existing models of
synaptic dynamics assume “fixed plasticity mode”, in which the depression/facilitation
properties of a synapse do not change with time. However, in biological synapses, plasticity
itself seems to be a dynamic feature; for example, the filtering characteristics of a given synapse
is not fixed, but rather can be adjusted by modulation of the initial release probability of docked
vesicles [13]. Using a computational modeling approach, we showed here that astrocytes have
the potential to modulate the flow of synaptic information via glutamate release pathway. In
particular, astrocyte-mediated regulation of synaptic release could greatly increase paired-pulse
facilitation (PPF) at otherwise depressing synapses (and thus switch the synapse from
depressing to facilitating); conversely, it could reinforce paired-pulse depression (PPD) at
otherwise facilitating synapses (therefore switching the synapse from facilitating to depressing).
These findings imply that astrocytes could dynamically control the transition between different
“plasticity modes”. The present model also lends an explanation to several pieces of

experimental data, as we detail below.

In agreement with experimental results [26, 27], our model suggests that the type of

presynaptic glutamate receptors targeted by astrocytic glutamate critically determines the type
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of modulation that takes place. The modulatory action of an astrocyte is lumped in our model
into the so-called “effect” parameter a: lower values of & make the action of an astrocyte
depressing with respect to the overall synaptic release but also increase paired-pulse
facilitation. On the contrary higher o values make the effect of an astrocyte facilitating but at
the same time paired-pulse depression is enhanced. Interestingly, some recent experiments on
perforant path-granule cell synapses in the hippocampal dentate gyrus, show that facilitation of
synaptic release mediated by astrocyte-derived glutamate correlates with a decrease of paired-

pulse ratio [31]. Our model provides a natural explanation of these experimental results.

Several lines of experimental evidence suggest that different types of glutamate receptors may
be found at the same synaptic bouton [26]. The different types of receptors have different
activation properties and hence could be recruited simultaneously or in a complex fashion [30,
41]. Thus it is likely that o could take intermediate values between 0 and 1. In one particular
scenario, concurrence of astrocyte-mediated depression and facilitation could also lead these
two effects to effectively cancel each other so that no apparent modulation of synaptic release
is observed. Interestingly, in some recent studies, the Ca**-dependent release of glutamate from
astrocytes was reported not to affect synaptic function [69, 70], thus questioning the vast body
of earlier experimental evidence pointing to the contrary. Our present model can provide a
resolution of this apparent discrepancy between the particular results of some recent studies
[69, 70] in comparison to quite general earlier observations. We posit that an apparent lack of
astrocytic effect on synaptic function could arise when the “effect” parameter o exactly
matches the basal release probability of that presynaptic terminal, that is when when o = Uy*
(in which case equation 5 becomes Uy(I') = o, meaning that U, does not depend on I" anymore).
This scenario would lead to concurrence of astrocyte-mediated depression and facilitation with

no net observable effect on synaptic transmission.

Whether de facto astrocytes decrease or increase synaptic release likely depends on the specific
synapse under consideration and the functional implications that such different modulations
could lead to [15, 21, 30]. In the former case for example, enhanced PPF could be not
functionally relevant if release of neurotransmitter is strongly reduced by astrocyte glutamate
signaling. In such situation the astrocyte would essentially shut down synaptic transmission,

hindering the flow of information carried by presynaptic spikes [71]. On the other hand, for
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astrocyte-induced facilitation, an increase of released neurotransmitter could correspond to a
similar increase of transmission probability [72]. However, the associated modulations of paired-
pulse plasticity could also account for complex processing of specific — i.e. temporal vs. rate —
features of input spike trains [2, 51, 57] that could not otherwise be transmitted by the single

synapse, that is without the astrocyte.

In a recent line of experiments on frog neuromuscular junction, it was observed that glial cells
could govern the outcome of synaptic plasticity based on their ability to bring forth
variegated Ca®* dynamics [40, 41]. In other words, different patterns of Ca®* oscillations in
perisynaptic glia were shown to activate different presynaptic receptors and thus to elicit
different modulatory effects on neurotransmitter release [41]. This scenario would call for a
future modification of our model to include a dependence on astrocytic Ca** dynamics of the
effect parameter a.. Nevertheless such observations are generally bolstered by our study. Our
model predicts the existence of a threshold frequency for Ca®* oscillations below
which PPD (PPF) is predominant with respect to PPF (PPD) and above which the opposite occurs.
This supports the idea that different spatiotemporal Ca®* dynamics in astrocytes, possibly due to
different cellular properties [73-76], could provide specialized feedback to the synapse [40].
Moreover, our model suggests that different types of presynaptic glutamate receptors might not
be necessary to trigger different modulations of synaptic transfer properties. The fact that the
frequency of Ca®* oscillations could bias synaptic paired-pulse plasticity, subtends the notion
that not only the nature of receptors, but also the dynamics of their recruitment by
gliotransmitter could be a further critical factor in the regulation of synaptic plasticity [27, 41].
This latter could eventually be dictated by the timing and the amount of released glutamate [27,
44] as well as by the ultrastructure of astrocytic process with respect to synaptic terminals
which defines the geometry of extracellular space [18, 77] thus controlling the time course of

glutamate therein [78].

Remarkably, the threshold frequency of Ca** oscillations that discriminates between PPD
and PPF falls, in our analysis, within the range <2.5 min™ of spontaneous Ca** oscillations
displayed by astrocytes in basal conditions independently of neuronal activity [32, 49, 50, 79,
80], hinting a possible role for these latter in the regulation of synaptic physiology.

Spontaneous Ca”* oscillations can indeed trigger astrocytic glutamate release [32, 79-82] which
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could modulate ambient glutamate leading to tonic activation of presynaptic receptors [26, 83].
In this fashion, spontaneous glutamate gliotransmission could constitute a mechanism of
regulation of basal synaptic release. Notably, in a line of recent experiments, selective metabolic
arrest of astrocytes was observed to depress Schaffer collateral synaptic transmission towards
increasing PPF, consistently with a reduction of the basal synaptic release probability as
predicted by our analysis [49]. The latter could be also relevant in the homosynaptic case of
astrocytic glutamate exocytosis evoked by basal activity of the same presynaptic terminal that it
feeds back to [21, 27, 84]. In such conditions, the ensuing influence of astrocytic glutamate on
synaptic release correlates with the incoming synaptic stimulus also through Ca** dynamics in
the astrocyte [85], unraveling potentially new mechanisms of modulation of synaptic

transmission and plasticity.

Although we focused on regulation of astrocyte at single synapses, our analysis could also apply
to synaptic ensembles [51, 54] that could be “contacted” either by the same astrocytic process
[30, 32, 80] or by different ones with locally synchronized Ca®* dynamics [81]. In this case,
modulation of the release probability by the astrocyte would support the existence of
“functional synaptic islands” [86], namely groups of synapses, intermittently established by
different spatiotemporal Ca®* dynamics, whose transmission mode and plasticity share common
features. The implications that such dynamic astrocyte-synapse interaction might have with

regard to information flow in neural circuitry remain to be investigated.

Due to their capacity to modulate the characteristics of synaptic transmission, astrocytes could
also alter the temporal order of correlated pre- and postsynaptic spiking that critically dictates
spike-timing dependent plasticity (STDP) at the synapse [87]. Thus, astrocyte modulation of
short-term plasticity could potentially contribute to ultimately shape persistent modifications of
synaptic strength [49, 88, 89] underlying processing, memory formation and storage that
provides the exquisite balance, subtlety and smoothness of operation for which nervous
systems are held in awe [90]. Future combined physiological and computational studies will

determine whether or not this is the case.
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Figure Captions

Figure 1. Glutamate-mediated astrocyte regulation of synaptic glutamate release in the
hippocampus. (A) Glutamate exocytosis from synapses is modulated by the amount of available
glutamate (x) and the fraction (u) of resources used by each presynaptic spike, which reflects
presynaptic residual Ca®* concentration. Upon an action potential, an amount RR = ux of
available glutamate is released to produce a postsynaptic response, and it is later reintegrated
into the synapse at rate Q4. In the synaptic cleft, released glutamate is cleared by diffusion and
uptake by astrocytic glutamate transporters (GLASTs). Part of such glutamate though could also
spill out of the cleft and bind to metabotropic glutamate receptors (mGluRs) of neighboring
astrocytic processes. The bound receptors then trigger Ca** release from astrocytic endoplasmic
reticulum (ER) stores that is mediated by inositol 1,4,5-trisphospate (IP3). Increasing
cytosolic Ca®* levels then triggers glutamate release from the astrocyte by a process similar to
synaptic glutamate exocytosis. In turn, released astrocytic glutamate diffuses extrasynaptically
and binds to pre-terminal receptors (mGluRs or NMDARs) which can modulate further
glutamate release from the synapse by different mechanisms, some of which remain to be
elucidated. Calcium dynamics by the astrocyte can also be controlled by other mechanisms,
including gap junction-mediated intercellular IP; diffusion from neighboring astrocytes or
external artificial stimulation. The present study takes into account only this scenario. (B-
D) Building blocks of our model of astrocyte-synapse glutamatergic interactions: (B) presynaptic

terminal; (C) astrocyte; (D) glutamate signaling between astrocyte and presynaptic terminal.

Figure 2. Mechanisms of short-term synaptic plasticity in the TM model. (A) A train of
presynaptic spikes (top) can trigger release of synaptic glutamate resources (RRs, bottom) in a
variegated fashion by different mechanisms of short-term synaptic plasticity. The interplay
between dynamics of synaptic variables u and x (middle) can bring forth (1) facilitation (STP),
(2) short-term depression (STD) or (3) recovery from depression. (B-C) Mean-field analysis can
be deployed to obtain the (normalized) steady-state frequency response of a synapse
(solid line). (B) The latter monotonically decreases for input frequencies larger than the limiting
frequency (fin, dashed line) for a depressing synapse (red shaded area). (C)In the case of
facilitating synapses instead, the frequency response is bimodal hinting occurrence of

facilitation for input frequencies below fi. (green shaded area). Parameters: (A) Qq=1.67 s,
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O;=1.0s" Up=0.5 (B)Qy=2s", Or=3.35", Uy=0.5, RRma0.5; (C)Qy=25", Q=257
Uy = 0.15, RR,, = 0.21.

Figure 3. A model of astrocyte modulation of synaptic basal release probability. Astrocyte Ca**

oscillations beyond a threshold value (Cy.,, dashed red line, top panel), trigger transient increases
of glutamate (G,) in the extrasynaptic space surrounding presynaptic receptors. The fraction (I')
of this latter that bind with astrocytic glutamate modulate synaptic basal release
probability (Uy(I'), bottom panel). Depending on the nature of presynaptic receptors, lumped in
the “effect” parameter o, astrocytic glutamate can either decrease (for 0 < a < Uy*) or increase
for Uy* < o < 1) synaptic release, decreasing or increasing U, respectively. Here we show the two
border cases of o= 0 (green line) and a.= 1 (magenta line). Parameters: U, = 0.3, Qg =1 min™.

Other parameters as in Table S1.

Figure 4. Mechanism of astrocyte regulation of synaptic release. (A, top) When intracellular Ca**

increases beyond the threshold value for exocytosis (dashed red line), the astrocyte releases an
amount of glutamate into the extrasynaptic space (black mark, middle). The resulting fast
transient increase of extracellular glutamate activates presynaptic receptors which, depending
on the “effect” parameter oo in our model, can decrease (C, a =0) or increase (B, o =1) the
synaptic basal release probability U,. Mean-field analysis predicts that steady-state evoked
synaptic glutamate release ( RR,) is respectively diminished (C, middle) or increased (B, middle)
(colored lines, snapshot color codes for the time after release of astrocytic glutamate) with
respect to the case without astrocytic glutamate (dashed black line). (B,C, right) Equation (4)
allows to elucidate how the limiting frequency (fin) of the synapse changes under astrocyte

signaling. Parameters as in Table S1.

Figure 5. Release-decreasing vs. release-increasing astrocytes. The glutamate resources released
by two different model synapses (A: depressing; B: facilitating) in response to a generic Poisson
spike train (SYN, top), and without astrocytic signaling, are shown in blue (bottom). When the
astrocyte is included, even a single event of glutamate exocytosis from this latter (onset
att=10s, black mark) triggered by a Ca*" increase therein (AST, top), can deeply affect the

amount of synaptic resources released by the same input. The nature of the change depends on
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the nature of presynaptic receptors. (A) For a. =0, the effect of the astrocytic glutamate is a
global decrease of synaptic release, which fades away slowly from its onset at rate Qg
(green area). (B) On the other hand, for a = 1 the effect of astrocytic glutamate is to increase
synaptic release (magenta area). The global change of the amount of released resources is
accompanied also by local changes in terms of paired-pulse plasticity. (C) For the depressing
synapse with release-decreasing astrocyte in (A), the ratio between facilitated (PPF) and
depressed (PPD) spike pairs, increases in favor of the former. (D) The opposite instead occurs for
the case of release-increasing astrocyte with the facilitating synapse in (B). Bar + Errorbar:
Mean + Standard Deviation for n =100 Poisson spike trains with the same average rate.

Parameters as in Table S1.

Figure 6. Astrocytic glutamate modifies paired-pulse plasticity. (A) A depressing and (B)a
facilitating synapse are stimulated by a sequence of spike pairs (ISI = 100 ms) at 1 Hz (top) and
the released resources (RRs) in absence (“Control”, middle) vs. in presence of the
astrocyte (bottom) are monitored. The amount of resources released by spike pairs dramatically
changes in presence of glutamate exocytosis from the astrocyte (black mark at t = 1 s, bottom).
This behavior evidences a change of paired-pulse plasticity at these synapses which is
summarized by the histograms in (C,D). The release-decreasing astrocyte (i.e. o =0) on the
depressing synapse in (A) remarkably increases the average synaptic paired-pulse ratio (PPR) (C),
while the release-increasing astrocyte (i.e. a=1) on the facilitating synapse in (B) decreases
the PPR (D), which marks the onset of stronger paired-pulse depression. Parameters as in

Table S1.

Figure 7. Astrocytic glutamate regulates transitions between facilitation and depression at the
same synapse. (A,B, left) Raster plots of a depressing synapse, without (A) and in presence of (B)
a single event of glutamate exocytosis from the astrocyte (onset at the black mark att=1s,
a=0) for n=100 Poisson spike trains with the same average frequencyf;, (black line
in A,B, right). A green dot marks an input spike that released more resources than its preceding
one, while a magenta dot represents an input spike that released less resources than its
previous one. (A,B, middle) The increase of facilitated spike pairs by release-decreasing
astrocytic glutamate on the depressing synapse is due to the decrease of synaptic basal release
probability U, (black line) beyond the switching threshold Uy, (blue line) while the limiting

frequency (fim, dark red line) increase above the average input frequency (fi., black line). In such
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situation in fact, both conditions needed for short-term facilitation are fulfilled (Section I1.2b).
(C, D) The opposite occurs for a facilitating synapse under the effect of a release-increasing
astrocyte (=1). In this case in fact, astrocytic glutamate makes U, increase
beyond Uy, (D, middle) while f;,, switches from above to below f,, thus marking onset of
depression (D, right). The same results can alternatively be obtained analyzing the slope of

the RA_ curve (equation 3) for f,,(t) (Figure S9). Parameters as in Table S1.

Figure 8. Different Ca®* patterns trigger glutamate release from the astrocyte at different
frequencies. Fast reintegration of released glutamate and low-frequency Ca®* oscillations
translate (A) AM, (B) FM and (C) AFM Ca** dynamics (top) into different frequency-modulated
sequences of glutamate release events (GREs) from the astrocyte (middle), all of equal

magnitude (bottom). Parameters as in Table S1.

Figure 9. The frequency of astrocytic glutamate release controls the transition between
depression and facilitation. Paired-pulse plasticity is considered here forn=100 different
Poisson spike trains with the same statistics (as in Figure 7) in presence of persistent glutamate
release from the astrocyte. A synapse that in the absence of astrocytic glutamate (“Control”) is
otherwise depressing (A), can display increasingly more PPF for increasing GRE frequencies (fc)
in presence of release-decreasing astrocyte (o = 0). Conversely, a facilitating synapse (B) shows
increasing PPD for increasing f;, under the influence of release-increasing astrocyte (o =1).

Parameters as in Table S1.

Figure 10. Mean-field analysis of astrocyte regulation of presynaptic short-term plasticity.
(A,B, left) With increasing GRE frequencies f;, U, (solid black line) crosses the switching
threshold Uy, (solid blue line), setting the conditions for a transition either towards predominant
depression, for a facilitating synapse with release-increasing astrocyte (A, magenta-
shaded area) or towards predominant facilitation, for a depressing synapse with release-
decreasing astrocyte (B,green-shaded area). (A,B, right) We can also map fi., as a function of f;
(dark red line). The crossing of U, with Uy, coincides with a discontinuity of f;, (equation 4) and
sets a threshold frequency (fi,) (dashed blue line) which marks, for proper input stimuli, the
frequency of astrocyte glutamate release that allows switching from facilitation to depression or

vice versa. Parameters: (A) o = 0; (B) o = 1. Other parameters as in Table S1.
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