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I.



Model description



1.



The Tsodyks-Markram model of synaptic release



Mechanisms of short-term synaptic depression and facilitation at excitatory hippocampal synapses can be realistically mimicked by the Tsodyks-Markram (TM) model of activity-dependent synapse [1, 2]. The model considers two variables u and x, which respectively correlate with the state of occupancy of the calcium (Ca2+) sensor of synaptic glutamate exocytosis and the fraction of glutamate available for release at any time [3]. At resting (basal) conditions, the occupancy of the sensor is minimal so that u = 0. Each presynaptic spike occurring at time ti (and modeled by a Dirac delta) triggers Ca2+ influx into the presynaptic terminal thus increasing u. In particular, the model assumes that a fraction U0 of 1-u vacant states of the sensor is first occupied by incoming Ca2+ ions [4, 5], and is following recovered at rate Ωf. Hence, u(t) evolves according to the equation



u   f u  U 0  1  u δt  t i 



(1)



i



Following the increase of u upon action potential arrival, an amount ux of presynaptic glutamate is released into the cleft while the pool of synaptic glutamate (assumed to be constant in size) is replenished at rate Ωd. The equation for x(t) then reads



x   d 1  x    ux t  t i 



(2)



i



The fraction of released glutamate resources RR, upon arrival of a presynaptic spike at t = ti is given by



    (3) where u t  and xt  denote the values of u and x immediately respectively after and before the spike RRt i   u t i  x t i  i



 i



at t = ti. On a par with the classical quantal model of synaptic transmission [6], x(t) is analogous to the probability of a glutamate-containing vesicle to be available for release at any time t; u(t) corresponds instead to the probability of release of a docked vesicle; and finally RR(ti) represents the probability of release (for every release site) at the time ti of the spike [7]. Then the parameter U0 in the above equation (1), coincides with the value reached by u immediately after the first spike of a train, starting from resting conditions (i.e. u(0) = 0, x(0) = 1). Since this situation also corresponds to the case of basal stimulation, that is of a stimulus at very low frequency, U0 can be regarded as the basal value of synaptic release 2



probability too [8]. The TM formulation ignores the stochastic nature of synaptic release and reproduces the average synaptic release event generated by any presynaptic spike train [7].



2.



Astrocytic calcium dynamics



Intracellular Ca2+ concentration in astrocytes can be modulated by several mechanisms [9]. These include Ca2+ influx from the extracellular space or controlled release from intracellular Ca2+ stores such as the endoplasmic reticulum (ER) and mitochondria [10]. Inositol trisphosphate- (IP3-) dependent Ca2+induced Ca2+ release (CICR) from the ER is considered though the primary mechanism responsible of intracellular Ca2+ dynamics in astrocytes [11]. In this latter, IP3 second messenger binds to receptors localized on the cytoplasmic side of the ER which open releasing Ca2+ from the ER in an autocatalytic fashion [10]. Due to the nonlinear properties of such receptor/channels, CICR is essentially oscillatory [12]. The pattern of Ca2+ oscillations depends on the intracellular IP3 concentration, hence one can think of the Ca2+ signal as being an encoding of information on this latter [13]. Notably, this information encoding



could



use



amplitude



modulations (AM),



frequency



modulations (FM)



or



both



modulations (AFM) of Ca2+ oscillations [13-17]. Accordingly, we consider stereotypical functions that reproduce all these possible encoding modes (Figure S4). Let C(t) denote the Ca2+ signal and mi(t) (with i = AM, FM) the modulating signal related to the IP3 concentration. Then, AM-encoding Ca2+ dynamics can be modeled by:



C (t )  C0  mAM (t ) sin w 2f C t   C 



(4)



FM-encoding Ca2+ dynamics instead can be mimicked by the equation:



C (t )  C0  sin w 2 mFM (t )  f C t   C 



(5)



Eventually, AFM-encoding comprises both the above in the single generic equation:



C (t )  C0  mAM (t ) sin w 2 mFM (t )  f C t   C 



(6)



In the above equations, fC and φC denote the frequency and the phase of Ca2+ oscillations respectively. Moreover, the exponent w is taken as positive even integer to adjust the shape of Ca2+ oscillations, i.e. from sinusoidal to more pulse-like oscillations (namely pulses of width much smaller than their wavelength) [14, 18]. The exact functional form of mi(t) depends on inherent cellular properties of the astrocyte [13, 15, 19]. Notwithstanding, several theoretical studies showed that for increasing IP3 concentrations, Ca2+ oscillations are born via some characteristic bifurcation pathways [20]. In particular, 3



while AM Ca2+ dynamics could be explained by a supercritical Hopf bifurcation, FM features are born via saddle-node on homoclinic bifurcation [13-15]. Notably, both these bifurcations are characterized by similar functional dependence on the bifurcation parameter, i.e. the IP3 concentration in our case, respectively for amplitude and period of oscillations at their onset [21, 22]. This scenario thus allows considering analogous mi(t) in equations (4-6) of the form mi (t )  k i



IP3 (t )  I b  ,



where Ib is the



threshold IP3 concentration that triggers CICR and ki is a scaling factor [21]. We assume that IP3(t) is externally driven either by gap junction-mediated intercellular diffusion from neighboring astrocytes [23-25], or by external stimulation of the cell [18, 26-28]. In this fashion we can control the pattern of Ca2+ oscillations yet preserving the essence of the complex network of chemical reactions underlying IP3/Ca2+-coupled signals [14, 24].



3.



Glutamate exocytosis from the astrocyte



Calcium induced Ca2+ release triggered by IP3 is observed to induce glutamate exocytosis from astrocytes [29, 30]. Additional data also suggest an involvement of ryanodine/caffeine-sensitive internal Ca2+ stores [31], notwithstanding evidence for the existence of RyR-mediated Ca2+ signaling in astrocytes are contradictory [32] and this possibility is not considered in this study. A large amount of evidence suggests that glutamate exocytosis from astrocytes resembles its synaptic homologous [32, 33]. Astrocytes indeed possess a vesicular compartment that is competent for regulated exocytosis [34]. Glutamate-filled vesicles in astrocytic processes in rodents’ dentate gyrus closely resemble synaptic vesicles in excitatory nerve terminals [30, 35]. Similarly to synapses, astrocytes also express SNARE proteins necessary for exocytosis [36] as well as the proteins responsible for sequestering glutamate into vesicles [37]. Indeed synaptic-like plasma-membrane fusion, trafficking and recycling of astrocytic glutamate vesicles were observed [38-40] and quantal glutamate release hallmarking vesicle exocytosis [6] was measured accordingly [28, 40, 41], [42]]. Moreover, experiments suggest that release of glutamate is likely much faster than its reintegration [38, 40] in a fashion akin to that of synaptic exocytosis [43]. Based on these arguments, we model astrocytic glutamate exocytosis similarly to synaptic release. Thus, we postulate the existence of an astrocytic pool xA of releasable glutamate resources that is limited and constant in size. Then, upon any “proper” intracellular Ca2+ increase at time τi, an amount UAxA of such



4



resources is released into the extrasynaptic space and is later reintegrated into the pool at rate ΩA. Hence, the equation for xA reads



x A   A 1  xA   U A  xA δ(t   i )



(7)



i



where the parameter UA is the astrocytic analogous of synaptic basal release probability U0 (equation 1). The instants τi at which glutamate is released from the astrocyte are dictated by the Ca2+ dynamics therein. While Ca2+ oscillations trigger synchronous release, sustained nonoscillatory Ca2+ increases were observed to induce glutamate exocytosis only during their initial rising phase [28, 44]. Furthermore, glutamate release occurs only if intracellular Ca2+ concentration exceeds a threshold value [27, 28]. Therefore, in agreement with these experimental observations, we assume that astrocytic glutamate release occurs at any time t = τi such that C ( i )  Cthr and dC dt   0 , where C(t) is described by i



equations (4-6) and Cthr stands for the Ca2+ threshold of glutamate exocytosis. This description lumps into a single release event the overall amount of glutamate released by a Ca2+ increases beyond the threshold, independently of the underlying mechanism of exocytosis, which could involve either a single or multiple vesicles [30, 39, 45]. In this latter scenario, the error introduced by our description might be conspicuous if asynchronous release occurs in presence of fast clearance of glutamate in the extrasynaptic space. Nonetheless, further experiments are needed to support this possibility [29].



4.



Glutamate time course in the extrasynaptic space



A detailed modeling of glutamate time course in the extrasynaptic space (ESS) is beyond the scope of this study. Accordingly, we simply assume that the ESS concentration of glutamate GA is mainly dictated by: (1) the frequency and the amount of its release from the astrocyte; and (2) its clearance rate due to astrocytic glutamate transporters along with diffusion away from the release site [46-48]. In other words, GA evolves according to the generic equation



G A  vrelease  vdiffusion  vuptake



(8)



where vrelease, vdiffusion and vuptake respectively denote the rates of glutamate release, diffusion and uptake and are following detailed. Binding of astrocyte-released glutamate by astrocytic glutamate receptors [9, 30] is also not included in equation (8) for simplicity. Activation of such receptors by excess glutamate in the ESS is in fact strongly limited by fast glutamate buffering by astrocytic transporters [49] and is 5



further supported by the experimental evidence that autocrine receptor activation does not essentially affect intracellular Ca2+ dynamics in the astrocyte [50, 51]. Glutamate release in our description occurs instantaneously by exocytosis from the astrocyte. In particular, the fraction RRA of astrocytic glutamate resources released at t = τi by the i-th Ca2+ increase beyond the threshold Cthr (Section I.3), is given by (equation 7):



 



RRA  i   U A xA  i



(9)



If we suppose that the total number of releasable glutamate molecules in the astrocyte is M then, the maximal contribution to glutamate concentration in the ESS, that is for RRA  i   1 , equals to



Gmax  M N AVe



(10)



where NA is the Avogadro constant and Ve is the volume of the ESS “of interest”, namely the ESS comprised between the astrocytic process where release occurs, and the presynaptic receptors targeted by astrocytic glutamate. In general though, the contribution Grel to glutamate in the ESS is only a fraction RRA(τi) of the maximal contribution, that is



Grel  i   Gmax  RR A  i 



(11)



We can further express then the number M of glutamate molecules in the astrocyte in terms of parameters that can be experimentally estimated noting that, M equals the number of molecules per vesicle Mv, times the number of vesicles available for release nv. In turn, the number of molecules per synaptic vesicle can be estimated to be proportional to the product of the vesicular glutamate concentration Gv, times the vesicular volume Vv, being [52]



M v  N A GvVv



(12)



Under the hypothesis that all glutamate-containing vesicles in the astrocyte are identical both in size and content, the overall number of glutamate molecules in the astrocyte can be estimated as



M  nv M v  nv N A GvVv



(13)



Accordingly, replacing equations (10) and (13) in (11) provides the generic exocytosis contribution to glutamate concentration in the ESS, which can be written as



Grel  i    A nv Gv  RRA  i 



(14)



where  A  Vv Ve is the ratio between vesicular volume and the volume of the ESS of interest. The total contribution of astrocytic glutamate exocytosis to the time course of glutamate in the ESS, is



6



therefore the sum of all contributions by each single release event (given by equation 14). Hence, the rate of glutamate release in equation (8) can be written as



vrelease   Grel  i    A nv Gv  RRA  i  i



(15)



i



Let us consider now the glutamate degradation terms in equation (8). Glutamate clearance due to lateral diffusion out of the ESS volume of interest follows Fick’s first law of diffusion [53]. Then, assuming ESS isotropy, the rate of decrease of ESS glutamate concentration can be taken proportional to the concentration of astrocyte-released glutamate (GA) by a factor rd which stands for the total rate of glutamate diffusion, that is



vdiffusion  rdGA



(16)



Glutamate uptake by astrocytic transporters can instead be approximated by Michaelis-Menten kinetics [54]. Accordingly, the uptake rate reads



vuptake  vu



GA GA  K u



(17)



where vu is the maximal uptake rate and Ku is the transporters’ affinity for glutamate. Equations (15), (16) and (17) replaced in equation (8) provide a generic concise description of glutamate time course in the ESS. A further simplification though can be made based on the experimental evidence that astrocytic glutamate transporters are not saturated in physiological conditions [55]. This scenario in fact is consistent with an ESS glutamate concentration GA such that GA  K u . Accordingly, the uptake rate can be taken roughly linear in GA, that is vuptake  vu K u GA [46], and equation (8) reduces to



v G A   Grel  i   rd GA  u GA   Grel  i    c GA Ku i i



(18)



where  c  rd  vu K u denotes the overall rate of glutamate clearance (Figure S5). That is, under the hypothesis that astrocytic glutamate transporters are not saturated, the time course of ESS glutamate is monoexponentially decaying roughly in agreement with experimental observations [46, 56, 57].



Equations (7) and (18) provide a description of astrocyte glutamate exocytosis and control by the astrocyte of glutamate concentration in the ESS. A key assumption in their derivation is that despite part of the released glutamate re-enters the astrocyte by uptake, the contribution of this latter to the reintegration of releasable glutamate resources therein can be neglected at first instance [58]. In other 7



words transporters merely function as glutamate “sinks”, so that the supply of new glutamate needed to reintegrate releasable astrocytic resources must occur through a different route, independently of extracellular glutamate [29]. While this could constitute a drastic simplification, consistency of such assumption with experimental evidence can be based on the following arguments. Differently from nerve terminals where its reuse as transmitter is straight forward [59], uptaken glutamate in astrocytes seems to be mostly involved in the metabolic coupling with neurons [60, 61], so that glutamate supply for astrocytic exocytosis is mainly provided by other routes [58]. Glutamate sequestered by astrocytic transporters is in fact metabolized either into glutamine or α-ketoglutarate, and this latter further into lactate [58, 61]. Both glutamine and lactate are eventually exported from astrocytes to the ESS from which they may enter neurons and be reused therein as precursors for synaptic transmitter glutamate [62]. Vesicular glutamate required for astrocytic glutamate exocytosis, can be synthetized ex novo instead mainly from glucose imported either from intracellular glycogen, circulation [63] or from neighboring astrocytes [64] by tricarboxylic acid cycle [29]. Alternatively it can also be obtained by transamination of amino acids such as alanine, leucine or isoleucine that could be made available intracellularly [58, 65]. Although α-ketoglutarate originated from glutamate uptake could also enter the tricarboxylic acid cycle, its role in astrocyte glutamate exocytosis however remains to be elucidated [29, 66, 67].



5.



Astrocyte modulation of synaptic release



Glutamate released from astrocytes can modulate synaptic transmission at nearby synapses. In the hippocampus in particular, several studies have shown that astrocyte-released glutamate modulates neurotransmitter release at excitatory synapses either towards a decrease [68-70] or an increase of it [26, 35, 71, 72]. This is likely achieved by specific activation of pre-terminal receptors, namely presynaptic glutamate receptors located far from the active zone [73]. Ultrastructural evidence indeed hints that glutamate-containing vesicles could colocalize with these receptors suggesting a focal action of astrocytic glutamate on pre-terminal receptors [35]. Such action likely occurs with a spatial precision similar to that observed at neuronal synapses [33] and is not affected by synaptic glutamate [26]. While astrocyte-induced presynaptic depression links to activation of metabotropic glutamate receptors (mGluRs) [69, 70, 74], in the case of astrocyte-induced presynaptic facilitation, ionotropic NR2B-containing NMDA receptors could also play a role [35, 72]. The precise mechanism of 8



action in each case remains yet unknown. The inhibitory action of presynaptic mGluRs (group II and group III) might involve a direct regulation of the synaptic release/exocytosis machinery reducing Ca2+ influx by inhibition of P/Q-type Ca2+ channels [73, 75]. Conversely, the high Ca2+ permeability of NR2Bcontaining NMDAR channels could be consistent with an increase of Ca2+ influx that in turn would justify facilitation of glutamate release [76, 77]. Facilitation by group I mGluRs instead [26, 71] could be triggered by ryanodine-sensitive Ca2+-induced Ca2+ release from intracellular stores which eventually modulates presynaptic residual Ca2+ levels [78]. Despite the large variety of possible cellular and molecular elements involved by different receptor types, all receptors ultimately modulate the likelihood of release of synaptic vesicles [73]. From a modeling perspective equations (1-2) can be modified to include such modulation in the fraction of released glutamate (equation 3). Accordingly, three scenarios can be drawn a priori. (1) Activation of presynaptic glutamate receptors could modulate one or both synaptic rates Ωd and Ωf. (2) Modulations of release probability could be consistent instead with modulation of synaptic basal release probability U0. (3) Alternatively release probability could be modulated making x and/or u in equations (1-2) – respectively the release probabilities of available-for-release and docked vesicles – explicitly depend on astrocyte-released glutamate (equation 18). This could be implemented for example including additional terms β(GA), γ(GA) in equations (1-2) respectively, that could mimic experimental observations. Synaptic recovery rates Ωd and Ωf could indeed be modulated by presynaptic Ca2+ [3] and thus by modulations of Ca2+ concentration at the release site mediated by presynaptic glutamate receptors. Incoming action potentials though transiently affect presynaptic Ca2+ levels, so that this process would depend on synaptic activity. On the contrary astrocyte modulation of synaptic release is activity independent [35, 66], and this first scenario does not seem to be realistic. Modulation of release probability of available-for-release vesicles in the third scenario would occur for example, if the pool size of readily releasable vesicles changes [79]. Although this possibility cannot be ruled out, there is no evidence that such mechanism could be mediated by presynaptic glutamate receptors [73]. Furthermore, recordings of stratum radiatum CA1 synaptic responses to Schaffer collaterals paired-pulse stimulation showed paired-pulse ratios highly stable in time during astrocyte modulation [69]. Accordingly, it could be speculated that if the interpulse interval of delivered pulse pairs in such experiments was long enough to allow replenishment of the readily-releasable pool at



9



those synapses, then the constancy of paired-pulse ratio would also require that the size of the readilyreleasable pool is preserved. Therefore direct modulation of x is unlikely. We thus assume that astrocytic regulation of synaptic release could be brought forth by modulations of u, the release probability of docked vesicles. In this case then, either the modulation of U0, i.e. the synaptic basal release probability, or the addition of a supplementary term to the right hand side of equation (1) could be implemented with likely similar effects. The former scenario though seems more plausible based on the following experimental facts. First, presynaptic receptors can modulate presynaptic residual Ca2+ concentration by modulations of Ca2+ influx thereinto [73]. Second, basal residual Ca2+ could sensibly affect evoked synaptic release of neurotransmitter [80, 81]. Finally, third, astrocyte-modulation of synaptic release is independent of synaptic activity [35, 66, 71, 74], and so is the modulation of U0 rather than the addition of a supplementary term γ(GA). Accordingly, we lump the effect of astrocytic glutamate GA into a functional dependence of U0 such that U0 = U0(GA). The time course of extracellular glutamate is estimated in the range of few seconds [56], notwithstanding the effect of astrocytic glutamate on synaptic release could last much longer, from tens of seconds [35, 71, 72] up to minutes [70]. This hints that the functional dependence of U0 on GA mediated by presynaptic receptors is nontrivial. However, rather than attempting a detailed biophysical description of the complex chain of events leading from astrocytic glutamate binding of presynaptic receptors to modulation of resting presynaptic Ca2+ levels, we proceed in a phenomenological fashion [82]. Accordingly, we define a dynamical variable Γ that phenomenologically captures this interaction so that U0(GA) = U0(Γ(GA)). The variable Γ exponentially decays at rate ΩG which must be small in order to mimic the long-lasting effect of astrocytic glutamate on synaptic release. On the other hand, in presence of extracellular glutamate following astrocyte exocytosis, Γ increases by OG G A 1    which includes the possible saturation of presynaptic receptors by astrocytic glutamate. Accordingly, the equation for Γ reads



  OG G A 1     G 



(19)



Under the hypothesis that presynaptic Ca2+ levels are proportional to presynaptic receptor occupancy [73], then Γ biophysically correlates with the fraction of receptor bound to astrocyte-released glutamate. The total amount of receptors that could be potentially targeted by astrocytic glutamate is assumed to be preserved in time and so are the two rate constants in equation (19). Experimental evidence however hints a more complex reality. The coverage of synapses by astrocytic processes in fact could be highly dynamic [83] and trigger repositioning of the astrocytic sites for gliotransmission release [84]. It has 10



been argued that this mechanism could further regulate the onset and duration of astrocyte modulation of synaptic release [33]. Nevertheless the lack of evidence in this direction allows the approximation of our description in equation (19). The exact functional form of U0(Γ) depends on the nature of presynaptic receptors targeted by astrocytic glutamate. In the absence of more detailed data, we just assume that the related function U0(Γ) is analytic around zero and consider its first-order Taylor expansion



U 0   U 0 0  U 0' 0



(20)



In this framework, the expansion of order zero coincides with the synaptic basal release probability in the genuine TM model (equation 1), that is U 0 0  const  U 0* . On the contrary, the first-order term must be such that: (1) U 0   U 0*  U 0' 0 is comprised between 0,1 (being U0 a probability); (2) for astrocyte-induced presynaptic depression, U0(Γ) must decrease with increasing Γ in agreement with the experimental observation that the more the bound receptors the stronger the inhibition of synaptic release [70]; (3) for receptor-mediated facilitation of synaptic release instead, U0(Γ) must increase



with



the



fraction



of



bound



receptors.



Accordingly,



we



consider



the



generic



expression U 0' 0  U 0*   with   0,1 being a parameter that lumps information on the nature of presynaptic receptors targeted by astrocytic glutamate. The resulting expression for U0(Γ) is then



U 0   1  U 0*   



(21)



It is easy to show that all the above constraints are satisfied. The fact that   0,1 and   0,1 also assures that 0  U 0    1 , in agreement with the first condition. For α = 0, it is U 0 ()  U 0*  U 0* , so that while in absence of the astrocyte (i.e. Γ = 0), U0(Γ) is maximal and equals U0*, in presence of astrocytic glutamate (i.e. Γ > 0), U0(Γ) decreases by a factor U 0* consistently with a release-decreasing action of the astrocyte on synaptic release (second condition) (Figure S6). Conversely, if α = 1, it











is U 0 ()  U 0*   1  U 0* , and in absence of the astrocyte U0(Γ = 0) coincides with U0* and is minimal











while in presence of the astrocyte, U0 increases by a factor  1  U 0* , as expected by a releaseincreasing action of astrocytic glutamate on synaptic release (third condition) (Figure S6). In general, for intermediate values of 0    1 astrocyte-induced decrease and increase of synaptic release coexist, mirroring the activation of different receptor types at the same synaptic terminal by astrocytic glutamate [73]. However the distinction between release-decreasing vs. release-increasing action of the astrocyte is still possible. For 0 < α < U0*, it is in fact U0(Γ) ≤ U0*, so that a decrease of 11



synaptic release prevails on an increase of this latter. On the contrary, when U0* < α < 1, it is U0(Γ) ≥ U0* and increase is predominant over decrease. Our description can be adopted in principle to study modulation of synaptic release by astrocytereleased glutamate, independently of the specific type of presynaptic receptor that is involved. This especially holds true for the case of NMDAR-mediated astrocyte-induced increase of synaptic release. While activation of such receptors at postsynaptic terminals depends on the membrane voltage for the existence of a voltage-dependent Mg2+ block [85, 86], this is apparently not the case for NR2Bcontaining presynaptic NMDA receptors targeted by the astrocyte [33]. Although the mechanism remains unknown [73], this scenario allows to use equations (19) and (21) for different receptor types which are then characterized on the mere basis of their different rates OG and ΩG [87].



II.



Model analysis



1.



Mechanisms of short-term depression and facilitation in the TM model of



synaptic release Depending on the frequency fin of presynaptic spikes and the choice of values of the three synaptic parameters Ωd, Ωf and U0, the TM model can mimic dynamics of both depressing and facilitating synapses [1, 8]. Presynaptic depression correlates with a decrease of probability of neurotransmitter release. Although this latter could be put forth by multiple mechanisms, the most widespread one appears to be a decrease in the release of neurotransmitter that likely reflects a depletion of the pool of readyreleasable vesicles [3]. In parallel, presynaptic depression could also be observed in concomitance of a reduction of Ca2+ influx into the presynaptic terminal. Such reduction is consistent with subnormal residual Ca2+ and thus with a reduced probability of release of docked vesicles [88]. On the contrary, synaptic facilitation is consistent with a short-term enhancement of release that correlates with increased residual Ca2+ concentration in the presynaptic terminal. Because, increases of residual Ca2+ correlate with increases of the released probability of docked vesicles [89], synaptic facilitation is therefore associated to higher release probability [3]. In the TM model, each presynaptic spike decreases the amount of glutamate available for release by RR (equation 3). The released glutamate by one spike is subsequently recovered at a rate Ωd. Yet, if the 12



spike rate fin is larger than the recovery rate, namely f in   d , progressive depletion of the pool of releasable glutamate occurs. Thus each spike will release less glutamate than the preceding one and synaptic release is progressively depressed (Figure S1A). Clearly the onset of depression is more pronounced the larger the basal release probability U0 since, in these conditions, depletion is deeper (Figure S1B). Immediately after each presynaptic spike, the release probability is augmented by a factor U0(1-u) and following recovers to its original baseline value U0 at rate Ωf. If the spike rate is larger than Ωf though, i.e. f in   f , the release probability progressively grows with incoming spikes, and facilitation occurs (Figure S1C). One though should keep in mind that facilitating and depressing mechanisms are intricately interconnected and stronger facilitation leads to higher u values which in turn leads to stronger depression. Accordingly, facilitating presynaptic spike trains, namely spike trains that are characterized by f in   f , eventually bring forth depression of synaptic release if they last sufficiently long (Figure S1D).



2.



Characterization of paired-pulse depression and facilitation



Short-term depression and facilitation can be characterized by paired-pulse stimulation [90]. Consider the pair of neurotransmitter release events, labeled by RR1 and RR2, triggered by a pair of presynaptic spikes. Then, the paired-pulse ratio (PPR) is defined as PPR  RR2 RR1 and can be used to discriminate between short-term paired-pulse depression (PPD) and/or facilitation (PPF) displayed by the synapse under consideration [3]. Indeed, if the paired-pulse stimulus is delivered to the synapse at rest, then PPR values larger than 1 imply that the amount of resources released by the second spike in the pair is larger than the one due to the first spike, i.e. RR2 > RR1, thus synaptic release is facilitated or equivalently, PPF occurs. Conversely, if PPR < 1 then RR2 < RR1 which marks the occurrence of PPD (Figure S2A). When trains of presynaptic spikes in any sequence are considered instead, the above scenario is complicated by the fact that for each i-th pair of consecutive spikes in the train, the value of PPR i  RRi RRi 1 depends on the past activity of the synapse. In this context in fact the released resources RRi-1 at the (i-1)-th spike are dictated by the state of the synapse upon arrival of the (i-1)-th spike which in turn depends on the previous spikes in the train. Accordingly, values of PPRi > 1 (PPRi < 1) 13



are not any longer a sufficient condition to discriminate between PPD and PPF. This concept can be elucidated considering the difference of released resources ΔRRi associated with PPRi, namely:



RRi  RRi  RRi 1  u i xi  u i 1 xi 1



(22)



 u i  u i 1 xi  u i 1  xi  xi 1   xi u i  u i 1 xi



  and x



where u i  u t i



i



 



 x t i (equation 3). According to definition of PPF, one would expect to



measure PPRi > 1 and thus ΔRRi > 0 merely when the probability of release of docked vesicles has increased from one spike to the following one, that is when Δui > 0 [3]. Nonetheless, equation (22) predicts that ΔRRi > 0 (thus PPRi > 1) can also be found when Δui < 0, if in between spikes, sufficient synaptic resources are recovered, that is if Δxi > 0. This situation occurs whenever ui ui 1  xi xi (equation 22) and corresponds to the mechanism of synaptic plasticity dubbed as “recovery from depletion”, a further mechanisms of short-term synaptic plasticity that is different from both PPF and PPD [91] (Figure S2B-C). For the purpose of our analysis nevertheless, distinction between facilitation (or PPF) and recovery was observed to be redundant in the characterization of astrocyte modulations of paired-pulse plasticity in most of the studied cases (results not shown). Accordingly, PPD and PPF were distinguished on the mere basis of their associated PPR value: PPD when PPR < 1 and PPF when PPR > 1 (Figures 5-7, 9, S10, S11). The only exception to this rationale was found when release-increasing astrocytes regulate neurotransmitter release from depressing synapses. Here, subtler changes of paired-pulse plasticity by astrocytic glutamate required the mechanism of recovery to be taken into account too (Figure S11).



3.



Mean-field description of synaptic release



An advantage of the TM model is that it can be used to derive a mean-field description of the average synaptic dynamics in responses to many different inputs sharing the same statistics without having to solve an equally large number of equations [8, 92]. The derivation of such description, originally developed for the mean-field dynamics of large neural populations [8], is following outlined. The first step in the derivation is to rewrite the equation for u (equation 1) in terms of u(ti+), since this latter value, namely the value of u immediately after the arrival of a spike at ti, is the one that appears in equation (2). With this regard, we note that [92]: 14



 



u t i  u  U 0 1  u 



 



u t i  U 0 u  1U0



(23)



 



Accordingly, substituting this latter into equation (1) and redefining u hereafter as u  u t i , we obtain:



u   f U 0  u   U 0  1  u δ(t  t i )



(24)



i



In this fashion, we can update x and u simultaneously at each spike, rather than first compute u and then update x as otherwise required by equations (1-2). Consider then N presynaptic spike trains of same duration delivered to the synapse at identical initial conditions. The trial-averaged synaptic dynamics is described by equations (1-2), in terms of the mean quantities u  1 N



u
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Focusing on a time interval Δt, the above equations can be rewritten by their equivalent difference form
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where Δk(Δt) is the number of spikes per time interval Δt for the k-th trial and is a strongly fluctuating (stochastic) quantity itself. Analysis of neurophysiological data revealed that individual neurons in vivo fire irregularly at all rates reminiscent of the so-called Poisson process [93]. Mathematically, the Poisson assumption means that at each moment, the probability that a neuron will fire is given by the value of the instantaneous firing rate and is independent of the timing of previous spikes. We thus take the N spike trains under consideration to be different realizations of the same Poisson process of average frequency fin(t) and we average in time over Δt equations (27-28) (denoted by “



”). Thanks to the Poisson hypothesis, the



variables u(t), u(t)x(t) and Δk(Δt) can be considered independent and thus averaged independently. 15



Therefore, taking Δt of the order of several interspike intervals and shorter than the longest time scale in the system between 1/Ωd and 1/Ωf [94], we note that the time average of Δk(Δt) can be estimated by  k t   f int . Accordingly,
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Finally, dividing by Δt the two equations above yields



x   d 1  x   u x f in
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where we made the approximation that 1 N







N



k



ux  u x . This would be possible only if u(t)



and x(t) were statistically independent while they are not, as both are functions of the same presynaptic spikes. The relative error of this approximation can be estimated using the Cauchy-Schwarz inequality of the probability theory [8]:
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where cu and cx stand for the coefficient of variation of the random variables u and x respectively and satisfy the following
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Accordingly, the self-consistency of the mean-field theory can be checked plotting the product cucx as a function of the frequency fin of the presynaptic spikes and the synaptic basal release probability U0 (Figure S7A). For the cases considered in our study, the error does not exceed 10%.
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4.



Frequency response and limiting frequency of a synapse



For the sake of clarity we will following denote by capital letters the mean quantities, hence U  u and X  x . One of the advantages of the mean-field description derived above is the possibility to obtain an analytical expression for the mean amount of released resources as a function of the average input frequency. At steady state in fact, that is for U  X  0 , equations (31-32) can be solved for the equivalent steady state values (denoted by the subscript ‘  ’):



U 



U 0  f  f in   f  U 0 f in 
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d  d  U  f in
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Accordingly, the mean steady-state released synaptic resources RR are given by (equation 3):



RR  U  X  



U 0  d  f  f in   d  f  U 0  d   f  f in  U 0 f in2



(38)



The above equation provides the frequency response of the synapse in steady-state conditions. The slope of the frequency response curve, that is RR'  lim RR f in , can be used to distinguish f in 0



between facilitating and depressing synapses. Indeed a negative slope implies that RR  0 for increasing frequencies, which marks the occurrence of depression. Conversely, a positive slope value is when RR  0 for f in  0 , which reflects ongoing facilitation (Section II.2). Notably, for vanishing input



frequencies,



that



is



for f in  0 ,



the



slope



of



the



frequency



response



is RR'  f in  0  1  U 0  d  U 0  f   d  f  , which can be either positive or negative 2



depending on the sign of the numerator. With this regard, a threshold value of U0, i.e. Uthr, can be defined as



U thr 



d d   f



(39)



so that if U0 < Uthr a synapse can be facilitating, if not, that is if U0 > Uthr, the synapse is depressing (Figure S3A). The frequency response of a depressing synapse is thus maximal for f in  0 , for which RR  U 0 , and then monotonously decreases towards zero for increasing frequency. In this case, a cut-off 17



frequency can be defined, beyond which the onset of depression is marked by a strong attenuation with respect to the maximal RR , that is an attenuation larger than 3 dB. For a facilitating synapse instead, the frequency response is nonmonotonic and bell-shaped and a peak frequency fpeak can be recognized, at which RR is maximal. This follows from the coexistence of facilitation and depression by means of which the stronger facilitation, the stronger depression. That is, for 0 < fin < fpeak, the slope of the frequency response is positive and thus facilitation occurs. For increasing frequencies on the other hand, the increase of facilitation is accompanied by growing depression, up to fin = fpeak when the two compensate, and afterwards depression takes over facilitation for fin > fpeak. Both the cut-off frequency and the peak frequency can be regarded as the limiting frequency flim of the synapse for the onset of depression. Accordingly, flim can be obtained from equation (38) and reads
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The corresponding value RRlim of steady-state average released synaptic resources is obtained replacing fin by flim in equation (38) (Figure S3B):



RRlim



 dU 0  U      2U 1  U   f 0 0 d f  0 d  U d 0  2 



i fU 0  U thr (41)
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From the above analysis therefore, it follows that two are the conditions needed for a synapse to exhibit facilitation. These are: (1) U0 < Uthr, and (2) fin < flim. Alternatively, if we are able to estimate the slope of the frequency response curve for a given input frequency, then it is necessary and sufficient for the occurrence of facilitation that lim RR f in  0 (Figure S9). f in 0



5.



Mean-field description of astrocyte-to-synapse interaction



We can extend the mean-field description of synaptic release to include modulation of this latter by astrocytic glutamate. The difference with respect to the mean-field description of synaptic release (equations 31-32) is that, when the astrocyte is taken into account, the synaptic basal release probability U0 changes in time according to equation (21). Notwithstanding, in the case that 18



astrocytic Ca2+ dynamics and synaptic glutamate release are statistically independent (see “The road map of astrocyte regulation of presynaptic short-term plasticity” in “Methods” in the main text), equation (32) can be rewritten as following:











u   f U 0  u  U 0 1  u  f in



(42)



The mean basal probability of synaptic release ultimately depends on the frequency of glutamate exocytosis from the astrocyte. In order to seek an average description of this latter though, we need that at each moment the probability of glutamate exocytosis is independent of the timing of the previous release event, namely that glutamate exocytosis from the astrocyte is a Poisson process [94]. Indeed recent studies provide support to this scenario, hinting that the period of spontaneous astrocytic Ca2+ oscillations could be reminiscent of a Poisson process [95, 96]. Moreover, glutamate exocytosis from astrocytes is reported to occur for Ca2+ concentrations as low as 200 nM [27], that is lower than the average reported minimal peak Ca2+ concentration of 200 – 250 nM [28, 97]. This allows to assume that the majority of Ca2+ oscillations triggers glutamate exocytosis from the astrocyte. Accordingly, the inter-event intervals between two consecutive glutamate release events, can be also assumed to be Poisson distributed. This allows averaging of equation (7) to obtain



x A   A 1  xA   U A xA f C
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where fC denotes the frequency of exocytosis-triggering astrocytic Ca2+ oscillations. Similarly, we can do averaging of equation (18) to obtain a mean-field description of glutamate concentration in the ESS, that is



G A   c GA  U A xA f C



(44)



where    A nv Gv . Since the time course of glutamate in the ESS can be assumed to be much faster than the duration of astrocyte effect on synaptic release [35, 47] we can take into account only those processes of glutamate time course that are slower than the overall clearance rate Ωc. Equation (44) above, thus simplifies to
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Averaging of equation (19) then provides







   G   OG GA 1  







(46)
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where we have made the approximation that GA 1     GA 1   . Substituting GA



in



equation (45) into equation (46), allows to express the fraction of bound receptors Γ as a function of the astrocyte-released glutamate, which is ultimately dependent on the exocytosis frequency fC (equation 43). Therefore
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Hence, at steady-state
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We can eventually substitute equation (49) in (42) to obtain an analytical expression of synaptic basal release probability as function of the frequency of astrocyte exocytosis. That is
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The relative error of this approximation can be estimated by the Cauchy-Schwarz inequality of the probability theory as pointed out in Section II.3 (equation 33):



xA   xA  xA 



 c x A c



(51)



where c x A and cΓ stand for the coefficients of variation of the random variables xA and Γ respectively and satisfy the following:
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considered in our study, the error does not exceed ~7% (Figure S7B).
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(Appendix B).



For



the



cases



Appendix A: Model equations 1.



Astrocyte Ca2+ dynamics



1.1.



Conditioning IP3 signal



m(t )  m0  k IP3 t   I b with:  m0, constant component of the IP3 signal (in normalized units);  k, scaling factor;  IP3(t), externally driven IP3 signal (in normalized units);  Ib, IP3 threshold for CICR (in normalized units). 1.2.



Calcium signal:



C (t )  C0  AM mAM (t ) sin w 2  FMmFM (t )  f C t   C  with:  C0, constant component of the Ca2+ signal (in normalized units);  λAM, λFM, binary parameters that equal to 1 if AM and/or FM encoding features are taken into account in the astrocyte Ca2+ dynamics;  fC, frequency of Ca2+ oscillations;  φC, phase of Ca2+ oscillations;  w, shape factor (it must be a positive even integer). 2.



Astrocytic glutamate release



2.1.



Glutamate exocytosis



x A   A 1  xA   U A  xA δ(t   i ) i



with:  τi, instants of glutamate release from the astrocyte, such that  i : C ( i )  Cthr  C ( i )  0 ;  xA, fraction of astrocytic glutamate vesicles available for release;  UA, basal release probability of astrocytic glutamate vesicles;  ΩA, recovery rate of released astrocyte glutamate vesicles.
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2.2.



Glutamate time course in the extracellular space



 



Grel  i    A nv Gv  U A x A  i



G A   Grel  i   vu i



GA  rdGA GA  K u



This latter equation is implemented as



G A   Grel  i    c GA i



where  c  rd  vu K u . In the above, it is:  Grel, glutamate released from the astrocyte into the ESS;  GA, glutamate concentration in the ESS;  Gv, glutamate concentration within astrocytic vesicles;  nv, number of ready-releasable astrocytic vesicles;  ρA, ratio between the average volume of astrocytic vesicles and the ESS volume;  rd, glutamate clearance rate in the ESS by diffusion;  vu, maximal glutamate uptake rate by transporters;  Ku, transporters’ affinity for glutamate;  Ωc, glutamate clearance rate in the ESS. 3.



Presynaptic receptors



  OGGA 1     G  with:  Γ, fraction of activated presynaptic receptors;  OG, onset rate of astrocyte modulation of synaptic release probability;  ΩG, recovery rate of astrocyte modulation of synaptic release probability. 4.



Synaptic release



U 0  1   U 0*   



x   d 1  x    ux δ(t  t i ) i



u   f U 0  u   U 0  (1  u ) δ(t  t i ) i
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with:  U0, basal synaptic release probability function;  x, fraction of synaptic glutamate vesicles available for release;  u, per-spike usage of available glutamate vesicles;  ti, instant of synaptic release upon arrival of the i-th action potential;  U0*, basal synaptic release probability (i.e. without astrocyte);  α, “effect parameter” of astrocyte regulation of synaptic release;  Ωd, recovery rate of released synaptic glutamate vesicles;  Ωf, rate of synaptic facilitation.
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Appendix B: Estimation of the coefficient of variation of Γ In order to estimate the coefficient of variation of Γ we need a recursive expression of the peak value Γn associated to n-th glutamate release event from the astrocyte. This can be done by solving equation (19) for Γ(t), nonetheless some approximations can be done in our case to make the solution analytically tractable. We start from the observation that the frequency of Ca2+ oscillations in astrocytes can be assumed to be much lower than the rate of replenishment of astrocytic glutamate resources, i.e. f C   A [37, 41]. As discussed in the section “Persistent Ca2+ oscillations in astrocytes can regulate presynaptic short-term plasticity” of “Results”, it follows that astrocytic glutamate exocytosis can be described by quantal



release events of almost identical magnitude roughly equal to RRAn  U A xAn  U A2 . Accordingly the time course of glutamate released from the astrocyte by the n-th exocytotic event occurring at t   n , is (equation 18): GA t   n     RRAn exp  c t   U A2 exp  c t 



(A1)



Experimental evidences also suggest that the onset of astrocyte effect on synaptic release and the rate of glutamate degradation in the extrasynaptic space are much faster than the recovery rate from astrocyte modulation, i.e.  G   c , OGGA (see Appendix C). Thus we can assume that at its onset till it reaches its peak value Γn at t  tˆn , astrocyte modulation is set mainly by the time course of release glutamate and the binding of this latter to such receptors. Accordingly, for  n  t  tˆn , equation (19) can be simplified into



  OGGA 1  



(A2)



where GA is given by equation (A1). On the other hand, once glutamate in the extrasynaptic space is cleared, astrocyte modulation monoexponentially decays from its peak value at rate ΩG till the next glutamate release from the astrocyte (assumed to occur at t   n1   n  t ). Namely for tˆn  t   n  t it is



t   n exp   Gt 



(A3) 24



Since f C   A   c , OGGA (Appendix C) we can assume that the whole glutamate released by the n-th release event at t   n is cleared before the following exocytotic event. Thus solving equation (A2) with the initial condition t   n1   n exp   G t  , provides an iterative expression for Γn such as



n1    n exp  G t   1  







(A4)







with   exp  OG U A2  c . Assuming steady-state conditions, i.e. n1  n , equation (A4) can be used to estimate  and  2



that are needed to eventually compute cΓ, the coefficient of variation



of Γ. The average value of the exponential decay factor in equation (A4) is the integral over all positive Δt values of exp   G t  times the probability density for a Poisson train of glutamate exocytotic events occurring at rate fC and that produce an inter-event interval of duration Δt (see “Persistent Ca2+ oscillations in astrocytes can regulate presynaptic short-term plasticity” of “Results” in the main text). Recall that inter-event intervals of a Poisson distribution are exponentially distributed so that the probability of occurrence of a inter-event interval of duration Δt is f C exp  f C t  . Thus, the average exponential decrement is 



exp   G t   f C  exp   G t  exp  f C t dt  0



fC G  f C



(A5)



In order for Γ to return on average to its steady-state value between glutamate release events, we must therefore require that



~   1 G  f C    f C   1   G



(A6)



Averaging over the square of Γn as given by equation (A4) provides  2



and cΓ can be thus computed



accordingly. Comparison of equation (A6) with equation (49) (Figure S8) shows that the error introduced by the above rationale in the computation of cΓ is roughly up to ~10% within the frequency range, i.e. 0.01–1 Hz, of Ca2+ oscillations considered in this study. 25



Appendix C: Parameter estimation Synaptic parameters. Single hippocampal boutons normally release at most a single quantum of neurotransmitter [98, 99]. Accordingly, reported release probabilities (U0*) for these synapses are small, generally comprised between ~0.09 [52] and ~0.6 [98] with average values between ~0.3 – 0.55 [71]. Notwithstanding there could also be specific synapses that exhibit probabilities ranging 
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Astrocytic glutamate exocytosis. Exocytosis of glutamate from astrocytes is seen to occur more readily at processes than at cell bodies [39, 109]. Vesicles observed in astrocytic processes have regular (spherical) shape with typical diameters (dv) between 27.6 ± 12.3 nm [30] and 110 nm [39]. Accordingly, vesicular volume Vv ranges between ~2 – 700 ·10-21 dm3. Vesicular glutamate content is approximately the same or at most as low as one third of synaptic vesicles at adjacent nerve terminals [35, 37]. Given that glutamate concentration in synaptic vesicles is estimated between ~60 – 150 mM [58], then astrocytic vesicular glutamate (Gv) likely is in the range of ~20 – 150 mM. The majority of glutamate vesicles at astrocytic processes clusters in close proximity to the plasma membrane, i.e. 
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Glutamate time course. An astrocytic vesicle of 50 nm diameter (i.e. Vv ≈ 65·10-21 dm3) filled with 50 mM glutamate 21



could



release



into



the ESS



up



to (equation 12) M = (50·10-3 M)(65·10-



dm3)NA ≈ 2000 molecules, roughly one third of those estimated in synaptic vesicles [37]. The



average distance from release site  travelled by a glutamate molecule during the release time trel can be estimated by the Einstein-Smoluchowski relationship [52] as   2 D *t rel where D* is the glutamate diffusion coefficient in the ESS (treated as an isotropic porous medium [112]). With D* ≈ 0.2 [113] and trel ≈ 1 ms [40], it is  ≈ 0.63 μm. If we take as mixing volume for the released



vesicle



the



diffusion



volume



within 



distance



from



the



release



site,



then [53] Ve  4  3 3 , where ζ is the volume fraction [112]. With ζ = 0.1 [54] then it is Ve ≈ 1016



dm3 and the corresponding contribution to glutamate concentration in the ESS space given by a



released



is (equation 14) GA = (2000 molecules)/(NA·10-21 dm3) ≈ 30 μM,



vesicle



that



is ρA = Vv/Ve = (65·10-21)/10-16 dm3 ≈ 65·10-5. Assuming an astrocytic pool of nv = 4 docked vesicles, and an average release probability of UA = 0.5, our estimations suggest a peak glutamate concentration immediately after exocytosis of (equation 14) GA = 0.5·4·30 μM = 60 μM, which is indeed in the experimentally-measured range of 1 – 100 μM [114]. Glutamate transporters are likely not saturated by astrocytic glutamate [55]. This is indeed the case for our estimations too, given an effective glutamate binding affinity for the transporters between Ku ≈ 100 – 150 mM [115]. Therefore, we approximate glutamate time course by a monoexponentially decaying term as in equation (18). Imaging of extrasynaptic glutamate dynamics in hippocampal slices hints that the decay is fast, with glutamate clearance that is mainly carried out within ~100 ms from peak concentration [56]. Indeed, under the hypothesis of sole diffusion, we can estimate



that







the



concentration







is [53] GA  M 8 N A D *t *
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exp  



in 2



the



mixing



volume Ve



after



t* = 50 ms







4D*t * ≈ 40 nM which is indeed close to the suggested



extracellular glutamate resting concentration of ~25 nM [116]. Accordingly to equation (18) then:















GA t  t *  GA t  0exp   c t *















  c  1 t *  ln GA t  0 GA t  t *







=



1/(50·10-3 s)·



·ln(60·10-6 M/40·10-9 M) ≈ 150 s-1. Alternatively the fact that extracellular glutamate concentration decays to 25 nM within 100 ms from its peak [56], leads to an estimation of Ωc ≈ 80 s-1. The effective clearance rate is expected to be larger for the existence of uptake [49], which is not explicitly included in our estimation. 28



Astrocyte modulation of synaptic release. Presynaptic depression observed following activation of presynaptic mGluRs by astrocytic glutamate could lasts from tens of seconds [70] to ~2 – 3 min [74]. Similarly group I mGluR-mediated facilitation by a single Ca2+ increase in an astrocytic process, may affect synaptic release at adjacent synapses for as long as ~50 – 60 s [26, 71]. Values within ~1 – 2 min have been also reported in the case of an involvement of NMDA receptors [35, 72]. Accordingly for astrocyte-mediated facilitation we can estimate the rate of recovery from astrocyte modulation ΩG to be 


it



must



be 1  U 0*    U 0*



  1U 0*   U 0*     1  1    



for η > 1



which



requires



U 0* . That is, for α = 1, starting from U0* = 0.5, the astrocyte



could at most increase the release probability up to two times its original values, since indeed U0* ≤ (2)(0.5) ≤ 1. In the opposite case of astrocyte-induced presynaptic depression, namely for 0    U 0* , maximal depression sets instead an upper bound for the allowed value of Γ. From equation (21)



indeed







it



follows



that 1  U 0*    U 0*



with 0 < η < 1



if



and



only







if   1   U 0* U 0*   . If we assume maximal depression and minimal facilitation to be respectively ~20% and 120% the resting U0* value, it follows that 0.2 < Γ < 0.8. Given that the peak of



29



astrocyte effect can be estimated as peak  OGU A GA  c that ~0.4 < OG < 2.
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(equations 15, 19, 45), it follows
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Table S1. Model parameters and respective values used in simulations.



Parameter Description



Value



Units



U0*



Basal probability of synaptic glutamate release






–



Ωd



Rate of recovery of released synaptic vesicles



0.5 – 100a



s-1



Ωf



Rate of synaptic facilitation



0.5 – 2a



s-1



α



Effect parameter of astrocyte regulation of synaptic release 0 – 1



–



UA



Basal release probability of astrocytic glutamate vesicles






–



ΩA



Rate of recovery of released astrocytic vesicles



0.01 – 450 (0.6)



s-1



nv



Number of readily releasable astrocytic vesicles



1 – 6 (4)



Gv



Glutamate content of astrocytic vesicles



20 – 150 (50)



mM



Vv



Volume of astrocytic vesicles



2 – 700 ·10-21



dm3



Ve



Mixing volume of released astrocytic glutamate



~10-16



dm3



ρA



Volume ratio Vv/Ve



6.5·10-4



–



Ωc



Glutamate clearance rate



>50 – 150 (60)



s-1



OG



Onset rate of astrocyte modulation



0.2 – 2 (1.5)



μM-1 s-1



ΩG



Recovery rate of astrocyte modulation






min-1



fC



Frequency of Ca2+ oscillations in the astrocyte



0.01 – 1 (0.1)



Hz



C0



Basal Ca2+ concentration



0



–



Ib



IP3 threshold concentration for astrocyte Ca2+ dynamics



0



–



k



Scaling factor for the IP3 signal



1



–



w



Shape factor



20b



–



Cthr



Ca2+ threshold for astrocyte exocytosis of glutamate



0.13 – 0.8 (0.4)



–



φC



Phase of Ca2+ oscillations



0



rad



a



In the simulations, a depressing synapse was characterized by: Ωd = 2 s-1, Ωf = 3.33 s-1, U0* = 0.5; whereas a facilitating synapse was given by: Ωd = 2 s-1, Ωf = 2 s-1, U0* = 0.15. b



w must be a positive even integer.
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Figure S1. Conditions for short-term depression and facilitation in the TM model. Short-term plasticity in the TM model is brought forth by inherent synaptic parameters such as Ωd, Ωf and U0, and the frequency of incoming spikes. (A,B) Depressing synapses are generally characterized by Ωf > Ωd. In these latter, input spikes at fin > Ωd (A) mark the onset of short-term depression (STD) due to fast depletion of the pool of releasable resources. (B) Alternatively, STD can also be observed in high-fidelity synapses, namely synapses characterized by high values of U0. (C,D) Facilitating synapses instead are characterized by Ωf < Ωd and low release probability. In these latter (C), incoming spikes at Ωf < fin < Ωd (or fin > Ωd, Ωf) build up presynaptic residual Ca2+ levels, increasing the synaptic release, thus evidencing facilitation. (D) However, the progressive increase of release probability due to facilitation leads to concomitant growing depletion of the releasable pool and STD eventually takes over facilitation. Legend: input presynaptic spikes are in black, released resources (RRs, blue) are normalized with respect to their maximum (A,B: RRmax = 0.5; C: RRmax = 0.18; D: RRmax = 0.2). Parameters: (A) Ωd = 2 s-1, Ωf = 1000 s s-1, U0* = 0.5, fin = 50 Hz; (B) Ωd = 20 s-1, Ωf = 1000 s-1, U0 = 0.5, fin = 50 Hz; (C) Ωd = 100 s-1, Ωf = 1.25 s-1, U0 = 0.05, fin = 50 Hz; (D) Ωd = 10 s-1, Ωf = 1.25 s-1, U0 = 0.1, fin = 200 Hz.
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Figure S2. Paired-pulse plasticity. (A, top) In a typical paired-pulse stimulus protocol, a pair of spikes with controlled interspike interval is delivered to the synapse and synaptic response to the second spike (RR2) is compared to synaptic response to the first spike (RR1) by means of paired-pulse ratio, defined as PPR  RR2 RR1 . (A, left) Values of PPR less than 1 mark paired-pulse depression (PPD) as in such conditions RR2 < RR1. (A, right) On the contrary, when PPR > 1, then RR2 > RR1 and paired-pulse facilitation (PPF) is observed. The farther the PPR from unity, the stronger the PPD (or PPF). (A, bottom) The value of PPR critically depends on the interspike interval (ISI) of spike pairs and approaches zero for very long ISIs reflecting the fact that short-term synaptic plasticity is a transient phenomena. (B) For a generic input spike trains, the PPR between consecutive spikes in a pair is not sufficient to distinguish between PPD and PPF. Depending on the spike timing and on the past synaptic activity in fact, PPR > 1 could also result from sufficient reintegration of the pool of releasable resources (Δx > 0), despite a decrease of residual Ca2+ between the two spikes in a pair (i.e. Δu < 0). This situation corresponds to a different form of synaptic plasticity dubbed as “recovery from depression” [91]. (C-E) Examples of different short-term plasticity mechanisms listed in the Table (A) displayed by the TM model. Parameters: (A, left) Ωd = 10 s1 , Ωf = 100 s-1, U0 = 0.7, RRmax = 0.7; (A, right) Ωd = 100 s-1, Ωf = 33 s-1, U0 = 0.05; (C, left) Ωd = 2 s-1, Ωf = 20 s-1, U0 = 0.65; (C, middle) Ωd = 3.33 s-1, Ωf = 10 s-1, U0 = 0.1; (C, right) Ωd = 4 s-1, Ωf = 20 s-1, U0 = 0.1; (D, left) Ωd = 10 s-1, Ωf = 3.33 s-1, U0 = 0.2; (C, right) Ωd = 5 s-1, Ωf = 1 s-1, U0 = 0.16; (E) Ωd = 10 s-1, Ωf = 5 s-1, U0 = 0.2. 41



Figure S3. The switching threshold in the TM model. (A, top) Mapping of depressing (red) and facilitating (green) synapses in the parameter plane U0 vs. ρΩ = Ωd/Ωf. The two types of synapses are separated by the switching threshold (black line) given by U thr    1     (equation S39). (A, middle) The limiting frequency flim of a facilitating synapse coincides with



the peak frequency of maximal steady-state release of neurotransmitter is maximal (see also Figure 2D). For fixed facilitation rates (i.e. Ωf = const), such limiting frequency increases with ρΩ, namely with faster rates (Ωd) of reintegration of synaptic resources. In such conditions in fact the larger Ωd, the higher the rate of input spikes before the onset of depression. For the same reason, higher flim are also found in correspondence of lower values of synaptic basal release probability U0 at given ρΩ. (A, bottom) The peak of released resources at the limiting frequency (equation S41) instead increases with U0 to the detriment of its range of variation (recall in fact, that 0 < RRlim < 1). (B, top) Facilitation regions in the parameter space and mapping therein of flim (equation S40) and (B, bottom) RRlim (equation S41), show strong nonlinear dependence of both quantities on synaptic parameters.
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Figure S4. Astrocyte calcium dynamics. (A-C) Superposition of stereotypical functions (solid line) on numerically-solved (black circles) amplitude and frequency of (A) AM-encoding, (B) FM-encoding and (C) AFM-encoding Ca2+ oscillations as obtained from the Li-Rinzel model of Ca2+ dynamics [13, Error! Reference source not found.] (see Text S1, Section I.2). (D) Corresponding Ca2+ oscillations pertaining to these three modes for the case of an IP3 stimulus as in (E). Data in (A-C, left and middle) are from [13]. For convenience, only persistent oscillations are considered. The oscillatory range is rescaled between 0 and 1 and amplitude of oscillations is normalized with respect to the maximal Ca2+ concentration. Data were fitted by equations (S4-S6) with mi (t )  m0  ki



IP3 (t )  I b 



assuming Ib = 0. (A) C0 = 0.239, m0 = 0.256, k = 0.750;



(B) C0 = 0.029, Cmax = 0.939, m0 = 0.210, k = 0.470, fC = 0.1 Hz; (C) C0 = 0.079, m0,AM = 0.449, kAM = 0.611, m0,FM = 0.310, kFM = 0.480, fC = 0.1 Hz. (D) C0 = 0, m0,AM = 0, m0,FM = 0 Hz, kAM = 1, kFM = 1, fC = 0.1 Hz, Ib = 0.
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Figure S5. Astrocytic glutamate and presynaptic receptor activation. (A) Time course of astrocyte-released glutamate (GA) in the extrasynaptic space strongly depends on the affinity of astrocytic glutamate transporters for their substrate, i.e. Ku. Several experiments showed that such transporters are not saturated [55] which allows approximating the time course of extrasynaptic glutamate by a single monoexponential decay at rate Ωc (Text S1, Section I.4). (B) Glutamate concentration in the extrasynaptic space around targeted presynaptic receptors depends on average on ΩA, that is the rate of reintegration of released glutamate in the astrocyte. On a par with depletion of synaptic resources, for presynaptic spike frequencies larger than Ωd, the slower ΩA the stronger the depletion of the astrocytic pool of releasable glutamate for increasing Ca2+ oscillations (assumed suprathreshold in this figure). Accordingly, each Ca2+ oscillation releases progressively less glutamate. (C) The strength of astrocyte modulation of synaptic release depends among the others, on the time course of astrocytereleased glutamate, thus on both Ωc and ΩA rates. Accordingly, at steady-state the average peak of astrocyte effect on synaptic release (i.e.  , equation S49) increases with the GRE frequency and is stronger for faster rates of reintegration of astrocytic glutamate. (D) The strength of astrocyte modulation also depends on past activation of pre-terminal receptors. Thus, it is critically regulated by the decay rate ΩG, which biophysically correlates with inherent cellular properties of presynaptic terminal and/or targeted receptors. Experiments show that astrocyte modulation of synaptic release rises fast after glutamate exocytosis, and decays very slowly [71-70], at rates that could be comparable to typical frequencies of Ca2+ oscillations in the astrocyte [37]. This, in turn, accounts for a progressive saturation of receptors by increasing GRE frequencies for small values of ΩG. Parameters: (A) vu = 60 mMs-1, rd = 0 s-1; (B) Gv = 100 mM, Cthr = 0, Ωc = 60 s-1; (CD) Ωc = 60 s-1, OG = 1 μM-1s-1; nv = 4, Gv = 50 mM, UA = 0.5, ρA = 6.5·10-4, ΩG = 0.67 min-1. 44



Figure S6. Regulation of synaptic release by presynaptic glutamate receptors. Simulated bath perfusion by 100 μM glutamate (Glu) for 20 s on a model synapse, can either increase (A) or decrease (B) synaptic release (RRs) evoked by a generic stimulus (A,B, top). These results closely reproduce experimental observations [78-Error! Reference source not found.Error! Reference source not found.] and provide our model with general biophysical consistency. Parameters: (A) Ωd = 2 s-1, Ωf = 3.3 s-1, U0* = 0.8, α = 0; (B) Ωd = 2 s-1, Ωf = 2 s-1, U0* = 0.15, α = 1; UA = 0.4, ΩG = 1 min-1, OG = 1 μM-1s-1. Other parameters as in Table S1. 45



Figure S7. Range of validity of the mean-field description. (A) Product of coefficients of variations for the two synaptic variables x and u as a function of frequency, allows to estimate the region of validity of the mean-field description (equations S31-S32). In particular, in the domain of the parameter space considered in this study, the error made by averaging exceeds 10% only for a narrow region of such space confined between 4 < fin < 6 Hz. (B) Analogous considerations hold for averaging of equations (S7, S18, S19). Mapping of the product of coefficients of variations of xA and Γ shows that in this case, the error is less than than 7% in the whole parameter space. Parameters: (A) Ωf = 2.5 s-1; (B) OG = 1.5 μMs-1. Other parameters as in Table S1.
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Figure S8. Estimation of  . (A) Comparison between the exact analytical solution for  (i.e  from equation S49;



~



solid line) and the approximated one (i.e.  in equation SA6; dashed line) used in the computation of the coefficient of



~



variation cΓ, and (B) relative percent error of  with respect to  . For very low frequencies of Ca2+ oscillations (fC),



~  diverges from  as a result of the assumption of fC-independent, constant quantal release from the astrocyte, introduced in equation (SA1). While  tends to zero as Ca2+ oscillations become more and more sporadic because



~



eventually no glutamate is released from the astrocyte,  instead does not. This ultimately leads to an incorrect estimation of cΓ which is not relevant however within the frequency range of Ca2+ oscillations considered in this study.
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Figure S9. Slope analysis. Estimation of the trial-averaged slope RR fin of the synaptic frequency response curve for any value in time of the input frequency fin (that is the derivative of RR (equation 3) with respect to fin) allows characterization of any transitions of synaptic plasticity. The method is alternative to that outlined in Figure 7, and relies on the observation that in our model of synaptic plasticity, short-term facilitation is likely to occur whenever RR f in  0 for given input rates, otherwise short-term depression is predominant (see also Text S1, Section II.1). Letters correspond to those in Figure 7, and refer to results of slope analysis for the corresponding cases therein, that is: (A) depressing synapse without and (B) with release-decreasing astrocyte, and (C) facilitating synapse without and (D) with release-increasing astrocyte. Green-shaded areas denote predominant PPF, magenta-shaded areas stand for predominant PPD. Slope values are normalized by their maximum absolute value. Parameters are as in Table S1.



48



Figure S10. Release-decreasing astrocyte on a facilitating synapse. (A) Analysis of paired-pulse plasticity in presence of a single glutamate exocytotic event from the astrocyte (same conditions of Figure 5A) shows an increase of the number of facilitated spike pairs (green bar) with respect to “Control” simulations (i.e. without astrocyte) (blue bar) (bar + error bar: mean + standard deviation). (B) Moreover, the larger the frequency of glutamate release from the astrocyte, the stronger the effect. (C) Detailed analysis of the different forms of short-term plasticity ongoing within spike pairs – PPF (dark green), PPD (red) and “recovery from depression” (black) – reveals that the increase of the ratio PPF/PPD detected in (A-B) is mainly imputable to an increase of PPF accompanied by a reduction of recovery from depression. These results confirm the general notion discussed in the text that the effect of a release-decreasing astrocyte coincides with an increase of pairedpulse facilitation (PPF) (see also Figure 7D). Nonetheless, we note that this effect is less pronounced than in a depressing synapse (compare Figures 5A with S9A and Figure 9A with S9B). Data based on n = 100 Poisson input spike trains with average rate as in Figure 7C. Data in (C) are normalized with respect to their “Control” value: PPF = 197, PPD = 205, recovery = 27. Parameters as in Table S1 with α = 0.
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Figure S11. Release-increasing astrocyte on a depressing synapse. (A) Analysis of paired-pulse plasticity either for a single (same conditions of Figure 5B) and (B) for persistent glutamate exocytosis from the astrocyte, shows an increase of facilitated spike pairs (magenta/red bars) with respect to the “Control” simulations (i.e. in absence of the astrocyte) (blue bars). (C) A closer inspection on the nature of ongoing paired-pulse plasticity (PPF: green, PPD: red and “recovery from depression”: black) reveals that such increase is actually caused by an increase of recovery from depression (Control: PPF = 4, PPD = 146, recovery = 135). Bar + Error bar: Mean + Standard deviation. Data based on n = 100 Poisson input spike trains with average rate as in Figure 7A. Parameters as in Table S1 with α = 1.



50




























A tale of two stories: astrocyte regulation of synaptic ...













A Tale Of Two Motivations













A Tale Of Two Motivations













A Tale Of Two Cities.pdf













A Tale of Two Tails - macroeconomics.tu-berlin.de













A Tale of Two Cities.pdf













A Tale of Two Cities.pdf













Global Health Educational Engagementâ€”A Tale of Two ... - GHDonline













a tale of two (similar) cities













A Tale of Two Cities Essay Priorities.pdf













A Tale of Two Growth Engines













part i: a tale of two markets 1













A tale of two microblogs in China short.pdf













part i: a tale of two markets 1













EMR - Mission Critical Magazine - A Tale of Two Standards.pdf ...













A tale of two schools - Fair Funding for ALL Students















A tale of two stories: astrocyte regulation of synaptic ...






Mechanisms of short-term synaptic depression and facilitation at excitatory .... FM-encoding Ca2+ dynamics instead can be mimicked by the equation: ..... Differently from nerve terminals where its reuse as transmitter is straight forward [59], uptaken .... mimic the long-lasting effect of astrocytic glutamate on synaptic release. 






 Download PDF 



















 2MB Sizes
 0 Downloads
 680 Views








 Report























Recommend Documents













A tale of two stories: astrocyte regulation of synaptic ... 

On a par with the classical quantal model of synaptic transmission [6], x(t) is ..... action of the astrocyte on synaptic release (second condition) (Figure S6). ... However the distinction between release-decreasing vs. release-increasing action of 




















A Tale Of Two Motivations 

renewable (gas, coal, oil, nuclear) (Griffith, 2008). ... 3 energy emissions (.6%), as shown in Figure 1 under the label â€œSmart2020 ... Alternate sources of energy.




















A Tale Of Two Motivations 

renewable (gas, coal, oil, nuclear) (Griffith, 2008). About 7.8 gigatons of .... The category â€œalternate sources of energyâ€� requires special attention as most people.




















A Tale Of Two Cities.pdf 

made for the swallowing up of London and Westminster. Even the ... noble lords at Court drawing-rooms; musketeers went into St. Giles's, to search for.




















A Tale of Two Tails - macroeconomics.tu-berlin.de 

Mar 31, 2016 - We begin the analysis of our data by looking at the baseline ... ments look very much alike, despite the big payoff differences. ..... Henrich, J., R. Boyd, S. Bowles, C. Camerer, E. Fehr, H. Gintis, and R. McElreath (2001). In.




















A Tale of Two Cities.pdf 

Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. A Tale of Two Cities.pdf. A Tale of Two Cities.pdf. Open. Extract.




















A Tale of Two Cities.pdf 

Page 1 of 611. A Tale of Two Cities. by Charles Dickens. CONTENTS. Book the First--Recalled to Life. Chapter I The Period. Chapter II The Mail. Chapter III The ...




















Global Health Educational Engagementâ€”A Tale of Two ... - GHDonline 

and patient.3 The ultimate goal of such educational efforts is to inspire and nurture, at an early stage, a vested interest in global health and in the care of medically underserved populations.11. Although the benefits of international medical rotat




















a tale of two (similar) cities 

the American Community Survey, that gathers a variety of more ... determined to be similar to other technology centers ..... We call the measure an excess score.




















A Tale of Two Cities Essay Priorities.pdf 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. A Tale of Two Cities Essay Priorities.pdf. A Tale of Two Cities Essay Priorities.pdf. Open. Extract. Open wi




















A Tale of Two Growth Engines 

Finally, we calibrate the model using data in the United ...... data is obtained from Statistical Data Warehouse (ECB) except for (a) the data on R&D share of GDP ...




















part i: a tale of two markets 1 

Hathaway, The Essays of Warren Buffett: Lessons for Corporate Amer- ica, and for ... Common sense is the heart of investing and business manage- ment.




















A tale of two microblogs in China short.pdf 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. A tale of two ...




















part i: a tale of two markets 1 

various series of actual stock market data were indistinguishable from various ...... None of these board providers screen the messages for accu- racy, and all ...




















EMR - Mission Critical Magazine - A Tale of Two Standards.pdf ... 

There was a problem previewing this document. Retrying... Download. Connect more apps... Try one of the apps below to open or edit this item. EMR - Mission ...




















A tale of two schools - Fair Funding for ALL Students 

CANTON: Half as wealthy as the average NYS school. SIMILAR SIZE school that is 2.3 times wealthier than the average NYS school. Student Population. 1270. 1293. Combined Wealth Ratio. 0.5. 2.3. 2011-12 Budget. $23,666,990. $38,569,026. 2012-13 Budget.


























×
Report A tale of two stories: astrocyte regulation of synaptic ...





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Sign In






Email




Password







 Remember Password 
Forgot Password?




Sign In



















Information

	About Us
	Privacy Policy
	Terms and Service
	Copyright
	Contact Us





Follow us

	

 Facebook


	

 Twitter


	

 Google Plus







Newsletter























Copyright © 2024 P.PDFKUL.COM. All rights reserved.
















