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Abstract

Information transfer may not be limited only to synapses. Therefore, the processes and dynamics of biological neuron-
astrocyte coupling and intercellular interaction within this domain are worth investigating. Existing models of tripartite
synapse consider an astrocyte as a point process. Here, we extended the tripartite synapse model by considering the astrocytic
processes (synaptic and perinodal) as compartments. The scattered extrinsic signals in the extracellular space and the
presence of calcium stores in different astrocytic sites create local transient [Ca®t]. We investigated the Ca>* dynamics and
found that the increase in astrocytic intracellular [Ca>t] enhances the probability of neurotransmitter release. However, the
period in which the extrasynaptic glutamate lingers in the extracellular space may cause excitotoxicity. We propose further
biological investigation on intercellular communication, considering that unconventional sources (nonsynaptic) of glutamate
may improve information processing in neuron-astrocyte networks.

Keywords Biological model - Calcium dynamics - Compartmentalization - Extrasynaptic transmission -
Perinodal astrocytic process - Plasticity - Tripartite-synapse

1 Introduction

Neural circuits, which are complex connections of inte-
grating cells, control brain functions such as cognition,
sensory, and motor skills by modulating and combining
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intrinsic and extrinsic signals. The neuron converts the
incoming stimulus that is above its threshold into infor-
mation by modulating and firing action potentials (APs).
This information, encoded via frequency variation and pat-
terns of repetitive firing, is then sent to the brain, through
a neuronal network, for signal processing and response
generation (Namazi and Kulish 2013; Fletcher 2016). The
hippocampus is crucial for information storage and memory
functions (English et al. 2017; Pissadaki et al. 2010; Vizi
and Kiss 1998), and recently, astrocytes are hypothesized to
impact contextual memory in the CA1 region (Choi et al.
2016; Tewari and Parpura 2013). Information transmission
between neuron-astrocyte networks plays vital functions in
neuronal excitability and plasticity.

In the gray matter, protoplasmic astrocytes, with their
sponge-like morphology, establish non-overlapping and
exclusive three-dimensional (3D) domain within their
neuropilar volume (Bushong et al. 2002, 2004; Rossi
2015). Three-dimensional confocal analysis and electron
microscopy showed that protoplasmic astrocytes in rat
CAl stratum radiatum form almost a spherical territory
(Bushong et al. 2002; Rossi 2015; Sosunov et al. 2014). In
the human brain, the polyhedral domains of protoplasmic
astrocytes are arranged repeatedly and uniformly in a 3D
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manner (Robertson 2013). These astrocytes spread radially
and create a myriad of leaflet processes during maturation
(Bushong et al. 2004; Rossi 2015).

Within a single territory, an astrocyte can influence an
average of 4 neurons by enveloping thousands of neuronal
structures including the neuronal soma, dendrites, synapse,
and axons (Bushong et al. 2002; Debanne and Rama 2011;
Halassa et al. 2007; Rossi 2015). According to Debanne
and Rama (2011), the spherical volume of an astrocyte
in the hippocampus has an approximate diameter of 40
mm, therefore suggesting that it can affect a population
of axons. Furthermore, an axon, as it bifurcates, can pass
through several astrocytic domains (Robertson 2013). These
imply that information transfer is not constrained within the
synaptic area but occurs with all cellular elements within the
astrocytic domain (Rossi 2015).

Through stimulations on ex vivo systems of CA3
pyramidal neurons of hippocampal slice cultures, Sasaki
et al. (2011) investigated the effects Ca’" uncaging of
perinodal astrocytes near the unmyelinated axon (150 to
400 pum from the initial segment) on synaptic efficacy.
However, physical evidence of direct contact between the
node of Ranvier and protoplasmic astrocyte is still lacking.
Nonetheless, given that the soma and the unmyelinated axon
release glutamate (Glu) and that the expression of astrocytic
mGluRs varies, Glu released from these cellular elements
may reach astrocytic compartments in proximity (Butt
2011), thus influencing synaptic transmission. Besides, the
morphological heterogeneity of astrocyte plays an active
role in neuron-astrocyte interaction (Hu et al. 2016). Studies
suggest that leaflet processes extend towards the location
with high glutamate concentration ([Glu]), predominantly in
the synaptic area (Ventura and Harris 1999). Since leaflets
are fine processes that are not easily captured by light
microscopy (Zhou et al. 2019), it is possible that these
processes are not only in contact with synapses but may also
contact other neuronal elements where Glu release occurs.

Numerous studies and experiments regarding the role
of astrocytes in neuronal activity were already published
(De Pitta and Brunel 2016; Manninen et al. 2018).
Computational models of biologically-based astrocyte and
neuron-astrocyte Ca’" signaling and dynamics, in single
cells or networks, have been collected, compared and
presented in the literature reviews of Manninen et al. (2018,
2019). However, the gathered models only encompass
astrocytes, neuron-astrocyte synapses, and neuron-astrocyte
networks, but none regarding nonsynaptic neuron-astrocyte
signaling. Astrocyte can sense signals from nonsynaptic
neuronal sections because of extrasynaptic transmission,
which is the flow of transmitters released from the
soma, axon, and dendrites occurring, through exocytosis or
spillover, even in the absence of a postsynaptic counterpart
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(Del-Bel and De-Miguel 2018). For example, localized
receptors in the perinodal astrocytic area receive Glu
released from the neuronal node of Ranvier (Abbracchio
et al. 2009).

Evans and Blackwell (2015) argued that it is time
to consider the location of Ca”* influx in computational
models aside from the amplitude and duration of intra-
cellular [Ca®*], for the specific site of Ca*t entry also
determines the direction of plasticity. Recent physiologi-
cal studies using higher spatiotemporal resolution revealed
compartmentalization in astrocytes dynamics (Volterra et al.
2014). Localized transients [Ca®*] occur more frequently
than the transients in the soma (Bazargani and Attwell
2016). In addition, transient Ca>* occurs asynchronously
and is functionally independent (Volterra et al. 2014). Dyes
experiments in astrocytes revealed that [Ca2+] elevations
occur at different spatial and temporal scales in distinct
microdomains (Bazargani and Attwell 2016; Sims et al.
2015).

Given these recent discoveries on astrocytes, it is about
time to include such astrocytic process to the model of
tripartite synapse and synaptic information processing. This
study focuses on the molecular exchange that regulates
transmission in a closed-loop system comprising the
presynaptic neuron, postsynaptic neuron, and astrocyte.
Our goal is to present the neuron-astrocyte interaction as
biologically plausible as possible. The model presented
by Tewari and Majumdar (2012) described the biological
processes in detail; with that, we used this as the basis
of our study, along with other studies (Chan et al. 2017,
Hliatsevich et al. 2015; Mirzakhalili et al. 2018). In their
model, the AP originates from the axon initial segment
(AIS) and reaches the presynaptic bouton without delay
and voltage change. Also, their model focuses on the
Ca’* dynamics within the tripartite synapse domain. Hence,
we extended their model and incorporated nonsynaptic
neuronal and astrocytic elements that may also affect
intracellular Ca>* dynamics. Here, the extended model
includes compartmentalization of cellular processes, and by
doing so, it describes an intercellular relationship rather
than a synapse-specific process. The proposed model of
the tripartite synapse by Tewari and Majumdar (2012) is
therefore modified to include the propagation of AP along
the axon, the molecular dynamics in the node of Ranvier for
neurotransmitter release, the perinodal astrocytic processes
for extrasynaptic signaling, and the compartmentalization
of astrocytic Ca>* dynamics via different Ca>* store sites.
Biophysical models have been considered to demonstrate
the electrical and chemical dynamics on the system and
how compartmentalization in astrocytes contributes to
information processing and synaptic plasticity. The results
suggest that the presence of Ca’* stores positioned on
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different astrocytic processes improve the synaptic efficacy
by supporting the increase of intracellular astrocytic [Ca*].
However, the longer the [Ca2T] is above the threshold can
create an oversupply of Glu in the extrasynaptic area, which
can cause excitotoxic effects.

The remainder of this paper is organized as follows.
Section 2 describes the biological characteristics and pro-
cesses of the neuron-astrocyte model. Section 3 includes
the resulting dynamics of a neuron-astrocyte consisting of
a synaptic and a perinodal astrocytic area and the investiga-
tion on the stochasticity and plasticity of the system using
different configurations. Section 4 presents the discussion
of the simulation results. Lastly, Section 5 is the conclusion.

2 System model

The tripartite synapse is modeled based on the pyramidal
neuron and astrocytes in the hippocampal CA3-CAl
network. Figure 1 illustrates the system morphology, the
electrical signals, and the chemical exchanges. The model

Myelinated I
] Segment 3

Node of
Ranvier

PRESYNAPTIC
NEURON

comprises subsystems indicated by the numbers 1-7, which
are further described subsequently. The presynaptic neuron
generates AP at the distal end of the AIS (1), then the
AP propagates along the myelinated segment (2). The
myelin segment attenuates AP; however, when the AP
reaches the node of Ranvier (3), it is regenerated, resulting
in a higher depolarization and lower hyperpolarization
peaks. The pattern of AP attenuation and regeneration
continues until it reaches the presynaptic bouton. Calcium
dynamics in the node of Ranvier results to the release of
neurotransmitters into the perinodal area. The perinodal
astrocyte then receives and utilizes the neurotransmitters for
intracellular Ca?t release (4). The same Ca2+-dependent
neurotransmitter release occurs in the presynaptic bouton,
but in this case, the bouton also utilizes the extrasynaptic
Glu released by the astrocyte (5). The endoplasmic
reticulum in the perinodal and extrasynaptic astrocytic areas
process the extracellular Glu. The soma then sums the
released intracellular Ca2+ from the compartments, which
results in the release of Glu into the extrasynaptic cleft (6).
Finally, the membrane potential of the postsynaptic bouton

Synaptic
Cleft

Bouton Spinehead

POSTSYNAPTIC
NEURON

ASTROCYTE

Fig.1 Tripartite synapse model with perinodal astrocytic components.
(1) The AIS generates the AP (V). (2) Then, AP propagates along
the myelinated segment and attenuates in the process. (3) In the node
of Ranvier, the ionic channels boost AP regeneration and amplifica-
tion. The saltatory conduction, the process where the magnitude of
AP degrades along the myelinated segment and then increases in the
node of Ranvier, continues until the AP reaches the presynaptic bou-
ton (axon terminal). (4) The elevations of axonal [Ca2"] result in the
molecular transfer of Glu from the unmyelinated axon to the perinodal

astrocyte. (5) Neuronal [Ca?t] triggers the release of neurotransmitters
into the synaptic cleft and the perinodal area. A portion of the synap-
tic [Glu] returns to the presynaptic bouton via mGluRs. (6) Transient
Ca?* are localized in the astrocyte, compartmentalized in the perinodal
area and extrasynaptic area. Astrocytic [Ca24-] activates the release of
gliotransmitter into the extrasynaptic area. (7) Postsynaptic spine head
receives the synaptic molecules via AMPARs. As a result, the spine
head membrane potential (V)5 ) varies with the AMPA current
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changes determined by the amount of synaptic Glu (7).
The following subsections present a more comprehensive
description of each component and their processes.

2.1 Axon initial segment

The AIS, with a length of approximately 10-60 pm
(Guo et al. 2017; Nelson and Jenkins 2017), is the
neuronal domain separating the axonal and somatodendritic
compartments (Yamada and Kuba 2016). It is a critical
site where AP is initiated and propagated bidirectionally
(to the axon terminals and back to the soma) (Kole and
Brette 2018; Nelson and Jenkins 2017; Zbili et al. 2016).
Electrical excitability occurs in this site due to the clustering
of high-density voltage-gated channels (Kole and Brette
2018; Guo et al. 2017; Nelson and Jenkins 2017), such as
voltage-gated Nat (Nay) channels causing the AIS to obtain
the lowest AP threshold within the neuron, and voltage-
gated K* (Ky) channels counteracting the Na, channels
by suppressing AP generation (Yamada and Kuba 2016).
Aside from these ionic channels, the location of the AIS
plays a vital role in AP generation (Sasaki 2013). It is
isolated from the soma, which makes it electrically compact,
and its proximal distance from the soma optimizes the
charge reaching its domain (Yamada and Kuba 2016).
Multi-compartmental studies noted that due to electrotonic
isolation, AP generation initiates at the distal end of the AIS
(Kole and Brette 2018).

The Hodgkin-Huxley model in Eq. (1) describes the
AP generation via the activation and inactivation of ionic
channels (Tewari and Majumdar 2012; Sasaki 2013; Li et al.
1650). Here, V (mV) is the membrane potential (in this
case, located in the AIS), I, (uA/cmz) is the applied
stimulus, and C (uF/cm?) is the specific capacitance of the
membrane. The potassium, sodium and leak conductances
of the ionic channels are given by gk, gng, and gp,
with reversal potentials of Vg, Vy,, and Vi, respectively.
The variable m describes the activation of Na™ channels
while h describes its inactivation. Moreover, n describes

the activation of KT channels. Table 1 is the list of the
parameters used for AP initiation.
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2.2 Myelinated segments

The AP, generated at the distal end of the AIS, propagates
along the first myelinated segment of the axon. In the
central nervous system, the myelin sheaths, formed by
oligodendrocytes, wrap the axonal length (Poliak and Peles
2003; Freeman et al. 2016). Electrically, these sheaths have
significant resistance and low capacitance. Furthermore, the
ionic channel density along the myelinated segment is low,
causing a passive voltage spread (Bucher and Goaillard
2011).

The cable equation, given in Eq. (2), describes the
myelinated segment of the axon as a transmission line
consisting of resistive and capacitive properties (Bogatov
et al. 2014).

rotv v v G

E@_ at pml — 2mr

0, @)

where v is the difference between the membrane potential
and the resting potential (Woo and Choi 2007), r is the
radius of the axon, p, is the axoplasmic resistivity, o, is
the membrane resistivity, and [ is the membrane thickness.
The charge generation function G (v) determines the ionic
exchanges within the segment, and it is equal to 8-v where
is the generation constant with values ranging from O to any

Table 1 Action potential
initiation along the axon initial

Parameter Value

Description

segment
C

Specific capacitance of the membrane, 1F/cm?

gK 36 K™ channel conductance, mS/cm?
gNa 120 Nat channel conductance, mS/cm?
gL 0.3 Leak conductance, mS/cm?

Vi -82 K™ channel reversal potential, mV
VNa 45 Na' channel reversal potential, mV
Vi -59.4 Leak reversal potential, mV
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Table 2 AP propagation along

the myelinated segments Parameter =~ Value  Description

r 0.5

l 1

Xm 100

Ny 20

Cn 0.1

Om 107

Pa 1.1

B 0

Radius of the myelinated axon, um (Gulledge and Bravo 2016)

Thickness of the myelin sheath, ym (Gulledge and Bravo 2016)

Length of the myelin segment, um (Gulledge and Bravo 2016)

Number of myelin segments (Gulledge and Bravo 2016)

Membrane capacitance of the myelin segment, uF/cm? (Gulledge and Bravo 2016)
Membrane resistivity, 2-m (of Notre Dame 2004)

Axoplasmic resistivity, 2-m (of Notre Dame 2004)

Generation constant (Bogatov et al. 2014)

positive real number (Bogatov et al. 2014). Bogatov et al.
(2014) presented the approximate solution in Eq. (3) of the
cable equation and showed the relationship of the AP with
the distance traveled, x, from the point of initiation and the
propagation time ¢.

v(x,t) ~ e_ﬁvo (t - ) 3)
20y

Three constant parameters were produced: A (in mm) is
the length constant which determines the maximum distance
the AP can travel without considerate attenuation, t in (ms)
is the time constant which is the maximum propagation time
before the signal decay, and y (from O to 1) is the constant
of distributed AP that describes the ionic exchanges within
the segment. These parameters are

/ l
A= rpm,r:lme,y:l—ﬂpm.
204 2r

The AP propagation within the myelinated segments uses
this approximation. Because of the small capacitance and
considerable resistance of the myelin (Poliak and Peles
2003), the length constant of the axonal cable is longer
while its time constant is shorter than in unmyelinated
segments (Bucher and Goaillard 2011).

The current density at the end of the myelinated segment
serves as the stimulus that regenerates the AP generation

at the node of Ranvier. Electrophysiological studies showed
that the node of Ranvier follows the spike frequency of the
AP initiated in the AIS with ~100 us delay (Kole 2011).
The current density 7, flowing into the node is computed as
the change in voltage over time (of Notre Dame 2004) so
that I, = CdV,,/dt where V,, is the voltage at the point
in the axon where the myelin segment ends. Table 2 shows
the parameters involved in the calculation of membrane
potential in the myelinated segment.

2.3 Node of Ranvier

The section between the myelin segments is called the node
of Ranvier, with a nodal length of approximately 0.3 to
1.4 pm (Babbs and Shi 2013; Arancibia-Carcamo et al.
2017). Arancibia-Carcamo et al. (2017) measured the node
lengths of the myelinated axons. As a result, they found
that the nodal length is consistent along an axon, but differs
between axons. The node length and the number of Na,
channels in the node has a positive correlation indicating a
constant channel density. The densities of transmembrane
inactivating Na® and low-threshold K™ channels are also
much higher in the node of Ranvier than in the soma and in
the AIS (Ye and Ng 2018; Babbs and Shi 2013; Ford et al.
2015). Therefore, there is a lower threshold of AP activation
in this compartment (Ye and Ng 2018). The AP regeneration

Table 3 AP propagation in the

Description

node of Ranvier Parameter Value
8Na, 266.7
8K, 66.7
8L, 1.76
VNa, 55
Vk, -90
Vi =70

n

Nodal Na%t channel conductance, mS/cm? (Gulledge and Bravo 2016)
Nodal Kt channel conductance, mS/cm? (Gulledge and Bravo 2016)
Nodal leak conductance, mS/cm? (Ford et al. 2015)

Nodal Na* channel reversal potential, mV (Ford et al. 2015)

Nodal K* channel reversal potential, mV (Ford et al. 2015)

Nodal leak reversal potential, mV (Gulledge and Bravo 2016)
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in these compartments also follows the Hodgkin-Huxley
model in Eq. (1) using channel conductance and reversal
potentials specific in the node. (Refer to Table 3).

The periodic interval between myelin segments and
nodes of Ranvier causes the AP to propagate in a saltatory”
or jumping manner that speeds up the AP propagation
(Babbs and Shi 2013). In saltatory conduction, the AP
amplitude, initiated in the AIS, diminishes as it propagates
along the myelinated segment, and intensifies at the node.
This activity repeatedly occurs until the AP reaches the
axon terminals. The voltage-gated mechanisms in the nodes
enable the regulation of AP waveform (Kole 2011).

2.4 Perinodal area

We considered the node of Ranvier and perinodal astrocyte
as compartments due to their properties similar to the
synapse. For the following specific reasons, we have taken
the perinodal area into account. First is the presence
of vesicles containing neurotransmitters in the nodes.
These vesicles are packaged in the soma, then are
transported into the axon terminals and captured by axonal
varicosities. Uncaptured vesicles leave the terminal and re-
enter circulation (Kuznetsov and Kuznetsov 2017). Second,
in the central nervous system, the nodes are connected

Table 4 Presynaptic neuron

calcium dynamics? Parameter  Value Description

A 1.2398x 108 Surface area of the bouton or

1.9735x10°8 the node cm? (Gulledge and Bravo 2016)
Ve 1.29818x107'®  Volume of the bouton or

3.0995x10°1®  the node, L (Gulledge and Bravo 2016)
ZCa 2 Calcium valence
F 96487 Faraday’s constant, C/mole
PcCa 32 N-type channel density, ;m™>
8Ca 2.3 N-type channel conductance, pS
Vea 125 Ca2* reversal potential, mV
R 8.314 Real gas constant, J/K
T 293.15 Absolute temperature, K
Cext 2 External Ca®* concentration, mM
cf est 0.1 Resting intracellular [Ca 2, uM
Tica 10 Time constant, ms
Vinca -17 Half-activation voltage of N-type Ca2*

channel, mV

ke, 8.4 Slope factor of N-type Ca>* channel, mV
iPMCa 0.4 Maximum PMCa current, ;A/cm?
Kpyca 0.1 [Ca2+] at which vp ¢, is halved, uM
Vieak 0.001022 Maximum leak of Ca?*, ms™!
a 0.2 Inhibitory Ca?* binding constant, M/s
cl 0.1850 Ratio of the ER volume to the volume of the bouton and volume of the node
V1 30 Maximum IP3 receptor flux, 57!
v 0.2374 Ca?* leak rate constant, ;,Lsfl
U3 0.9 SERCA maximal pump rate, £M/s
k3 0.1 SERCA dissociation constant, M
dj 0.13 IP3 dissociation constant, uM
d 1.049 Inhibitory Ca2* dissociation constant, uM
d3 943.4 IP3 dissociation constant, nM
ds 82.34 Activation Ca2* dissociation constant, nM
Vg 0.062 Maximum production rate of IP3, uM/s
kg 0.78 Glutamate concentration at which v, is halved, nM
T 0.14 IP3 degradation constant, s~
Po 160 Initial IP3 concentration, nM

2Unless otherwise stated, the parameter values are from the study of Tewari and Majumdar (2012) and Chan

etal. (2017)
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Table 5 Neurotransmitter

release?® Parameter Value Description
o 0.3 Ca®* association rate constant, M/ms
B 3 Ca?* dissociation rate constant , per ms
y 30 Forward isomerization rate constant, per ms
A 8 Backward isomerization rate constant, per ms
Trec 800 Vesicle recovery time constant, ms
Tinact 3 Vesicle inactivation time constant, ms
a 50 [Ca2*] at which A is halved, uM
a 5 Slope factor of spontaneous release rate A, uM
as 0.85 Maximum spontaneous release rate, per ms
ny 2 Number of docked vesicles in the bouton
ny 1 Number of docked vesicles in the node
v 60 Glutamate concentration in a single vesicle, mM
8e 10 Glutamate clearance rate constant, per ms

2The parameter values are from the study of Tewari and Majumdar (2012)

to perinodal astrocytes (Poliak and Peles 2003; Dutta
et al. 2018) which occupy the space between myelinated
segments in the axon and show biochemical characteristics
when connected. AP influences the release of Glu from the
unmyelinated section of the axon. This release is dependent

on the [Ca%t] elevation attributable to AP and endoplasmic
reticulum (ER) extending throughout the axon (de Juan-
Sanz et al. 2017; Geng et al. 2017). This nonsynaptic
neurotransmitter release (Ziskin et al. 2007) influences
the opening of Glu receptors in the perinodal astrocyte

Table 6 Astrocyte dynamics

parameters® Parameter Value Description
Te, 6 Maximal IP3R flux, per s
rL 0.11 Maximal rate of Ca2* from ER, pers
co 2 Total cell free [Ca*], uM
Cla 0.185 Ratio of ER volume to cytosol volume
VER 0.9 Maximal rate of SERCA uptake, uM/s
KEr 0.1 SERCA Ca?* affinity, uM
di 0.13 1P5 dissociation constant, uM
d 1.049 CaZ* inactivation dissociation constant, uM
ds 0.9434 IP5 dissociation constant, uM
ds 0.08234 Ca2+ activation dissociation constant, uM
a 2 IP3R binding rate for Ca* inhibition, per s
N 20 Number of IP3Rs in a cluster
vg 0.5 Maximal rate of IP3 production by PLCS, uM/s
Kr 1.3 Glutamate affinity of the receptor, uM
Kp 10 Ca2+/PKC-dependent inhibition factor, uM
Ky 0.6 Ca?* affinity of PKC, uM
Vs 0.05 Maximal rate of IP3 production by PLCS, uM/s
Kprcs 0.1 Ca?* affinity of PLCS, uM
ks 1.5 Inhibition constant of PLC$ activity, uM
T5pa 0.05 Maximal rate of degradation by IP-5P, per s
V3K 2 Maximal rate of degradation by IP3-3K, uM/s
Kp 0.7 Ca?* affinity of IP3-3K, uM
K3 1 1P3 affinity of IP3-3K, uM

4The parameter values are from the study of Tewari and Majumdar (2012)
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(Abbracchio et al. 2009). Lastly, while communication is
classically known to occur at synapses, evidence shows
that extrasynaptic transmitter release, from the soma, axon,
and dendrites occurs even in the absence of a postsynaptic
counterpart, via exocytosis or spillover (Del-Bel and De-
Miguel 2018; De Pitta et al. 2016; Trueta and De-Miguel
2012). The Ca?* dynamics and Glu dynamics on the node,
perinodal area, and perinodal astrocyte follow the models
presented in Sections 2.5 and 2.6. Biophysical properties
and parameters related to the perinodal section are in
Tables 4,5, 6 and 7.

2.5 Presynaptic bouton

The AP generation in the AIS, nodes of Ranvier, and the
axon terminal leads to a local increase in cytosolic [CaZt]
(Tewari and Majumdar 2012). The change in [Ca®*] in a
compartment is attributed to the fast kinetics of AP and the
intracellular molecular events generating Ca®* (Tewari and
Majumdar 2012; Mirzakhalili et al. 2018). Here, the total
[Ca2+] in the compartment, ¢; is equal to the summation of
the [Ca?*] due to AP, ¢ fast» and the intracellular transient
[Ca?*], ¢si0w as described by

Ci = Cfast + Cslow- 4
2.5.1 Fast calcium dynamics

The fast Ca?* dynamics, through voltage-dependent cal-
cium channels (VDCC) (Hliatsevich et al. 2015), is gov-

erned by the construction-destruction formula (Tewari and
Majumdar 2012)

Here, Ic, is the current in the N-type Ca?* channel, A is
the surface area of the compartment, z¢, is the Ca* ion
valence, F is the Faraday’s constant, and v, is the volume
of the compartment.

In the equation of the current surface density through the
N-type VDCC in Eq. (6), pc, is the N-type channel surface
density, gc, is the single N-type Ca>* conductance (Tewari
and Majumdar 2012; Hliatsevich et al. 2015).

Ica = pcamz,8ca (V — Vea) (©6)

The Nernst equation in Eq. (7) determines the Ca?t reversal
potential, where R is the real gas constant, 7 is the absolute
temperature, c.,; is the extracellular [Ca®*] and c{e“ is the
total intracellular Ca* at rest (Tewari and Majumdar 2012;
Hliatsevich et al. 2015).

RT Cext
1 , 7
() ™

1

Vea =

The variable m ¢, is the opening probability of a single gate
in a two-gate N-type Ca®* channel which is only open when
the two gates are both open (Tewari and Majumdar 2012).
The probability is time-dependent, so that

(mg, —mca)

dt Timcy

dmc,

: ®)

The Boltzmann-function in Eq. (9) approximates the
dependence of mg;, on the membrane potential fitted to the
whole-cell current of an N-type Ca’t channel. 7., is the
time constant when m¢, approaches its asymptotic value
and m%oa (Tewari and Majumdar 2012; Hliatsevich et al.
2015).

dcfusl IcqaA IppcaA 0o _ 1
dt - _ZCaFvc e atteak = zZcaFve ’ ©) Mea = 1 +exp ((Van - V) /kmca)' ®

Table 7 Astrocytic

gliotransmitter release® Parameter Value Description
kl+ 3.75x1073 Ca?* association rate for site S, per uMms
ki 4x1074 Ca?* dissociation rate for site S, per ms
k2+ 2.5x1073 Ca?* association rate for site S», per uMms
ky 1x1073 Ca?* dissociation rate for site S», per ms
k3+ 1.25x1072 Ca?* association rate for site S3, per uMms
k; 10x1073 Ca?* dissociation rate for site S3, per ms
Trec.a 800 Vesicle recovery time constant, ms
Tinact.a 3 Vesicle inactivation time constant, ms
Cihresh,a 196.69 Astrocyte response threshold, nM
Ny.a 12 Number of SLMV ready to be released
8v.a 20 [Glu] in each vesicle, mM
8c.a 10 Glutamate clearance rate, per ms

2The parameter values are from the study of Tewari and Majumdar (2012)
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Ipyca is the current due to Ca’* ATPase given by the
expression

c?

Ipmca =iPMCan (10)

G PMCa

where vp ¢, 1s the maximum PMCa current and K pysca
is the [Ca®*] at half of vpycq. Then, Jpagiear in Eq. (11) is
the leak from the extracellular space into the compartment
and is added to ensure that the [CaZ*] will not decrease to 0.

JpMieak = Vieak (Cext — Ci)) - (11

Here, vj.q is the maximal [Ca?*] and c,,; is the external
[Ca®*] (Tewari and Majumdar 2012).

2.5.2 Slow calcium dynamics

The slow CaZ* dynamics, csjou, 1S attributed to the release
of Ca?* from the ER triggered by the production of inositol-
triphosphate (IP3) (Tewari and Majumdar 2012; Chan et al.
2017; Ding et al. 2018). The binding of the Glu (from
astrocytic release) and the Glu receptors in the neuronal
membrane produce IP3 (Tewari and Majumdar 2012). This
intracellular messenger then binds with IP; receptors to
trigger the ER release of Ca** (Ding et al. 2018). The ER
membrane also has ATPase (Sarco-Endoplasmic Reticulum
ATPase (SERCA) pump) that pumps Ca>* into the depot
(Hliatsevich et al. 2015). The Li-Rinzel model describes
the dynamical system governing the cslow behavior (Tewari
and Majumdar 2012; Chan et al. 2017; Ding et al. 2018;
Hliatsevich et al. 2015; Wade et al. 2011) given as

dcsiow
dt

= —Jchan — JERpump — JERIeaks (12)

where Jopan is the CaZ* flowing out of the ER into the
intracellular space via IP3 release channels, Jg gpump is the
Ca* flowing into the ER from the cytosol caused by the
SERCA pump (Hliatsevich et al. 2015), and Jgjeqr is the
Ca”* ions leaking from the ER into the cytosol.

3.3 .3
Jehan = crvimgong,q” (¢; — CER) ,
03

dp _ g .3
a T Vg kgsf;__ggs —Tp(p— po),
dq —
ar —thp(l _Q)_ﬁz."’ (13)
N N L
Moo = ptdy ’Z;O = citds®
ag  =axdy L0 By = arci,
dCER — _L dcsiow
dt - Cl dr

In this Ca?* flux, ¢; is the ratio of the ER volume
and the compartment volume, p is the intracellular IP3
concentration, g, is the extracellular [Glu] (e.g., released by
the astrocyte), g is the fraction of activated IP3, and cgp is

the [Ca®*] in the ER. Then, the remaining fluxes are given
in Eqgs. (14) and (15).

v3ci2
JERpump = ]C%TC[Z (14)
JERIcak = c1v2 (¢; — CER) (15)

Refer to Table 4 for the parameters of the compartments.

There are two conditions for neurotransmitters release
from the node and presynaptic compartment. First, Glu
is released when five Ca>t ions bind to the Ca’T sensor
of the vesicle (Tewari and Majumdar 2012). The arrival
of AP evokes the release, and with correlation with the
intracellular [Ca®t] (Tewari and Majumdar 2012; De Pitta
and Brunel 2016). Second, the intracellular [Ca2+] can
also randomly provoke vesicles to release neurotransmitters.
Whether evoked or spontaneous, the vesicle release process
is inactive 6.34 ms after release (Tewari and Majumdar
2012).

Five Ca’* ions must bind with the Ca’* sensor. The
kinetic model

Sac; doc; 3ac; 2ac; oc; y
X2 Xen&2 Xc)nZ X322 X = X(e)s = X(¢)s
B 2B 3B 4p 5B )

(16)

describes the binding process, where o and g are the Ca>*
association and dissociation rate constants, and y and § are
the Ca?* independent isomerization constants. Here, X is
the Ca2* sensor with no Ca%*, X (¢;)1 is the Ca®* sensor with
one Ca2* bound, X (c;)> has two Ca2*, until X (ci)% which
is the isomer of X (c;)s5 ready for Glu release. The transition
of the Ca®* sensor from one state to another is computed
using Markov model for ionic channels. Following the
study of Tewari and Majumdar (2012), two docked vesicles
are present in the bouton. Therefore, f,, (with values O,
0.5, and 1) represents the fraction of the ready vesicles
out of the total number of docked vesicles in the bouton.
Voltage-dependent Ca>* channels open with the arrival of
AP, consequently increasing [Ca>*], thus promoting vesicle
release (De Pitta and Brunel 2016).

Furthermore, based on the amount of intracellular
[Ca®*], the spontaneous vesicle release is also possible even
in the absence of AP. In the study of Modchang et al.
(2010) comparing stochastic and deterministic approaches
on vesicle release, the result suggested that in synapses
with nanodomain, stochastic vesicle release algorithm is
more accurate than deterministic approach. Because this is a
stochastic process, the Poisson random number determines
the number of docked vesicles ready for release, with the
mean parameter given by

ae) = a (1 +exp (ala—_zc’)) . (17)
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Vesicles undergo a fusion and recycling process governed
by Eq. (18). Here, R is the fraction of releasable vesicles
in the compartment, E is the fraction of effective vesicles
in the synaptic or extrasynaptic cleft, and / is the fraction
of vesicles undergoing recycling. The time constant ;4
and 1., are for the vesicle inactivation and recovery time
(Tewari and Majumdar 2012). The synaptic release is
history-depen-dent, therefore, if the next incoming AP is
in the order of these time constants, vesicles are neither
replenished nor released (De Pitta and Brunel 2016).

d_R = ! _erv

T
dr = _Tinacl + er, (18)
I =1—-R-E.

Equation (19) describes the Glu dynamics explicitly in
the CA3-CAl synapse. Here, g is the Glu concentration
in the cleft, n, is the number of docked vesicles in the
compartment, g, is the Glu concentration inside a vesicle,
and g, is the rate of Glu clearance caused by the diffusion
from the cleft and the reversal uptake of neuron or astrocyte
(Tewari and Majumdar 2012; Chan et al. 2017). Table 5
presents the parameters in this process.

d
=g E—geg (19)
2.6 Astrocyte

Astrocytes are the most abundant cell (glial cells) in the
brain, which surround synapses, sense neuronal activity,
and influence information processing (Perea et al. 2014;
Sims et al. 2015; Nazari et al. 2015). Astrocytes also
have channels such as K*, Natand Ca®", just like in
neurons. However, the dominance of K channels hinders
the astrocyte from generating APs. Therefore, it is agreed
that Ca”* is the principal signaling mechanism of astrocytes
as it shows intrinsic excitability via changes in intracellular
[Ca2+] (Manninen et al. 2018; Perea et al. 2014). Transient
[Ca?*] increases in response to synaptic activity (Volterra
et al. 2014) and propagates within the astrocyte, into
the soma, or nearby cells (Bazargani and Attwell 2016).
The discovery of this Ca’>™ wave suggests that astrocytes
integrate and transfer signals (Heller and Rusakov 2017).
In this model, the extrasynaptic astrocyte and the perinodal
astrocyte are different compartments whose Ca>™ transients
flow into the soma for integration and vesicle packaging.
In the astrocyte, Ca®* oscillation is attributed to the Ca’*-
induced Ca?* release (CICR) from the ER into the cytosol
through IP3 receptors (Ashhad and Narayanan 2018; Kelso
et al. 2013; Wallach et al. 2014). ER in the astrocytes
forms an extended network of tubes and vesicles through
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the cytoplasm via plasma membrane contact (Ashhad and
Narayanan 2018; Kelso et al. 2013).

Astrocyte responds to synaptic activity by changes in
its global (somatic) and focal (perisynaptic and perinodal)
Ca?" elevations (Guerra-Gomes et al. 2018; Volterra et al.
2014). Intracellular [Ca>*] transients can propagate along
the process and into the soma, which may influence
somatic [Ca’*t] elevations (Bazargani and Attwell 2016;
Gordleeva et al. 2018). Subsequently, the overall summation
of somatic and transient [Ca®"] leads to transmitter release
(Cinciute 2019). However, biophysical mechanisms of
astrocytic Ca>* intracellular propagation is still insufficient
(Gordleeva et al. 2018), specifically if global [Ca2*]
elevations result from the linear summation of transient
Ca?t (Guerra-Gomes et al. 2018). Here, we, therefore,
assumed that the total intracellular [Ca?*] is responsible for
astrocytic vesicle release. Astrocyte dynamics is a stochastic
process, and the total intracellular [Ca%*] is the summation
of all the transient Ca®t. Equation (20) describes the
intracellular Ca>* dynamics.

dc
d_,a = Jehan,a — qump,a + Jieak,a

Jehan,a = (rcamgoyazngo)ahg) (Co - (1 + Cl,a) Ca) )
qump,a = UERC[Z,‘:—;QZ.;R’
Jreak,a =L (CO - (1 + Cl,a) Ca) .

(20)

Here, Johan,q 18 the Ca?* flux flowing out of the ER into the
intracellular space, where r,, is the maximal rate of the Ca®*
flux from the IP3R clusters while the product m3_n3 k> is
the opening probability of the IP3 cluster. Jpump,q is the
rate at which Ca®* is removed from the intracellular space
by SERCA pump, where vgp is the maximal rate of Ca’*
uptake into the ER and K g is the intracellular Ca>* affinity
of the pump. Moreover, Jiqqk q 18 the Ca%* leaking from the
ER into the intracellular space where r, is the maximal rate
of Ca”* leak from the ER. The Ca’* dynamics is almost
similar to the dynamics of cgj0y . It is based on a closed-cell
in which the [Ca2+]ER,a isgiven by cgr.q = (co—c¢a)/Cl.a-
In Jehan,a, 7c, 1 the maximal rate of the Ca?* flux from the
IP3R clusters while the product mgoangoahz is the opening
probability of the IP3 cluster (Tewari and Majumdar 2012;
Li et al. 1650).

Information transfer from one neuron to an astrocyte
occurs through the spillover of transmitters (Volterra
et al. 2014; Li et al. 1650). High-affinity G protein-
coupled receptors in the astrocytic membrane receive
neurotransmitters that trigger the production of IP3. The
IP3 production given in Eq. (21) includes a mass balance
of agonist-dependent and agonist-independent production
(first two terms on the right-hand side) and IP3 degradation
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by IP3 -3K and IP-5P respectively (Tewari and Majumdar
2012; De Pitta and Brunel 2016; Li et al. 1650).

e = wgHill (897, K (1+ L2Hill (C. Kn)))
—+ v Hill (Cg, Kcha) 21

2
T+

—v3g Hill (¢}, Kp) Hill (pa, K3) — rsp, Pa-

The remaining parameters are as follows.

n

Hill(x", K) = o,

Moo,a = Hill(p,, d1),

Noo.a = Hill(c,, ds),

h, = aydy i;ij;

Bh, = axcq,

Lo = ap, (1 — ha) — Bu,ha + Ga(0).

The parameters oy, and By, are the rates at which 7,
opens and closes, respectively. Gp(f) is a zero-mean,
uncorrelated, Gaussian white noise with covariance (Tewari
and Majumdar 2012) in

ap, (1 — ha) + Pp,h

a /
5t — 1), (22)
Nip,

(Gh(Gr(1)) =

The values of the parameters are presented in Table 6.
The endoplasmic reticulum releases IP3-dependent Ca>*
(Volterra et al. 2014). As a consequence, the intracellular
increase of [Ca?t] induces the release of gliotransmitters,
such as Glu (Volterra et al. 2014; Li et al. 1650).
Researches detected vesicle type structures or synaptic-like
microvesicles (SLMVs) in astrocyte (Bezzi and Volterra
2014; Jourdain et al. 2007; Volterra and Meldolesi 2005),
concluding that gliotransmitters are released using the same
mechanism in neurons, and are Ca2t -dependent as well (De
Pitta et al. 2016). In the study of Tewari and Majumdar
(2012), three Ca®t ions must bind with three independent
gates (S1, Sz, and S3) for possible gliotransmitter release
following the kinetic model
ki
Ca+Cj= 0),j=1,2,3. (23)
ki

The gate S; opens and closes according to O; and C;
probabilities, respectively, with the opening and closing
rates of k]+ and kj_, respectively. The open gate O; has a
temporal evolution of

doO;
dr

The product of the opening probabilities of the three sites in
Eq. (25) gives the fraction of the SLMVs ready for release.

=kfca— (kFca+k7)0;. (24)

f=01-02-03 (25)

Astrocytic vesicle fusion and recycling uses an almost
similar transmitter release process as the presynaptic
neuron, described as

dR, _ I - a
dd_Eta = .[r;_a -0 (Ca - Cthresh,a) fr Rq,
_ a
g = Ti’m:r'a +0 (Ca - Cthresh,a) J¥ Ra, (26)

I, =1-R;—Eg,

where R, is the fraction of SLMVs inside the astrocyte
ready for release, E, is the fraction of SLMVs in the cleft,
and I, is the faction of SLMVs undergoing re-acidification.
The symbol ® is the Heaviside function, and c;presh.q 1S
the amount of [Ca?t] needed to activate the release site.
The time constants Tinqcr,q and Tr¢c 4 are for the inactivation
and recovery of SLMVs, respectively. Gliotransmitters are
released if the intracellular [Ca2t] is beyond the threshold
(De Pitta and Brunel 2016).

The Glu released by the astrocyte is necessary for
presynaptic IP3 production. Its dynamics is modeled as

dga
dt

Here, g, is the [Glu] in the cleft, n, , is the number of
releasable SLMVs ready for release, g, is the [Glu] inside
a vesicle, and g., 4 is the clearance rate of Glu from the
cleft (Tewari and Majumdar 2012). Refer to Table 7 for the
parameters.

= nv,agv,aEu — 8c,a8a- 27)

2.7 Postsynaptic spinehead

Synaptic Glu then activates postsynaptic firing (Li et al.
1650). In the dendritic spine, @-amino-3-hydroxy-5-methyl-
4-isoxazoleproprionic acid receptors (AMPARSs) are clus-
tered and localized at glutamatergic synapses (Tewari and
Majumdar 2012). The postsynaptic membrane potential, as
shown in Eq. (28), develops in the passive postsynaptic
membrane.

d Vpost

TpostT = - (Vpost - V;si;) —Ryulampa, (28)

where V), is the postsynaptic membrane potential, V;f;;g
is the postsynaptic resting membrane potential, R, is
the spine resistance, and 4y pa is the AMPAR current

computed as

Inppa = gampamampa (Vpost — Vampa) . (29)

Here gampa is the AMPAR channel conductance, and
mapmpA is the AMPAR gating variable. The gating variable
follows the Hodgkin-Huxley type formulism

dmampa

T =aampag (1 —mappa) — Bampamampra,

(30)
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Table 8 Postsynaptic neuron

membrane potential® Parameter Value Description
R, 0.79%x10° Spine-head resistance, M2
V;Sff =70 Postsynaptic resting membrane potential, mV
Tpost 50 Postsynaptic membrane time constant, ms
SAMPA 0.35 AMPAR conductance, nS
Vampra 0 AMPAR reversal potential, mV
CAMPA 1.1 AMPAR forward rate constant, uM/ms
Bampa 190 AMPAR backward rate constant, per s

2The parameter values are from the study of Tewari and Majumdar (2012)

where aappa and Baypa are the opening and closing
rate of the receptor, respectively, and g is the [Glu] in the
cleft. Refer to Table 8 for the list of parameters and their
corresponding values.

3 Simulation results

The dynamics were simulated in Matlab, using the Euler
method, with a timestep of Ar = 0.05 ms. In this model,
there are 20 myelinated segments in the presynaptic axon
(Gulledge and Bravo 2016), forming 41 compartments: one
AIS, 20 myelinated segments, 19 nodes of Ranvier, and
one presynaptic bouton. The AIS input is a pulse wave of
wA/cm? with a frequency of 5 Hz and a pulse width of 4 ms
(Wallach et al. 2014; Tewari and Majumdar 2012). Figure 2
shows the generated AP in the AIS and the regenerated
AP in the nodes and bouton. Here, the voltage delay and
attenuation resulted from the AP propagation across the
myelinated segments. The change in amplitude from the

Axonal saltatory conduction
60 T T T T T T T

Membrane potential (mV)

0 2 4 6 8 10 12 14 16 18 20
Time (ms)

Fig. 2 Axonal saltatory conduction showing the changes on the AP
waveform and propagation delay. From the AIS to the first node of
Ranvier, there is a 0.33 ms delay in AP arrival; therefore, it takes 6.66
ms before AP reaches the bouton
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AIS (peak amplitude of 36.53 mV) to the first node of
Ranvier (peak amplitude of 46.56 mV) is due to the increase
of channel conductances in the nodes. Due to the increase in
the voltage-gated channels and the change in their reversal
potential, nodal Na*t current amplifies the axosomatic AP
and hyperpolarizes the AP voltage (Kole 2011; Zbili et al.
2016).

In this model, the astrocyte is assumed to be covering the
synapse and the 19th node as well. Action potential evokes
neuronal [Ca2+]; therefore, the frequency of the Ca’t is
also the same as that of the input current. The [Ca?t] is the
summation of the AP evoked Ca?* and the ER Ca’* fluxes.
As presented in Fig. 3, the [Ca2*] fluctuations exhibit
probabilistic behavior concurrent with the arrival of AP.
The average peak amplitudes of [Ca’*] in the bouton and
node were 7511 nM and 4919 nM, respectively. With the
same channel conductance and compartment-to-ER ratio,
the difference between the amplitudes of bouton [CaZt]
and nodal [Ca®*] is the consequence of the morphometric
properties of the compartments.

Figure 4a shows the localized transient [Ca%t] elevations
in the astrocyte. These transients are independent from
each other, occur rapidly due to the individual Ca2+ stores
(Verkhratsky et al. 2016), and are highly variable between
cell subcompartments (Handy et al. 2017). Note that the
resulting Ca>* dynamics coincide with the experimental
studies using mouse hippocampus slices wherein patterns of
transients and localized Ca®* events with different sizes and
durations were detected in a single astrocyte (Wu et al. 2014;
Wu et al. 2018). Spatial quantification of Ca>t by Lépez-
Caamal et al. (2014) indicated a local initial [Ca2*]. Then,
these Ca’T waves can remain localized or can propagate.
Shreds of evidence showed that after initiation, Ca>* waves
spread within the cell (Manninen et al. 2018; Ashhad and
Narayanan 2018; Semyanov 2018). Figure 4b displays the
total intracellular [Ca®t]. Vesicle synthesis in astrocytes
is dependent on the sensitivity of the secretory apparatus
to the intracellular Ca2t (Verkhratsky et al. 2016). Once
the [Ca®"] crosses the threshold with a positive slope,
gliotransmitters are released (Fig. 4c). Back to Fig. 4a,
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Fig.3 Calcium dynamics on the

Presynatic bouton

presynaptic bouton and node of 8000

Ranvier simulated for 5 s
’E‘ 6000
— 4000

©. 2000 |

UL

LUUHUHUUUHHUULE

0 500

1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (ms)

19"" Node of Ranvier

8000
= 6000 |
— 4000
N

©. 2000

T T T T T T T

0 500

the second elevation of [Ca2t],19 causes the extrasynaptic
Glu release. Therefore, even when the synaptic area is
silent, the astrocyte might be able to modulate the synaptic
transmission by processing signals from the extracellular
matrix. However, prolonged delay in Glu release might also
be possible. Considering only the [Ca2+]xy,, dynamics from
t =36 stot = 40 s, the extrasynaptic Glu should have been
released, but with the addition of [Ca2+], the intracellular
[CaZt] just remained over the threshold, making the vesicle
fusion and recycling slower. IP3 receptors are open during
extrasynaptic Glu release, as shown in Fig. 4d. The ER then
releases Ca®* into the intracellular area which increases the
[Ca*] elevation peaks (Fig. 4e) in the presynaptic bouton.

The internal Ca?™ dynamics (evoked, spontaneous, or
both) in the presynaptic compartments determine the vesicle
release probability. Figure 5a shows that the fraction of
vesicles ready to be released from the bouton into the
synaptic cleft is between 0.9249-1, while Fig. 5b presents
the corresponding synaptic [Glu]. There were 50 Glu spikes
within 50 seconds of simulation. Furthermore, Fig. Sc—d
show the fraction of releasable vesicle in the node and the
corresponding perinodal [Glu], respectively. Compared to
the bouton, the node has a lower release probability, ranging
from 0.8621-1. This phenomenon can be attributed to the
absence of astrocytic Glu release into the node, as well as to
the lower nodal [Ca?*].

The postsynaptic membrane potential is dependent on the
amount of synaptic [Glu]. Therefore, the sudden increase in
synaptic [Glu] results in a voltage spike in the postsynaptic
spine head as shown in the relationship between Figs. 5b and
6a. Here, the successful postsynaptic spikes are those with
peak drivingforce < (Epappa — Vyest)/2 (Tonnesen and

1000 1500 2000 2500 3000 3500 4000 4500 5000
Time (ms)

Négerl 2016). The spikes in Fig. 6a have an average peak
amplitude of -39.57 mV. Synaptic efficacy determines the
strength of the connection between the pre- and postsynaptic
neurons with respect to time, identified by the transferred
mutual information based on the activity patterns of the
input and output spike trains (Graupner and Brunel 2010;
Hennig 2013; London et al. 2002). The synaptic efficacy
of the tripartite synapse under consideration, as shown
in Fig. 6b, was computed by obtaining the ratio of the
number of successful postsynaptic spikes over the number
of presynaptic spikes within a sliding window of 5 seconds.
The value of the synaptic efficacy starts to increase from
0.08 to 0.12 at + = 34 s, which indicates an increase in the
influence of the presynaptic neuron and the astrocyte over
the postsynaptic activity (London et al. 2002).

Discussed previously are the electrical and chemical
dynamics of a neuron-astrocyte interaction with external
sources from the extracellular area. To analyze the effects
of these sources, we simulated different neuron-astrocyte
configurations (tripartite synapse only, tripartite synapse
with one perinodal source, and tripartite synapse with
two perinodal sources), 20 times each configuration and
each for 50 second simulation time. Table 9 summarizes
the astrocytic [Glu] released in the extrasynaptic cleft.
Here, as the number of nonsynaptic sites for transient
Ca”* increases, the gliotransmitter release is less frequent.
However, the period wherein Glu is available in the
extrasynaptic area is quite extended, which may denote that
the vesicle fusion and recycling process slows down.

Most factors affecting the short term synaptic plasticity
are in the presynaptic terminals. These factors are the
vesicle release probability and the number of vesicles
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Fig.4 Calcium and glutamate dynamics. a Transient [Ca’*] elevations
in the astrocytic compartment covering the synapse and the 19™ node.
b Intracellular [Ca2+] is the summation of the transient Ca?™ in the
astrocyte. ¢ The moment the [Ca2+],- goes above the threshold, the
astrocyte releases gliotransmitters into the extrasynaptic area. d IP3
increases during the presence of extrasynaptic Glu. e Increase in [IP3]
causes an increase in the presynaptic Ca>* elevation peaks

available for release. The presynaptic [Ca’*] elevation
(which is also dependent on the extrasynaptic [Glu])
increases the probability of vesicle fusion. Moreover,
the postsynaptic spiking is dependent on the amount
of neurotransmitter in the synaptic cleft, which is then
dependent on the number of releasable vesicles in the
bouton. We have taken the presynaptic bouton [Ca>*] into
account to analyze the effects of the extrasynaptic Glu into
the synaptic efficacy. The mean presynaptic [Ca2T] peaks
increase as the astrocytic [Ca®>*] rises, as shown in Fig. 7a.
The ER utilizes the extrasynaptic Glu for Ca>™ release via
the opening of IP3Rs. Figure 7b shows the mean [IP3]
for each configuration. The extended period of availability
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of extrasynaptic Glu causes the IP; dynamics to reach
equilibrium. Neurotransmitter release is a stochastic process
that varies the postsynaptic membrane potential spiking
pattern over time. The fundamental quantity in neural
circuits that describes these variations is called the synaptic
efficacy or strength (Hennig 2013). In Fig. 7c, the mean
synaptic efficacy per DT plot for each configuration shows
that the model wherein the astrocyte has no perinodal [Glu]
source exhibits the least synaptic efficacy. The addition of
perinodal sources seems to increase the synaptic strength.
However, an extremely high concentration of intracellular
Ca®* leads to an abnormal extrasynaptic [Glu] (Barros and
Dey 2018) (as shown in Table 9).

The results of the simulation and the changes in the neu-
ron-astrocyte dynamics during the addition of extrasynaptic
transmitter sites have constructive and destructive implica-
tions to neuronal information processing. Neuron-astrocyte
interactions support neural firing and synchronization, and
synaptic coordination (Amiri et al. 2013; Gordleeva et al.
2012). However, according to Deplanque (2009), overload
in Glu within the synaptic space causes excitotoxic detri-
mental effects to the postsynaptic spine head by exaggerat-
ing the activation of its receptors. The impairment of such
glial-neuronal interaction (consisting of perinodal astrocytic
components) may result in schizophrenia such as shown
in the pathophysiological study conducted by Mitterauer
(2014). Neurodegenerative diseases, such as Alzheimer, are
caused when astrocyte Ca’T signaling is altered (Shigetomi
et al. 2016). On the contrary, the inadequacy in Glu may
cause the severity of Alzheimer’s disease. Therefore, dur-
ing synaptic transmission, synaptic Glu insufficiency can
be avoided by the additional extrasynaptic transmitter sites
provided by the axon-astrocyte interaction.

4 Discussion

Advances in neuron-astrocyte researches broaden our per-
ception of the complexity of brain processes. State-of-the-
art imaging techniques challenge the present concept of
the tripartite synapse, where information flows from the
presynaptic to the postsynaptic component with astrocytic
influences on plasticity. We extended the tripartite synapse
model presented by Tewari and Majumdar by incorporating
nonsynaptic elements through axon-astrocyte interaction for
the following reasons. (1) Information transfer is not only
confined in the synapse and can be an intercellular process.
Astrocytic mGluRs, distributed heterogeneously throughout
the cell body, react to extracellular Glu. A single protoplas-
mic astrocyte can, therefore, sense molecular signals from
the neuronal elements within its domain. (2) The vesic-
ular release also occurs in the soma, unmyelinated axon,
and varicosities. Adjacent astrocytic processes sense these
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Fig.5 Synaptic and perinodal 1

glutamate. a The fraction of
releasable vesicles in the bouton
has a maximum value of 1 and a
minimum value of 0.9249. b
The Glu spikes are dependent on
the fraction of vesicles ready to
be released from the bouton.
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signals, in turn, recognizing the activity of neighboring neu-
rons or networks. (3) Compartmentalization of neuronal and
astrocytic Ca?>* dynamics is probable. In the neuron, the
cell morphology, the expression of ionic channels, the dis-
tribution of Ca%™ stores, and the behavior of AP means that
intracellular [Ca?*] varies across the neuron. Supported by
the ER, astrocytic Ca>* dynamics are transient and local-
ized, indicating individual processes in each locality. With
these, we presented a model of neuron-astrocyte interaction
extending the tripartite synapse by incorporating saltatory
conduction along the myelinated axon, nonsynaptic neuro-
transmitter release, perinodal astrocytic compartments, and
integration of transient astrocytic [Ca>*] for gliotransmitter
release.

5 10 15 20 25 30 35 40 45 50

Time (s)

Previous models assumed that AP generated in the AIS
reaches the axon terminals without delay or decay by
considering the axon as one compartment. We showed
that even though myelination promotes rapid conduction,
signal delay still occurs. Besides, the AP waveform changes
due to the different expression of ionic channels in the
nodes and the AIS. Therefore, we considered the axonal
length as a sequence of compartments representing the
nodes and myelinated segments. By doing so, we were
able to insert perinodal processes that are independent
of the synapse. We described its dynamics starting from
the nodal [Ca”*] elevations during saltatory conduction,
followed by the unmyelinated axonal vesicular release, then
the Glu dynamics in the perinodal area, to the activation of
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Fig.6 Postsynaptic membrane = (a) Postsynaptic spinehead membrane potential
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erisynaptic astrocytic mGluRs, and finally, the perinodal the perinodal astrocytic process and may be varied to
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astrocytic Ca>t dynamics.

Additionally, we presented localization of astrocytic
Ca”* dynamics in the perisynaptic and perinodal compart-
ments. The stochastic nature of neurotransmitter release,
as well as the spatial variation in extracellular [Glu] sur-
rounding the astrocyte, influences Ca?* transients. Here,
we assumed a linear summation of transient [CaZt] in the
soma. The total intracellular [Ca2*] determines the [Glu]
into the perisynaptic cleft. If astrocyte influences thousands
of neuronal elements within its territory, it suggests that the
individual astrocytic processes in its branch and branchlets
and its somata form a new level of functional integration.
We recommend further biophysical investigation and model
formulation on astrocytes viewed as a compartmentalized
system, similar to neurons, rather than a point process.

We also analyzed the influence of such interaction on
synaptic plasticity. The additional nonsynaptic Glu sources
boost the intracellular astrocytic calcium [Ca®*], which
in turn improves synaptic efficacy. Furthermore, as the
extrasynaptic [Glu] increases, indirectly, presynaptic Ca>*
stored in the ER will be depleted. Excessive Glu in the
synaptic area exaggeratedly activates postsynaptic receptors
damaging neurons.

Rossi (2015) suggested that the intercellular coordination
of elements within the astrocytic domain indicates a
new layer of functional integration that does not entirely
include synaptic networks. Here, we present a model of a
tripartite synapse whose dynamics are not only dependent
on the tripartite area. This model is not restricted to

@ Springer

represent perineuronal astrocytic processes, as neuron-
astrocyte signaling is not only synapse-specific but cell- and
circuit-specific as well (Durkee and Araque 2018).

We presented a model of intercellular communication
between a neuron and astrocyte that includes synaptic and
nonsynaptic processes. In the present wave of researches on
astrocytic processes, conflicting views on gliotransmission,
being an artifact or reality, arise. Over the years, controver-
sies regarding gliotransmission emerge, whether if it is an
innate astrocytic process or a consequence of pharmacolog-
ical stimulations (Nedergaard and Verkhratsky 2012; Sloan
and Barres 2014). Fiacco and McCarthy (2018) deduced
that gliotransmission is not a physiological mechanism, but
the result of observing cultured astroglia in vitro, thus it
does not affect short- and long-term plasticity. (Savtchouk
and Volterra 2018) contradicted the “negative” evidence on
astrocytic Ca>t waves, explaining that this concept is due
to the oversimplifications of data collection techniques and
presumptions on the interpretation of results. A century ago,
Santiago Ramon y Cajal expressed that the real purpose
of glial cells would only be known when a direct method
of studying them is available (Kettenmann and Verkhratsky
2008). Heterogeneity and complexity of astrocytic mecha-
nisms lead to divergence in conclusions on the exact role
of astrocyte in information transfer. Until such time that
researchers arrive at a coherent view, differences in percep-
tion imply that our current knowledge of astrocytic mech-
anisms 1is still inadequate. Moreover, interaction between
local [Ca®*] elevations and their propagation through the
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Fig. 7 Comparison of synaptic efficacy. a As the number of
nonsynaptic sources increases, the astrocytic [Ca®*] rises, therefore
heightening the presynaptic Ca>* peaks. b The [Ca’T] elevates due
to the opening of IP3Rs due to the extrasynaptic Glu. The solid line
indicates the change of mean synaptic efficacy with time for the
three model configurations, while the shaded area is the corresponding
standard error. ¢ The comparison of synaptic efficacy between the
three configurations shows that the increasing calcium stores releasing
astrocytic Ca>* enhance synaptic efficacy

Table 9 Summary of extrasynaptic glutamate

cell and the astrocytic network are currently inconclusive.
Future experimental and methodological advances will pro-
vide clarifications of these issues.

5 Conclusion

The heterogeneity of mGluRs expression and the morpho-
logical complexity of the astrocyte, along with various
sources of extracellular Glu within the astrocytic territory,
create local sites for [Ca2t] elevations. In this study, we
have presented a biologically plausible tripartite synapse
model and extended it by incorporating axon-astrocyte
interaction that represents uncanonical components for sig-
nal transmission. We investigated its Ca>™ dynamics and
found that the summation of astrocytic local and transient
[Ca®*], which increases the total intracellular [Ca>t], may
impede the vesicular fusion and recycling process. This
impediment results in Glu prolongation in the extrasynaptic
cleft. In the short-term, this may increase synaptic efficacy.
However, the continuous source of extrasynaptic Glu causes
depletion of Ca2+ stored in the presynaptic ER and then
overactivation of postsynaptic receptors. Therefore, in the
long-term, this may cause detrimental effects to the pre- and
postsynaptic neurons. Further investigation of Ca’>* dynam-
ics is necessary to clarify the exact function of astrocyte in
intercellular and internetwork communication.
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