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Abstract In this study, we consider the problem of
signal processing in neuron—astrocyte networks where
the intercellular communication is described on the
basis of a tripartite synapse concept. This type of com-
munication involves combined contributions of pre-
and postsynaptic neuronal compartments and compo-
nents of the surrounding astrocyte to the processes of
information transmission. Astrocyte-mediated regula-
tion of neuronal activity is considered through the anal-
ysis of the response changes in the classical Hodgkin—
Huxley model driven by excitatory synaptic current.
It is shown that the complicated astrocyte-dependent
dynamics of this current can lead to non-trivial changes
in individual postsynaptic neuronal activity and, hence,
in the cooperative activation of neuronal groups linked
by the “astrocyte-mediated bridge”.
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1 Introduction

Information about external world received by the ani-
mals from the environment through sensory transmis-
sion should be bound and processed by central nervous
system. This highly complicated system coordinates all
organism’s functions by coherent temporal activations
of various neuronal networks. In such networks, a lot of
synaptic information is received by neurons contacting
with thousands of synaptic terminals. At the network
level, input signals are integrated and processed to elab-
orate the output signal in the form of specific electrical
signals known as action potentials that are conveyed
by neuronal axon to another neuron of the network.
Such integration is the consequence of intrinsic neu-
ronal properties taking into account nonlinear input—
output relationship and functional properties of neu-
rons with the selective responsiveness to different input
signals [1,2]. At cellular and molecular levels, the sig-
naling is defined by changes of the membrane currents
and membrane potential variations, which represent the
result of the expression of ligand- and voltage-gated
membrane channels and indicate electrical excitabil-
ity of the neurons [3]. Neuronal discharges caused by
various external currents [4-8], and by synaptic cur-
rents formed by varied presynaptic background activity
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[9-12] have been thoroughly studied via both exper-
imental and theoretical approaches. Indeed, the neu-
rons with their electrical excitability and capability of
fast signal transmission through the network are the
key players in providing brain information processing.
However, during the last two decades many facts were
found stating that another cell type, e.g., glial cells and,
particularly, astrocytes, can participate in signal trans-
mission and information processing at both cellular and
network levels [13].

The astrocytes do not express sodium channels and,
hence, cannot generate electrical excitation. For a long
time, they were mostly considered as passive cells pro-
viding structural and metabolic support for neurons.
Indeed, the astrocytes play relevant roles in the pro-
cesses of the development and physiology of the brain.
Providing neurons with nutrients and facilitating the
post-traumatic repair and scarring processes are among
the important functions of astrocytes.

However, recent findings have shown that astro-
cytes can play significant role in processing of synaptic
information. Based on empirical results, new mathe-
matical models for description of neuronal electrical
activity modulation due to the effect of astrocytes have
been proposed [14,15]. Particularly, within the frame
of such modeling the induction of seizure-like neuronal
discharge for abnormal astrocytic glutamate degrada-
tion processes has been predicted [14]. From exper-
iments, it follows that astrocytes can display selec-
tive responsiveness to specific synaptic inputs, which
rely to calcium-based excitability and intrinsic proper-
ties giving nonlinear input—output relationships [16].
Moreover, it has been recently shown that astrocytes
disruption by gliotoxins strongly effects the rhythmic
network activity that has been demonstrated on brain-
stem respiratory [17] and spinal cord locomotor net-
works [18]. Calcium elevations in astrocytes induce
the release of various gliotransmitters which can affect
neuronal excitability and, therefore, reveal the ability of
astrocytes to influence neuronal network functioning.
Specifically, such influence can be provided by gluta-
mate or by gamma-aminobutyric acid (GABA) released
from astrocytes NMDA receptor-mediated slow inward
currents or GABA receptor-mediated slow outward
currents, respectively [19-23]. Diffusing in the sur-
rounding extracellular space the gliotransmitters can
further modulate the synaptic strength binding to spe-
cific receptors at both pre- and postsynaptic sides. Fol-
lowing the experimental facts, many computational
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models have been developed taking into account neuron
to astrocyte interactions in modeling the interneuronal
communication [24-28].

Among the most exciting impacts of the astrocytes,
one can mention their ability to coordinate the neuronal
network activations [29-31]. Because of the fact that
astrocyte is affected by a large number of synapses, the
gliotransmission should also contribute in the effect of
neuronal synchronization. Particularly, it was demon-
strated in hippocampal network, where calcium ele-
vations in astrocytes and subsequent glutamate release
led to the synchronous excitation of clusters of pyrami-
dal neurons [19,20]. Imaging data from cultured hip-
pocampal slices indicated that correlated activity of
neurons at network level can be reduced due to cal-
cium buffering in astrocytes, whereas uncaging of cal-
cium in astrocytes could trigger synchronized activ-
ity in the neuronal population [32]. Thus, astrocyte
signaling can contribute significantly in the mainte-
nance of synchronized activity patterns in the hip-
pocampal networks. Another experimental study on
brain slices revealed that artificial increase in the glio-
transmitter release yielded synchronized generation
of extrasynaptic NMDAR-mediated slow inward cur-
rents [33]. Synchronous astrocytic activity was also
found to be linked to the slow-wave activity [34] and
to cortical state switching [35]. The latter property of
neuron—astrocyte networks was also found in model-
ing work [36], where UP/DOWN state transitions were
induced by gliotransmitter-mediated synaptic bistabil-
ity. Thus, a large variety of experiments and simulations
have been performed to discover principles of neuron—
astrocyte communication and its effect on brain infor-
mation processing.

In this study, we focus on the astrocyte participation
in synchronization of its neighboring neurons due to
release of two types of gliotransmitters. The paper is
arranged as follows: In Sect. 2, the details of mathe-
matical modeling of interneuronal communication in
the presence of common astrocyte are described. In
Sect. 3, the main dynamical features of the astrocyte
glutamate and D-serine impacts on the synaptic trans-
mission are presented within the frame of individual
postsynaptic neuronal activity. In Sect. 4, the role of
these gliotransmitters for both the output frequencies
and synchronization of the outputs is examined for var-
ious frequencies of the Poisson inputs. The final section
of the study is focused on discussion of the presented
results and outlines the conclusions.
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2 Neuron-astrocyte communication:
mathematical modeling

To study the astrocytic-mediated changes of neural net-
work dynamics, we consider recently developed com-
putational model for bidirectional glutamate-mediated
astrocytic regulation of synaptic transmission [37] and
generalize it for a neuronal subnetwork with the cells
coupled via a common astrocyte.

A schematic drawing of the considered intercellular
communication is shown in Fig. 1. Communication of
pre- and postsynaptic neuronal cells occurs by release
of glutamate into synaptic cleft. Released glutamate is
cleared by diffusion and uptake by astrocytic glutamate
transporters on the postsynaptic terminal. Part of such
glutamate could also spill out of the cleft, reach the
neighboring astrocyte and trigger the release of various
gliotransmitters (glutamate, adenosine triphosphate, D-
serine and gamma-aminobutyric acid) release [38].
From experimental works, it is known that gliotrans-
mitters can affect both the pre- and postsynaptic parts
of neurons. In this study, the astrocyte ability to
modulate the neural activity is considered through
the change of concentrations of astrocytic glutamate
and D-serine. Released astrocytic glutamate diffuses
extrasynaptically and binds to presynaptic receptors
(mGluRs or NMDARSs) [39—41] which can modulate
further glutamate release from the synapse by differ-
ent mechanisms. Conditions where the astrocytic glu-
tamate depresses neurotransmitter release were stud-
ied circumstantially, for example, in [42]. Astrocytic
release of D-serine is critical for the activation of
postsynaptic NMDA receptors and the development
of synaptic long-term potentiation [43,44]. The con-
tributions of both astrocytic glutamate-induced presy-
naptic depression and D-serine-induced postsynap-
tic enhancement, are taken into account in model
described below.

2.1 Astrocyte-dependent presynaptic dynamics

We assume that the mean field amounts of neuro-
transmitters, X;, that reach the astrocyte and lead to
the release of amount Y of glutamate gliotransmitter
within the synaptic connection with the i-th postsy-
naptic neuron, are described by the following equa-
tions [37]:

d;i —ay [Xi —ko (1 +ycYc) Hy (153 _ 0'5)] ’

dy, "X —66\1"
A {YG - [1 +exp (—721_1 : G)] } )
dr kg

(M) 1, if tj <t <tj+r,
I = .
pre (1) { 0, otherwise ,

(1)
where I]gg(t) is a pulse signal from the presynaptic
cells, H, is the Heaviside step function, ¢; is the event
occurrence time at one of the presynaptic terminals sat-
isfying Poisson distribution with average frequency fi,
and 7 is the pulse duration, T = 1 ms, ko = 2 is the
efficacy of the release, «y = 0.1 is the neurotrans-
mitter clearance constant, g = 0.01 is the clearance
rate for glutamate, g = 1.2, kg = 0.1. Note that, the
parameter yg is negative (see [37] for details). In (1)
and further, the parameter i defines the number of the
considered postsynaptic neurons. From experimental
data, it is known that its value can be rather large. But
in this study, we focus on two cases only: for i = 1
we describe the main features of the considered model,
and for i = 2 we present the peculiarities of the syn-
chronous neuronal activity within the frame of neuron—
astrocyte communication.

2.2 Astrocytic impact in alteration of EPSCs
dynamics

Excitatory postsynaptic currents (EPSCs), Iélgscs, are

described by the following equations:

dIIEZiP)SC (@) (i)
S 1
B —a (~Iipsc, = AHx (152 - 05)),

dy "X —6p\]!
dtD:—aD{YD—[l-f—exp(—Z’:l . D)] },

kp
()

where o7 = 0.1 is the rate constant and A is the ampli-
tude. We assume that the amplitude of the EPSCs satis-
fies the probability distribution, P (A), in the following
form:

2A A?
P(A) = 7 exp (_ﬁ)’ 3)

where b = bo(l + ypYp) is the scaling factor and
Yp is the concentration of D-serine released from the
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Fig. 1 Schematic sketch for astrocytic impact in interneuron communication

astrocyte. Note that, the parameter yp is positive. Isyn
is the synaptic current, which is formed by integrat-
ing the postsynaptic events occurring at different sites.
Because Ié’P)SCS(t) is a mean field contribution of all
synapses, Isy, can be expressed as

i (@)
Is% = IEZPSCSSZ ’ (4)

where Sy is a dendrite integration function expressed
here in the form of a high-pass filter:
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i -1
Sy = |:1 + exp (— <Z Xi — 9X> /kx>i| )]
i=1

where Oy = 1.2 and kxy = 0.01 are the midpoint and
the slope of the neuronal activation, respectively. Mid-
point and slope of gliotransmitter activation function
are Op = 1.2 and kp = 0.1, respectively. The clear-
ance constant of D-serine released from astrocyte is
ap = 0.01.
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2.3 Postsynaptic cells firing

The dynamics of postsynaptic cells is modeled by
the basic Hodgkin—Huxley equations. The membrane
potential is evolved according to the following current
balance equation:

dv; .
L 7 _ 7@
C dr = Ith Ilon Isyn’ (6)
where lion = INa + Ix + I; is the sum of the trans-
membrane currents with

Ina = gNam} (Vihi (V) (Vi — Ena),
Ix = gkni(Vi)(V; — Ex), (7)
I =g((Vi—-E)

are the sodium In, and potassium Ik ionic currents
passing through the cell membrane and the current /;
through an unspecific leakage channel, respectively.
The dynamics of the gating variables n; (V;), m; (V;),
h; (V;) is described by the following kinetic equations:

dn,-
7 = (V) = ni) = Ba(Vini,

4 = ap (Vi) (L = mj) — B (Viymi, (3)

dh;
- = an(Vi)(A = h;) — Bu(Vihi,

where m;(V;) and h;(V;) are responsible for the acti-
vation and inactivation of the Na™-current, and n; (V;)
controls the KT -current activation. The mean transi-
tion rates of ionic channels from the closed to the open
state, and vice versa, are described by the following
functions:

Wy = 001 +55)
O A T expl0.1(=55 — VI’ ©)
Ba(Vi) = 0.125 expl(~V; — 63)/80],
~ 0.1(V; + 40)
oam (Vi) = T Ol0.1 (=40 — Vil (10)

Bm (Vi) = 4exp[(=Vi — 65)/18],

ap (Vi) = 0.07 exp[0.05(—V; — 65)],

Bu(Vi) = {1+ expl0.1(=35 — V1)L (1D

In (7), the parameters gn, = 120 mS/cm?, gk = 36
mS/cm? and g; = 0.3 mS/cm? are the maximal conduc-
tances for the sodium, potassium and leakage channels,
respectively, and En, = 50 mV, Ex = —77 mV and

E; = —54.4 mV are the corresponding reversal poten-
tials. Note that, all the parameters were taken as in orig-
inal work of A.L. Hodgkin and A.F. Huxley [45]. Only
the reversal potentials and additive constants to V; vari-
able in functions ax (V;) and B (Vi), k = {n, m, h} were
changed. Here, all values of the potentials were shifted
on 65 mV because we focus on the time-dependent
changes of the membrane potential while originally, the
cell’s dynamics was studied for the displacement of the
membrane potential from its resting value. The constant
parameter introduced to Eq. (6) is Iy, = 5.7 pA/cm?.

Further, we numerically solved the described system
by the fourth-order Runge—Kutta integration scheme
with a time step of 0.001 ms. To avoid the influence
of transients, the analysis of numerical data is carried
out for # > 500 ms. The mean output frequency value
and the coefficient of synchronization (for the coupled
postsynaptic neurons) were averaged over 200 different
time series of postsynaptic membrane potential.

3 Astrocytic regulation of postsynaptic cell activity
3.1 Dynamics of the synaptic transmission

First, let us consider the dynamics of synaptic transmis-
sion. A pulse signal I, coming from the presynaptic
cell triggers a series of reactions that evokes changing
of the postsynaptic cell’s membrane potential in accor-
dance with the following equations:

dXx
S = —ax [X —ko (14 76Y6) Hi (Iwe — 05)].
éiYG !
e :_aG{YG—[I—i-exp(—(X—@G)/kG)] }’
di
li;scs = —ay (Iepscs + AHy (e — 0.5)),
dYp !
= —ap (¥~ [1 +exp (— (= 0 /k)] ]
y _
CI = I — fion — Iepscs [1 + exp(—(X — Ox)/kx)] K

(12)

where the equations describing the dynamics of the gat-
ing variables are omitted for simplicity. The parameter
A is arandom amplitude satisfying the probability dis-
tribution (3) with b = bo(1 + ypYp), and bg is the
scaling factor accounting for the strength of the synap-
tic response on stimulation. The efficacy of neurotrans-
mitter release kg = 2 is assumed to be constant.
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For illustration, we fix most of the parameters with
constant values and focus on the effect of some of
them only. Note that, here, for the cell-to-cell astrocyte-
mediated communication through a single synaptic
cleft, we consider the midpoints of the functions used
for detection of neurotransmitters impact on gliotrans-
mitters concentration and synaptic current as 6 =
Op = 0x = 0.7. All another parameters are taken as in
Sect. 2. As was mentioned before, the parameters yg
and yp have been introduced to the model for account-
ing the gain of astrocytic glutamate and D-serine. Thus,
the main features appeared due to the change of these
parameters will be discussed in detail further on.

In Fig. 2a, from top to bottom we present two exam-
ples for time evolution of the input signal lpye, the
mean field amount of neurotransmitter X released from
the presynaptic terminal, the mean field contribution
into the change of EPS currents (Igpscs) on a patch
of postsynaptic membrane and, finally, the postsynap-
tic cell’s membrane potential change V (¢). Blue data
were obtained for input signal Ipe with fin, = 300
p/s and scaling factor of EPSCs amplitudes’ distribu-
tion by = 10. Note that, the choice by = 10 corre-
sponds to EPSCs amplitudes distributed near the value
A = bo/N2 ~7.07 pA/cm?.

While the duration of each pulse in the input signal
Ipre has been fixed (r = 1 ms), the Poisson pulse train
for high frequencies fi; can exhibit the pulses with a
longer duration (see the magnified part in the inset in
Fig. 2a). This can be explained as follows. In accor-
dance with the probability distribution for the inter-
vals tj, shown in Fig. 2b, for fi, = 300p/s the prob-
ability for appearance of zero-value becomes rather
large. Within the frame of the model, this situation
is considered as the appearance of synchronized pulse
events whose duration becomes larger. Such high fre-
quency stimulation significantly increases the mean
field amount of neurotransmitters X diffusing into
the synaptic cleft. Red line depicted for X = 0.7,
defines the midpoint of astrocyte activation function
[1 + exp(—(X — 66.p)/kc.p)]~". For X exceeding
this threshold, the values of Y5 and Yp variables are
increased (not shown) and for nonzero values of param-
eters y¢ and yp this leads to a gain of astrocytic gluta-
mate and D-serine impacts on the postsynaptic dynam-
ics. Particularly, for yg = 0 and yp = 1, due to such
exceeding effect, the membrane potential change V (¢)
in the presence of high-frequency stimulation demon-
strates the appearance of the spikes in postsynaptic
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cell’s response. On the contrary, for low-frequency
input signals, the interpulse intervals in I become
large (the probability distribution of interpulse dura-
tions in fpre for fin = 100 p/s is shown in Fig. 2b by
green color) and the concentration of the released neu-
rotransmitter is weakly changed in time. This leads to
small oscillations of both X and Igpscs and, therefore,
cannot evoke any postsynaptic cell’s response (green
data in V (¢)-dependence).

3.2 Potentiating and depressing effects on neuronal
response

From experimental works, it is known that astrocyte-
released glutamate leads to presynaptic depression [42]
while the release of D-serine evokes the postsynaptic
enhancement of the neuron’s response. Recently devel-
oped model of neuron—astrocyte interaction, taking into
account the changes of mean field amounts of neuro-
transmitter and gliotransmitters release [37], permits
describing both these effects.

In order to illustrate the peculiarities of astrocytic
regulation within the frame of the system (12), we
present two time series of the postsynaptic cell’s mem-
brane potential V (¢) calculated for yp = Oandyp =5
(see Fig. 3a, b, respectively). As can be seen from these
numerical data, the increase in postsynaptic upscal-
ing leads to the increase in the spike generation fre-
quency.

To show the details of the astrocyte-mediated out-
put change, we calculate the durations of the interspike
intervals for yg varied from —5 to 0 (assuming that
yp = 0) and for yp varied from 0 to 5 (for the fixed
gain of presynaptic depression yg = 0). To plot the dia-
gram shown in Fig. 3c, for each value of y; and yp the
time of integration has been varied to obtain the same
number (n = 500) of spikes generated by the postsy-
naptic cell. It follows from Fig. 3¢ that for all values of
parameters yg and yp the smallest interval duration is
~ 0.017 s. This duration is defined by the existence of
refractory period that starts immediately after the exci-
tation and during which a neuron is unresponsive to
further stimulation (see the inset in Fig. 3a for detail).
The histograms calculated for various values of y; and
yp (not shown) reveal that this interspike interval is the
most frequently appeared event in cell’s output. This is
due to the fact of appearance of the so-called short-ISI
spikes (see the inset in Fig. 3a). This type of response



Neuronal synchronization enhanced by neuron—astrocyte interaction

653

Fig. 2 a From top to
bottom: time series of
presynaptic events Ipe in (a)
the form of Poisson pulse
train (with enlarged part in
the inset); the mean field
concentration of
neurotransmitter X ; the
mean field postsynaptic

Lore
o -
=

==

current Igpscs and the
membrane potential changes
of the postsynaptic cell. The

data shown in blue color
were obtained for fi, = 300
p/s and by = 10, and green
color is for fi, = 100 p/s
and by = 5. Red line for

X = 0.7 depicts the

threshold defining the
conditions for spike 40 —
generation. The parameters i
of gliotransmitters release
gain are yg = 0 and

V, mV

yp = 1. Probability -80

distributions for the
intervals between pulses in
Ipre and for the amplitudes
of EPSCs are presented in

b and c, respectively. (Color
figure online)

2 2.1 22

is frequently measured in various biological studies.
Recent results in this field suggest that burst-like fir-
ing should be more efficient in signal transmission and
could convey more information per spike than the fir-
ing containing another ISI subsets [46,47]. From the
point of view of the considered model, the existence
of such short-ISI spikes is provided by the form of the
synaptic current /sy, . Ithas mostly smoothed shape of a
rectangular-type pulse whose width allows generation
of several consecutive spikes. Since the gain of presy-
naptic depression y leads to constriction of /sy, shape,
the generation of short-ISI spikes in this case does not
occur. In the inset in Fig. 3c, the narrow subregion cor-
responding to the smallest interspike duration for large
yc disappears.

On the other hand, large interspike intervals in cell’s
output form wide subregion with high distribution den-
sity for smaller intervals and, on the contrary, low den-
sity for the larger intervals. Wherein for large yp long-
length interval durations tend to disappear, the num-
ber of short-ISI spikes and their mean length (i.e.,
the number of spikes within this burst-like firing) are
increased.

time, s

I f I ' 1
23 24 25

Therefore, the depressing ability of glutamate on
neurotransmitters release leads to the significant
decrease in the output frequency of postsynaptic fir-
ing, while the gain of the released D-serine enhances
the response. Figure 4 (curves to the left of fi-axis)
shows that large enough increase in yg can suppress the
neuronal response at all. For any I stimulation some
amount of astrocyte-released glutamate y; exists that
for yg > y¢; (in absolute values) the postsynaptic cell
falls into a quiescent mode.

On the contrary, the increase in yp corresponding
to the gain of the D-serine-mediated influence, leads
to increase in the output frequency, as shown in Fig. 4
(curves to the right of fo,¢-axis).

3.3 Frequency filtering

Postsynaptic cell’s membrane potential calculations for
various values of frequencies fj, of the input signal /pre
show that for high values of f;,, almost tonic spiking is
observed. Contrary, for small fi, most of the spikes are
suppressed, and for instance, at fj, = 100 p/s only few
spikes are generated. Thus, the system can be consid-
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Fig.3 Time traces of the postsynaptic membrane potential V ()
at different concentrations of the released D-serine: a yp = 0
and b yp = 5. The inset shows an enlarged part of the neuronal
response in the form of short-ISI spikes. ¢ Interspike intervals dis-
tribution for various concentrations of astrocytic glutamate (blue
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Fig. 4 The dependence of the output frequency on the gain of
presynaptic feedback yg and postsynaptic upscaling yp for two
values of the Poisson input frequency fin, bo =5, 0x = 0.7

ered as a high-pass filter whose cutoff frequency f, can
be altered due to astrocytic influence. Both astrocytic
glutamate and D-serine release change the cutoff fre-
quency: the increase in D-serine concentration leads to
a decrease in f, while the gain of glutamate increases
the cutoff frequency, as shown in Fig. 5.

For the considered set of parameters, the role of D-
serine in modulation of the cutoff frequency is not so
well pronounced and does not exceed 1% in compar-
ison with the case yg = yp = 0, while the gain of
astrocytic glutamate provides more than 20% increase
of the cutoff frequency. Indeed, from [37] it is known
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dots) and D-serine (red dots). The inset shows dense distribu-
tion of the shortest intervals defined by the existence of neuronal
refractory period. The parameters are the frequency of the Pois-
son input is fi; = 300 pulses per second, by = 5, Ox = 0.7.
(Color figure online)

that the highest impact of y is observed for low input
frequencies, while the role of yp is more significant for
higher values of fi,.

Further, we will show how these dynamical features
do impact on postsynaptic cells synchronization.

4 Neuronal activity caused by common astrocytic
modulation of synaptic transmission

To quantify the interrelation of spiking events for the
coupled postsynaptic cells, we consider a measure that
can be deduced from raster diagrams data widely used
in experimental neuroscience. This is the coefficient of
synchronization that for two neurons can be defined by
the following relation:

2nsync
= —, 13
T+ ()

where n| and n; are the numbers of spikes produced by
the first and by the second postsynaptic cells, respec-
tively. The number of synchronous spikes is denoted
as ngync. Obviously, that for synchronous firing of the
postsynaptic cells n = 1, and for asynchronous gener-
ation n = 0. It should be noted that due to nonidentity
of the driving (the currents Is(;le are varied from cell to
cell), the complete synchronization of spikes cannot be
expected. Therefore, in the following, we assume that
two spiking events can be considered as synchronous if
the membrane potentials of both cells exceed the value
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Fig. 5 Output frequency dependence on f;, for three values of a yg and b yp. In the insets: the cutoff frequency changes with the
increase in yg and yp, respectively. The parameters are bg = 5, 6x = 0.7

of Viy = —40 mV. Taking into account an average
width of the spike at the level of Vi, this assumption
corresponds to consideration of 2-ms-timing window
for registration of synchronous events.

Since the change of gliotransmitters amount signifi-
cantly impacts on the output frequency, we also calcu-
late the mean frequency of the neuronal postsynaptic
firing as fou = (fin + fas)/2-

4.1 Neuronal output synchronization

Without astrocytic-mediated modulations, the consid-
ered neuronal communication occurs through a synapse
that uses glutamate as the transmitter, and that has
receptors opening channels for cations. When these
glutamate receptors are activated, both Na™ and K™
flow across the membrane of postsynaptic neuron. If
temporary depolarization of postsynaptic membrane
caused by this flow changes the membrane potential
so that it exceeds threshold, the postsynaptic neuron
will produce an action potential. In general case, the
strength of the EPSCs does not have any constant value.
A lot of factors influence its amplitude. Since a neu-
ron may receive the information from many synaptic
inputs with other neurons, in the considered model, the
variable Igpscs is considered as the mean field contri-
bution of all synapses. In simulations, the strength of
excitatory postsynaptic current caused by all incoming
stimuli, is defined by the parameter bg. Therefore, the
synchronization features will further be discussed for

two possible cases, namely for weak and strong EPSCs,
i.e., for small and large values of by.

4.1.1 Gliotransmitters impact for strong EPSCs

Here, the EPSCs are assumed to be strong if the con-
sidered band of astrocytic-mediated modulations do not
suppress the response of postsynaptic neurons, i.e., for
any considered yg and yp, the frequency of postsy-
naptic firing fou: does not take zero values. For conve-
nience, we start with the case when the gliotransmit-
ters impact on neuronal dynamics separately. In par-
ticular, the gain of presynaptic depression is studied in
the absence of postsynaptic modulations (yp = 0) and
conversely, for varying yp we assume that yg = 0.
Since the role of the input frequency of the Poisson
stimulation is of significance [37], we focus on both
low- and high-frequency cases.

Uncooperative role of gliotransmitters release for low
input frequencies. Figure 6a—d shows the raster dia-
grams for four combinations of y; and yp parameters:
(a) and (b) were obtained for varying yp and (c) and
(d) present the results for two values of yg (yp = 0).
These diagrams were obtained numerically for by = 10
and for Poisson inputs with fi, = 250 pulses per sec-
ond. To characterize the response, we calculate the
dependence of output frequency fou: and coefficient
of synchronization n on yg and yp as illustrated in
Fig. 6e, f. Thus, the highest degree of the neuronal syn-
chronization is observed for y¢ = 0, yp = 5 where

@ Springer



656 E. V. Pankratova et al.

(©) (Y]
# n GO0
22— T O Y 0000009999600000099966

1N T A I 560000008BEEC00000EER 0000000
O 771 T T T T 1 0.6 QM

0 i 3 5 16 I bo=10, yp=0-©- bo=10, y5=0| eweee

# - - b0:5, YD:O -o- b0:5, YG:() eee

RS

BIOVVOO OO SIOVCV0OO 00

O T T T " T 1 T

0 4 8 12 16 20 -5 -4 -3 -2 -1 0 1 2 3 4 5
# Ye  f.»pls Yp .
2= IR TEmE e ruermr e e (e) 16 0o® ale

AW e renee 00®
0 T T T T T | -@® - b0:10, 'YD:() -®- b0:10, 1{G:O 12 ..'.'.....

0 10 20 30 |-¢-bo=5,yp=0 -#-bo=5,y5;=0 -

8 P4

# ./. “‘0‘
S I | ! oo

11 | ] | | o®
0 T T T T T T T T T ]

0 4 8 12 /i 16 20 -5 -4 -3 -2 -1 0 1 2 3 4 5

. 1
lime, s YG YD

Fig. 6 Raster diagrams obtained for four combinations of yg
and yp: a (0, 5), b (0, 0), ¢ (—1.5, 0) and d (-5, 0). e The
dependence of synchronization coefficient 7 on both y and yp
for by = 10 is shown by empty blue (left part of the curve) and
red (right part of the curve) circles, respectively; for by = 5—
by empty diamonds. Blue and red filled circles in f correspond

the high-frequency generation with 85% coincidence
of spikes occurs. It follows from Fig. 6e that the con-
sidered gain of D-serine release leads to approximately
60% increase of the output frequency and 20% increase
of 1. On the contrary, the growth of astrocytic gluta-
mate leads to significant decrease in fou (up to 95%),
but 1 changes weakly due to this yg-decrease and its
change does not exceed 8%.

Taking the smaller values of by, the larger increase
in synchronization with the increase in yp is observed
(for instance, for by = 5, more than double increase in
n occurs). At the same time, the changes of yg have
weak impact on 1 within the considered band of val-
ues. Summarizing the results obtained for low input
frequencies, it becomes clear that the growth of D-
serine release monotonically enhances the postsynaptic
cell’s response and increases the ability for postsynap-
tic cells’ synchronization. The increase in astrocytic
glutamate release, on the contrary, leads to inhibition
of the response with slightly changing the coefficient
of synchronization.

@ Springer

to the changes for by = 10 of the output frequency with the
gain of presynaptic depression —y (left part of the curve) and
with the gain of the D-serine effect yp (right part of the curve),
respectively; filled diamonds are for bg = 5. The parameters are
fin =250 p/s, Ox = 1.2. (Color figure online)

Uncooperative role of gliotransmitters release for
high input frequencies. As for the low frequencies, the
highest ability to synchronize the neuronal outputs is
observed for the largest values of by. Particularly, for
by = 10, n (that becomes larger for all values of yg
and yp in comparison with the low-frequency case)
with the increase in yp converges to 0.98 illustrating
the improvement of synchronization up to the level of
almost completely synchronous firing of the postsy-
naptic cells. As in Fig. 6e, for extremely strong EPSCs
either monotonic amplification (with the increase in
yp) or monotonic attenuation (with the increase in
—yc) of n occurs depending on the type of gliotrans-
mitter released (see Fig. 7a for comparison).

For smaller amplitudes of EPSCs, the dependencies
ofboth fo,u and  on presynaptic depression (i.e. on yG)
demonstrate a non-trivial behavior. Despite the mono-
tonic decrease in the released amount of presynaptic
neurotransmitters X, both foy and n have maximum
at the certain value of yg. Particularly, for by = 5,
yc-induced n-amplification is 26% whereas the out-



Neuronal synchronization enhanced by neuron—astrocyte interaction

657

© . -
(a) n 6O0025088E00R00000608000 . Y6=0
eoocoo@eaeeegooooaeeee 17 S 2
08¢ i
' o1
eeeeab‘: 5
oee@ooooo‘”"} 4h N
6000000 0.6 - 0
{Fe-bo=10, yp=0-0- bo=10, 750 ) 4 42 44 46 48 5
0.4 {2~ bo=5,7p=0 -4~ bo=5, y6=0 Yo
L s e s e —T T T T
-5 -4 -3 -2 -1 0 1 2 3 4 5
Yo ¥p
Jow DI .
(b) 90 —- .......00... X
i ....'..:.:O:”OOQO”M
*
6Q8Y o0 N
o ¥ g
b S22
o"?()rt <:tL
..."'"l" 1[-®- bo=10, yp=0 -@- bo=10, y5=0) 1
?.m#gmzw“ Tobosmp0 ~e-bosyg0| ~
T T T T T T T T 0
I I T T T T 1
5 4 3 2 -1 0 1 2 3 5 4 4.2 4.4 4.6 4.8 5

Fig. 7 a Coefficient of synchronization n versus both y (blue
empty symbols at the left part of the curve) and yp (red empty
symbols at the right part of the curve) for two values of by: by = 5
(diamonds) and by = 10 (circles). Filled symbols in b represent
the output frequency as function of yg (blue symbols) and yp

put frequency demonstrates more than 30% increase in
comparison with the case of yg = 0. So that, for high
frequencies of the Poisson signal the response enhance-
ment is possible due to changes of both presynaptic
depression and postsynaptic upscaling.

To explain the appearance of non-monotonic depen-
dence of fo, and n on presynaptic depression, fur-
ther we describe the conditions for spike generation in
Hodgkin—Huxley model subjected to two types of input
signals.

Role of input currents in emergence of tonic firing
in Hodgkin—Huxley model. Tonic neuronal activity is
characterized by stable action potential firing at con-
stant frequency. Such type of behavior can be observed
as a result of sufficiently large intensities of external
stimulation. The most well-known cases of such stim-
ulations are the dc- and ac-currents. The role of the
parameters of these injections is of particular impor-
tance and was circumstantially studied both experimen-
tally [4] and through various simulations [5-8].

For dc-current, the classical Hodgkin—Huxley model
describes two types of behavior: quiescent state or peri-
odic firing. The unique stable equilibrium state corre-
sponding to the first one, is observed for amplitudes
of current not exceeding I(ﬁ) ~ 6.21A/cm?. The

time, s

(red symbols) for byp = 5 (diamonds) and by = 10 (circles). Time
series of synaptic currents /sy, that are supplied to the neurons
for three values of yg: ¢ y6 =0,d y6 = —0.4and e yg = —2.
The parameters are the mean frequency of both Poisson inputs
are fin = 500 pulses per second, 6x = 1.2. (Color figure online)

unique stable limit cycle £° corresponding to the fir-
ing regime, exists for Igc > Iéf) ~ 9.8 |LA /cm? until
some extremely large value of Iy that is not reached in
this study. Within the interval / écl) < Ige < 1 éf) both
stable equilibrium state and stable limit cycle coexist
in the phase space of the dynamical system. It should
be noted that the equilibrium state loses the stability
at Iye = 1 ég) through the subcritical Andronov—Hopf
bifurcation resulting in emergence of an unstable limit
cycle £* for Iyc < I 53), whereas the stable limit cycle
L* merging with £" disappears through the saddle-
node bifurcation of periodic orbits at Igc = Iéi). It is
important that the increase in Iyg. within the range of
bistability leads to an increase in the output frequency
from approximately 5270 Hz [6].

For ac-current, in Hodgkin—Huxley model, besides a
non-firing state various regimes of regular and irregu-
lar oscillations depending on the amplitude and fre-
quency of the applied current are possible. Particu-
larly, in [7,8] it has been shown that signals with
amplitudes smaller than I, ~ 1.6A/cm? cannot
evoke a response for any driving frequency. And for
amplitudes smaller than I,c ~ 2.5 wA/cm? only var-
ious types of regular oscillations are possible. Irregu-
lar responses as well as the so-called 3 : 1 lockings
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Fig. 8 The output
frequency fou and
synchronization coefficient
n vs yg and yp for a, ¢

fin =250p/sand b, d

fin = 500 p/s. The
parameters are by = 4,

Ox =1.2
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(that corresponds to the response with one spike per 3
stimulus cycles) occur only for larger amplitudes, for
Ioe > 2.5 MA/cm2 and I, > 3.5 [LA/CII]Z, respec-
tively. Moreover, it is worth noticing that this variety
of oscillatory regimes observed for I, < I écl), is possi-
ble only within the bounded range of input frequencies:
there is no response in Hodgkin—Huxley model for low
and high frequencies of ac-current.

Therefore, the comparison of the thresholds for
dc- and ac-currents reveals that frequency-dependent
component in input signal can significantly reduce
the threshold for spike generation and, consequently,
enhance the postsynaptic cells response.

In Fig. 7c—e, modulations of the synaptic cur-
rents Is(ylr’lz) due to the increase in the astrocytic glu-
tamate are presented. One can note that the maxi-
mal amplitude of this signal is not changed while
the frequency changes significantly. Note that, such
frequency-induced enhancement can be observed only
due to the change of ys. Moreover, for smaller values
of by the larger enhancement of the neuronal response
is observed. Particularly, for by = 4, more than dou-
ble amplification of 1 due to the increase in astrocytic
glutamate is observed (not shown).

@ Springer

Joint impact of presynaptic depression and postsynap-
tic upscaling. To study the synchronizing influence of
the common driving If;?l applied to the postsynaptic
cells for arbitrary varied amounts of the gliotransmit-
ters released, we present the division of the parameter
plane (yg, yp) into the regions with different types of
cells response. The lighter domains in Fig. 8a, b corre-
spond to the regimes of postsynaptic firing where the
output frequency becomes high. For this regime the
number of synchronous spikes and, correspondingly, 1
both take their maximal values. The darker domain in
Fig. 8c depicts the regimes of low-frequency firing with
less than 15% coincidence of spikes in the postsynaptic
cells responses.

4.1.2 Gliotransmitters impact for weak EPSCs

For weak EPSCs, the change of gliotransmitters release
decreasing the neuron’s response can also completely
suppress it. To show this, we consider two values of
the parameter by: by = 2.5 and by = 3.5 for the same
value of the input Poisson signal frequency fi, = 200
pulses per second. For these cases, the dependencies of
response on both n and fo are presented in Fig. 9a, b.
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Fig.9 In a and c the dependence of synchronization coefficient
n on both yg and yp is shown by blue filled and red empty cir-
cles, respectively. Blue filled and red empty diamonds in b and
d correspond to the changes of the output frequency with the

One can see that depending on the value of by either y;
or yj,-threshold for the appearance of the cells synfire
activity exists. Taking into account the effects of glio-
transmitters on the dynamics of the postsynaptic cell,
the increase in 7 is much faster for the synfire activity
emerged through the exceeding of some y/;-threshold.

For high input frequencies, due to the previously
described resonant effect two yj-thresholds can be
observed with the change of y¢, Fig. 9c, d.

5 Discussion

Any information sent to the central nervous system is
transmitted through the correlated changes of the mem-
brane potentials in certain temporary activated groups
of neurons. The role of the driving characteristics in the
collective dynamics of these neuronal subnetworks is
of particular interest. The most studies in this field were
carried out within the frame of homogeneous networks
of neurons [48-58]. The last knowledge of astrocyte
dynamics and neuron—astrocyte interactions indicates
that most of traditional models used for description of
intercellular communication need to be modified [59].

change of y¢ and yp, respectively. The parameters are the mean
frequency of a Poisson input I is fin = 200 pulses per second,
fx = 1.2.Inaandb by = 2.5and by = 3.5;incandd by = 1.5,
fin = 500 pulses per second. (Color figure online)

Indeed, the development of fluorescent imaging
techniques permitted to demonstrate that astrocytes
should be true members of information processing
game in the central nervous system. Specifically, they
can dynamically shape the extracellular space and exert
a regulatory influence on the neuronal signaling by
affecting the extracellular diffusion of neurotransmit-
ters [60,61]. Astrocytes can control the extracellular
K™ concentration through the expression of specific
ion channels. An expression of these channels has been
proposed to contribute to neuronal hyperexcitability
and epilepsy [62]. It was shown, that expression of glu-
tamate transporters by astrocytes is crucial in the clear-
ance of glutamate from the synaptic cleft to terminate
synaptic function [63]. Transmitter transporter dys-
functions can lead to pathological conditions, includ-
ing neuronal networks hyperexcitability and epileptic
activity development [64].

In this study, based on earlier developed model for
the tripartite synapse [37] we addressed non-trivial
changes in coherence and synchronization of neuronal
activity induced by the gliotransmitter release.
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We have assumed that the dynamics of postsynap-
tic neurons is described by the basic Hodgkin—Huxley
model forced by synaptic currents. The dynamics of
these currents depends both on the concentration of
neurotransmitter released by the presynaptic neuron
(responding on the incoming stimulation in the form
of the Poisson pulse train) and the concentration of D-
serine released by the astrocyte, whereas the change
of neurotransmitter amount within the synaptic cleft
depends both on incoming signal (the Poisson pulse
train) and the concentration of astrocytic glutamate. Itis
assumed that astrocytic glutamate depresses the presy-
naptic release while D-serine enhances the postsynap-
tic currents. For low-frequency inputs, the monotonic
glutamate-induced depression and D-serine-induced
potentiation of the postsynaptic neuronal activity are
observed. On the contrary, for high-frequency inputs,
the joint effect of high-frequency-induced increase in
neurotransmitter concentration and its decrease due
to the increase in astrocytic glutamate, leads to non-
monotonic change of the neuronal response. It has been
shown that astrocyte-mediated presynaptic depression
for incoming high-frequency stimulation can provoke
a resonant neuronal response and, hence, lead to sig-
nificant increase in the output frequency.

We have also examined the astrocyte feature to
influence on the degree of the output synchronization.
Since the Poisson inputs are not synchronized (only
the mean input frequencies are assumed to be con-
stant), the synaptic currents driving the postsynaptic
cells are not identical. Correspondingly, the complete
synchronization (i.e. the complete coincidence of the
membrane potentials V;) is not possible in this case.
To quantify this dynamics, we propose a specific mea-
sure called coefficient of synchronization. Calculation
of this coefficient reveals the significant contribution
of gliotransmitters to modulation of the neuronal activ-
ity. For high-frequency inputs, apart from the response
enhancement, the degree of synchronization is also sig-
nificantly increased.

Recently detected physiological consequences of
the communication between astrocytes and neurons
reveal a lot of non-trivial facts. The current knowledge
about this intercellular communication is mostly the
result of investigations at the cellular and molecular
levels. Despite the numerous models for the descrip-
tion of signal transmission via tripartite synapses, the
heterogeneous networks of cells as the higher level of
complexity and the actual impact of astrocytes in the

@ Springer

neuronal network activity are still the subject of further
detailed simulation studies.
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