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Abstract

Recent studies in neurophysiology suggest that astrocytes—a specific type
of glial cells in the central nervous system—perform dynamical signaling,
integrating neural inputs and regulating synaptic transmissions. This work
presents a mathematical model for bidirectional signaling between astrocytes
and neurons, investigating the functional role of such glial cells in a neural
network that simulates the influence of nicotine on attentional focus. Con-
sidering the neurons’ firing frequency as an indicator of analysis, our results
indicate that the tripartite synaptic transmission substantially changes the
network activity, in comparison to the bipartite synapse. In addition, we
show that this effect occurs specifically due to inclusion of astrocytes, cor-
roborating experimental findings that show astrocytes improve of transmis-
sion performance in neural networks. Moreover, our simulations contribute
to a better understanding of the astrocytary role in brain function and of
synaptic transmission in a neuroglia network.
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1. Introduction

Neurons and neural circuits are essential for sensory, motor and behavioral
integration, as well as for all the processes underlying emotion, cognition and
physiological control. However, in spite of the central role neurons play in
such mechanisms, these cells are not alone in the brain systems in charge of
maintenance and regulation of neurotransmission.

The importance of glial cells for brain activity has already been indi-
cated by Ramon y Cajal more than a century ago [1], but up to recently
they were regarded only as a passive component in synaptic transmission.
Throughout the last decade however, a number of studies started to suggest
a different scenario. Experimental works show that glial networks, in particu-
lar astrocyte networks, actively participate in synaptic signaling. Nowadays,
the importance of astrocytes for neural functioning and plasticity is highly
accepted [2, 3, 4, 5, 6, 7].

A study in neurons from retinas of Pfrieger and Barres mice [8] showed
that, in cultures without glial cells, although presenting a normal and com-
plete structure, the synapses exhibited low spontaneous activity and high
error rates during synaptic transmission. On the other hand, in a co- cul-
ture with neuroglia, the frequency and amplitude of the post-synaptic cur-
rents were potentiated seventy times, the spontaneous currents increased five
times, with less faults during transmission. These experiments indicate that
neurons by themselves form inefficient synapses, and thus need glial signals
to achieve high quality connections and become functional.

The role astrocytes play at the central nervous system was thus redefined
and it is well accepted that they work as a third element in the synapses.
The coupling between astrocytes and neurons form a connection that allows a
chemical communication between such cells: a synapse where three terminals
change information—a tripartite synapse [9, 10].

Observe that although the propagation of action potentials does not occur
in astrocytes, these cells are excitable and able to communicate bidirection-
ally with neurons and other astrocytes. It happens due to the rising and
propagation of Ca®™ waves inside the astrocyte. Such waves induce the re-
lease of glial transmitters (glutamate) [10, 11] in the synaptic cleft, as a
consequence of a pre-synaptic action potential—see Figure 1. Through the
activation of the N-methyl-D-aspartate (NMDA) neural receptor, the glu-
tamate transmitter released by the astrocyte produce slow inward currents,
especially at dendritic spines [12, 13].



On other hand, nicotine is considered as the main source of tobacco de-
pendence, due to its affinity to the nicotinic acetylcholine receptor (nAChRs)
at the reward brain system [14, 15]. The presence of nicotine intensifies cog-
nitive functions—particularly, attention focusing—in a number of groups,
as in non-smoking healthy adults, and patients with pathological conditions
such as ADHD [16, 17, 18, 19]. Also, the formation of the attentional focus
depends on the cortico-thalamic control [20, 21, 22].

The effect of nicotine on synaptic plasticity has been broadly investi-
gated [23, 24, 25, 26]. Nowadays, synaptic plasticity is considered as the
basis for the mechanisms underlying learning and memory [27, 28, 29, 30].
Furthermore, the function of glial cells is essential for the consolidation of
some types of memories [31, 32, 33]. Moreover, astrocytes possibly perform
a key role in Long Term Potentiation (LTP) and Long Term Depression
(LTD) [34, 35], as well as in neural synchronicity [36].

In a previous article [37], we proposed a neurocomputational model—
called the Reward-Attention Coupled circuit, or RAC for short—that cou-
ples reward and thalamocortical circuits to investigate how the action of
nicotine at the reward circuit influences attention focusing. Justified by the
existence of synaptic projections from the nucleus accumbens (NAcc) up to
the substantia nigra (SN) [38], our hypothesis proposes that nicotine affects
the attentional focus through the interaction between reward and thalamo-
cortical circuits. The computational simulations of the RAC circuit provide
numerical results describing the action potentials of the neurons that com-
pose the neural network. Each neuron is modeled by a system of differential
equations that incorporates the cells’ eletrophysiological characteristics, both
in the presence and absence of nicotine.

Biologically plausible models, realistic and accurate at the cellular level,
are essential to capture biophysical mechanisms underlying behavior. In fact,
several mathematical models have been proposed to understand the func-
tional role of astrocytes in neuronal dynamics [39, 40, 41]. Here, we specif-
ically address the influence that the absorption of astrocytary glutamate
exerts on synapses. Moreover, we study the extensive regulatory capacity of
astrocytes, i.e., how they are able to modify neural responses throughout the
RAC circuit. Therefore, to further understand the dynamical and coordi-
nated interactions between reward and thalamocortical circuits, we present
a mathematical model for the bidirectional communication between an as-
trocyte and the RAC circuit, as well as the computational simulations of this
model.
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Figure 1: Tripartite Synapse. Pre-synaptic terminal (neuron 1) releases the neurotransmit-
ter glutamate in the synaptic cleft. Glutamate binds to the post-synaptic glutamatergic
receptors (neuron 2) and to glutamatergic receptors in the astrocyte. The presence of the
neurotransmitter thus triggers a Ca™ wave inside the astrocyte that, in turn, can release
even more glutamate (in this case, a gliotransmitter) than the post-synaptic neuron.

In what follows, we summarize the contents of this article. In Section 2,
Materials and Methods, we present both the neurophysiology and the math-
ematical formulation of the RAC-Astrocyte model. In Section 3, Results, we
describe the computational simulations and present their outcomes. Finally,
Section 4 discusses the consequences of our results.

2. Materials and Methods

Based on the model proposed by Nadkarni and Jung [39], we investigate
the dynamics of the regulation that astrocytes exercise on a neural network.
This approach is based on Li and Rinzel Ca™" model [42] that describes the
dynamics of the intracellular Ca™* waves produced by astrocytes. This model
has been particularly developed to consider the IP3-dependent dynamical
alterations in the concentration of cytosolic Ca™*.



2.1. Astrocyte-Neuron Interactions

As mentioned before, the interaction between neurons and astrocytes oc-
curs through a tripartite synapse. There, the astrocyte connects to the axonic
terminal of the pre-synaptic neuron and to the dendrite of the post-synaptic
cell. In this way, the astrocyte modulates the neural signaling according to
the stimulus it receives from the pre-synaptic neuron [10].

The astrocyte adjoining the synaptic terminal answers a neural action
potential because the released neurotransmitter, glutamate, binds to its re-
ceptors, mGluRs receptors type 1 and 5 [43]. The activation of these recep-
tors triggers the production of the IP3 second messenger, which regulates the
Ca™™ concentration inside the astrocyte.

The TIP3 production inside the astrocyte is modeled by the following dy-
namical equation:

dIP;  IP; —1IP;
a - + @, O (V —1) fort e (0,71, 0
IP3(0) = IP3,

where IP3 represents the amount of IP; in the cytoplasm, and IPj is the
equilibrium concentration of IP3—which is the basal level of IP3 in the cyto-
plasm when the cell is under a steady state and does not receive inputs. The
quantity 7p, is the IP3 decomposition time constant, and ¢, is the rate
through which the IP3 is produced due to a neural action potential. The
value of IP3 at time zero is given by IPY.

When the membrane potential V' of the neuron becomes higher than the
fixed threshold ¢, the production term is activated through the Heaviside
function © : R — {0, 1}, defined as

1 ifz>0
O(z) = - 2
<I> {0 if z <0. (>

As the intracellular IP3 production is proportional to the amount of activated
mGluRs, the parameter o5, is proportional to the amount of neurotransmit-
ter that is released. From (1), we note that IP3 oscillates depending on
V' while the pre-synaptic neuron is excited. Besides, the frequency of IP3
behaves accordingly to the pre-synaptic neuron spiking frequency (see for
instance Figure 4a).



2.2. Astrocyte Ca™ Dynamics

The Ca™" dynamics in the Li-Rinzel model is described by three channels:
Jehan, which models the Ca™ influx from the endoplasmic reticulum (ER)
up to the cytoplasm, through the opening of both IP3 and Ca®™ channels;
Jpump, Which models the influx of Ca®™* that is pumped from the extracel-
lular space up to the ER; and finally, Jjc.x, which describes the amount of
Ca™™" that leaks through the membrane of the ER to the cytoplasm. Thus,
the cytoplasmic Cat™ concentration is described by the following system of
equations (see [41] for a complete derivation):

T (0810 1P) & Fyu(Co]) — Tra[Ci) For 1 € (0.7]

— =aq(l —q) — By for t € (0,7
[Cal(0) = [Ca]’,  q(0) = ¢,

where Jenan depends on the states of the IP; and Ca™ channels, Jpump and
Jeax depend on the Ca™ concentration, ¢ is the fraction of activated 1P
receptors, and the parameters o and 3, are given by

IP3 + d;

m, ﬁq = CLQ[C&].

Qg = 2 d2

The description of the channel Jay, is

\7Chan = Tcmionioqg([ca] - [Ca]RE)7
where r. is the Ca™ maximum rate of oscillation and propagation. Besides,
Meo and Ny, are the IP3 and Ca™" channels respectively, which are described
by
IP3 [CCZ]

T T rd T [Cdtds

The other channels, Jicak and Jpump, are given by

[Cal?

m, Treak = 7GL([Ca] B [C&]RE),

jpump = VR
where 7, is the Ca™" leaking rate, vy is the pump’s maximum rate of ab-
sorption, and x2, is the constant for the activation of the pump. Table 1

presents a complete description of all parameters. Important to note, for
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the conservation of the Ca'™t concentration inside the cell, the restriction
co— [Ca
[CCL] RE %
1
centration of free cytosolic Ca™™ and ¢; is the volumetrical rate between the
ER and the cytoplasm.

must be satisfied, where ¢y represents the overall con-

Table 1: Astrocyte Parameters

Parameters Description Value

IP3 Baseline value of IP3 0.16 uM
Tips [P3 degradation time constant 7s

Pr1pg Production rate for IP; 7.2 uM s7!
0 Threshold for the IP3 production 50 mV

Te Maximum rate for the oscillation and propagation of Ca®* 6 s7!

L Ca™™ leakage rate from ER 0.11 s71
Vre Maximum rate for the Ca™ pump uptake 0.9 uM s~!
Co Total free Ca™*cytosol concentration 2 M

K2, Activation constant for the Ca®™ pump 0.1 uM

c1 Ratio of ER volume to cytosol volume 0.185

dy IP5 dissociation constant 0.13 uM
dy Ca™™ inactivation dissociation constant 1.049 uM
ds IP5 dissociation constant 0.9434 M
ds Ca™™ activation dissociation constant 0.08234 uM
a9 Rate for the binding and inactivation of IP3 and Ca™™ 0.2 uM st

2.8. Neuron Model

The neural modeling applied to the RAC circuit is described in detail
in [37]. For completeness we summarize here the main aspects of the network.

In our model, the reward system is activated by the action of nicotine
on a7 receptors at the axonic terminals of neurons in the pre-frontal cortex
(PFC). Such neurons release glutamate to the ventral tegmental area (VTA),
which nicotinic and glutamatergic receptors are activated by nicotine and glu-
tamate, respectively. By this way, the dopaminergic and GABA-ergic neu-
rons in the VTA become excited. The activity of the GABA-ergic neurons,
however, ends after some minutes, due to properties of their nicotinic recep-
tors. The dopaminergic neurons, on the other hand, keep receiving excita-
tory stimuli from the glutamatergic PFC neuron, while the inhibitory stimuli



from the GABA-ergic neurons die out. As a consequence LTP occurs, medi-
ated by the glutamatergic receptor NMDA. Such sequence of events makes
the dopaminergic neurons to spike under the burst mode, releasing more
dopamine. These cells make connections with GABA-ergic neurons at the
NAcc, the last site in the reward pathway related to the pleasure sensation
induced by the use of nicotine.

The NAcc inhibits the dopaminergic neurons in the SN, which connects
the reward and the thalamocortical circuits. Since the NAcc projections are
inhibitory, the SN and NAcc behaviors are inversely proportional, i.e. the
SN becomes more (less) active as the NAcc becomes more (less) inhibited.

We now consider the thalamocortical part of the RAC-Astrocyte model,
where T, and T, are two neighboring thalamic regions, and the inputs z,
y represent external stimuli that activate T, and T, through glutamatergic
excitatory connections.

When stimulated, 7). sends excitatory signals to the TRN through a glu-
tamatergic projection that ends in the PFC. In this article, we do not ex-
plicitly model the cortical area in the thalamocortical circuit. Here therefore
the modeled projection departing from 7}, ends up in the TRN. On the other
hand, this cortical region sends an excitatory glutamatergic descending pro-
jection to T}, through which it increases the activation of T, and also sends
collateral axons to the TRN. If activated, a GABA-ergic TRN projection
inhibits 7T},. This model represents a TRN neuron stimulated by one neuron
from the thalamic region 7T, and another from the PFC. This mechanism
underlies the generation of an attentional focus (for further details see [22]).

Since the SN sends dopaminergic inhibitory projections to the TRN, a
rise in the level of dopamine released by the SN contributes for the deacti-
vation of the TRN. As a consequence, the thalamic region 7, becomes more
active and the attentional focus more flexible. However, a decrease in the
SN dopaminergic level makes the TRN more excited and 7, more inhibited.
In this situation, the attention loses its flexibility and becomes much more
focused on the stimulus z.

Summarizing, through our model we propose that the behavior of the SN,
which suffers influence from the NAcc, modulates the focusing of attention.
And the action of nicotine is powerful enough to affect the level of activity
at the NAcc.

Given the role of the synaptic plasticity in mediating the action of psy-
choactive substances, we investigate the influence of astrocytes on synapses
between the pre-synaptic glutamatergic and the post-synaptic dopaminergic
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Figure 2: Reward Attention Circuit architecture: excitatory synapses (continuous lines),
inhibitory synapses (dotted lines). Here, the reward circuit is represented by the pre-frontal
cortex (PFC), and the ventral tegmental area (VTA) and nucleus accumbens (NAcc)
regions. The thalamocortical circuit includes the PFC, thalamus and the thalamic reticular
nucleus (TRN). The communication between these circuits is established through the
substantia nigra (SN) that inhibits the TRN and receives inhibitory projections from the
NAcc. The pedunculopontine nucleus (PPN), in turn, excites the SN. The star depicts
the astrocyte. (a) Case 1: Feedback mode; (b) Case 2: Gliotransmitters act on the
post-synaptic neuron; (c) Case 3: Gliotransmitters act both on the pre-synaptic and post-
synaptic neurons.

neurons at the reward circuit, as we observe in Figures 2(a-c). Accordingly,
whenever glutamate is released in the synaptic cleft, this transmitter binds
to receptors in the post-synaptic neuron as well as in the astrocyte. As a con-
sequence of such glutamatergic action in the tripartite synapse, the astrocyte
releases its glial transmitters.

The communication between astrocytes and neurons usually occurs un-
der three situations [39]: (1) a feedback mode, where the glial transmitters
operate in the pre-synaptic neuron (Figure 2a); (2) glial transmitters act in
the post-synaptic neuron (Figure 2b); (3) glial transmitters act in both pre
and post-synaptic neurons (Figure 2¢). In this work, we analyze these three
cases.

To model the behavior of neurons mathematically, we apply an Integrate
and Fire approach [44], considering one-compartment neurons with electric
potential V' [22, 45, 46, 47, 48]. The membrane of the neuron is modeled by
electric capacitors in parallel with a series of resistors, which represent ions



channels and synaptic connections. In general, the membrane equation is

described by

dV; Ji .
C’Z-E => U+ 1y forte (0,7]and V; < Oya,
j=1
Vi(0) = V7,
where ¢ = 1,...,n refers to each of the n neurons in the network, C; denotes

their capacitances, and J; is the number of ionic currents being modeled in
the ith neuron. The external currents I, are due to eventual influences of
the astrocyte, synaptic currents and the presence of nicotine, and will be
described further below. Finally, Oy, is a fixed, predefined constant. The
currents are defined as I = g;(V;)(E; — V;), where g; is the conductance
and E; is the Nernst potential corresponding to the jth ion. The physiolog-
ical characteristics of each neuron is modeled by the conductance g;, which
might not only depend on t explicitly, but also on previous values of V; itself,
through, for instance, additional differential equations.

We assume that spikes are due to voltage-dependent currents—the sodium
current, which depolarizes the neuron, and the potassium current Ik, which
restores the cellular membrane potential—and synaptic currents, which con-
tribute to the excitation or inhibition of the cell, according to the behavior
of the pre-synaptic neurons. Also, we consider the leak current, which lumps
other currents not explicitly modeled.

As an exception, the sodium current is not represented as described above.
It is activated by the action of the Heaviside function defined in (2), applied
to (V; — QNa).

After a spike, the conductance g, of the restoring current Ik increases
rapidly, bringing the neuron back to a resting potential. This process is
described in general by

% . /BKG(V - 9Na> — gk
dt Tx
where the constants g2, B« and 7, are the initial state of gy, the variation
rate of g, and the time constant associated with the potassium channel. The
above equation actually holds for all neurons, with V' being replaced V;, gx
replaced by gy, etc.
The external currents I, acting on the ith neuron can be given by synap-
tic currents of the form gy, (t)(Esyn — Vi), by o (see (3)) due to the presence
of nicotine, and by astrocyte currents as in (5).

for ¢t € (0, T], gK<O) = gga
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The synaptic conductances gsn reflect the level of a neurotransmitter
released by the pre-synaptic neuron, being described by

on(0) = o (0~ ) exp T Yt - 1),

p

J

where the times t;, with j = 1,..., N, are the spiking times of a pre-synaptic
cell, while the constant gs, is the maximal conductance. We denote by t,
the peak time for the alpha function, and it assumes the values t,. and t,;
for excitatory and inhibitory synapses, respectively.

All the neurons in the network present sodium and potassium ionic cur-
rents, and synaptic currents. However, each neuron receives distinct neu-
rotransmitters according to their specific afferents. Besides the currents in-
volved in the action potential, there are those associated with particular
properties of each neuron. For example, nicotine acts on the cortical neu-
ron through the a7 receptors. The variation in the number of activated oz

receptors is given by the solution of the equation
dof n Fray 40
= = ki nie — ko for t € (0,77, a7 (0) =a; 7, (3)

where o’ a7, k; and ky are constants, and n,. : (0,7] — R is solution for
the following differential equation

dnic
dt

= —Mn; fort e (0,T], nic(0) = n, (4)
where M e n), € R. So, besides ionic currents, the cortical neuron also holds
a term representing the amount of activated alpha receptors.

On other hand, astrocytes modulate the synaptic information in response
to increases in their intracellular Ca®™" concentration. When the level of the
Cat™ concentration surpasses a defined threshold [Ca]yes € R, the astrocyte
releases glial transmitters and generates a slow current inside the neuron.
This current is described as

Ly = kO (In([Ca] — [Calinres)) In([Ca] — [Calines), (5)

where k € R e O is the Heaviside function defined in (2).
Several works report situations where the glutamate, which is released
by astrocytes and acts on NMDARs at postsynaptic neurons, triggers slow
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currents SICs [13, 49, 50, 51]. These results, however, are not yet completely
confirmed in the VTA and PFC. Therefore, here, we employ the same kind
of astrocytary current in the pre and postsynaptic neurons.

The differential equations are discretized in time using the Euler’s method.
For a more detailed information about the neuron model, including all equa-
tions and parameters values, see [37].

3. Simulation methods

Prior to conducting experiments to address the network behavior, we cal-
ibrate each neuron separately, according to their specific neurophysiological
properties [37]. Next, we start our simulations considering a “healthy” brain,
and set the physiological parameters in the “normal” range [21, 22, 37, 53],
an essential step to establish benchmark results. By healthy, we mean an
individual with no pathology, whose brain has not been exposed to nicotine
(n). = 0 in (4)) and with a normal capacity of attentional focusing. For a
normal attentional focus on stimulus = to occur, the thalamic area 7, must
be more activated than its neighboring area 7,. However, it is also necessary
that the amount of activation in 7}, is not much lower than the one occurring
in T,, — otherwise, there will appear an hyper attention focusing on z (see
Figure 3). Besides, the activation of 7}, cannot be similar to 7, — otherwise,
there will be no attention focusing at all [22].
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Figure 3: Attention focusing in a healthy individual, without nicotine: (a) Behavior of T};
(b) Behavior of T,.

We consider that at the baseline case the reward system remains almost
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inactive, in the absence of nicotine. Next, we designed an experiment ad-
dressing the case involving exposure to nicotine. Starting from the baseline
case, nicotine is added to the system by imposing nY. # 0 in (4). All other
parameters are the same as in the baseline case [37].

4. Numerical results

4.1. Case 1: PFC-Astrocyte Bidirectional Communication

In this first case, we assume that the astrocyte communicates solely with
the PFC neuron. Under the a nicotinic input, the PFC neuron starts to
stimulate the astrocyte. By its turn, the glial cell sends a signal back to the
neuron, thus strengthening this neuron-astrocyte communication.

To provide a better visualization of the IP3 evolution and the Ca*™ wave
oscillations, Figure 4(a) shows the IP3 evolution, and Figure 4(b) presents
the resulting oscillation of the Ca*™ concentration due to the pre-synaptic
glutamatergic stimulation.
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Time (ms) Time (ms)

Figure 4: Case 1: (a) IP3 evolution; (b) Cat™ oscillation.

Regarding the RAC circuit simulations, we note that the strengthening of
the PFC neuron excitatory state, promoted by the astrocyte action, presents
a particular influence on the synaptic projection to the VTA dopaminergic
neuron. Figure 5 shows the behavior of such neuron without and with the
astrocytary regulatory role.

We can observe that the behavior of both VTA dopaminergic neurons is
qualitatively similar in both situations, since they at first spike under the
tonic mode and then turn to the burst state. We note however that the
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Figure 5: Case 1: (a) Action potential of the VTA dopaminergic neuron in the RAC-circuit;
(b) Action potential of the VTA dopaminergic neuron in the RAC-Astrocyte circuit.

spikes become more regular under presence of the glial cell. Indeed, the VTA
dopaminergic neuron turns to the burst mode earlier, and its hyperpolariza-
tions are more even under the astrocytary action.

Figure 6 displays, for this Case 1, the attentional focus formation, both in
the RAC and the RAC-Astrocyte circuits, through the spikes of the thalamic
neurons 1T, e T),.

In the beginning of the simulation, the presence of nicotine promotes a
hyper focused attention that turns into cognitive flexibility as the simulation
proceeds.

We also note that, without the astrocyte, the system is more resistant to
return to its basal state. In this case, up to 110ms there occurs an extreme
attentional hyper focusing, which is followed by a high focused attention. In
what follows, around 280ms the system tends to reach its basal state and the
attention becomes less highly focused.

On the other hand, in the RAC-astrocyte circuit the hyper focusing state
lasts longer, around 210 milliseconds. Then, the cognitive flexibility comes
up, as the thalamic neurons behavior becomes similar to their basal state.

This experiment shows the regulatory role of the astrocyte and suggests
that synaptic efficacy depends on the astrocytary function.

4.2. Case 2: PFC-Astrocyte-VTA Communication

In the present case, the astrocyte receives inputs from the PFC neuron, as
in Case 1, but its response is directed to the VTA dopaminergic neuron. As

14
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Figure 6: Case 1: Attention focusing in the RAC and RAC-Astrocyte circuits. (a) T, in
the RAC circuit; (b)), in the RAC circuit; (¢) T, in the RAC-Astrocyte circuit; (d) T, in
the RAC-Astrocyte circuit.

in the previous experiment, nicotinic stimulus in the PFC neuron activates
the RAC circuit and the astrocyte. The glial cell responds to such activation,
and sends an input signal to the VTA dopaminergic neuron.

Figures 7(a,b) represent, respectively, the graphics for the variation of
IP3 and the Ca™" oscillation. And in Figures 8(a,b), we observe the ac-
tion potentials of the dopaminergic neuron in the RAC and RAC-Astrocyte
circuits, respectively. Note that, in this case, the dopaminergic neuron at
the RAC-astrocyte circuit also spikes under the burst mode a slightly earlier
than at the RAC circuit and, in addition, its frequency of hyperpolarizations
is higher than in the RAC circuit simulation. Finally, Figure 9 presents the
spikes of T, and T}, in RAC and RAC-Astrocyte circuits.

Due to the increase in the activation of the VTA dopaminergic neuron,
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Figure 7: Case 2: (a) IP3 evolution; (b) Ca™™ oscillation.
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Figure 8: Case 2: (a) Action potential of the VTA dopaminergic neuron in the RAC-circuit;
(b) Action potential of the VTA dopaminergic neuron in the RAC-Astrocyte circuit.

which was promoted by the astrocytary current, there is an increase in the
activity of the NAcc neuron. Such situation makes the SN highly inhibited
during the first 150 milliseconds.

As a consequence of the low dopaminergic activity in the SN, the TRN
markedly inhibits 7, and the attentional focus becomes completely concen-
trated on the stimulus z. When the VTA dopaminergic neuron starts to
spike under the burst mode, the attentional focus turns to be more flexible,
and the behavior of T, goes back to normality.

In this case, the comparison between the attention focusing in the RAC
and in the RAC-Astrocyte circuits reveals that the system returns to the
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basal situation faster than in the RAC network simulation, in presence of
the astrocyte.
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Figure 9: Case 2: Attention focusing in the RAC and RAC-Astrocyte circuits. (a) T} in
the RAC circuit; (b)7), in the RAC circuit; (c) Ty in the RAC-Astrocyte circuit; (d) 7, in
the RAC-Astrocyte circuit.

4.8. Case 3: PFC-Astrocyte Bidirectional Communication and PFC-Astrocyte-
VTA Communication

This third case combines modeling characteristics of Cases 1 and 2, in the
sense that the astrocyte receives inputs from the PFC neuron nicotinic stim-
ulated, and responds to both the PFC and the VTA dopaminergic neuron.
The glial cell responds to such activation through its bidirectional commu-
nication with the cortical neuron, and through its connection with the VTA
dopaminergic neuron.
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Figures 10(a-b) depict the respective IP3 evolution and resulting Cat™
oscillation. In the sequence, Figures 11(a,b) show the action potentials of
the dopaminergic neuron in the RAC and RAC-Astrocyte circuits, according
to this Case 3 conditions.
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Figure 10: Case 3: (a) IP3 evolution; (b) Ca™™ oscillation.
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Figure 11: Case 3: (a) Action potential of the VTA dopaminergic neuron in the RAC-
circuit; (b) Action potential of the VTA dopaminergic neuron in the RAC-Astrocyte cir-
cuit.

Here it is also possible to note that the dopaminergic neuron in the RAC-
Astrocyte circuit starts to spike under the burst mode around 100 millisec-
onds earlier than in the RAC simulation, with a higher frequency of its
hyperpolarizations. Figure 12 presents the spikes of T, and 7T}, in the RAC
and RAC-astrocyte circuits.
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Figure 12: Case 3: Attention focusing in the RAC and RAC-Astrocyte circuits. (a) T3 in
the RAC circuit; (b)Ty in the RAC circuit; (c) T, in the RAC-Astrocyte circuit; (d) T}, in
the RAC-Astrocyte circuit.

The output of this experiment is similar to the results shown in Case 2.
After around a 150 millisecond hyper focused attention, we note the appear-
ance of cognitive flexibility, since the thalamic neurons’ behavior returns to
the basal state.

Once again, we highlight the astrocytary regulatory function. Compared
to Cases 2 and 3, the experiment presented in Case 1 illustrates more clearly
the literature that report a better signal transmission in presence of astro-
cytes.

Even so, Cases 2 and 3 simulations also expose enhancements relative to
transmission in the VTA dopaminergic neuron. Overall, our simulations evi-
dence the astrocytary modulatory role in the attention focusing mechanism.
Moreover, they point that distinct patterns of connectivity at the tripartite
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synapse can lead to distinct levels of attentional focus. In particular, the
feedback mechanism between the PFC neuron and the astrocyte promotes a
more accentuated attention focusing. Conversely, the absence of such bidirec-
tional communication does not produce a marked hyper focusing, since the
high concentration on stimulus X is briefer than what we observe in Cases 2
and 3.

4.4. Astrocytary Influence on the Network Performance

After undertaking this series of experiments, we wondered if the improve-
ment in the network performance indicated by our results was specifically
related to the astrocyte, or simply due to the presence of another “player”,
regardless of its origin.

So, we designed a new experiment to investigate if, by changing the as-
trocyte by a neuron, the RAC circuit would produce similar improvements.
Accordingly, we substituted the astrocyte by a neuron, whose behavior was
modeled as a spiking pattern of one spike per millisecond, and considered
again the experiments previously described.

In Figures 13(a,b), we can compare the behavior of the VTA dopaminergic
neuron above presented in Case 1, with the situation in which the astrocyte
is changed by a neuron. In Figure 13(a) the astrocyte is present, while in
Figure 13(b) the glial cell is substituted by a neuron. Figures 14 and 15
present the same comparisons for the Cases 2 and 3, respectively.
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Figure 13: Behavior of the VTA dopaminergic neuron when it is coupled to an astrocyte
(a), and coupled to a neuron (b). Both under the Case 1 conditions, as presented in
Section 3.1.
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Figure 14: Behavior of the VTA dopaminergic neuron when it is coupled to an astrocyte
(a), and coupled to a neuron (b). Both under the Case 2 conditions, as presented in
Section 3.2.
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Figure 15: Behavior of the VTA dopaminergic neuron when it is coupled to an astrocyte
(a), and coupled to a neuron (b). Both under the Case 3 conditions, as presented in
Section 3.3.

We observe clearly that the improvement in the performance of the VTA
dopaminergic neuron was not correlated to the increase in the amount of
neurons at the network. Therefore, these results reinforce the idea that
synaptic efficiency is really dependent on the presence of the astrocyte in the
tripartite synapse.

It is important to highlight that the values applied to the neuron-VTA
currents are very similar to the values provided by the astrocyte-VTA cur-
rents.
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5. Discussion

The RAC-Astrocyte model we present in this work captures the bidirec-
tional coupling between an astrocyte and the reward-attention circuit, and
the computational simulations of this modeling point that indeed astrocytes
regulate the transmission of neural signals. Therefore, our results corroborate
and support recent experimental studies that propose a direct astrocytary
involvement in the information processing throughout the brain [10, 4, 52].

Experimental evidence indicates that astrocytes take part in LTP/LTD
mechanisms. Deficiencies in the glial fibrillary protein GFAP, which is ex-
pressed predominantly in the astrocytes at the central nervous system, seem
to exacerbate LTP, thus impairing the LTD [34, 35]. According to our sim-
ulations, increases in both electrical activity and dopamine releasing by the
VTA dopaminergic neurons—due to nicotinic stimulus—are highly regulated
through the activation of glutamatergic NMDA receptors as a consequence of
LTP. Also, the Ca** influx and posterior increase in its concentration inside
the VTA dopaminergic neuron, which are also related to LTP, amplify the
hyperpolarization phase of the cell’s action potential. Important to note, the
hyperpolarization is essential for the burst spiking mode to occur [53, 54].

Our results indicate that different kinds of tripartite synapses support
different kinds of attentional focus. Such influence, however, might be due to
the same approach applied to both pre and postsynaptical release modeling.
In this context, an extension of the RAC-Astrocyte model, which includes
different approaches to the cellular signaling undertook by pre and postsy-
naptical neurons, would provide an even better comprehension of the network
functioning.

Moreover, our results indicate that astrocytes do present a modulatory
role in the occurrence of neural burst spikes—a mode of spiking associated to
dopamine release in rewarding situations. Therefore, this work highlights the
importance of the tripartite synapse, supporting the notion that neuron-glia
interactions undertake a synchronized communication.

As the presence of the astrocyte influenced even the thalamic behavior, it
is plausible to emphasize its importance to the overall network performance.
Moreover, our results suggest that the synaptic efficacy depends on its re-
lation with the astrocytary cell, since the substitution of the astrocyte by a
neuron led to different results when compared to those under the presence of
the glial cell.

The results of our study reinforce the hypothesis that astrocyte networks
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provide much more than a structural support for neural networks. They
indicate in particular the role of astrocytes in mechanisms underlying the
focusing of attention in presence of nicotine.
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