J Biol Phys (2009) 35:361-382
DOI 10.1007/s10867-009-9143-2

ORIGINAL PAPER

Dynamics of a minimal neural model consisting
of an astrocyte, a neuron, and an interneuron

Angelo Di Garbo

Received: 28 November 2008 / Accepted: 16 February 2009 /
Published online: 7 May 2009
© Springer Science + Business Media B.V. 2009

Abstract In this paper, a biophysical neural network model consisting of a pyramidal neu-
ron, an interneuron, and the astrocyte is studied. The corresponding dynamical properties
are mainly investigated by using numerical simulations. The results show that the presence
of the adenosine triphosphate and of the interneuron impacts the overall neural activity.
It is shown that the fluxes of calcium through the cellular membrane strongly affect the
modulation of the neural activity arising from the astrocyte.
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1 Introduction

In the nervous system of vertebrates, there are more glial cells than neurons: from ten to 50
times, depending on the animal type. What are glial cells and which is their functional role?
Glial cells are not able to generate action potentials but, nevertheless, they play an important
role for the functioning of the brain’s different areas. There are two classes of glial cells: the
microglia and the macroglia. The cells belonging to the microglia class play an important
role in protecting the brain against infections: they are capable of phagocytosis that protects
the neurons of the central nervous system. In the central nervous system, the more important
cells belonging to the macroglia class are the astrocytes and the oligodendrocytes. The
astrocytes are the more abundant cell type and they are connected by gap junctions, thus
forming a large functional syncytium. Astrocytes, through their processes, are close to
synapses and to the vasculature. Experimental evidence has shown that there is a bi-
directional intercommunication between the vascular system and the astrocyte [1]. The
astrocyte processes close to synapses have a high density of neurotransmitter receptors that
are used to get information on the level of synaptic activity. One important task of the
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astrocyte is to clean the extracellular space when high concentrations of neurotransmitters
and ions are present [2]. Of particular relevance is the control of the concentration of the
extracellular potassium that, at high concentration, can promote epileptic phenomena [2].
Lastly, astrocytes contribute to neural metabolism by furnishing glucose to neurons [2]. The
oligodendrocytes play an important role in neural intercommunication by providing myelin
to neurons to cover axons, which allows electrical signals to propagate faster [2].

A wide variety of neurotransmitter receptors are expressed in the astrocytic plasma
membrane and experimental findings reveal that astrocytes located near synapses re-
spond to neurotransmitters (including glutamate, gamma-aminobutyric acid, adenosine
triphosphate (ATP), etc.) with an elevation of their intracellular calcium levels ([Ca®*],)
[3-14]. The [Ca®"]; increase in these cells mediates the release of glutamate, ATP, and other
neuroactive substances that are capable, by a feedback mechanism, of modulating synaptic
communication between neurons [11-14]. In addition, a calcium-independent pathway of
glutamate release from astrocytes also occurs, through the activation of the P2X; receptor
[15]. In the nervous system, ATP is an important extracellular messenger and its action
on astrocytes is mediated by ionotropic (P2X) and metabotropic (P2Y) purinoreceptors
[14, 16]. Experimental evidence indicates that in the synaptic cleft the presence of extra-
cellular ATP contributes to synaptic transmission by activating postsynaptic P2X receptors
[17-19].

In the present paper, the effects on the neural dynamics of the reciprocal intercommunica-
tion between neuron, interneuron, and astrocyte will be investigated by using a biophysical
modeling approach.

2 Computational models
2.1 The mechanisms underlying astrocyte excitability

The stimulation of an astrocyte with a depolarizing current determines a membrane de-
polarization of the cell. However, the low density of sodium channels on the cell membrane
does not permit the generation of an action potential. Therefore, astrocytes are a typical
example of nonexcitable cells. Do astrocytes have another kind of excitability? The
response is yes and will be briefly described qualitatively in what follows. First of all, let
us ask whether astrocytes are capable of listening to the ongoing synaptic communica-
tion between neurons. The results of crucial experiments have shown that the presence of
glutamate in proximity of astrocytes determines a transient elevation of the concentration
of the intracellular calcium in these cells [5, 20]. In some cases, calcium waves and
oscillations were also observed [21]. These experiments imply that glutamate receptors are
expressed in the astrocyte membrane. Successive experiments, carried out during the past
decade, confirmed these results; consequently, the notion that the transient elevation of the
intracellular calcium level in astrocytes represents a form of excitability of these cells is
now widely accepted. Nowadays, it is known that there are a large number of receptors on
the cellular membrane of astrocytes (both ionotropic and metabotropic) and that these cells
use them to obtain biochemical information about the extracellular medium. The results
of several experiments have shown that the activation of these receptors determines a
transient elevation of the intracellular calcium level in the astrocytes [1, 11, 22, 23]. For
instance, the presence of extracellular ATP determines the activation of ionotropic (P2X)
and metabotropic (P2Y) purinergic receptors, both leading to the transient elevation of the
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intracellular calcium level in the astrocytes. Overall, given that glutamate and ATP are
released during synaptic activity, the phenomena described above suggest that astrocytes
listen to the level of synaptic activity and then respond by transient elevations of their
cytoplasmic calcium level.

2.2 Astrocytes modulate neural activity

As discussed before, the activation of astrocytes leads to the release of neurotransmitters
by these cells (gliotransmission). The consequence of this phenomenon is a modulation of
the synapses that are close to the astrocyte processes. Thus, these experimental results are
at the basis of the concept of the tripartite synapse, consisting of the presynaptic neuron,
the postsynaptic neuron, and the astrocyte. The main neurotransmitters that are released
by astrocytes are glutamate and ATP, and in what follows their release and modulation
properties will be briefly described. Thanks to important experimental studies, it was shown
that glutamate is released by these cells with mechanisms similar to that regulating its
release from the presynaptic terminal [24—29]. The glutamate released from astrocytes can
act on the presynaptic neuron by modulating its synaptic activity, or on the postsynaptic
neuron by determining its depolarization. Modulation of synaptic activity is mediated by
the activation of the metabotropic and kainate receptors of the presynaptic neuron. The
preponderant effect of this event consists in the strengthening of the synapse that arises
from an increase of the fusion probability of the vesicles containing the neurotransmitter
[1, 11, 23]. The depolarization of the postsynaptic neuron arising from the glutamate
released from the astrocyte is mediated by the extrasynaptic N-methyl-D-aspartate (NMDA)
receptors [30-33]. In fact, by means of simultaneous recordings of the electric activity of
the neuron and of the intracellular calcium level of the astrocyte, it was shown that the
release of glutamate from astrocytes is followed by the depolarization of the neuron [8].
The depolarization current is characterized by slow kinetics: the rise time constant (tg) is
of the order of 60 ms and the decay time constant (7p) is about 600 ms. This current is much
slower than that arising from the activation of the synaptic NMDA receptors: tg ~ 10 ms,
7p ~ 150 ms. Which is the functional role of the release of glutamate from astrocytes?
The results of a series of important experiments suggest that the glutamate released by the
astrocytes can promote neural synchronization [31, 32]. It is important to stress this last
point for its possible implications on the mechanisms underlying the generation of epileptic
events. In fact, a deeper knowledge about the effects on neural activity of glutamate released
from the astrocytes should be important in the search for new and more efficient methods
to control the high synchronization level occurring during epileptic phenomena.

As mentioned above, ATP is also released from astrocytes in a calcium-dependent
manner, although the precise mechanisms driving its release are not completely understood
[1, 16]. Recent studies have pointed out that ATP can be released by astrocytes by different
biochemical mechanisms, including those involving the fusion of vesicles containing ATP
with the cellular membrane [16]. In a neural population, the release of ATP from astrocytes
determines a modulation of synaptic transmission. For instance, it was shown that in the
retina the activation of astrocytes and of the glial Muller cells leads to the release of ATP
in the extracellular medium. Then, the ATP is degraded to adenosine which, in turn, by
activating the presynaptic Al receptors, mediates a suppression of synaptic transmission
[34, 35]. Moreover, it was shown that in hippocampal preparations the release of ATP by
astrocytes determines a reduction of excitatory synaptic transmission [1, 11, 23]. In this

@ Springer



364 A. Di Garbo

last case, the modulatory effects of ATP occur by two distinct mechanisms: by adenosine
acting on the presynaptic Al receptors and by the activation of presynaptic purinergic
receptors.

2.3 Biophysical model of calcium signaling in astrocytes

The model describing calcium dynamics adopted in this paper is that of Di Garbo
et al. [36]. In this model, the calcium fluxes through the membrane are the following:
(1) a leakage Ca®* influx described by the rate viy; (2) a capacitive calcium entry (CCE)
of rate vecg; (3) an extrusion across the plasma membrane described by the rate voyr;
(4) an influx of Ca>* mediated by the P2X ionotropic ATP receptor with rate v ATP(P2X) -
Following Héfer et al. [37], two different biochemical processes mediating the production
of IP; are included: PLC3 and PLCS. The first one is responsible for the production of
IP; in the presence of extracellular agonists and is activated through a G-protein-coupled
receptor mechanism with rate vprcp; the second one describes the production of IP; arising
from the [Ca>*]; increase, and the corresponding rate is vprcs. The degradation of the IP;
is described by the rate vip3peg). The binding of the IP; molecules to the corresponding
receptors on the endoplasmic reticulum (ER) compartment leads to the release of calcium
from the ER stores with rate ver(rel). The free cytosolic calcium is pumped into the ER with
arate vsgrea. The active fraction of IP5 receptors on the ER membrane determines the IP5-
induced release of calcium from the ER stores and the time evolution of the concentration
of these receptors is described by the two rates vip3r(rec) and Vip3R(inact)-

Let Ca; denote the concentration of calcium in the cytoplasm of the astrocyte (in
micromolar units); Cagg is the concentration (uM) of calcium in the ER stores; [ is the
concentration (uLM) of IP3; R the fraction of active IP; receptors on the ER membrane.
Then, the set of balance equations describing the time evolution of these variables is:

dCa;/dt = vim + Vece + VaTP(P2x) — VOUT + VER(Rel) — VSERCA (1a)
dCagr/df = B(VSERCA — VER(Rel)) (1b)

dR/dt = vip3r(Rec) — VIP3R (Inact) (Ic)

d1/dt = vpLcp + VpLCS — VIP3(Deg). (1d)

The values of the corresponding constants are reported in Table 1. One of the most
commonly observed mechanisms of driven calcium entry from the plasma membrane in
nonexcitable cells, like astrocytes, is the CCE [38, 39]. By analogy with a capacitor, the de-
pletion of intracellular stores activates a signaling process leading to the opening of a plasma
membrane channel through which calcium enters into the cell. Several theories have been
proposed to explain the communication mechanisms between stores and plasma membrane
CCE channels. In general, two main experimental models of channel opening have been
proposed: one is based on the hypothesis of a small diffusible messenger released from the
depleted ER [40] and the second suggests a direct or indirect physical contact between ER
proteins and the plasma membrane [41]. In the model used here, this calcium entry pathway
is modeled as a nonlinear function of Cgg:

vece = kece Hicp [ (HecetCagg).- @
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Table 1 Values of the constants

Description Symbol Value

Rate of calcium leak across the plasma membrane ko 0.03 uM s~!

Rate of calcium leak from the ER ki 0.0004 s—!

Rate of calcium release through IP3 receptor ko 02s7!

Rate constant of SERCA pump k3 0.5s7!

Rate of calcium extrusion from plasma membrane ks 0.5s5!

Rate constant of IP3 receptor inactivation ke 457!

Rate constant of IP3 receptor degradation ko 0.08 s~

Rate constant of PLC V7 0.02 uM s~!

Half saturation constant for IP3 activation of the Kips 0.3 uM
corresponding receptor

Half saturation constant for calcium activation of the IP3 receptor K, 0.2 uM

Half saturation constant for calcium inhibition of the IP3 receptor K 0.2 uM

Half saturation constant for calcium activation of PLCd Kca 0.3 uM

Ratio of the effective volumes for calcium of cytoplasm and ER [8) 35

Half inactivation constant for CCE influx Hccg 10 pM

Maximal rate constant for CCE influx kcce 0.01 uM s~!

Maximal rate of ATP-evoked ionotropic calcium influx kaTP(P2X) 0.08 uM s~!

Half saturation constant for ATP-evoked ionotropic calcium Hatpp2x) 0.9 uM
influx amplitude

Maximal rate of IP3production mediated by the metabotropic katpP2Y) 0.5 uMs~!
ATP receptor

Dissociation constant for the binding of ATP to the P2Y receptor Kp 10 uM

The adopted values of the constants kccg and Hecg were chosen to mimic, at best, the
experimental features of the calcium response of an astrocyte in the presence of extracellular
ATP [36].

Astrocytes express a wide variety of neurotransmitter receptors that, when activated
by appropriate agonists, evoke a large repertory of responses, including [Ca’*]; in-
crease and release of gliotransmitters like glutamate and ATP [11-14, 34, 35, 42]. ATP
participates in calcium signaling by acting on purinergic receptors P2X (ionotropic) and
P2Y (metabotropic) [14, 16, 19, 43]. The rate of influx of extracellular calcium in astrocytes
mediated by the ionotropic ATP receptor P2X is defined as follows:

VaTP(P2x) = katpp2)G ([ATP],) (3

where G ([ATP]eX) = [ATP]:D'(4 (HATp(pzx) + [ATP];f); [ATP] is the external concentra-
tion of ATP (uUM); Harppax) and karppox) are defined in Table 1. The G([ATP]e) function
was obtained by fitting the experimental data reported in Nobile et al. [10] which describe
the amplitude of the sustained calcium response of the astrocyte against the extracellular
ATP concentration. The ATP-evoked calcium response mediated by the activation of a
metabotropic ATP receptor coupled to a G-protein, leading to the production of IP3, is
described as follows. The activation of the metabotropic P2Y receptor is described by a
very simple biochemical reaction scheme: ATP + Ryg <> ATP — Ry, where ATP binds to
the receptor R ;g with forward and reverse rate constants, Kr and Kg, respectively. Let Ry
be the concentration of the metabotropic ATP receptors and xp = [ATP — Ryg]/ Ry be the
fraction of receptors bound, and then the time evolution of xf is described by:

dxp /df = Kg [ATP],, — xp {Kr + K¢ [ATP],, } 4)
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where [ATP]¢ is the external concentration of ATP (uM). The solution of this equation
satisfying the initial condition xp(0) =0 is given by xp(f) = [ATP].,/(Kp + [ATP],,)
[1 —exp (—t/t)] where Kp = Kr / Kg is the dissociation constant (see Table 1) and 7 =
1 / (Kr + K¢ [ATP]EX). By assuming a fast binding kinetics, the reaction ATP + Ry <>
ATP — Ry can be assumed to be in equilibrium and therefore it is:

3 (1) = [ATP),, / (Kp + [ATP],,). ®)

Therefore, for simplicity, the rate of IP; production promoted through this pathway
(G-protein and PLCf activation) is assumed to be determined by

vpLcp = kaTP(P2Y)XF (6)

and the value of the constant karppay) is reported in Table 1.
The explicit formulation of the remaining rate terms appearing in Eqgs. 1a—1d are:

vim = ko @)

vour = ksCa; ®

VEr®el) = {Kk1 + koRCa; P /[ (K + Ca}) (Kips + 17)]} (Capg — Cay) )
vserca = k3Ca; (10)

VIp3(Deg) = Kol (11)

vpLcs = 17Ca; [ (K¢, + Ca?) (12)

VIP3R(Ree) — VIP3R(nacyy = Ko [K7 /(K7 + Ca?) — R]. (13)

The meanings and the values of the constants are reported in Table 1. In Di Garbo et al.
[36], it was shown that the above model is capable of describing, both qualitatively and
quantitatively, the experimental results reported in [10]. In particular, it was shown that
the model is able to reproduce the ATP-evoked biphasic calcium response (the transient
and the sustained phase) in the astrocyte: the transient phase corresponds to the release
of calcium from the ER store, while the sustained part is mainly determined by the influx
of extracellular calcium mediated by the P2X purinoreceptors. Additional details on this
specific topic can be found in Di Garbo et al. [36].

2.4 Neuron—astrocyte—interneuron coupling model

As discussed previously, the experimental results imply that the release of glutamate and
ATP by the astrocyte impacts the neural dynamics by modulating the firing activity of
neurons and interenurons [12, 14]. Glutamate determines a depolarization of the pyramidal
cells, while ATP leads to an increase of inhibition by promoting spike generation in the
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interneurons [8, 18, 44—46]. Thus, a minimal neural network model with realistic features
must contain astrocytes, excitatory neurons, and inhibitory interneurons. In fact, interneu-
rons receive excitatory inputs from pyramidal cells and then provide feedback inhibition to
them by modulating their firing activities [47]. This mechanism is at the core of the existence
of an excitatory—inhibitory feedback loop between pyramidal cells and interneurons
[47-50]. Then, from these considerations, it follows that the understanding of the
mechanisms regulating the neural modulation arising from the astrocytes requires the study
of a network of coupled neurons, interneurons, and astrocytes. For obvious complexity
reasons, in this paper, only a minimal network consisting of an astrocyte, an excitatory
neuron, and an interneuron will be considered. In what follows, it will be assumed that
the glutamate released by the astrocyte depolarizes both the pyramidal neuron and the
interneuron. An experimental justification for this assumption can be found in Bowser and
Khakh [45]. The mechanisms regulating the ATP release from the astrocytes are not well
known; thus, for simplicity, it will be assumed here that there is a fixed concentration of
extracellular ATP that will be considered as a control parameter. The depolarization of
the neuron and the interneuron arising from the release of glutamate from the astrocyte
is described by using the model of Nadkarni and Jung [51, 52], which is based on the
experimental data of Parpura and Haydon [8]. As discussed previously, the elevation of the
intracellular calcium level in astrocytes triggers the release of glutamate from these cells
leading to a modulation of the neural activity [4, 5, 8, 11, 12, 20, 42]. Then, the pyramidal
cell model, with a soma compartment assuming a diameter of 25 um, is injected with the
following current:

Lo = Aaswo H[In (W] In (), y = [Caz+]i —196.69 (14)

where H(x) is the Heaviside function; 4o = 2.11 pA/cm?; [Ca®*]; is the cytosolic calcium
concentration in the astrocyte in nanomolar units [51, 52]. Concerning the interneuron, the
corresponding depolarization current is of the same form as Eq. 14 but with a different value
of the constant A,g,. In fact, assuming an interneuron diameter of about 15 pm, it follows
that Ay = 6 HA/cm?. To get this result, it was implicitly assumed, for simplicity, that the
concentration of glutamate close to the pyramidal neuron and the interneuron is of the same
order and that the number of glutamate receptors that are activated on each cell is equal.
When such assumption does not hold, the value of Austro Will be different from the above
value. However, by supplemental simulations, it was found that slight changes of the values
of these constants do not lead to qualitative changes of the results that will be presented here.

The experimental results found by Bowser and Khakh [45] have shown that the presence
of ATP promotes the generation of action potentials in interneurons. It is important to stress
again that the current experimental findings suggest that the presence of the ATP does not
depolarize the pyramidal neurons [44—46]. In the experimental work of Bowser and Khakh
[45], the modulation phenomena of the neural activity arising from ATP were studied on a
pair of coupled interneurons and a pair consisting of an interneuron coupled to a pyramidal
cell. The results were the following: in the case of a pair of interneurons, the presence of
the ATP promoted the generation of action potentials in the presynaptic interneuron leading
to an increase of the inhibitory effects on the postsynaptic cell [45]. For the other pair, no
depolarization effects were detected on the pyramidal cell, while the increase of the firing
probability of the interneuron promoted a hyperpolarization of the pyramidal neuron [45].
To account for these experimental results, the depolarization current on the interneuron is
modeled, for simplicity, by

Intp = Aarp [ATP] (15)
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where [ATP]. is the extracellular concentration of ATP and Aarp is the corresponding
amplitude. The value of Aarp was chosen by using the experimental results described in
[45]. In fact, it was shown that when the external concentration of the ATP is 100 uM the
peak of the depolarizing current evoked on the interneuron was about 36 pA. By inserting
these data in Eq. 15, it follows that Axrp = 0.05 (nA/cm?) (uM)~!.

The pyramidal neuron and the interneuron were described by using the model of Olufsen
et al. [53]. In particular, the pyramidal neuron model receiving the depolarizing current g,
due to the release of glutamate from the astrocyte, and an inhibitory synaptic current from
the interneuron, is described by the following set of equations:

dv;
dTP =1l — kap — Ikp — b — fp — g5i (Vo — Vi) + Lstro
dm
T: =ty p (1 —mp) — B, pmp

dh

—= = ayp (1 — hp) — Byphe (16)
dr

dn

T: =a,p (1 —np) — B, pnp

d

5 = e —w)/m,

where [, is the stimulation current. Similarly, the interneuron model receiving the depo-
larizing current l,, the excitatory synaptic current from the pyramidal neuron, and the
depolarizing current /arp are described by the following equations:

dVn -
o In — KNaNn — Ixoin — LN — geSe (VIN — Ve) + Lasto + IaTp
dm
dtIN =y, (1 —mN) — B, NN
& (17)
—N = apiN (1 = hN) — BpniiN
dt
dnpy
— =, 1 —ni) — B, AN,
a AN ( IN) — B NN

where /iy is the stimulation current. In the previous equations, V}, and Viy are the mem-
brane potentials of the pyramidal cell and of the interneuron, respectively. The constant
gi (g) represents the value of the inhibitory (excitatory) conductance: the adopted values
are those reported in Olufsen et al. [53] and they are g; = 1 mS/cm?, g, = 0.3 1 mS/cm?.
The value of the reversal potential of the excitatory synapse is V. = 0 mV, while that of
the inhibitory synapses is /; = —80 mV. For both the neuron and the interneuron model,
INap and Iy, N are the sodium currents; Ik p and /g v are the potassium currents; /i p
and [ |y are the passive currents (leakage). Lastly, /y is a typical ionic current of pyr-
amidal cells contributing to slow spike frequency adaptation. The explicit expression
of all these currents is the following: I, p N = gNam%,,Ith,IN(VP,IN — "Na), Ik PN =

gKné,lN(VP,IN —Vk), Iupn = g(Vpin — V1), Iy = guw(Vp — V). The corresponding
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Fig. 1 A schematic diagram Pyramidal neuron Interneuron
showing the minimal neural

network model studied Excitatory synapse
in this paper
Inhibitory synapse
IU.VFPY’
I,

activation and inactivation variables are defined as follows: «y, p N = [0.032(FVp N+
SHI/I1 — exp(— (Vo + 59 /D)1, Bop.y =[0.28Vo.x + 271/ [exp((Vo.x +27)/5) — 11,
app,Nn=[0.128 exp(—(¥p,n + 50)1/18, B, p. n=4/[1 + exp(—=(Pp,n + 27)/5)], 2pp. N =
[0.032(Vp n+52)]/[1 —exp(—(Vp.n+52)/5)], B,pin=0.5exp(—(Vp,n+57)/40), woo =
1/1 4+ exp(—=(Vp+35)/10), and 17, =400/[3.3 exp((Vp+35)/20) + exp((Vp+35)/20)].
The functions s;(¢) and s(?) describe the time evolution of the inhibitory and excitatory
currents, respectively. The equations defining their time evolution are given by:

asiro
1 ATP

dse

E =Tc(Vp) (1 —5¢) — Se/7e (18a)
% =T (V) (1 —s) —si/Ti (18b)

where T.(Vp) = 5[1 + tanh(Vp/4)1(ms™") and T;(Vin) = 2[1 + tanh(Vin/4)](ms™!) with
7. = 2 ms and 7; = 10 ms. In Fig. 1, a schematic representation of this minimal neural
network constituted by the astrocyte, the neuron, and the interneuron is shown.

To describe the production of IP3 in the astrocyte triggered by the discharge of the
excitatory cell, the simple mathematical model used by Nadkarni and Jung [51, 52] is
adopted here. Let rpy be the rate of production of IP; when an action potential is generated
by the pyramidal cell and V1, = —50 mV be a membrane potential threshold value. Then,
it is assumed that there is a production of IP; in the astrocyte only when ¥}, > V', and the
corresponding rate, to be added to the right-hand side of Eq. 1d, is defined by vpy = rpy
H(V, — Vy), where H(x) is the Heaviside function.

3 Results

3.1 Dynamical properties of the new model describing calcium dynamics
in the astrocyte

Let us consider the model describing calcium dynamics in the astrocyte defined in Section

2.3. Let us consider the case in which the astrocyte is isolated and in the presence of a
given concentration of extracellular ATP. First of all, we are interested to search for the
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corresponding stationary states, and this is equivalent to finding all solutions of the fol-
lowing system of equations:

VLM + VcCE + VATP(lonotropic) — YOUT + VER(Rel) — VSERCA = 0

VSERCA — VERRel) = 0 (19)

VIP3R(Rec) — VIP3R(Inact) = 0
vpLC + VPLC — VIP3(Deg) = 0.

By using the explicit expression of the rates, it can be shown that the search for the
corresponding solutions is equivalent to finding the roots of the following nonlinear
equation:

k H2 k 14
ko + 2CCE CcE ATP(P2X)[ATPIL ksCA =0 20)
Héep +8(Ca;)  Harpepox) + [ATP]g
where the function g(Ca;) = Cagy is defined by
k Ca,»
Cagr = g (Ca;) = Ca, + T @1)
th + e |

The remaining variables characterizing the stationary state is given by:

k?

1

R=—"—
kl-z—i—Ca?

1 | Katpay) [ATP]g v7Ca;
I=k .

22
ko +[ATPly K2, +Ca} @)

In the stationary state, the calcium fluxes through the cellular membrane satisfy the
equation vpy + VccE + VATP(lonotropic) = VouT = k5Ca;. Such a constraint implies that in this
condition the quantity of calcium entering the cell is completely balanced by that extruded
from the astrocyte. The importance of the membrane transport of Ca?* in the control of cal-
cium oscillations was shown recently by Sneyd et al. [54]. Similar results were obtained also
by Lavrentovich and Hemkin [55]. Moreover, it was shown experimentally that an increase
of the intracellular calcium concentration in the astrocyte promotes the generation of oscil-
lations [56]. Therefore, we start by investigating how the values of the parameter ks affect
the stability properties of the stationary states of the adopted calcium model. To this aim,
the stability of each stationary state of Egs. 1a—1d was assessed by determining the signs of
the eigenvalues of the corresponding Jacobian matrix. In Fig. 2a, the corresponding results
in the case in which [ATP].x = 0 are reported. These data show that there is a critical interval
of ks values where the corresponding stationary state is unstable and calcium oscillations
occur. It can be shown that the changes of stability of the stationary state, leading to the
generation of periodic solutions, occur through a Hopf bifurcation. These data also show
that, apart from a small interval of ks values, the increase of the rate of extrusion of the
intracellular calcium from the astrocyte determines a progressive reduction of the oscillation
amplitude. This last fact is in agreement with the experimental results reported in Parri and
Crunelli [56] and also with those of Lavrentovich and Hemkin [55] and Sneyd et al. [54].
On the contrary, there is an increase of the period of calcium oscillation as the parameter ks
increases.
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An important difference of the model used in this paper with that employed by
Lavrentovich and Hemkin [55] and Sneyd et al. [54] concerns the modulation effects
arising from the presence of the extracellular ATP. Thus, a relevant problem—worthy to
be investigated—is to understand how the above results change when extracellular ATP
is present. The corresponding results are reported in Fig. 2b and clearly show that the
presence of small concentration of extracellular ATP ([ATP].x = 0.05 uM) strongly impacts
the astrocytic capability to generate calcium oscillations. In fact, now there is a drastic

a) b)
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Fig.2 Dynamical properties of the astrocytic calcium model. a [ATP].x = 0 pM, with the oscillation period
shown on the right axis. b Same as a, but with [ATP]ex = 0.05 uM. ¢ The gray line corresponds to [ATP]ex =
0 uM, ks = 0.2 s, the black line to [ATP]ex = 0 uM, ks = 0.2 s~'. d [ATP]ex = 0 uM. e [ATP]ex = 0 uM,
ks = 0.25 s7!. f [ATP]ex = 0 uM, ky = 0.05 s~ 1. g Two-dimensional parameter plot of the states of the
calcium model for [ATP]ex = 0 uM. The light gray region corresponds to stable stationary states, while
the gray one to oscillatory regimes. h Same as g, but with [ATP]ex = 0.05 uM. For a, b, d, e, and f, the
thick black lines represent stable stationary states, while the gray ones the unstable states. The open circles
represent the oscillation amplitudes
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reduction of both the interval of ks values where oscillations occur and of the corresponding
amplitudes. The data also show those in this case the variations of the oscillation period are
smaller than that occurring in the absence of ATP. In Fig. 2¢, some examples of calcium
oscillations in the two situations are reported. In conclusion, these data suggest that there
is a range of values of the parameter ks in which the calcium oscillations can be used to
encode frequency information for [ATP]ex = 0.

Next, by keeping ks fixed at the value given in Table 1, the dynamical behavior of the
intracellular calcium was studied as a function of the rate of leakage influx of calcium from
the extracellular medium (ko). The corresponding data, obtained in absence of ATP, are
reported in Fig. 2d. The comparison of these results with those reported in panel Fig. 2a
indicates that the amplitude of the oscillations is smaller and that the period exhibits a
reduced variability. Moreover, in agreement with the experimental results of Parri and
Crunelli [56], the increase of the intracellular calcium level determines a decrease of the
period of the calcium oscillations. Effects similar to those already discussed occur when
ATP is present (data not shown).

Which are the effects of inhibiting the SERCA pump on the astrocytic calcium oscilla-
tions? Experimentally, it was shown that the inhibition of this pump by cyclopiazonic acid
or by thapsigargin produces a decrease of the amplitude and of the frequency of the calcium
oscillations in the astrocyte [56—58]. To test whether the model is able to reproduce such
results, the simulations were carried out by halving the parameter values describing the
rate of the SERCA pump (the adopted value was k3 = 0.25 s~!). The comparison of the
corresponding results reported in Fig. 2e with those of Fig. 2a shows that the inhibition of
the SERCA pump leads to: (1) a reduction of the interval of ks values where oscillations
can occur, (2) a decrease of the amplitudes of calcium oscillations, and (3) a decrease of the
period of oscillations. The result 2 is in agreement with the experimental results, while 3 is at
odds. A similar result was also found by Lavrentovich and Hemkin [55]. The explanation of
why 3 is at odds with the experimental result is not at our disposal and a deeper investigation
will be carried out elsewhere.

Experimentally, it was shown that a reduction of the influx of calcium from the endo-
plasmic reticulum to the cytoplasm (mediated by the IP5 receptors) does not promote the
emergence of calcium oscillations [56, 59]. Therefore, to mimic the experimental condi-
tions, the simulations of the calcium model were performed by adopting a smaller value
of the parameter k, describing the amplitude of such flux. The corresponding results are
reported in Fig. 2f and they are qualitatively in agreement with the experimental findings.

In Fig. 2g, a two-dimensional parametric plot characterizing the system’s dynamical
regimes when both & and ks vary is reported. It can be seen that there is a parameter space
region where oscillations can occur. Moreover, the maintenance of the oscillation regime
for increasing ks values requires also higher ky values. When extracellular ATP is present,
there is a drastic reduction of the area of the parameter space where oscillations can occur
(Fig. 2h).

In conclusion, the above results clearly show that calcium transport across the membrane
plays an important role in the genesis of astrocytic calcium oscillations.

3.2 Pyramidal neuron and astrocyte

Let us study how the release of neurotransmitter from the astrocyte impacts the firing
activity of the pyramidal neuron in the absence of inhibition arising from the interneuron.
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To this aim, the pyramidal neuron model was stimulated with a depolarizing current I, for
10 s alone. Then, the corresponding firing triggers the production of IP; which causes an
elevation of the internal calcium level in the astrocyte. When the [Ca™2]; goes above the
threshold, a release of glutamate from the astrocyte occurs, and this causes an additional
depolarization of the pyramidal neuron (see Eq. 14). The simulation results are shown in
Fig. 3 for different rpy values. From the top panels, it can be seen that when the level of
the internal calcium level goes above the threshold a depolarization current is generated
in the pyramidal cell. This event provokes the firing of the neuron in the region where
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Fig. 3 Effects on the pyramidal neuron dynamics induced by change of rate of production of IP3. For
all panels, [ATP]ex = 0 puM. The bin size to estimate the average firing rate was 500 ms. The dotted line
represents the calcium threshold
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the stimulation is absent. However, the duration of this additional firing is about 5 s and
is strongly dependent on the internal calcium level in the astrocyte: when these values get
smaller than the threshold, the firing stops. The simulations shown in the middle and bottom
panels indicate that the increase of the parameter rpy determines a reduction of the time
interval where the generation of action potentials occurs in the absence of the stimulation
current. The right panels of Fig. 3 show that the increase of rpy leads to a faster elevation
and decay of the internal calcium concentration in the astrocyte. Thus, the duration of the
time interval in which the firing occurs in the absence of stimulation decreases toward zero.
In conclusion, these results suggest that for the chosen parameter values the indefinite firing
of the pyramidal neuron in the absence of stimulation cannot occur. These results are in
disagreement with those of Nadkarni and Jung [51, 52] that instead predict an indefinite
firing of the pyramidal neuron for suitable 7py values. These contrasting results can be
accounted for by the different calcium membrane fluxes between the two models. In fact,
additional simulations performed with our model have shown that a reduction of the value of
the constant s (for instance, ks = 0.15 s71) describing the calcium extrusion rate from the
cell leads to indefinite firing as predicted by Nadkarni and Jung [51, 52] (data not shown).
It is worth mentioning that in the calcium model adopted by Nadkarni and Jung [51, 52, 61]
the Ca*? fluxes through the cellular membrane are absent.

How do these results change when, while keeping the rpy value fixed, the stimulation
current is increased? The result of the simulations (data not shown) indicates that the
increase of the amplitude of the stimulation current leads to a reduction of the time interval
in which the firing of the neuron occurs without stimulation. This behavior can be ascribed
to the fact that a larger firing frequency of the neuron leads to a faster increase and decrease
of the calcium level in the astrocyte.

Let us consider now the effect of ATP on the dynamical behavior of the neuron.
The corresponding simulation results for different concentrations of ATP are shown in
Fig. 4. The presence of ATP leads to the activation of purinergic receptors (ionotropic and
metabotropic) that promote the enhancement of the calcium response of the astrocyte. For
[ATP]x = 1.5 uM, the stationary calcium level of the cell reaches a value greater than
that obtained in the right panels of Fig. 3 but nonetheless remains below the threshold.
When the ATP level is further increased (middle panels), the steady-state calcium level
goes above the threshold, leading to the generation of firing in the neuron in the absence
of stimulation, although with a lower firing rate. Taken together, the previous results
suggest that the presence of ATP strongly impacts the dynamical behavior of the neuroglial
network. How do these results change when the desensitization effect of ATP receptors
are included in the model? In fact, the data reported in Nobile et al. [10] clearly show
that the P2X receptor desensitizes when exposed for several seconds to ATP. Thus, a
very simple model describing the desensitization process of the ionotropic purinergic
receptor was introduced in the calcium model. In particular, it was assumed that the rate
VATP(P2X) (see Eq 3) is now defined as VATP(P2X) = kATP(P2X) G ([ATP]SX) D(t), where D([) =
Cn(1— eiwr*)/r"“)e—(’_’*)/ @ is a solution of the equation D(r) + PD(t) + OD(t) = 0 with
P=Q2/tor+ 1/ton) and O = (1/7oer + 1/Ton)/Tosr; MOreover, Ton, = (2 pMs)/[ATP],,,
Toff = 400 s and Cy is a normalization constant such that D(¢) < 1. The constants 7.¢ and
Ton Were chosen in order to reproduce qualitatively and quantitatively the experimental
data reported in Nobile et al. [10]. The corresponding simulation results describing the
desensitization effects of the ionotropic purinergic receptor are shown in the bottom panels
of Fig. 4. The comparison of these data with those illustrated in the middle panels shows that
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Fig. 4 Effects on the pyramidal neuron dynamics determined by the ATP concentration. For all panels,
rpy = 0.2 uM/s. In the bottom panels, results in the presence of desensitization of the P2X receptor are
shown. The bin size to estimate the average firing rate was 500 ms. The dotted line represents the calcium

threshold

the presence of the desensitization of the P2X receptor stops the firing activity of the neuron
for ¢ values greater than about 25 s. The comparison of these results with those shown in the
bottom panels shows that this occurs because the desensitization process causes a gradual
decrease of the calcium level in the astrocyte until it falls below the threshold.

@ Springer



376 A. Di Garbo

3.3 Pyramidal neuron, interneuron, and astrocyte

Let us consider now a more realistic situation of a network consisting of the pyramidal
neuron, the interneuron, and the astrocyte. To simplify the discussion, it is assumed that
desensitization of the P2X receptor does not occur. As discussed in Section 2.4, the pyra-
midal neuron excites the interneuron through an excitatory synapse, while the interneuron
feedback inhibits it by an inhibitory synapse. Moreover, if the calcium level of the astrocyte
goes above the threshold, then both the neuron and the interneuron will receive excitatory
currents (see Section 2.4). Lastly, the presence of ATP leads to the generation of an
excitatory current in the interneuron alone. To have a more realistic network, it is assumed
that the pyramidal neuron is injected with a depolarizing current /, mimicking some sensory
input, while for the interneuron we have Iy = 0. The results of the simulations of this
network are reported in Fig. 5 for the case rpy = 0.2 uM/s. When [ATP].x = 0, the firing
of the pyramidal neuron leads to an increase of the calcium level of the astrocyte above
the threshold. When this occurs, the two additional depolarizing currents (arising from the
release of glutamate from the astrocyte) cause a very fast increase of the firing rate of the
interneuron that then stops the firing of the pyramidal neuron in the region where /, = 0.
When the calcium level of the astrocyte falls below the threshold, then the firing rate of
the interneuron also ceases. The simulation data obtained when an ATP concentration of
2.2 uM is present are shown in Fig. Sc, d. In this case, the stationary value of the calcium
concentration is greater than the threshold and therefore the firing of the interneuron never
stops. For ¢ > 10 s, the depolarization level of the pyramidal neuron is not sufficient to
overcome the inhibitory barrage coming from the interneuron and consequently its firing
ceases. The data reported in Fig. Se, f show clearly that the inhibitory effects play a key
role in the determination of the dynamical behavior of the network. They were obtained
by decreasing the value of g; and comparison with Fig. 5S¢, d shows that now the firing of
the pyramidal cell never stops, although with a lower firing rate. A dramatic change of the
previous results occurs when the parameter value describing the amplitude of the extrusion
rate of calcium from the cytoplasm (ks) is slightly increased. Now, even in the presence of
ATP, the firing activities of both cells stop for # > 10 s (Fig. 5g, h).

To get a more general picture of the network dynamics, bifurcation diagrams were
computed. The results of the corresponding simulations are reported in Fig. 6 and show how
the maximum and minimum value of ¥}, (or of Vix) vary as the control parameter is varied.
The simulations were carried out by numerical integration of the 15 coupled differential
equations up to 100 s for each value of the control parameter. Then, the quantities reported
in the graphs were estimated after discarding a transient time amounting to the first 90 s.
The data reported in Fig. 6a show the dependence of the neural activities on the parameter
rpy, which describes the rate of production of IP; triggered by the firing of the pyramidal
cell. The corresponding results show that the increase of the parameter rpy never leads
to the indefinite firing of both cells. The results shown in Fig. 6b indicate that the change
of the amplitude of the stimulation current 7, does not lead to the indefinite firing of both
cells either. A drastic change occurs when the extracellular ATP is present and in Fig. 6¢
the corresponding results when its concentration is varied are shown. It can be seen that
there is a critical value of [ATP] (2.1 uM) above which the interneuron fires indefinitely.
Then, the presence of the inhibition exerted by the interneuron impedes the firing of the
pyramidal neuron. It can be seen from the data reported on the right axis that the oscillation
period of the interneuron is a decreasing function of ATP. This can be explained by the
fact that the calcium level in the astrocyte increases as the extracellular concentration of
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ATP increases. For [ATP]ex < 2.1 uM, both neural models cannot fire indefinitely in the
absence of stimulation. In Fig. 6d, the data obtained by varying the parameter ks and with
[ATP].x = 2.2 uM are reported. It can be seen that there is a critical value k% such that for
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Fig.5 Dynamical properties of the network of neuron, interneuron, and astrocyte. a and b [ATP]ex = 0 uM,
ge =0 mS/em?, gi = 1 mS/em?. ¢ and d [ATP]ex = 2.2 uM, g, = 0.3 mS/em?, g = | mS/em?. e and f
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gi = 0.01 mS/cm? and ks = 0.6 s~ 1. For all panels, rpy = 0.2 uM/s. The dotted line represents the calcium

threshold
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ks > k% both cells stop firing. The data reported on the right-hand axis of 6d show that for
ks > k% the firing period of the interneuron is an increasing function of this parameter. This
behavior arises because the increase of ks causes a reduction of the calcium level in the
astrocyte and then a smaller depolarizing current in the interneuron.

4 Discussion and conclusions

A minimal biophysical neural network model consisting of a pyramidal neuron, an in-
terneuron, and an astrocyte was introduced. For its complexity, this dynamical system was
mainly investigated by means of numerical simulation. It was shown that the dynamical
properties of the astrocytic calcium model are sensitive to the fluxes of calcium through
the cellular membrane. In the absence of ATP, the calcium model can be used to encode
frequency information when the parameter ks is varied. It was also found, in agreement
with the experimental results, that the increase of the calcium concentration in the astrocyte
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determines a decrease of the oscillation period. Moreover, the model is able to reproduce
some experimental results. It was also shown that the presence of ATP does not promote
the emergence of calcium oscillations. Lastly, the results of the numerical simulation show
that the variation of the parameter describing the functioning of the SERCA pump and of
the IP3 receptors on the ER has a strong influence on the calcium dynamics.

The results of the simulations of the pyramidal neuron model, coupled with the astrocyte,
show that in the absence of ATP the pyramidal neuron cannot fire indefinitely when the
stimulation current is off. The presence of the ATP or the change of the parameter ;s
produces a drastic change in the above results. It was found that also the desensitization
process of the P2X receptor has a strong effect on the dynamics of the network. When the
interneuron was included in the network, it was found that the pyramidal neuron is strongly
modulated by this last cell and its firing always stops. The previous results, interpreted from
a biological point of view, suggest that the hypothesis that astrocytes could be implicated in
the generation of epileptic phenomena must be considered carefully.

Lastly, let us discuss some possible improvements and generalizations of the model used
here. Relative to the biophysical properties of the P2X7 receptor, a possible extension of the
calcium model employed in this paper can be achieved by the inclusion of a kinetic model
of this receptor (see Egan et al. [60] for additional details). In this case, the calcium entry
mediated by the receptor will be time dependent and interesting new dynamical effects—
may be expected to occur. Another possible extension of the calcium model is the inclusion
of a realistic dynamics of ATP release from the astrocyte. The mechanisms driving this
process are not well understood, although there are some direct and indirect evidences
suggesting that IP5 is involved. Then, it should be interesting to investigate the dynamical
behavior of the network in the absence of extracellular ATP. Because neuron and astrocytes
are spatially extended objects, another generalization of the model could be the inclusion of
a spatial network geometry to study the propagation of calcium waves.

There is experimental evidence indicating that the P2X7 receptor exhibits different
conduction states defined by their relative permeability to large ions [1, 11, 16, 19, 60].
For instance, the P2X7 receptor could increase the diameter of its conducting pore during
sustained application of ATP. Then, it should be interesting to investigate the effect of this
phenomenon on the network dynamics.

A limitation of the network model used here is the implicit assumption that some
processes, like synaptic transmission or ATP diffusion, occur without time delay. Therefore,
a more realistic version of the adopted network model could be the inclusion of suitable
delays to study how they affect the dynamical patterns of the neural—glial population.
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