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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
2+

]i)

[3–14]. The [Ca
2+

]i 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 P2X7 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 (τR) is

of the order of 60 ms and the decay time constant (τD) is about 600 ms. This current is much

slower than that arising from the activation of the synaptic NMDA receptors: τR ∼ 10 ms,

τD ∼ 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 A1 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
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last case, the modulatory effects of ATP occur by two distinct mechanisms: by adenosine

acting on the presynaptic A1 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
2+

influx described by the rate νLM; (2) a capacitive calcium entry (CCE)

of rate νCCE; (3) an extrusion across the plasma membrane described by the rate νOUT;

(4) an influx of Ca
2+

mediated by the P2X ionotropic ATP receptor with rate νATP(P2X).

Following Höfer et al. [37], two different biochemical processes mediating the production

of IP3 are included: PLCβ and PLCδ. The first one is responsible for the production of

IP3 in the presence of extracellular agonists and is activated through a G-protein-coupled

receptor mechanism with rate νPLCβ; the second one describes the production of IP3 arising

from the [Ca
2+

]i increase, and the corresponding rate is νPLCδ. The degradation of the IP3

is described by the rate νIP3(Deg). The binding of the IP3 molecules to the corresponding

receptors on the endoplasmic reticulum (ER) compartment leads to the release of calcium

from the ER stores with rate νER(Rel). The free cytosolic calcium is pumped into the ER with

a rate νSERCA. The active fraction of IP3 receptors on the ER membrane determines the IP3-

induced release of calcium from the ER stores and the time evolution of the concentration

of these receptors is described by the two rates νIP3R(Rec) and νIP3R(Inact).

Let Cai denote the concentration of calcium in the cytoplasm of the astrocyte (in

micromolar units); CaER is the concentration (μM) of calcium in the ER stores; I is the

concentration (μM) of IP3; R the fraction of active IP3 receptors on the ER membrane.

Then, the set of balance equations describing the time evolution of these variables is:

dCai/dt = νLM + νCCE + νATP(P2X) − νOUT + νER(Rel) − νSERCA (1a)

dCaER/dt = β(νSERCA − νER(Rel)) (1b)

dR/dt = νIP3R(Rec) − νIP3R(Inact) (1c)

dI/dt = νPLCβ + νPLCδ − νIP3(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 CER:

νCCE = kCCE H2

CCE

/(
H2

CCE
+Ca

2

ER

)
. (2)
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Table 1 Values of the constants

Description Symbol Value

Rate of calcium leak across the plasma membrane k0 0.03 μM s
−1

Rate of calcium leak from the ER k1 0.0004 s
−1

Rate of calcium release through IP3 receptor k2 0.2 s
−1

Rate constant of SERCA pump k3 0.5 s
−1

Rate of calcium extrusion from plasma membrane k5 0.5 s
−1

Rate constant of IP3 receptor inactivation k6 4 s
−1

Rate constant of IP3 receptor degradation k9 0.08 s
−1

Rate constant of PLCδ ν7 0.02 μM s
−1

Half saturation constant for IP3 activation of the K ip 3 0.3 μM

corresponding receptor

Half saturation constant for calcium activation of the IP3 receptor Ka 0.2 μM

Half saturation constant for calcium inhibition of the IP3 receptor Ki 0.2 μM

Half saturation constant for calcium activation of PLCδ KCa 0.3 μM

Ratio of the effective volumes for calcium of cytoplasm and ER β 35

Half inactivation constant for CCE influx HCCE 10 μM

Maximal rate constant for CCE influx kCCE 0.01 μM s
−1

Maximal rate of ATP-evoked ionotropic calcium influx kATP(P2X) 0.08 μM s
−1

Half saturation constant for ATP-evoked ionotropic calcium HATP(P2X) 0.9 μM

influx amplitude

Maximal rate of IP3production mediated by the metabotropic kATP(P2Y) 0.5 μM s
−1

ATP receptor

Dissociation constant for the binding of ATP to the P2Y receptor KD 10 μM

The adopted values of the constants kCCE and HCCE 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
2+

]i 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:

νATP(P2X) = kATP(P2X)G
(
[ATP]ex

)
(3)

where G
(
[ATP]ex

) = [ATP]
1.4
ex

/(
HATP(P2X) + [ATP]

1.4
ex

)
; [ATP]ex is the external concentra-

tion of ATP (μM); HATP(P2X) and kATP(P2X) are defined in Table 1. The G([ATP]ex) 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 + RMB ↔ ATP − RMB, where ATP binds to

the receptor R MB with forward and reverse rate constants, KF and KR, respectively. Let R0

be the concentration of the metabotropic ATP receptors and xF = [ATP − RMB]/R0 be the

fraction of receptors bound, and then the time evolution of xF is described by:

dxF

/
dt = KF [ATP]ex − xF

{
KR + KF [ATP]ex

}
(4)
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where [ATP]ex is the external concentration of ATP (μM). The solution of this equation

satisfying the initial condition xF(0) = 0 is given by xF(t) = [ATP]ex/

(
KD + [ATP]ex

)

[1 − exp (−t/τ)] where KD = KR

/
KF is the dissociation constant (see Table 1) and τ =

1
/(

KR + KF [ATP]ex

)
. By assuming a fast binding kinetics, the reaction ATP + RMB ↔

ATP − RMB can be assumed to be in equilibrium and therefore it is:

xF(t) = [ATP]ex

/(
KD + [ATP]ex

)
. (5)

Therefore, for simplicity, the rate of IP3 production promoted through this pathway

(G-protein and PLCβ activation) is assumed to be determined by

νPLCβ = kATP(P2Y)xF (6)

and the value of the constant kATP(P2Y) is reported in Table 1.

The explicit formulation of the remaining rate terms appearing in Eqs. 1a–1d are:

νLM = k0 (7)

νOUT = k5Cai (8)

νER(Rel) = {
k1 + k2RCa

2

i I
2
/[(

K2

a
+ Ca

2

i
) (

K2

IP3
+ I2

)]}
(CaER − Cai) (9)

νSERCA = k3Cai (10)

νIP3(Deg) = k9 I (11)

νPLCδ = ν7Ca
2

i
/(

K2

Ca
+ Ca

2

i
)

(12)

νIP3R(Rec) − νIP3R(Inact) = k6

[
K2

i
/(

K2

i + Ca
2

i
) − 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 μm, is injected with the

following current:

Iastro = Aastro H [ln (y)] ln (y) , y = [
Ca

2+]
i − 196.69 (14)

where H(x) is the Heaviside function; Aastro = 2.11 μA/cm
2
; [Ca

2+
]i 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 Aastro. In fact, assuming an interneuron diameter of about 15 μm, it follows

that Aastro = 6 μA/cm
2
. 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 Aastro 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

IATP = AATP [ATP]ex (15)
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where [ATP]ex is the extracellular concentration of ATP and AATP is the corresponding

amplitude. The value of AATP 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 μM the

peak of the depolarizing current evoked on the interneuron was about 36 pA. By inserting

these data in Eq. 15, it follows that AATP = 0.05 (μA/cm
2) (μM)

−1
.

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 Iastro

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:

dVP

dt
= Ip − INa,P − IK,P − IM − IL,P − gisi (VP − Vi) + Iastro

dmP

dt
= αm,P (1 − mP) − βm,PmP

dhP

dt
= αh,P (1 − hP) − βh,PhP (16)

dnP

dt
= αn,P (1 − nP) − βn,PnP

dw

dt
= (w∞ − w)

/
τw,

where Ip is the stimulation current. Similarly, the interneuron model receiving the depo-

larizing current Īastro, the excitatory synaptic current from the pyramidal neuron, and the

depolarizing current IATP are described by the following equations:

dVIN

dt
= IIN − INa,IN − IK,IN − IL,IN − gese (VIN − Ve) + Iastro + IATP

dmIN

dt
= αm,IN (1 − mIN) − βm,INmIN

dhIN

dt
= αh,IN (1 − hIN) − βh,INhIN

dnIN

dt
= αn,IN (1 − nIN) − βn,INnIN,

(17)

where IIN is the stimulation current. In the previous equations, Vp and VIN are the mem-

brane potentials of the pyramidal cell and of the interneuron, respectively. The constant

gi (ge) represents the value of the inhibitory (excitatory) conductance: the adopted values

are those reported in Olufsen et al. [53] and they are gi = 1 mS/cm
2
, ge = 0.3 1 mS/cm

2
.

The value of the reversal potential of the excitatory synapse is Ve = 0 mV, while that of

the inhibitory synapses is Vi = −80 mV. For both the neuron and the interneuron model,

INa,P and INa,IN are the sodium currents; IK,P and IK,IN are the potassium currents; IL,P

and IL,IN are the passive currents (leakage). Lastly, IM 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: INa,P,IN = gNam3

P,INhP,IN(VP,IN − VNa), IK,P,IN =
gKn4

P,IN(VP,IN − VK), IL,P,IN = gL(VP,IN − VL), IM = gMw(VP − VM). The corresponding
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Fig. 1 A schematic diagram

showing the minimal neural

network model studied

in this paper

activation and inactivation variables are defined as follows: αm,P,IN = [0.032(VP,IN+
54)]/[1 − exp(−(VP,IN + 54)/4)], βm,P,IN =[0.28(VP,IN + 27)]/[exp((VP,IN + 27)/5) − 1],
αh,P,IN =[0.128 exp(−(VP,IN + 50))]/18, βh,P,IN =4/[1 + exp(−(VP,IN + 27)/5)], αn,P,IN =
[0.032(VP,IN+52)]/[1−exp(−(VP,IN+52)/5)], βn,P,IN =0.5 exp(−(VP,IN+57)/40), w∞ =
1/1 + exp(−(VP+35)/10), and τw =400/[3.3 exp((VP+35)/20) + exp((VP+35)/20)].
The functions si(t) and se(t) describe the time evolution of the inhibitory and excitatory

currents, respectively. The equations defining their time evolution are given by:

dse

dt
= Te (VP) (1 − se) − se/τe (18a)

dsi

dt
= Ti (VIN) (1 − si) − si/τi (18b)

where Te(VP) = 5[1 + tanh(VP/4)](ms
−1) and Ti(VIN) = 2[1 + tanh(VIN/4)](ms

−1) with

τ e = 2 ms and τ i = 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 IP3 when an action potential is generated

by the pyramidal cell and VTh = −50 mV be a membrane potential threshold value. Then,

it is assumed that there is a production of IP3 in the astrocyte only when Vp > VTh and the

corresponding rate, to be added to the right-hand side of Eq. 1d, is defined by νPY = rPY

H(Vp − VTh), 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:

νLM + νCCE + νATP(Ionotropic) − νOUT + νER(Rel) − νSERCA = 0

νSERCA − νER(Rel) = 0

νIP3R(Rec) − νIP3R(Inact) = 0

νPLC + νPLC − νIP3(Deg) = 0.

(19)

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:

k0 + kCCE H2

CCE

H2

CCE
+ g(Cai)

+ kATP(P2X)[ATP]1.4
E

HATP(P2X) + [ATP]1.4
E

− k5CAi = 0 (20)

where the function g(Cai) = CaER is defined by

CaER = g (Cai) = Cai + k3Cai{
k1 + k2 RCa

2

i I2

(k2
a+Ca

2

i )(k2

IP3
+I2)

} . (21)

The remaining variables characterizing the stationary state is given by:

R = k 2

i

k 2

i + Ca
2

i

I = k−1

9

{
KATP(P2Y) [ATP]E

kD + [ATP]E

+ ν7Cai

k2

Ca
+ Ca

2

i

}

. (22)

In the stationary state, the calcium fluxes through the cellular membrane satisfy the

equation vLM + vCCE + vATP(Ionotropic) = vOUT = k5Cai. 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
2+

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 k5 affect

the stability properties of the stationary states of the adopted calcium model. To this aim,

the stability of each stationary state of Eqs. 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]ex = 0 are reported. These data show that there is a critical interval

of k5 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 k5 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 k5

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]ex = 0.05 μM) strongly impacts

the astrocytic capability to generate calcium oscillations. In fact, now there is a drastic

Fig. 2 Dynamical properties of the astrocytic calcium model. a [ATP]ex = 0 μM, with the oscillation period

shown on the right axis. b Same as a, but with [ATP]ex = 0.05 μM. c The gray line corresponds to [ATP]ex =
0 μM, k5 = 0.2 s

−1
, the black line to [ATP]ex = 0 μM, k5 = 0.2 s

−1
. d [ATP]ex = 0 μM. e [ATP]ex = 0 μM,

k3 = 0.25 s
−1

. f [ATP]ex = 0 μM, k2 = 0.05 s
−1

. g Two-dimensional parameter plot of the states of the

calcium model for [ATP]ex = 0 μM. 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 μM. 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



372 A. Di Garbo

reduction of both the interval of k5 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. 2c, 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 k5 in which the calcium oscillations can be used to

encode frequency information for [ATP]ex = 0.

Next, by keeping k5 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 (k0). 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
−1). 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 k5 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 IP3 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 k2 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 k0 and k5 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 k5 values requires also higher k0 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 Ip for

10 s alone. Then, the corresponding firing triggers the production of IP3 which causes an

elevation of the internal calcium level in the astrocyte. When the [Ca
+2

]i 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 μM. 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 rPY 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 k5 (for instance, k5 = 0.15 s
−1) 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
+2

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]ex = 1.5 μM, 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

νATP(P2X) (see Eq. 3) is now defined as vATP(P2X) = kATP(P2X)G
(
[ATP]ex

)
D(t), where D(t) =

CN

(
1 − e−(t−t∗)/τoff

)
e−(t−t∗)/τoff is a solution of the equation D̈(t) + PḊ(t) + QD(t) = 0 with

P = (2/τoff + 1/τon) and Q = (1/τoff + 1/τon)/τoff; moreover, τon = (2 μMs)/[ATP]ex,

τ off = 400 s and CN is a normalization constant such that D(t) ≤ 1. The constants τ off and

τ on 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 μM/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 t 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.
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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 Ip mimicking some sensory

input, while for the interneuron we have IIN = 0. The results of the simulations of this

network are reported in Fig. 5 for the case rPY = 0.2 μM/s. When [ATP]ex = 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 Ip = 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 μM is present are shown in Fig. 5c, 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 t > 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. 5e, 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 gi and comparison with Fig. 5c, 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 (k5) is slightly increased. Now, even in the presence of

ATP, the firing activities of both cells stop for t > 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 Vp (or of VIN) 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 IP3 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 Ip does not lead to the indefinite firing of both

cells either. A drastic change occurs when the extracellular ATP is present and in Fig. 6c

the corresponding results when its concentration is varied are shown. It can be seen that

there is a critical value of [ATP]ex (2.1 μM) 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 μM, both neural models cannot fire indefinitely in the

absence of stimulation. In Fig. 6d, the data obtained by varying the parameter k5 and with

[ATP]ex = 2.2 μM are reported. It can be seen that there is a critical value k∗
5

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 μM,

ge = 0 mS/cm
2
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2
. c and d [ATP]ex = 2.2 μM, ge = 0.3 mS/cm

2
, gi = 1 mS/cm

2
. e and f

[ATP]ex = 2.2 μM, ge = 0.3 mS/cm
2
, gi = 0.01 mS/cm

2
. g and h [ATP]ex = 2.2 μM, ge = 0.3 mS/cm

2
,

gi = 0.01 mS/cm
2

and k5 = 0.6 s
−1

. For all panels, rPY = 0.2 μM/s. The dotted line represents the calcium

threshold
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Fig. 6 Bifurcation diagrams

showing the dependence of the

dynamical behavior of the full

neural network when some

relevant parameters change.

a [ATP]ex = 0 μM,

Ip = 20 μA/cm
2
,

ge = 0.3 mS/cm
2
,

gi = 1 mS/cm
2
, k5 = 0.5 s

−1
.

b [ATP]ex = 0 μM,

rPY = 0.2 μM/s,

ge = 0.3 mS/cm
2
,

gi = 1 mS/cm
2
, k5 = 0.5 s

−1
.

c Ip = 20 μA/cm
2
,

rPY = 0.2 μM/s,

ge = 0.3 mS/cm
2
,

gi = 1 mS/cm
2
, k5 = 0.5 s

−1
.

d [ATP]ex = 2.2 μM,

Ip = 20 μA/cm
2
,

rPY = 0.2 μM/s,

ge = 0.3 mS/cm
2
,

gi = 1 mS/cm
2
. For all panels,

the black solid circles correspond

to the pyramidal neuron, while

the open circles to the

interneuron. The gray lines in

c and d represent the firing

period of the interneuron
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both cells stop firing. The data reported on the right-hand axis of 6d show that for

k5 > k∗
5

the firing period of the interneuron is an increasing function of this parameter. This

behavior arises because the increase of k5 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 k5 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 k5

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 IP3 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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39. Targos, B., Barańska, J., Pomorski, P.: Store-operated calcium entry in physiology and pathology of

mammalian cells. Acta Biochim. Pol. 52, 397–409 (2005)

40. Randriamampita, C., Tsien, R.Y.: Emptying of intracellular Ca
2+

stores releases a novel small messenger

that stimulates Ca
2+

influx. Nature 364, 809–814 (1993). doi:10.1038/364809a0

41. Berridge, M.J.: Capacitative calcium entry. Biochem. J. 312, 1–11 (1995)

42. Volterra, A., Steinhauser, C.: Glial modulation of synaptic transmission in the hippocampus. Glia 47,

249–257 (2004). doi:10.1002/glia.20080

43. North, R.A., Barnard, E.A.: Nucleotide receptors. Curr. Opin. Neurobiol. 7, 346–357 (1997). doi:10.

1016/S0959-4388(97)80062-1

44. Khakh, B.S., Gittermann, D., Cockayne, D.A., Jones, A.: ATP modulation of excitatory synapses onto

interneurons. J. Neurosci. 23, 7426–7437 (2003)

45. Bowser, D.N., Khakh, B.S.: ATP excites interneurons and astrocytes to increase synaptic inhibition in

neuronal networks. J. Neurosci. 24, 8606–8620 (2004). doi:10.1523/JNEUROSCI.2660-04.2004

46. Kawamura, M., Gachet, C., Inoue, K., Kato, F.: Direct excitation of inhibitory interneurons by extracel-

lular ATP mediated by P2Y receptors in the hippocampal slice. J. Neurosci. 24, 10835–10845 (2004).

doi:10.1523/JNEUROSCI.3028-04.2004

47. Fries, P., Nikolik, D., Singer, W.: The gamma cycle. Trends Neurosci. 30, 309–316 (2007). doi:10.1016/

j.tins.2007.05.005

48. Freund, T.F.: Interneuron diversity series: rhythm and mood perisomatic inhibition. Trends Neurosci. 26,

489–495 (2003). doi:10.1016/S0166-2236(03)00227-3

49. Hestrin, S., Galarreta, M.: Electrical synapses define networks of neocortical GABAergic neurons.

Trends Neurosci. 28, 304–309 (2005). doi:10.1016/j.tins.2005.04.001

50. Mann, E.O., Paulsen, O.: Role of GABAergic inhibition in hippocampal network oscillations. Trends

Cogn. Sci. 30, 343–349 (2007)

51. Nadkarni, S., Jung, P.: Spontaneous oscillations of dressed neurons: a new mechanism for epilepsy?

Phys. Rev. Lett. 91, 268101(4) (2003)

52. Nadkarni, S., Jung, P.: Dressed neurons: modelling neural–glia interactions. Phys. Biol. 1, 35–41 (2004).

doi:10.1088/1478-3967/1/1/004

53. Olufsen, M., Whittington, M., Camperi, M., Kopell, N.: New roles for the gamma rhythm: population

tuning and preprocessing for the beta rhythm. J. Comput. Neurosci. 14, 33–54 (2003). doi:10.1023/

A:1021124317706

54. Sneyd, J., Tsaneva-Atanasova, K., Yule, D.I., Thompson, J.L., Shuttleworth, T.J.: Control of calcium

oscillations by membrane fluxes. Proc. Natl. Acad. Sci. U. S. A. 101, 1392–1396 (2004). doi:10.1073/

pnas.0303472101

55. Lavrentovich, M., Hemkin, S.: A mathematical model of spontaneous calcium (II) oscillations in astro-

cytes. J. Theor. Biol. 251, 553–560 (2008). doi:10.1016/j.jtbi.2007.12.011

56. Parri, H.R., Crunelli, V.: The role of Ca
2+

in the generation of spontaneous astrocytic Ca
2+

oscillations.

Neuroscience 120, 979–992 (2003). doi:10.1016/S0306-4522(03)00379-8

57. Aguado, F., Espinosa-Parrilla, J.F., Carmona, M.A., Soriano, E.: Neuronal activity regulates correlated

network properties of spontaneous calcium transients in astrocytes in situ. J. Neurosci. 22, 9430–9444

(2002)

http://dx.doi.org/10.1016/j.neuron.2004.08.011
http://dx.doi.org/10.1523/JNEUROSCI.0473-04.2004
http://dx.doi.org/10.1523/JNEUROSCI.0473-04.2004
http://dx.doi.org/10.1074/jbc.M510679200
http://dx.doi.org/10.1016/S0166-2236(03)00237-6
http://dx.doi.org/10.1016/j.biosystems.2006.05.013
http://dx.doi.org/10.1038/364809a0
http://dx.doi.org/10.1002/glia.20080
http://dx.doi.org/10.1016/S0959-4388(97)80062-1
http://dx.doi.org/10.1016/S0959-4388(97)80062-1
http://dx.doi.org/10.1523/JNEUROSCI.2660-04.2004
http://dx.doi.org/10.1523/JNEUROSCI.3028-04.2004
http://dx.doi.org/10.1016/j.tins.2007.05.005
http://dx.doi.org/10.1016/j.tins.2007.05.005
http://dx.doi.org/10.1016/S0166-2236(03)00227-3
http://dx.doi.org/10.1016/j.tins.2005.04.001
http://dx.doi.org/10.1088/1478-3967/1/1/004
http://dx.doi.org/10.1023/A:1021124317706
http://dx.doi.org/10.1023/A:1021124317706
http://dx.doi.org/10.1073/pnas.0303472101
http://dx.doi.org/10.1073/pnas.0303472101
http://dx.doi.org/10.1016/j.jtbi.2007.12.011
http://dx.doi.org/10.1016/S0306-4522(03)00379-8


382 A. Di Garbo

58. Tashiro, A., Goldberg, J., Yuste, R.: Calcium oscillations in neocortical astrocytes under epileptiform

conditions. J. Neurobiol. 50, 45–55 (2002). doi:10.1002/neu.10019

59. Nett, W., Oloff, S.H., McCarthy, K.D.: Hippocampal astrocytes in situ exhibit calcium oscillations that

occur independent of neuronal activity. J. Neurophysiol. 87, 528–537 (2002)

60. Egan, T.M., Samways, D.S.K., Li, Z.: Biophysics of P2X receptors. Pflugers Arch. Eur. J. Physiol. 452,

501–512 (2006)

61. Li, X.Y., Rinzel, J.: Equations of IP3 receptor-mediated Ca
2+

oscillations derived from a detailed

kinetic model: a Hodgkin-Huxley like formalism. J. Theor. Biol. 166, 461–473 (1994). doi:10.1006/jtbi.

1994.1041

http://dx.doi.org/10.1002/neu.10019
http://dx.doi.org/10.1006/jtbi.1994.1041
http://dx.doi.org/10.1006/jtbi.1994.1041

	Dynamics of a minimal neural model consisting of an astrocyte, a neuron, and an interneuron
	Abstract
	Introduction
	Computational models
	The mechanisms underlying astrocyte excitability
	Astrocytes modulate neural activity
	Biophysical model of calcium signaling in astrocytes
	Neuron--astrocyte--interneuron coupling model

	Results
	Dynamical properties of the new model describing calcium dynamics in the astrocyte
	Pyramidal neuron and astrocyte
	Pyramidal neuron, interneuron, and astrocyte

	Discussion and conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


