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In this paper we present a mathematical modelipéartite synapses, where astrocytes
mediate information flow from the pre-synaptic ke tpost-synaptic neuron. The model
consists of a pre-synaptic bouton, a post-synajgitdritic spine head, a synaptic cleft
and a perisynaptic astrocyte controllingCaynamics inside the synaptic bouton. This in
turn controls glutamate release dynamics in thi¢. ds a consequence of this, glutamate
concentration in the cleft has been modeled, incvlglutamate reuptake by astrocytes
has also been incorporated. Finally, dendritic sfhiead dynamics has been modeled. As
an application, this model clearly shows synaptiteptiation in the hippocampal region,
i.e., astrocyte C4 mediates synaptic plasticity, which is in confagmivith the majority

of the recent findings.

1. Introduction

One of the most significant challenges in neurosm®eis to identify the cellular and
molecular processes that underlie learning and memoomation (Lynch, 2004). Cajal
originally hypothesized that information storagkeseon changes in strength of synaptic
connections between neurons that are active (C4@l3). Hebb supported this
hypothesis and proposed that if two neurons areeaett the same time, the synaptic
efficiency of the appropriate synapse will be sgteened (Hebb, 1949). Synaptic
transmission is a dynamic process. Post-synapmoreses wax and wane as pre-synaptic
activity evolves. Forms of synaptic enhancementhsas facilitation, augmentation, and
post-tetanic potentiation, are usually attributecetfects of a residual elevation in pre-
synaptic C& concentration ([CZ]), acting on one or more molecular targets that appear
to be distinct from the secretory trigger respolesfbr fast exocytosis and phasic release



of transmitter to single action potential (Zucker Regehr, 2002). It is now well
established that the astrocytic mGIuR detects dimagctivity and responds via
activation of the calcium-induced calcium releasghway, leading to elevated €a
levels. The spread of these levels within micro-donof one cell can coordinate the
activity of disparate synapses that are associatddthe same micro-domain (Perea &
Araque, 2002). The notion of tripartite synapseststing of pre-synaptic neuron, post-
synaptic neuron and astrocyte has taken a firmimexperimental (Araque, et al., 1999;
Newman, 2003; Perea & Araque, 2007) as well asré¢ieal neuroscience (Nadkarni &
Jung, 2003; Volman et al., 2007; Nadkarni, et2008). Astrocytes play crucial roles in
the control of Hebbian plasticity (Fellin, 2009).

There is a recent report, that at least irhibpocampus, astrocyte €aignaling does
not modulate short-term or long-term synaptic ptatgt(Agulhon, et al., 2010). However
evidences of astrocytic modulation of synaptic fptety are more abundant including in
hippocampus (Vernadakis, 1996; Haydon, 2001; Yangl.e 2003; Andersson, 2010;
Henneberger, et al., 2010). Neuronal activities wager C4" elevations in astrocytes
(Porter & McCarthy, 1996; Fellin, 2009) leadingdoncentration increases in adjacent
glial cells including astrocytes, which expressasgety of receptors (Newman, 2003).
These activated receptors increase astrocyté']jCand release transmitters, including
glutamate,D-serine, ATP (Parpura et al.,, 1994; Hennebergealgt2010) etc. The
released gliotransmitters feed-back onto the pneystyc terminal either to enhance or to
depress further release of neurotransmitter (Newr2@@3) including glutamate, which
is mediated by Ca concentration in the pre-synaptic terminal. Ivsrthy to note that
Cd* elevations are both necessary and sufficient tokevglutamate release from
astrocytes (Haydon, 2001). On the other hand gkart-synaptic depression is caused by
depletion of the releasable vesicle pool due tenecelease in response to pre-synaptic
action potential (Wu & Borst, 1999). This entireaoh of C&" mediated pre-synaptic
activity consisting of both short-term enhancem@TE) and short-term depression
(STD) can be called short-term synaptic plastioitgimply short-term plasticity (STP).

Synaptic plasticity occurs at many time scaldsually long-term plasticity (LTP)
happens at a time scale of 30 minutes or more dil t8kes less than that (p — 311,
Koch, 1999). Within the ambit of STP, STE has bewme widely studied than the STD.
A quantitative definition of STE has been propose(Fisher et al., 1997). STE has been
divided into four different temporal regimes, naynést-decaying facilitation (10s of
milliseconds), slow-decaying facilitation (100srofiliseconds), augmentation (seconds)
and post-tetanic potentiation (minutes) (Fisheal et1997).

STP is thought to provide a biological meckanfor on-line information processing
in the central nervous system (Fisher et al., 12®id) therefore could be the key to the
formation of working memory and intelligent behavid computational model of how
cellular and molecular dynamics give rise to thd 3T the synapses (particularly in the



synapses of the hippocampus and the prefrontalexqortan be quite useful in
understanding intelligent behavior.

In this paper, we present a computational motlastrocyte mediated augmentation
in a tripartite synapse. The following steps haeerbfollowed in simulation of our
model. (1) Pre-synaptic action potential train l@en generated using the Hodgkin-
Huxley model (Hodgkin & Huxley, 1952). (2) €aconcentration elevation in the pre-
synaptic bouton. (3) Glutamate release enhanceméené synaptic cleft. (4a) Glutamate
modulated enhancement of astrocytic>'C44b) Glutamate mediated excitatory post-
synaptic potential. (5) Extra-synaptic glutamatevation as a consequence of (4a). On
measuring the windowed average amplitude of thdtadwecy post-synaptic current
(EPSC) we could observe up to 250% increase frayaptrocytic activities to the post-
astrocytic activities, which decayed with a timenstant of 10 to 12 seconds. This
signifies augmentation (Fisher et al., 1997; Kdd09).
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Figure 1. Information flow from pre-synaptic bouttmpost-synaptic dendrite spine-head, as modulayed
an astrocyte. Solid line shows the astrocyte-inddpat pathway, while, solid-line combined with dagh
line shows the astrocyte-dependent pathway. (1)g@&ferated at pre-synaptic axon-hillock. (2) Eledate
intracellular [C&"] in bouton. (3) Increased [€% leading to exocytosis of Glutamate into synajoiift.

(4a) Synaptic glutamate causes an increase incgrfC&"]. (4b) Simultaneously, synaptic glutamate can
also bind with AMPAR causing an increase in postaptic membrane potential. (5) Increased astrocyte
[C&’"] leads to an elevated glutamate concentratiorhénextra-synaptic cleft, in a vesicular dependent
manner. This extra-synaptic glutamate is free todbivith extra-synaptic mGIuR on the pre-synaptic
bouton surfaceGlumGIuRleads to an increase in Taoncentration via Wdependent pathway. This



transient enhancement of bouton fQaforms the basis of improved synaptic efficachirough an
astrocyte-dependent pathway.

2. The Model

In this section, we describe the details of thehmietatical model, whose computational
implementation will be presented in the sectiornt inamediately follows. In order to
elucidate the major neurophysiological steps inmoadel we use the flow chart in Figure
1. The mathematical formulations have been destiibéhe subsequent subsections.

2.1 Pre-synaptic Action Potential

Action potential (AP) is generated at the axonoil of the pre-synaptic neuron. In the
cortical neurons there may be eleven or more numbeifferent ion channels (Lytton &
Sejnowski, 1991). Key features of initiation dynamiof cortical neuron APs — their
rapid initiation and variable onset potential — anside the range of behaviors described
by the classical Hodgkin-Huxley (HH) theory (Naurfdet al., 2006). Still the HH
paradigm has been used to generate pre-synaptin &dmputational models (Nadkarni
& Jung, 2003; Volman et al., 2007). Since in thépgr our focus is not on the detail of
the pre-synaptic AP generation, for the sake opBaity here we have followed the HH
model for the pre-synaptic regular spikes and Bugsheration.

dere 4
C dt = IaPP_gKn (Vpre_ k)~ gNarT3| I(]Vpre_ M~ A \{er_ v )
dx
= 1-x)—
m a,(1=x)= B,x

where Vpe is pre-synaptic membrane potential in millivollgy, is applied current
density,gk, Ona @ndg, are potassium, sodium and leak conductance resplgcix, Vna
andV_ are potassium, sodium and leak reversal potergipectively, anck=m (Na’
activation),h (Na" inactivation) anch (K™ activation). The detail of the HH model can be
found in (Hodgkin & Huxley, 1952). The values oktHifferent parameters in equation
(1) that have been used in this paper are furnighéoe Table 1a, andfSx forx =m, h
andn are defined as
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Table 1: Parameter values used in the HH modeafalfrom Hodgkin & Huxley, 1952)

Symbol Value
g 36 mS cnf
K
g 120 mS crit
Na
g, 0.3 mS cnt
V¢ -12 mv
Vya 115 mV
A 10.6 mv

2.2 Bouton C& Dynamics

The train of AP that has been generated in the dwtotk of the pre-synaptic neuron,
travels all the way down to the axon end feet witrdegradation and leads to an increase
in cytosolic [C&"]. The increase in intracellular [€% can be attributed to two
components:

i) [Ca®] due to AP, denoted @, and
i) [Ca®] due to intracellular storessiow.

Because of its rapid kinetics, [Ehdue to AP is termed a%.s: Similarly, [C&"] due to
intracellular stores is termed s Total intracellular [C&], denoted as; satisfies the
following simple equation,

CI = Qast + Cslow

The sensitivity of rapidly decaying &akinetics over neuro-transmitter release is well
established (Schneggenburger & Neher, 2000; Bollmmaral. 2000). In immature
neurons, the necessary“C#ux for neurotransmitter release is primarily rizédd by N-
type C&" channels (Mazzanti & Haydon, 2003; Weber et all®@0 The equation
governing Cist CONnsists of simple construction-destruction typemulism and is as
follows (Keener & Sneyd, 1998),

anst - _ lCa DAbtn + .J _ lPMCaDA\btn (2)
PMleak
dt ZCa FVbtn ZCa Fvbtn
construction destruction

Here, |, is the C& current through N-type channel, is the surface area of the
bouton, z., is the C&" ion valence,F is the Faraday’s constant,,.is the volume of the



bouton. I, represents the current due to electrogenic plaserabrane C& ATPase.

This pump is known to extrude excess of ‘Qaut of the cell and it has also been shown
that it regulates excitatory synaptic transmissadtnCA3-CA1l synapse (Jensen et al.,
2007). The formulation for this pump uses the staddMichaelis-Menton (MM) type
formulism (Erler et al., 2004; Blackwell, 2005),,,..ciS the positive leak from
extracellular space into bouton, which makes she¢ MM pump does not decrease
cytosolic C&" to 0 (Blackwell, 2005).

The C&" current through the N-type &achannel is formulated using single protein level
formulation, which is described elsewhere (Erleale004),

ICa = IOCarn:a gCa(Vpre( t) - VCQ

Single open channel

Here,o., is the N-type channel protein densitg., is the single N-type channel
conductance)/,, is the reversal potential of &don determined by the Nernst equation

(Keener & Sneyd, 1998),
Ve, - RT In —CeX‘t
Z,F L ¢”

a

Where, Ris the real gas constaril,is the absolute temperature,,, is the extracellular
C&* concentrationc™ is the total intracellular [C at rest. It is assumed that a single
N-type channel consists of two-gatas,, denotes the opening probability of a single
gate. A single N-type channel is open only wherhlibe gates are open. Hencmja is

the single channel open probability. The time depece of the single channel open
probability is governed by a HH-type formulation,

dm,, _ (M- m.,)

dt T,

Where, ny,is the Boltzmann-function fitted by Ishikawa et €005) to the whole cell
current of an N-type channeln.,approaches its asymptotic valug:, with a time
constantr, . The mathematical expression of other parametad in equation (2) is as

follows:
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C 1
I =Vouea—s——— ,J =v -G), ni.=
PMCa PMCa qz + KF2>MCa PMleak Ieal(céxt Q) Ca 1+ eXF( ana _Vm ) /k%a)
The parameter values used for simulation are listddble 2.
Table 2: Parameters used for Boutori'@ynamics
Symbol Description Value Reference
F Faraday’'s constant 96487 C midle | Known fact
R Real gas constant 8.314J/K Known fact
T Absolute Temperature 293.15K Assumed
Zca Calcium valence 2 Known fact
Aot Surface area of bouton 1.24° Calculated
Voin Volume of bouton 0.1am* Koester & Sakmann, 2000
Pca N-type channel density 31” Adjusted
Jca N-type channel conductance 2.8pS Weber et abh 201
Vea Reversal potential of Caion 125 mV Calculated
VpMca Maximum PMCa current 04A cm? Adjusted
Kpmca Ca" concentration at whickpyc, is 0.1uM Erler et al. 2004
halved
Vieak Maximum leak of C& 2.66 x 10 ms? Calculated
CIrest Resting Intracellular Cal 0.1uM Assumed
concentration
Cext External C4" concentration 2mM Assumed
Vinca Half-activation voltage of N-type -17 mV Ishikawa et al. 2005
c&* channel
Kmca Slope factor of N-type channg¢l8.4 mV Ishikawa et al. 2005
activation
C1 Ratio of ER volume to volume gf0.185 Shuai & Jung, 2002
Bouton
Vi Maximum IR; receptor flux 303 Modified from Jafri & Keizer,
1995
vy Ca" leak rate constant 0.055 s Modified from Shuai & Jung
2002
V3 SERCA maximal pump rate QM s Modified from Jafri & Keizer,
1995
ks SERCA dissociation constant Qi Jafri & Keizer, 1995
dy IP; dissociation constant 0.13/ Shuai & Jung, 2002
d; Inhibitory C&* dissociation constant  1.04M Shuai & Jung, 2002
ds IP; dissociation constant 943.4 nM Shuai & Jung, 2002
ds Activation C&" dissociation constant  82.34 nM Shuai & Jung, 2002
a Inhibitory C&* binding constant 0.gM s™ Shuai & Jung, 2002
Vg Maximum production rate of P 0.7 nM m& Modified from Nadkarni &
Jung, 2007
Ky Glutamate concentration at whicl) y785 nM Nadkarni & Jung, 2007
is halved




T, IP; degradation constant 0.14s Nadkarni & Jung, 2007

Po Initial IP; concentration 160 nM Nadkarni & Jung, 2007

The second component of boutorfGas, is the slower component. It is known to play
a crucial role in STP (Emptage et al., 2001). Thkease of Cd from endoplasmic
reticulum (ER) is mainly controlled by two types refceptors (or Ga channels) i) the
inositol (1,4,5)-trisphosphate receptor 8y and ii) the ryanodine receptor (RyR) (Sneyd
& Falcke, 2005). For the sake of simplicity, thewil is assumed to be throughsRP
alone. The IR necessary for release of drom ER, is produced when glutamate
(agonist) binds with mGIuR (receptor) and causesGdprotein link to phospholipase C
(PLC), the cleavage of phosphotidylinositol (4,f9phosphate (PHpto produce IRand
diacylglycerol (DAG). We have used the conventidnaRinzel model (L-R model) (Li

& Rinzel, 1994) to formulate this slower €asignaling process. There were a few
modifications made to the L-R model. The L-R modssumes that, total intracellular
concentrationg,, is conserved and determines the ER*@ancentrationgeg, using the
following relation,

Such an assumption is not valid in the present inbéeause of the presence of
membrane fluxes, namelyca and lpyca Also, in the L-R model intracellular 4P
concentration is used as a control parameter. K@ ¢are of these “inconveniences” two
additional equations governing ER fCJaand [IR] have been incorporated in the L-R
model. The [IB] production term was made glutamate dependentutdyshe effect of
astrocytic C&" overc; (Nadkarni & Jung, 2007). The mathematical modelegoing the
Csiow dynamics is as follows,

d ow
% = "Jehan~ J ERpump J ERlea
dCER - _l dCslow
dt ¢ dt
07 3)
%:V —ga _i(p— po)
0. 0.
dt g kg 7+ ga 7 z.p
d
EARLACRYER
Here, J ., denotes C4 flux from ER to the intracellular space throughRP Jeg)molS

the C&" flux pumped from the intracellular space into ER,,, is the leak of C& ions



from ER to intracellular spacesr is the ER C& concentrationg; is the ratio of volume
of ER to volume of boutorp is the intracellular IPconcentrationg, is the glutamate in
the extra-synaptic cleft] is the fraction of activated 4R. The expressions for the fluxes
is,

Jchanz Clvlni Ii Ci( Q_ %R)

V&
ks + ¢

Jerieak = Clv2( G~ CER)

ERpump =

p+d
ptd’

: __ b __ G _
With, m, = , N =——,a, =
R

listed in Table 2.

,Bq = g ¢. Details of parameters are as

2.3 Glutamate release dynamics in bouton

It is now widely accepted that AP waveforms lead tvansient increase in intracellular
[Ca®] and leads to neurotransmitter release (Bollmaal.e2000; Wang et al., 2009).
However, the study of Gasensor sensitivity becomes exceedingly challenging to
small size of nerve terminals (Wang et al., 2000)s generally assumed that Ca
concentration of at least 1gMM in the terminal is necessary for a “low-affinitgCe*
sensor to activate (Neher, 1998; Nadkarni & Ju@§82. But, recent studies performed
at giant Calyx of Held terminal have revealed ih&iacellular C&" concentration of ~10
uM is sufficient for glutamate release (Schneggegbu& Neher, 2000; Bolliman et al.,
2000). The kinetic model governing the?Céinding to C&" sensor is given by the
following equations (Bollman et al., 2000),

506 4og 306 20¢ ag Y .
X?X(Q)lzﬁﬁx(@z? X(P)s?l5 )('04?5 X% Xk (4)

Where,o andp are the C& association and dissociation rate constants, c&spby; y
andd are C&" independent isomerisation constaiXss the C4" sensor with no Ga
bound,X(c); is C&* sensor with one Gabound, likewiseX(c))s is C&* sensor with five
ca&* bound; X(g)sis the isomer of Xf)s which is ready for glutamate release.
Hippocampal synapses are known as low-fidelity pgea (Nadkarni & Jung, 2008). We
have assumed an active zone consisting of two-dbskeraptic vesicle (Danbolt, 2001;
Nikonenko & Skibo, 2006). Since, there are few gyiavesicles; the release process
cannot be determined by the average release ragzefbre, vesicle release probability,
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P, has been determined using dynamic Monte-Carlailsion (Fall et al., 2002) of
kinetic equation (4). The vesicle fusion and reieygbrocess is governed by the Tsodyks
& Markram model (Tsodyks & Markram, 1997). A slighibdification has been made to
the Tsodyks & Markram Model (TMM) to make the vésidusion processP/
dependent. The modified TMM is as follows,

d_R:_I—Prm

da 7.

Lo Eirw ©
dt Z-inact

| =1-R-E

Where, R is the fraction of releasable vesicles inside tbau ‘E’ is the fraction of
effective vesicles in the synaptic cleft and fs the fraction of inactive vesicles
undergoing recycling proceds; has the value (0, 0.5, 1) corresponding to thelbmurof
vesicles ready to be released (0, 1, 2), whickeisrchined by the stochastic simulation of
kinetic model in equation (4)inact aNdzec are the time constants of vesicle inactivation
and recovery, respectively.

Apart from evoked release of glutamate, spontaneglaase of glutamate can also occur.
The rate of spontaneous release depends upon maptsyC4" concentration (Emptage
et al., 2001; Nadkarni & Jung, 2008). The spontaseelease of glutamate is assumed to
be a Poisson process with the following rate (Nauik& Jung, 2008),

eaforef 235

Once a vesicle is released whether evoked or speots, the vesicle release process
remains inactivated for a period of 6.34 ms (Nadk& Jung, 2008). The parametric
values used for simulation are listed in Table 3.

2.4 Glutamate dynamics in synaptic cleft

Various types of glutamate receptors have beencuetepre-synaptically, extra-
synaptically, as well as on glial cells (Danbol)02). Suggesting that, to study
transmission of glutamatergic signals, it is essénbd study, how glutamate diffuses
(Danbolt, 2001). However, using Monte Carlo simolatof a central glutamatergic
synapse, in particular CA3-CAL1 synapse, Franks$ ,g2802) showed that glutamatergic
signaling is spatially independent at these syrapEle capacity of the bouton vesicle
containing glutamate has been assumed to be 60DalbEIt, 2001). Since, E gives the
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effective fraction of vesicles in the cleft; thetiemted glutamate concentration in the
cleft can be represented mathematically as,

-alg (6)

Here,g is the glutamate concentration in the synaptiét,cig is the number of docked
vesicle, g, is the vesicular glutamate concentration apds the rate of glutamate
clearance i.e. re-uptake by neuron or astrocytst@ée et al., 1998). Using this simple
dynamics, we could achieve the estimated rangelutdrgate concentration 0.24 - 11
mM in cleft (Danbolt, 2001; Franks et al., 2002§idime course of glutamate in the cleft
2 ms (Franks et al., 2002; Nadkarni & Jung, 20@&Ithough similar equation can be
used to model glutamate dynamics at other synapseggver, one might have to use
different constant values. Thus, the present foatrarh can be considered specific to a
CA3 — CA1 synapse.

Table 3: Parameters used for Glutamate dynamibsuton and cleft

Symbol Description Value Reference
o Cd " association rate constant @9 ms?’ Bollman et al. 2000
B Ca" dissociation rate constant 3ms Bollman et al. 2000
Y Isomerization rate constant (forward) 30'ms Bollman et al. 2000
S Isomerization rate constant8 ms” Bollman et al. 2000
(backward)
Trec Vesicle recovery time constant 800 ms Tsodyks & Kvlm,
1997
Tinac Vesicle inactivation time constant 3ms Tsodyks &arktam,
1997
a Ca&* concentration at which\ is | 2700 nM Modified from Nadkarn
halved & Jung, 2008
av Slope factor of spontaneous releasg05 nM Modified from Nadkarn
rateA & Jung, 2008
ag Maximum spontaneous release rate 100 ms Nadkarni & Jung, 2008
ny Number of docked vesicle 2 Nikonenko & Skibo,
2006
Ov Glutamate concentration in singles0 mM Montana et al., 2006
vesicle
Oc Glutamate clearance rate constant 10 ms Destexhe et al., 1998

2.5 Astrocyte C& dynamics

Porter & McCarthy (1996) showed that glutamateaséel from the Schaffer collaterals
leads to an increase in astrocytic’Caia an mGIuR pathway. Recently, Pitta et al.
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(2009) proposed a G-Chi model for astrocytic*‘Cascillations mediated by mGIuR
pathway while treating glutamatg, as a parameter. We have used the G-Chi model for
astrocyte C# dynamics with an exception thay ‘is a dynamic variable given by
equation (6). The G-Chi model uses the conventidrBl model for astrocytic Ga
concentration ¢, with some specific terms for intracellularsleoncentrationpy. The
G-Chi model is a closed-cell model (Keener & Snex@d09) i.e. without membrane
fluxes. In such modelg,, primarily depends upon two parameters, i) FlwofrER into
cytosol and i) The maximal pumping capacity of tBarco-Endoplasmic Reticulum
ATPase (SERCA) pump. It is known thatsR3 are found in clusters in astrocytes
(Nadkarni & Jung, 2007). However, the size of thesir,Njps, is not known we have
assumed it to be ‘20’ (Shuai & Jung, 2002; Nadk&nlung, 2007). Considering, such
small cluster “stochasticity” becomes inevitablé& & Jung, 2002). We make use of
the stochastic L-R model (Shuai & Jung, 2002). ioelel can be represented as follows:

2

dCa _ Ca

i =(emere (e -+ e &)= v

dt Kg 1+ Pa @)
0

+y Hill( e, Ky ) Hill(p, Ko) =1, P,

dh_h -h

—= G, (t

T +G, (1)

Pitta et al. (2009) classified the present modeb itwo categories i) Amplitude
modulated (AM), ii) Frequency Modulated (FM), degierg upon the value dfgr i.e.
SERCA pump affinity to bind free &a Here, G(t) is zero mean, uncorrelated, Gaussian
white-noise term with co-variance function (Nadka&nrJung, 2007),

(G, (DG,(1)) = WW— t)

1P,

Here,o(t) is the Dirac-delta functioni,andt’ are distinct times an n(=N)+ Ayh is the

1P,

spectral density (Coffey et al. 2005).

n

. . . X
= Hill d), =Hill Hill =
rnoc,a |(pa ) rr]o,a I( Ca @5} l (X @ Xn+Kr‘|
— QZ _ 1 — pa+d1
=—<2 r=————_ andQ =d
" Q+c, " a(Q+g) ot ptd,
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h approaches its asymptotic valte with a time constant, . Hill (x”, K) is the generic

Hill function (Pitta et al., 2009). Typically, Hilfunction is used for reactions whose
intermediate steps are unknown (or not considdyatifooperative behavior is suspected
in the reaction (Keener & Sneyd, 1998). Mathemdticé can be said that Hill function
is used for reactions whose reaction velocity cusvaot hyperbolic (Keener & Sneyd,
1998). Details of all parameters are as listedahlé& 4.

Table 4: Parameters used for astrocyt&’ @gnamics

Symbol Description Value Reference

r, Maximal IR flux 6s Pitta et al. 2009

r Maximal rate of C& leak from ER 0.115 Pitta et al. 2009

Co Total cell free C& concentration M Pitta et al. 2009

c. Ratio of ER volume to cytosal0.185 Pitta et al. 2009

’ volume

VER Maximal rate of SERCA uptake O s™ Pitta et al. 2009

Ker SERCA Ca&" affinity 0.1uM Pitta et al. 2009

dy IP; dissociation constant 0.13uM Pitta et al. 2009

d, ca’ 1.049uM Pitta et al. 2009
inactivation dissociation constant

ds IP; dissociation constant 0.9434uM Pitta et al. 2009

ds ca’ 0.08234uM Pitta et al. 2009
activation dissociation constant

a, IPsR binding rate for C& 25t Pitta et al. 2009
Inhibition

N Number of IRR in a cluster 20 Nadkarni & Jung, 2007

Glutamate-dependentdiroduction

Vg Maximal rate of IR production by 0.3uM s? Modified from Pitta et
PLCB al. 2009

Kr Glutamate affinity of the receptor | 1.3uM Pitta et al. 2009

Ko Ca'/PKC-dependent inhibition 10uM Pitta et al. 2009
factor

K, Cd ™ affinity of PKC 0.6uM Pitta et al. 2009

Glutamate-independentdProduction

V; Maximal rate of IR production by 0.02uM s* Pitta et al. 2009
PLC3

KpLcs cda™ affinity of PLCS 0.1uM Pitta et al. 2009

ks Inhibition constant of PLEactivity | 1.5uM Pitta et al. 2009

IP; degradation

Mspa Maximal rate of degradation by IP-| 0.04 §' Pitta et al. 2009
5P

Vak Maximal rate of degradation bydP | 2uM s* Pitta et al. 2009
3K

Ko Cda™ affinity of IP;-3K 0.7uM Pitta et al. 2009

K; IP5 affinity of 1Ps-3K 1uM Pitta et al. 2009
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2.6 Glio-transmitter release dynamics in astrocyte

There is enough evidence that astrocytes actualase glio-transmitters in a €a
dependent manner (Bezzi et al. 2004; Montana e2@6; Bowser & Khakh, 2007;
Marchaland et al. 2008; Fellin, 2009). There isimgansiderable evidence that the
released glio-transmitters modulate synaptic magtivia extra-synaptic NMDAR
(Parpura et al. 1994; Parpura & Haydon, 2000; Cgmoto & Fellin, 2006; Bergersen &
Gundersen, 2009) and extra-synaptic mGIluR (FiaccaM&Carthy, 2004; Perea &
Araque, 2007). But, the exact mechanism by whidloagte release glio-trasmitters is
yet to be determined (Wenker, 2010). However, widely agreed upon that astrocytes
release glio-transmitters in a vesicular mannerilaimo neurons (Bezzi et al. 2004;
Montana et al., 2006; Verkhratsky & Butt, 2007; Btzaland et al. 2008). In 2000,
Parpura & Haydon determined Calependency of glutamate release from hippocampal
astrocyte. The Hill co-efficient for glutamate r@se was 2.1 — 2.7, suggesting at least
two C&" ions are must for a possible glio-transmitteraste Thus, in this manuscript it
has been assumed that binding of thre&" @ms leads to a release. It is assumed that
release site contains three independent gates £ with different opening and closing
constants. The model governing the glio-transmitédease probability closely follows
Bertram et al. (1996) and is as follows,

+
ki

c,+C =0 i=1,2,
G

Where, ki andk; are the opening and closing rates of the gafe G andQ; are the

closing and opening probability of gate $he temporal evolution of the open gai¥ °
can be expressed as,

do

=K (K T k)09 (®)

The probability that a release site is activated is

F. =Q 0,10 (9)

Similar to bouton, the vesicle fusion process isdetded using TMM with some
modifications. The governing model is as follows,
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Here, Ry is the fraction of readily releasable Synaptidkd.iMicro-Vesicle (SLMV)
inside the astrocyteEy’ is the fraction of effective SLMV in the extrassgptic cleft and
‘5 is the fraction of inactive SLMV undergoing engtasis or re-acidification process.
‘@’ is the Heaviside function anat!"**" is the threshold of astrocyte [Eanecessary

a
rec

for release site activation (Parpura & Haydon, 2060 and 7. are the time constants

of inactivation and recovery, respectively.
2.7 Glutamate dynamics in extra-synaptic cleft

The glutamate in the extra-synaptic clegi, has been modeled in a similar way to
equation (6). This glutamate acts on extra-synallyidocated mGIluRs of the pre-

synaptic bouton. It is used as an input in the gibduction term of equation (3). The
SLMV of astrocytes are not as tightly packed asoresi (Bezzi et al., 2004). Thus, it is
assumed that each SLMV contains 20 mM of glutanjstentana et al., 2006). The

mathematical equation governing glutamate dynaavesas follows,

dg, _

=Nl 0 (- &g, (11)

Where,g, is the glutamate in the extra-synaptic cleft,“represents the SLMVs ready

to be releasedgy; is the glutamate concentration in one SLMY,, is the clearance rate
of glutamate from the cleft due to diffusion and/i@uptake.

Table 5:Parameters used for Glutamate dynamics in astrenydesxtra-synaptic cleft

Symbol Description Value Reference

k' Cé" association rate for;S 3.75 x 10 uM ms* Bertram et al. 1996
K Cé" dissociation rate for;S 4 x 10* ms? Bertram et al. 1996
k! Cé" association rate for,S 2.5x10°uM ms? Bertram et al. 1996
k; Cé" dissociation rate for.S 1x 10° ms? Bertram et al. 1996
k! Ca" association rate forsS 5x 10°uM ms™ Adjusted
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k; Cé" dissociation rate forsS 1x 10° ms? Assumed

re Vesicle recovery time constant 800 ms Tsodyks & RWvim,
e 1997

r2 Vesicle inactivation time constant 3ms Tsodyks &arkfam,
inac 1997

cthresh Astrocyte response threshold 196.69 nM Parpura & ydda,
? 2000

n' SLMYV ready to be released 6 Assumed
a

g Glutamate concentration in  one&0 mM Montana et al. 2006
2 SLMV

gc Glutamate clearance rate from th&0 ms' Destexhe et al. 1998
a extra-synaptic cleft

2.8 Dendrite Spine-head dynamics

The dendrite spine head is assumed to be of mushtgpe. Its volume is taken to be
0.5242um? (Koch, 1999). The specific capacitance and specifistance of the spine
head is assumed to be / cnfand 1000 cn?, respectively. Given the dimensions of
the spine we can calculate its actual resistance as

- R
R“ A&pine

Where, Ry is actual resistancdly is specific resistance ampine is the area of spine
head. NMDAR (N-methyl D-aspartate receptor) and AWNRP (a-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid receptor) are @calized at most of the glutamatergic
synapses, most of which are found at dendrite sp(feanks et al., 2002). Chen &
Diamond (2002) showed that NMDAR receive less ghate during evoked synaptic
response, suggesting that most of the post-synaptient is contributed by AMPAR,
under such conditions. NMDARs are also known tg @larucial role in longer forms of
synaptic plasticity, Long-term Potentiation (LTPhdaLong-term Depression (LTD)
(Bliss & Collingridge, 1993; Malenka & Bear, 2004jence, in our model the post-
synaptic density comprises of AMPAR alone. The ysiaptic potential change has
been modeled using a passive membrane mechanisayiiss& Markram, 1997),

dVPOSt rest
Z-post dt - post Vpos) R nDI AMP/ (12)

Where,zposidS the post-synaptic membrane time const\igff,‘ Is the post-synaptic resting

membrane potentiallavea iS the AMPAR current and is given by the following
expression,
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Lavpa = Gavea Miea (\{)ost - \/AMPA)

Where,gaupa is the conductance of the AMPAR channélypa is the reversal potential
of the AMPAR andmawpa iS the gating variable of AMPAR. Although thereigg a
more comprehensive 6-state markov model for AMPARNg (Destexhe et al., 1998). In
our model we have used a simple 2-state model MPAR gating. This two state model
has been used keeping in mind it is computatiorlallg expensive, while retaining the
most of the important qualitative properties (Dekteet al., 1998). Also, it is known that
detailed AMPAR mechanisms like desensitization doplay a role in STP (Zucker &
Regehr, 2002). AMPAR gating is governed by theofwlhg HH-type formulism
(Destexhe et al., 1998),

d
% =0aen 9 (1_ Mhvpa ) - :BAMPA Myipa

Here, a,,,, Is the opening rate of the receptdt, ., is the closing rate of the receptor

andg is the glutamate concentration in the cleft gilmnequation (6). The parameter
values are as listed in Table 6.

Table 6: List of parameters used for post-syngmtiential generation

Symbol Description Value Reference
R Actual resistance of the spine head| 3.18 x 16MQ Calculated
\/rest Post-synaptic  resting membrape70 mV Assumed

post potential
Tpost Post-synaptic membrane timel0 ms Calculated

constant

Jampa AMPAR conductance 1nS Destexhe et al. 1998
Vamea AMPAR reversal potential omv Destexhe et al. 1998
Q s AMPAR forward rate constant 1M st Destexhe et al. 1998
:BAMPA AMPAR backward rate constant 196 s Destexhe et al. 1998

2.9 Numerical Implementation

All the computations and visualizations of the mlodee implemented in MATLAB

environment. The model equations were discretizétd & temporal precision ofAt =

0.05 ms. The canonical explicit Euler method wasdu® solve a system of twenty-two
ordinary differential equations (equations 1 — 12)r the numerical simulation of the
noise term, in equation (7), we have used Box-Muwlligorithm (Fox, 1997) to generate
noise-term at each time-stept). All simulations were performed on a Dell precisio
3500 workstation with Intel Xeon processor with %Blz processing speed and with 12
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GB (3 GB working) memory. The time taken for moteie of 150s (stimulation rate 5
Hz) is approximately 885 sec. The MATLAB script tien for the simulation of the
model is supplied with the Supporting Material.

3. Simulation results

How post-synaptic current is being generated withlbe participation of astrocytic €a
and with the participation of it (Figure 2), haveeln shown in this section with extensive
numerical simulations of the model equations preegskim the previous section. In the
latter case how the output signal is being amgiflerough a processing loop, consisting
of feed-forward and feed-back paths, with the hlpstrocytic C&' signaling, has been
shown in Figure 2(B). Here, we have tried to ansthierquestion, if astrocyte plays an
active role in modulation of synaptic activity.dnder to study the difference in both type
of processing (see Figure 2), first we present rémults associated with astrocyte-
independent processing followed by astrocyte-depeainprocessing.

. . Boiten Synaptic-
[nputSignal CaZ cleft
Glutamate

. . Rt Synaptic-
[nputsignal Ca2 cleft
Glutamate

Astrocytic
1P,

Extra-
synaptic
Glutamats

Astrocytic
Ca.21

Figure 2. The two type of information processingudiated in this manuscript. (A) Astrocyte-indepemde
information processing. (B) Astrocyte-dependenbiinfation processing, where, the input signal isipei
amplified by astrocyte-dependent feed-forward aatifback pathways making up a loop.

3.1 Astrocyte-independent Information Processing
In this subsection we simulate the processing etbd in Figure 2(A). We present

results of implementation of the models describedubsections 2.1, 2.2, 2.4 and 2.8
(Figures 3(A), 3(B), 3(C), 3(D) and 3(E) respedyye
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Figure 3. The major variables involved in astroayigependent information processing. ). (mV); 5

Hz input signal generated using HH model, in respa a stimulus of 1@Acm™ of frequency 5 Hz and
duration 10 ms. (B¥Ca*> (nM); Change in bouton Ghaveraged over a time-window of length 4 sec. In
the inset is shown fast €zoscillation. (C)Synaptic Glutamate (mM); Elevated glutamate concentration
in the synaptic cleft due to exocytosis of glutaenfifed synaptic vesicles from bouton. (Excitatory
Post-Synaptic Potential (EPSP) (mV); generated in response to an input signal (Fi(A)) using
equation (12). (Epynaptic efficacy; we have first averaged the Excitatory Post-Syinaptirrent (EPSC)
over a time-window of length 4 sec and then meakiiserelative change from its mean.

We used the model described in equation (1) to rgémenput signal or pre-synaptic
membrane potential. This input signal forms thadagsignal transduction and we made
sure that the system is at rest in its absenceedponse to this input signal, the N-type
C&* channels opens and boutorfCstarts undergoing very fast oscillations (seetin§e
Figure 3(B)). Please note that, here, there isstmeyte present and hence there is no
contribution of [C&"] from intracellular stores. We preferred to shdve tchange in
average C4 concentration (<Ca&>) rather than fast changing aecause it is this
average C4 concentration of bouton which goes-up during opgrif IRRs on the
intracellular stores. <G has been averaged using a time-window of lengthc4 The
only reason behind the choice of window length ¥easse the same window length as
that used to show synaptic efficacy (see Figurd)3(®e adjusted the number of Ca
channels so that the amplitude of"Cascillation is 5uM i.e. exactly half of the affinity
of C&* sensor §/a, where B and a are given in Table 3). Increased bouton ’Ta
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instigates the process of exocytosis and vesidiemse their content (glutamate) in the
synaptic cleft (see Figure 3(C)). When glutamateceatration rises in the cleft, it binds
with post-synaptic AMPAR, which causes this ligagated channel to open. Once
opened, AMPAR causes a change in the post-synpptential (see Figure 3(D)), since
this, deflection is positive it has been termedE&SP. Synaptic plasticity or synaptic
efficacy is basically a measure of signal transdacsuccess or failure. As a measure of
synaptic efficacy, we measured mean amplitude dfitBtory Post-Synaptic Current
(EPSC) (Perea & Araque, 2007), using a time-windéw sec. The notion behind using
a time-window of 4 sec was that the effect of agtt® was clearer using it. As described
in the previous section, we also keep track ofiscle recycling process (see equation
(5)) which is shown in Figure 4.

Fraction of Releasable Vesicles in Bouton

Time (ms) w10t

Fraction of Effective Vesicles in synaptic cleft

(8)°% \ \ \

0.2 4

.“ 1l l Lot Wl l
)

Time (ms
Figure 4. Fraction of releasable and effective alesj in astrocyte-independent information procesgsi
during an input signal of 5 Hz (see Figure 3A). & fraction of releasable vesicles i.e. readyadused,
inside the bouton. (B) The fraction of effectivesiates i.e. fraction of vesicles fused and vesielesady
in the synaptic cleft.

ul 1l ‘I 1

x10*

In Figure 4 we show the underlying process of V‘esrelease. In the absence of
astrocyte, it can be observed that nearly 90% @fvisicles are available for release for
most of the time (see Figure 4(A)). In Figure 4(B) observe that the fraction of
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effective vesicles is not as dense as the inputasi¢gsee Figure 3(A)) implying low
probability of vesicle release. In fact, the prabgbof vesicle release was nearly 0.3 i.e.
every third input signal is able to release a s{ina@sicle.

3.2 Astrocyte-dependent Information Processing

In this sub-section, we show simulations associatgd the phenomenological model
governed by equations (1 — 12) i.e., the astrodgfgendent information processing. In
Figure 5, we give an idea of the processes invoingde loop shown in Figure 2(B). For
the simulation of the scheme, shown in Figure 2¢®),simultaneously solved equations
(1 — 12). Of particular interest is the astrocygpehdent feed-forward and feed-back
paths making up a loop (Figure 2(B)). The same tirgignal was used in a feed-back

manner into the loop. It may amplify the input sigreading to enhanced synaptic
efficacy.
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(A) (8) (€
450 =3
800 2
g 40 E 52‘5
c A T
< 700
o 30 i £ 2
. S ;
g 30 £ 0 lﬁgms
3 250 F g
“ 500 5
200 %08
0 2 ) N 2 40 60 % 20 40 80
:
500 _ 400 515
o 400 & 300 3
° © 0 4
z 3 8
g 30 2 200 8
= 4 c
0 - >
< g 05
200 <100 i
X
w
100 : : 0 : : 0
0 20 40 80 0 2 40 60 0 2 40 80
Time (sec) Time (sec) Time (sec)

Figure 5. The major variables involved in astroay&pendent information processing. Here, inputaign
same as Figure 3 and is omitted. Synaptic effiéa@lso generated and measured in a similar way (se
Figure 3D) is omitted only to show comparison imufe 7. (A) Increased boutonslPoncentration in
response to elevated extra-synaptic glutamate otraton (see Figure 5F). (B) Increased; IP
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concentration causing the;® channel to open and leading to an increase irageebouton C4, due to
influx of C&* from IPR. (C) Accumulated bouton [€% leads to increased transients of glutamate
concentration in the synaptic cleft. (D) Increaseansients of glutamate concentration set-off the
production of astrocytic HPconcentration through an mGIuR dependent path@&yElevated astrocytic
IP; concentration cause the;fPchannel to open and initiate astrocyté'@ecillations. (F) Astrocyte Ga
oscillations instigate the process of SLMV fusiohieh is followed by a raised extra-synaptic glutéena
concentration. This elevated extra-synaptic gluteameoncentration forms the basis of boutory IP
production shown in Figure 5A.

All the variables shown in Figure 5 are inter-degemt i.e., variation in one affects
variation in others. When the bouton is fed withigput signal, it shows its response, in
the form of increased cytosolic [ER This elevated [Cd] exocytose glutamate in the
synaptic cleft (see Figure 5(C)). After being extosg, synaptic glutamate has two fates
(see Figure 2(B)). It can bind with post-synaptiPAR and it can bind with mGIuR on
the surface of the astrocyte. Once this glutamatdsbwith mGIuR, it instigates the
production of astrocytic B(see Figure 5(D)) through a G-protein link. Duritigs
glutamate spill-over process astrocytics IBoncentration goes on appreciating and
gradually starts oscillating. It can be observeomfrFigure 5D and Figure 5E that
astrocytic C&" also starts oscillating, as soon as, astrocytic dfrts oscillating.
Although, the biological significance and importaraf IR oscillation on C& oscillation

is not clearly understood (Pitta et al., 2009).sTastrocytic C& is known to exocytose
SLMV filled with glutamate once it crosses its theld value of 196.69 nM (Parpura &
Haydon, 2000). Similarly, whenever astrocyté Gaosses its threshold value it can spill
glutamate, contained in SLMV, in the extra-synapieft (see Figure 5E). We have
mathematically modeled this process of astrocyttaghate release using equations (8 —
11). Extra-synaptic glutamate binds with extra-ptitamGIuRs located on the surface of
the bouton, and initiates the production of bouy(see Figure 5A) through a G-protein
link. It is visible from Figure 5E and Figure 5Aathbouton IR production starts only
when astrocyte spills glutamate in the extra-syioagpeft, reflecting the significance of
extra-synaptic glutamate in the model. This bouRanis free to diffuse inside the cytosol
and opens the ¥R on the intracellular stores in a*Gaependent manner. Similar to the
previous sub-section, we have shown ZGainstead of showing the fast €a
oscillations. Unlike previous observation of ¢Cg we can see accumulation of a
inside the bouton (increasing <¢). This accumulation of Gais as a result of opening
IPsRs on the surface of the intracellular store. FafuC&* through this IBR is a slow
process and is known to play a crucial role in ntatlug synaptic plasticity and
spontaneous vesicle release (Emptage et al., 2001).

The synaptic vesicle exocytosis from bouton and SLidlease from astrocyte has been
modeled using equations (4 — 5) and equations {®);-respectively. Figure 6A and
Figure 6B show the fraction of releasable and @&ffecvesicles during synaptic vesicle
recycling process emulated using equations (4 +igure 6A and 6B are similar to the



23

diagrams in Figure 4, except the astrocyte-depdangatihway. The SLMV recycling
process has been modeled using equation (10).

Fraction of Releasable vesicles in bouton Fraction of Effective vesicles in synaptic cleft
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Figure 6. Fraction of releasable and effective alesj in astrocyte-dependent information processing
during an input signal of 5 Hz (see Figure 3A). &paction of releasable vesicles inside the bou{Bi.
Fraction of effective vesicles in the synaptic tlef. fraction of vesicles fused and residual eesi in the
synaptic cleft. (C) Fraction of releasable SLMVside the astrocyte. (D) Fraction of effective SLMis
the extra-synaptic cleft i.e. fraction of SLMV fukand residual SLMV in the extra-synaptic cleft.

Figure 6C and Figure 6D show the fraction of redds vesicles in astrocyte and
effective vesicles in extra-synaptic cleft. It ca@ observed from Figure 6A that more
than 80% of the releasable (docked) vesicles haen lused in astrocyte-dependent
pathway. Also, the fraction of effective vesicles the synaptic cleft has also
considerably gone-up (compare with Figure 4B)slbecause of the increased £€5a
which improves synaptic vesicle release probabilily fact, the vesicle release
probability during this pathway was nearly, 0.8piging four out of five spikes are able
to release a synaptic vesicle.

3.3 Comparison between the two-forms of informapoocessing

In this subsection, we have undertaken a comparativdy between the two forms of
information processing (see Figure 2A & 2B). Welwdiscuss some of our findings
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keeping in mind the recent controversy regardingtiver astrocytic G4 can contribute
in synaptic plasticity or not (e.g., Hennebergealet2010 vs. Agulhon et al., 2010).

Output Signal Astrocyte-mediated

(8)°

25¢

Synaptic Efficacy

Input Signal 5Hz

(A) 40
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Time (sec)

Output Signal Astrocyte-independent
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Time (sec)

Synaptic Effica
o= o
P -

o
~

10 2 30 40 50 60
Time (sec)

o

Figure 7. A comparison of the two modes of inforimratprocessing (see Figure 2) in response to theesa
input signal of 5 Hz. The measure of synaptic efficis calculated as described in text. Here, thekb
arrows enclose the details shown and describedagtrocyte-independent and astrocyte-dependent
information processing (see Figure 3 — 6). (A) Inpignal of 5 Hz, (B) Output signal using astroeyte
dependent information processing and (C) Outpunadigusing astrocyte-independent information
processing.

Using their experimental setup Perea & Araque (20f8monstrated an increase in
synaptic efficacy, at single CA3 — CA1 synapsejrduthe phase of high astrocyte fJa
(see Figure 1F). They stimulated the pre-synapgioran and simultaneously, increased
the astrocyte [CG4d] through different pathways, e.g., purinergic rgoes (P2Y-R), and
recorded the EPSCs. In particular they used cagédabd used UV-flash to artificially
increase astrocytic [¢§. In contrast, in our mathematical model, we allaw activity-
dependent increase in astrocytig filllowing an AP. As a measure of change in synaptic
strength, synaptic efficacy, they demonstratecharease in mean EPSC amplitude when
astrocyte was stimulated. We measured the mean BR&Cevery 4 sec. In Figure 7B,
the mean EPSCs have been measured relative toede BEPSC during first 20 sec (see
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Figure 7B & 7C), because it is the phase duringctviaistrocyte Ca has not exceeded its
threshold (see Figure 3E) . In Figure 7C, the nieRBCs have been measured relative to
their overall mean. Please note that, Figure 7€ame as Figure 3E, but has been shown
for comparison purpose. The impact of astrocytparse is clearly visible when we look
at Figure 7B & 7C. In astrocyte-independent infatiora flow, there is not much
deviation ¢ 30%) from its mean value, while in astrocyte-defgrt information flow
there is a transient increase of nearly 250%. Trhgsease is subsequent to the rise in
astrocytic C&" (see Figure 3E) and has decay time constantjrtieertecessary to decay
to 1/e of its initial magnitude (Fisher et al, 1993f nearly 10s. This increase in synaptic
efficacy falls under short-term-enhancement, intipalar augmentation, given the
classification in Koch (1999, p — 311).
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Figure 8. Cumulative probability of EPSC amplituderesponse to an input signal of 5 Hz. Astrocyte-
dependent curve shifts upwards implying an increégsebability of having EPSC amplitude betweend5 t
30 pA.

Perea & Araque (2007) also demonstrated an incieasemulative probability of EPSC
amplitude before (astrocyte-independent) and dufasgirocyte-dependent) astrocyte
stimulation (see Figure 1E, Perea & Araque, 20&nilar to their experimental
observations, we also observed an increase in pilapaf EPSC amplitude (see Figure
8). This implies that there are more chances oinggzPSC amplitude between 15 to 30
pPA when astrocyte is present. It is not a good itledemonstrate an enhancement in
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synaptic efficacy. As, we observed that, for anuinpignal of 10Hz and 20Hz the
situation remains the same and the impact of aggdmecomes more prominent, while,
for an input signal of 2Hz the situation was vie¥sa (data not shown). A more
comprehensive way of demonstrating synaptic enlmaocewill be to show that we have
more number of post-synaptic events in astrocypeeddent processing than astrocyte-
independent processing. In Figure 9, we show cumalgrobability for inter-arrival
time of post-synaptic potentials. It is visiblerfidhe figure that the probability of having
post-synaptic potentials in short durations hastlyencreased in presence of astrocyte
(see Figure9).
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Figure 9. Cumulative probability distribution oftém-arrival time of Excitatory Post-Synaptic Potaht
(EPSP) for astrocyte-dependent and astrocyte-imkgpe information processing. The distribution
associated with astrocyte-dependent process sadisally to the left suggesting reduced interxartime
due to enhanced synaptic efficacy.

During this type of astrocyte-induced plasticityisiknown that synaptic potency remains
unchanged (Perea & Araque, 2007). Synaptic potéhaiven as a measure of mean
post-synaptic potential response, excluding fadurd/e calculated the mean of each
successful post-synaptic response in a time-windbw sec. It can be observed from
Figure 10 that there is no apparent differenceymaptic potency under both forms of
information processing. This observation was alsofiomed statistically using a two-
sample student’s t-test. Synaptic potencies weseiasd to be independent random
samples. It was tested that both samples are franmad distributions with equal mean
and equal but unknown variancesl{ hypothesiy against the alternative that the means
are not equal with 5% significance level. The reseturned ap-value of 0.5543
indicating a failure to reject null hypothesis.
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Figure 10. Synaptic potency under both forms obimfation processing (i.e. astrocyte-independent &
astrocyte-dependent). Synaptic efficacy is giveraameasure of mean EPSP, calculated over a time-
window of 5-sec, excluding failures. Synaptic patems unchanged in both cases which has also been
observed in recent experiments (see Figure 1 adaP&rAraque (2007)); (A) mean = -62.7979 mV, std =
0.8039 mV; (B) mean = -62.6503 mV, std = 1.0956 rii¥le two-sample paired t-test also confirms the
previous statemenp = 0.5543).

4. Conclusion and future directions

There is a raging debate regarding the mesharand calcium dependence of
gliotransmission and the role of gliotransmissionsynaptic plasticity. Together they
imply that effect of astrocytic calcium on synagiasticity is a controversial issue. Here
we have put together a number of phenomenologicalefs for the processes shown in
Figure 2 to simulate the effects on synaptic stifength and without astrocytic a
From the computational modeling point of view tisigquivalent to controlling the effect
of C&" in astrocytes by genetic engineering (Agulhonl.e810) and by calcium clamp
(Henneberger et al., 2010) in order to study ttece$ of astrocytic CA on synaptic
plasticity. A better understanding, through vagstof approaches, of calcium dynamics,
signaling and gliotransmitter release is necesfarettling down the aforementioned
debate (Ben Achour et al., 2010). Here we haventakeomputational approach, and
concluded that the astrocytic C@ontributes to the synaptic augmentation at toersds
time scale.

We have presented a mathematical model whidlies the effect of astrocyte over
the hippocampal CA3-CAl synaptic strength. It igrfd that given the pathway (Figure
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2B), astrocyte plays a significant role in moduigtisynaptic information transfer. It
might be possible that under physiological condgioneurons also exhibit the two types
of information processing: i) astrocyte-independent astrocyte-dependent. It is
suggested that neurons process information usurllgstrocyte-independent manner
unless there is some learning or memory activitpg@rocessed. It is worth mentioning
here that, it is not possible to conclude and &gbkat astrocyte induces a particular type
of synaptic plasticity (e.g. augmentation) usingyantemporal model, proposed here, as
synaptic plasticity depends on several spatial tcaimés. As a future direction, it is
proposed to develop a spatio-temporal model toystine effect spatial constraints, like
release sites, Gasource etc., over modulation of synaptic activitys also known that a
single hippocampal astrocyte in CAl region ensleattound thousands of synapses
(Schipke & Peters, 2009). Thus, it is possibledasingle astrocyte to modulate signal
processing at thousands of synapses. It has alen beown, experimentally that,
astrocyte helps in synchronized activity of neuron€AL1 region (Carmignoto & Fellin,
2006). Hence, it is proposed to study the effe@stfocyte over the networks of neurons.
The present mathematical model is quite adaptaiddecan be easily extended to study
longer and other forms of synaptic plasticity.

Another advantage of this model is that it barextended to astrocyte microdomains,
where it is difficult to experimentally manipulatalcium fluctuations. Simply increasing
intracellular calcium is not sufficient for gliotramitter release, as evident from
conflicting results (Henneberger et al., 2010; Agul et al., 2010; Wenker, 2010). If
calcium is truly required for transmitter releaieen it may need to occur in specific
microdomains (Wenker, 2010), which has been ovekdd and needs examination using
similar computational modeling approach.
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