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Simulation of Spontaneous Ca®" Oscillations in Astrocytes Mediated
by Voltage-Gated Calcium Channels

Shuai Zeng, Bing Li, Shaoqun Zeng, and Shangbin Chen*

Britton Chance Center of Biomedical Photonics, Wuhan National Laboratory for Optoelectronics—Huazhong University of Science and
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ABSTRACT The purpose of this computational study was to investigate the possible role of voltage-gated Ca®" channels in
spontaneous Ca®* oscillations of astrocytes. By incorporating different types of voltage-gated Ca®* channels and a previous
model, this study reproduced typical Ca®* oscillations in silico. Our model could mimic the oscillatory phenomenon under
a wide range of experimental conditions, including resting membrane potential (—75 to —60 mV), extracellular Ca®* concentra-
tion (0.1 to 1500 uM), temperature (20 to 37°C), and blocking specific Ca®* channels. By varying the experimental conditions,
the amplitude and duration of Ca®" oscillations changed slightly (both <25%), while the frequency changed significantly
(~400%). This indicates that spontaneous Ca®" oscillations in astrocytes might be an all-or-none process, which might be
frequency-encoded in signaling. Moreover, the properties of Ca®* oscillations were found to be related to the dynamics of
Ca?" influx, and not only to a constant influx. Therefore, calcium channels dynamics should be used in studying Ca®>" oscilla-
tions. This work provides a platform to explore the still unclear mechanism of spontaneous Ca®* oscillations in astrocytes.

INTRODUCTION

Astrocytes are probably the most diverse population of glial
cells (1). Twenty years ago, astrocytes were merely thought
to function as passive histological support elements in the
nervous system (2). Recent groundbreaking studies of astro-
cytes have suggested that these cells have a more active and
direct role in the dynamic regulation of cerebral microcircula-
tion (3-5), neuronal production (6-8), synaptic transmission
(9,10), neuronal activation (11), and specific neurological
diseases (12—15). Spontaneous astrocytic Ca>" oscillations
have been observed and implicated in important functions
of the brain (11,16—18). However, the mechanism of sponta-
neous Ca>" oscillations is still unclear. Therefore, it is critical
to understand how the Ca>" oscillations are generated and
modulated.

Many experimental results suggested that an inositol
1,4,5-triphosphate (IP3) dependent calcium-induced calcium
release (CICR) mechanism is involved in Ca>" oscillations
(16,18,19). This was central to the process in the intracellular
space (ICS). In fact, the Ca”" oscillations needed both extra-
cellular and intracellular Ca®>" contribution (17). Voltage-
gated calcium channels (VGCCs) were found to be involved
in Ca®* oscillations in pharmacological trials (11,16,17,20).
The putative notion of Ca>" oscillations in astrocytes was
that a small influx of Ca*" into the cytoplasm via VGCCs
induces CICR activated by IP; (21-23). Several models
have been previously developed to describe Ca*" oscilla-
tions in the cytoplasm (24-27). In Lavrentovich and Hem-
kin’s (LH) work, a mathematical model was successfully
employed to simulate the IP;-dependent CICR process
(26). The initiation of Ca*" oscillations was hypothesized
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to be due to a small and constant influx of calcium ions
through the membrane. The model showed qualitative
consistency with experiments (11,16,17). However, the
pathway of Ca”>" influx was not clarified. To the best of
our knowledge, no model has taken VGCCs into account
during the spontaneous Ca”" oscillations in astrocytes.
Here we expand the LH model by combining it with different
types of VGCCs. The electrophysiological properties of
these VGCCs were described by the Hodgkin-Huxley (HH)
equations (28). Since the Ca®" influx would be mediated by
physiologically relevant conditions (membrane potential,
extracellular Ca®" concentration, temperature, and blocking
of specific channels), in this study, a variable but tractable
Ca®" influx replaced a constant flow. The Ca*" oscillations
dynamics (including the onset, frequency, half-maximal
duration, and amplitude) in the physiologically relevant
range were analyzed. The simulation results reasonably
mimicked the experimental observations of spontaneous
Ca*" oscillations in astrocytes.

METHODS

The HH equation and the LH model were combined: Ca®" influx via
VGCCs induces IPs-activated CICR and cytosol Ca>" oscillations. Three
compartments were considered, including the extracellular space (ECS),
intracellular space (ICS), and the intraspace of endoplasmic reticulum
(ER). Three variables (Ca>" concentration in ICS and ER, and IP; concen-
tration in ICS) were mainly modeled in this study.

Voltage-gated calcium channels

The astrocyte is separated from the ECS by the membrane, with two
compartments representing ECS and ICS. The different types of VGCCs
are distributed in the cellular membrane and form the pathway of calcium
ions influx (Fig. 1). According to physiological and pharmacological prop-
erties, VGCCs are classified as low-voltage-activated channels (T-type) and
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several types of high-voltage-activated channels (L-, N-, P-, Q-, and R-types)
(1,29). Previous studies showed that the electrophysiological properties in
astrocytes resemble those of corresponding VGCCs in neurons (1,29,30).
For simplicity, in this model, the P-, Q-, and R-types were grouped together
as one type represented by the R-type. Thus, four HH equations were used to
model the VGCCs with the same formula, but with modified conductance
parameters from the work of Amini et al. (31). The four new parameters
(Table 1) were smaller than those in Amini et al. (31) and were determined
by the method of trial-and-error. Based on electrophysiological data (30), in
this work, the T-type conductance was the smallest.

The four types of currents were presented as the T-type calcium channel
current (Ic, 1), L-type current (I, 1), N-type current (/c, ), and the residual
high-voltage-activated calcium channel current (/c, r), Which stands for the
current combination of R-, P-, and Q-types. All the four types of Ca>" ionic
currents through VGCCs shared the generalized HH form (28):

I = gmPhd(V — Ec,). )

Here, g is the membrane conductance. The values m and & represent channel
activation and inactivation, and p and ¢ are integers that are prespecified and
fixed for each type of channel (both are ““1”* in our model). The values m and
h relax exponentially to their steady-state values 77 and % according to

dm m—m

dh  h—h
dt_ Th .

@

dr T

V is the membrane potential, and Ec, is the Nernst potential for Ca*" ion:
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In Eq. 3, R is the ideal gas constant, T is the temperature, z is the valence of
Ca®" ion, and F is the Faraday constant. The concrete formula for every type
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FIGURE 1 Schematic drawing of voltage-gated calcium channels
(VGCCs) mediating Ca*>" oscillations. The main features within the astro-
cyte were referred to in Lavrentovich and Hemkin’s model (26). Different
VGCCs (T, L, N, R, P, and Q) form Ca*" influx Jvgcc from the extracellular
space (ECS) to the intracellular space (ICS). Cytoplasmic Ca®>" enhances the
production of inositol 1,4,5-triphosphate (IP3) catalyzed by phospholipase
C (PLC). Cytoplasmic Ca”* and IP; mediate IP; receptors (IP;R), inducing
Ca’* flow Jcicr out of the endoplasmic reticulum (ER). Jsgrca represents
ER Ca*" filling by the sarcoplasmic/endoplasmic reticulum calcium ATPase
(SERCA). Two “leak” arrows indicate the leak flux due to the concentration
gradient.
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of calcium current is given in detail in Table 2. The steady-state activation
fraction of different channels versus membrane potential is shown in
Fig. 2. Since the period of spontaneous Ca®" oscillations in astrocytes
was reported to be ~100 s (11,14), the steady-state current of VGCCs was
considered here. The total of calcium current flow through VGCCs in an
individual cell can be calculated as

Igee = Icar + Icar + Ican + Icar- “4)

In Eq. 4, the entry of calcium current into an astrocyte was defined as nega-
tive. To calculate the current contribution to the increase of Ca>" concentra-
tion, the current was converted into the flux as

I
Jveee = —Z;?/CC- )
ast

Vst 18 the volume of an astrocyte assumed as a spherical soma with a radius
of 5 um, calculated to be 5.233 x 1073 L. Jygcc is the change rate of Ca**
concentration with the unit uM/s. In this way, not only the total Ca®* flux
but also every subpopulation influx via different VGCCs could be recorded.

Calcium-induced calcium release

Some of the previous works showed that astrocytes exhibited Ca>" oscilla-

tions via an IP3-dependent CICR mechanism (16,19,23,25). The recent LH

model (26) of this phenomenon was adopted in this study. In the LH model,

ER was considered as the calcium store. There were three main variables:

Ca®" concentration in the cytosol (Cacyy); Ca*" concentration in the ER

(Caggr); and the IP3 concentration in the cell (IPcy,). Each variable was

described by an ordinary differential equation (Eqgs. 6-8):

dCac

yt

o Jveee — PowCacyt + Joicr + Jserca

+ P¢(Capr — Cacy,). (6)

Here Jygcc is the same variable as in Eq. 5. Py Cacy, represents the rate of
calcium efflux from the cytosol into the extracellular space. Jccr represents
the IP;-mediated CICR flux to the cytosol from the ER. Jsgrca is the flux
from the sarcoplasmic/endoplasmic reticulum calcium ATPase (SERCA),
which fills the ER with calcium ions from the cytosol. P{Cagr—Cacy)
describes the leakage flux from the ER into the cytosol along the concentra-
tion gradient:

dC AgRr

7 Jserca — Jaicr + Pr(Capr — Cacy). (1)

In Eq. 7, all three terms on the right-hand side have the same meaning as in
Eq. 6.

dIPcy
dt

= JPLC - Pdeg[PCyt- (8)

In Eq. 8, Jp_c denotes IP3 production, and P geo/Pcy represents 1P degrada-
tion. In the above three equations, Py, Py, and Py, are constants, whereas
the other three terms Jcicr, Jserca, and Jp o are determined by the
following three equations:

4Mcicr PEACat IPE, (Cagr — Cacy)

Jeier = 1 1 1 1 2 2 )’
(Catl, + PU,) (Caty, + PR (IPE, + PR,
)
J = MggreaCa?, [ (Cal P2 10
SERCA = MSsErca aCyt/ ( Ay + SERCA)’ (10)
Jne = MpcCal,/ (cagyt + Pf,c,d>. 11
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TABLE 1 Variables and parameters used in the model

Symbol Equation* Description Value (unit)
1 Eq. 1 Tonic current fA

g Eq. 1 Membrane conductance uS

m Eq. 1 Channel activation variable —

h Eq. 1 Channel inactivation variable —

\4 Eq. 1 Membrane potential mV

Ec, Eq. 1 Nernst potential of Ca*" mV

p Eq. 1 Integer for activation variable 1

q Eq. 1 Integer for inactivation variable 1

t Eq. 2 Time S

z Eq.3 Valence of Ca*" ion 2

T Eq. 3 Temperature 300 K

R Eq. 3 Ideal gas constant 8.31 J/(mole-K)
F Eq. 3 Faraday’s constant 96,485 Coul/mole
o7 Table 2 Steady conductance of T-type channel 0.0600 pS

gL Table 2 Steady conductance of L-type channel 3.5000 pS

N Table 2 Steady conductance of N-type channel 0.3900 pS

gr Table 2 Steady conductance of R-type channel 0.2225 pS
Ivgee Eq. 4 Total Ca®>" current through all VGCCs fA

Vast Eq. 5 Volume of an astrocyte 5233 x 107131
JvGee Eq. 5 Influx of extracellular Ca>* into cytosol via VGCCs 0 uM/s (t =0)
Cacy Eq. 6 Ca** concentration in cytosol 0.1 uM (t =0)
Jeicr Eq. 6 IP;-mediated CICR flux to the cytosol from the ER 0 uM/s (t = 0)
JSERCA Eq. 6 The filling with Ca>" from the cytosol to ER 0 uM/s (t =0)
Py Eq. 6 Rate of calcium efflux from the cytosol into ECS 0.5s7!

P¢ Eq. 6 Rate of leak flux from the ER into the cytosol 055!

Caggr Eq. 6 Ca** concentration in ER 1.5 uM (t=0)
1Py Eq. 8 IP3 concentration in cytosol 0.1 uM (t=0)
JpLc Eq. 8 Production of IP3 0 uM/s (t = 0)
Paeg Eq. 8 Rate of IP; degradation 0.08 57!
Mcicr Eq. 9 Maximum flux of calcium ions into the cytosol 405!

Pcaa Eq. 9 Activating affinity 0.15 uM

Pca Eq. 9 Inhibiting affinity 0.15 uM

nl Eq.9 Hill coefficient 2.02

n2 Eq. 9 Hill coefficient 22

Pip3 Eq. 9 Half-saturation constant for IP; activation of IP;R 0.1 uM
Msgrca Eq. 10 Maximum flux across SERCA 15.0 uM/s
Psgrca Eq. 10 Half-saturation constant for SERCA activation 0.1 uM

Mpy ¢ Eq. 11 Maximum production rate of PLC 0.05 uM/s
Ppca Eq. 11 Half-saturation constant for calcium activation of PLC 0.3 uM

*Equations indicate the variables and parameters that are appearing for the first time.

Among them, Mcicr, Msgrcas MpLc: Pcaa, Peats Pips, Pserca, Prcas 11,
and n2 are all constants. All the variables and parameters used in the model
are listed in Table 1. The majority of the parameters were the same as in the
LH model (26). For some variables, the initial values are indicated as t = 0 in
Table 1.

Implementation

All the computations and visualizations of the model were implemented
in the MATLAB environment (MATLAB7.0,The MathWorks, Natick,
MA). The model system was discretized with a temporal precision of 10 ms.
The canonical explicit difference method was used to solve the three ordi-
nary differential equations (Egs. 6-8). All the variables in the model were
calculated and recorded with double precision. A specific script for the
model was constructed (supplied in the Supporting Material). Five parame-
ters (the onset, frequency, period, half-maximal duration, and amplitude)
were used to describe the properties of Ca”" oscillations. The onset value
was calculated as the time from the initiation of simulation to the first
peak time-point of Ca®>" oscillations. The other four parameters were

routinely defined as the same as in the oscillations phenomena (32), and
the half-maximal duration was labeled *“‘duration” in Tables 3 and 4.

RESULTS
Typical properties of Ca®?" oscillations

Our model successfully reproduced Ca”" oscillations in astro-
cytes. Parameter values were fixed as in Table 1 for all simu-
lations unless otherwise noted. Fig. 3 shows the results with
a time duration of 800 s, a membrane potential of —65 mV,
and ECS Ca®" concentration of 1.5 mM. In ICS, five Ca>"
oscillation episodes occurred in a train with the amplitude
of 0.66 uM and the period of 139.5 s. In ER, the Ca>" oscil-
lations showed a much larger amplitude of 4.87 uM, but the
same period. Accompanying the Ca?" oscillations, the
concentration of IP5 also oscillated with the same period. In

Biophysical Journal 97(9) 24292437
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TABLE 2 Details of the voltage-gated calcium channels

Channel type Equation of channel kinetics

T-type Icar = grmr(hre + 0.04h1,)(V — Ecy)
_ 1.0 — 1.0
= 1.0 + e~ (4635715 "1 = 10 4 e(V+762)/3.0
Thy = 50.03*((‘/*72-0)/'0-0)2 +10.0
Thy, = 400.0e~((VF1000)/100° 4 400,0
Ty = 65.0e~(V+68.0)/6.07 4 19 0
L-type Icar = gumiho(V — Eca)
_ 1.0 0.00045
my = 2 L=
1.0 4 e~ (V+50.0)/3.0 0.00045 + Cacy
- 18.Oe—((V+45.0)/20.0)2 +15
N-type Ican = gnmnhn(V — Eca)
_ 1.0
"N= 10+ - (VH45.0)/70
0.00010
= ———
0.00010 + Catey,
Ty = 18_067((&470.0)/25.0)2 +0.30
R-type Icar = grRMrAR(V — Eca)

1.0 _ 1.0
he = o eV w050

R = 10§ o-(V+100)/100

Tmg = O.le—((l/'+62.0)/l3.0) +0.05

The = O.Se—((\/’+55.6)/18.0)2 +05
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TABLE 3 Properties of Ca?" oscillations under different

membrane potentials

Potential Amplitude Period Frequency Onset Duration
(mV) (uM) (s) (Hz) (s) (s)
—70 0.5276 528.1 0.0019 517.2 13.51
—69 0.5726 301.6 0.0033 289.5 13.87
—68 0.5977 2225 0.0045 209.8 14.15
—67 0.6211 177.5 0.0056 164.1 14.47
—66 0.6438 150.2 0.0067 136.1 14.84
—65 0.6614 139.5 0.0072 125.0 15.26

the enlarged plot from the second period of Ca*" oscillations
(Fig. 4), the three variables showed different peak time-
points, the ER Ca”" oscillations preceded cytoplasmic Ca*"
oscillations by 5.8 s, and cytoplasmic Ca®" oscillations
were followed by IP; oscillations with a time-lag of 12.4 s.
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FIGURE 2 Steady-state activation fraction of different voltage-gated
calcium channels. The activation fraction is the normalized product of the
activation and inactivation variables m and & from every type of channel.
The cytoplasmic Ca>" concentration was fixed at 0.1 uM for considering
the Ca>* concentration dependence.
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The sequential oscillation order of ER Ca”", cytoplasmic
Ca2+, and IP; was consistent with previous works (21-23,33).

Dependence of Ca®" oscillations on membrane
potential

Among the resting membrane potentials (—75 to —60 mV)
(1), a narrow range of potential (—70.0 to —64.9 mV) was
validated with Ca®" oscillations at ECS Ca®" concentration
of 1.5 mM. Different manifestations of Ca®" oscillations
under different potentials were found (Fig. 5). The frequency
of Ca®" oscillations strongly depended on membrane poten-
tial. The bifurcation diagram is shown in Fig. 6 A. When the
membrane potential was <—70.0 mV or >—64.9 mV, there
was no Ca”>" oscillation. In the oscillatory potential range,
the amplitude of Ca®" oscillations changed slightly, but the
frequency varied dramatically (Fig. 6 B). The properties of
Ca®" oscillations under different membrane potentials are
summarized in Table 3. The period of Ca®" oscillation was
~139.5 to 528.1 s, and the frequency was ~0.0019 to
0.0072 Hz. The amplitude of Ca*" oscillation was ~0.5276 to
0.6614 uM. The half-maximal duration of Ca®" oscillations
was ~13.51 to 15.26 s.

Dependence of Ca®" oscillations on extracellular
Ca’' concentration

The spontaneous Ca>" oscillations were found to be related
to extracellular Ca®" concentration (Fig. 7). During the
simulation, the membrane potential was fixed at —65 mV.
When the extracellular Ca®" concentration varied from
0.1 uM to 1.5 mM, the frequency of Ca®" oscillations mark-
edly increased. If the extracellular Ca®" concentration was
>3.0 mM, the Ca*" oscillations would disappear. The
parameters of Ca®" oscillations dynamics under different
extracellular Ca®" concentrations are listed in Table 4, and

TABLE 4 Properties of Ca®>" oscillations under different
extracellular Ca®>" concentrations

Cagxya  Amplitude  Frequency Onset Duration  Potential range
(uM) (uM) (Hz) (s) (s) (mV)

0.1 0.5594 0.0030 326.1 13.65 —65.6~—60.7
1 0.6016 0.0048 195.6 14.15 —67.1~—62.2
10 0.6280 0.0060 152.5 14.54 —68.2~—63.2
100 0.6475 0.0068 132.0 14.89 —68.8~—64.1
1500 0.6614 0.0072 125.0 15.26 —70.0~—64.9
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FIGURE 3 Typical spontaneous Ca>" oscillations from the computational
study. From top to bottom, the three plots correspond to oscillations in cyto-
plasmic Ca>", ER Ca®*, and cytoplasmic IP5. All three variables have the
same frequency but different peak times (details are shown in Fig. 4).

the values are similar to those in Table 3. Even though the
extracellular Ca®" concentration changed by four orders of
magnitude, the amplitude and duration changed only
slightly, while the frequency changed more than twofold.
In fact, at different extracellular Ca’* concentrations, the
range of membrane potentials over which oscillations arose
changed little, except for shifting to more negative resting
values (Table 4). Correspondingly, the Nernst potential
values of Ca*>" were 0 mV, 29.8 mV, 59.5 mV, 8§9.3 mV,
and 124.2 mV. The Nernst potential of Ca>* was the primary
force for Ca®" influx. Higher ECS Ca%t concentrations,
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FIGURE 4 Normalized plot of the three variables in Fig. 3, during one
period of Ca®" oscillations. Their peak time points are ranked as ER
Ca®", cytoplasmic Ca?", and cytoplasmic IP5. Before the sudden increase
in cytoplasmic Ca>", ER Ca®" increased slowly.
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FIGURE 5 The occurrence of Ca>" oscillation depends on the membrane
potential. When the membrane potential is <—70.0 mV or >-64.9 mV, there
is no Ca”" oscillation. Within —70.0 to —64.9 mV, the frequency and ampli-
tude of Ca®" oscillations change with the membrane potential.

increasing the number of Ca’t oscillations, reinforced the
influence of extracellular Ca>* influx (16).

Dependence of Ca®" oscillations on temperature

By changing the temperature of the system, the features of
Ca®" oscillations also changed. The frequency and ampli-
tude of Ca”" oscillations are presented in Fig. 8. At a temper-
ature between 20 and 37°C, spontaneous Ca®" oscillations
occurred frequently and presented a slightly higher ampli-
tude at a low temperature. Moreover, Ca®* oscillations had a
longer duration at a low temperature (11,34). This point was
validated from 20 to 37°C by simulation. The duration
values were 15.1 s and 13.8 s at temperature points of 20
and 37°C. The characteristics were consistent with experi-
ments (11,34). According to the Nernst equation, it was
easy to establish that the increase of temperature would
reduce the membrane potential. This might explain the
specific dependence of Ca*" oscillations on temperature.

Contribution of different VGCCs
to Ca?" oscillations

In our model, it was easy to test the influence on Ca>" oscil-
lations due to different VGCCs. By blocking a specific
VGCC, the dependence of Ca®' oscillations on VGCCs
was demonstrated (Fig. 9). T- and R-types of VGCCs showed
little effect on Ca®" oscillations. L- and N-types of VGCCs
had an effective influence on Ca>" oscillations. The blocker
of L-type VGCC decreased Ca®" oscillations to 51.4% of
control, while the blocker of N-type decreased Ca®"

Biophysical Journal 97(9) 24292437
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FIGURE 6 (A) Bifurcation diagram of Ca”* oscillations as a function of
membrane potential. Sustained Ca>" oscillations occurred in the potential
range of —70.0 to —64.9 mV, where the maximum and minimum of Ca®*
oscillations were plotted. The dashed line refers to the unstable steady state.
Out of the oscillatory domain, the system evolved into a stable steady state.
(B) Frequency of Ca* oscillations versus membrane potential.

oscillations only to 73.6% as was found in experiments (11).
The results might relate to the different contribution on Ca*"
influx from different VGCCs (Fig. 10). At —65 mV, the mean
influx in one period was 0.0624 uM/s, and the L-, N-, R-, and
T-types contributed 59.2%, 37.0%, 2.7%, and 1.2%, respec-
tively.

DISCUSSION

Oscillation of cytosol Ca®>" concentration is a ubiquitous
phenomenon in a variety of cells (21,23,35). This study
focused on modeling spontaneous astrocytic Ca®>" oscilla-
tion, which is one of the forms of astrocytic Ca>" signaling
defined as repetitive increases of cytosol Ca®" concentration
within a single cell (7). Independently of neuronal activity,
spontaneous astrocytic Ca>"™ oscillations were observed in
different regions of the brain, such as cortex (14), hippo-
campus (36), and thalamus (11,16). Some results indicated
active and direct signaling from astrocytes to neurons
(11,37). Therefore, understanding the mechanisms of sponta-
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FIGURE 7 Dependence of Ca®' oscillations on extracellular Ca®"
concentration. Ca®" oscillations stopped when the extracellular Ca®"
concentration was too low or too high. From 0.1 to 1500 uM, the frequency
of Ca*" oscillations increased with a rise in extracellular Ca®" concen-
tration.

neous astrocytic Ca®" oscillations and signaling is highly
important. This study successfully reproduced the oscillatory
phenomenon in silico and obtained several new insights into
channel dynamics dependence and frequency-encoded
signaling.

Firstly, spontaneous Ca”" oscillations were found to occur
at a resting membrane potential (11,16,17,36). We used —75
to —60 mV as the resting potential range for astrocytes, as
suggested in the previous comprehensive review (1). Our
data showed that spontaneous Ca®" oscillations occurred
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FIGURE 8 Amplitude and frequency of Ca>" oscillations versus temper-
ature. In the temperature range of 20-37°C, both the amplitude (indicated as
an asterisk) and frequency (dotted line) decreased with temperature.
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in the range of —70.0 to —60.7 mV (see Table 4), which might
be the physiological basis for spontaneous Ca®" oscillations.
Recently, the resting potential of individual astrocytes was
reported to vary dramatically from —85 to —25 mV (38).
Naturally, this would only lead some subpopulations of astro-
cytes to oscillations (17). Indeed, there was a well-defined
regime of membrane potential over which calcium oscilla-
tions took place (see the bifurcation diagram in Fig. 6 A).
Around the resting potential, the T-type channel is the most
reliably activated and the L-type is the least (Fig. 2). However,
in this study, the steady-state conductance parameter of the
L-type is much larger than that of the T-type. It was thus
reasonable to find that the L-type channel contributed
59.2% of the total calcium influx for Ca®" oscillation at
—65 mV. On the other hand, the L-type channel was far
from being fully activated, so that the total calcium influx
was very small (26,39). There is a technical difficulty in as-
sessing the small Ca®" entry under the detection limit of
ordinary patch systems (<1 pA/pF) (20,40).

Secondly, the dynamics of Ca®" oscillations were found to
relate to membrane potential, Ca®* concentration in ECS,
temperature, and the blocking of different VGCCs. In
changing the above conditions, in our study, the frequency
was ~0.0019 to 0.0072 Hz, as compared to the reported
frequency between 0.003 and 0.01 Hz (11). The period of
spontaneous Ca" oscillation was ~139.5 to 528.1 S, as com-
pared to the experimental period of 98.9 to 333 s (11,14).
One review suggested a common feature: spontaneous Ca> "
oscillations in astrocytes have a larger time-period (perhaps
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FIGURE 10 Contribution of Ca>" entry through different VGCCs. All the
results were obtained with the membrane potential of —65 mV. Jygcc was
the total flux from all the VGCCs, and Jr, Jy, Jn, and Jr indicate the partial
flux through the T-, L-, N-, and R-type channel, respectively.

greater than 10-fold larger) than induced oscillations (41).
The amplitude of Ca*" oscillation was ~0.5276 to 0.6614
uM, in good agreement with earlier reports (26,33). The
half-maximal duration of Ca*" oscillations was ~13.51 to
15.26 s, which was quite similar to the observation of
15 £ 1 s in experiments (11). Generally, the amplitude and
half-maximal duration changed slightly, but the frequency
varied greatly. The dynamic range of the frequency in our
work was ~4 (0.0072:0.0019). The amplitude change of
Ca”" oscillation was relatively constant (<25%), which was
calculated from the values shown in Table 3 ((0.6614-
0.5276):0.5276). In addition, the half-maximal duration
changed within 13% ((15.26—13.51):13.51). All these proper-
ties suggest that the Ca>" oscillation is likely an all-or-none
process. The great change of frequency, depending on the
parameters, might be relevant to the frequency-encoded
signaling in astrocytes (42,43).

Thirdly, our model provided several new insights by
studying the dynamic Ca*" influx. In the LH model (26),
the Ca®" influx from the ECS to the cytosol was considered
as a constant. It was easily manipulated in modeling, but
was not closely related to external experimental conditions.
By incorporating VGCCs into the LH model, the experi-
mental conditions (11,16) could be easily modeled in this
study. At —65 mV, the influx through different types of
VGCCs and the total influx were recorded (Fig. 10). During
one period, the mean influx of Ca’t was 0.0624 uM/s,
while the maximum and the minimum were 0.0792 and
0.0221 uM/s. All the three values were out of the range of
the constant influx for sustained Ca®" oscillations in the LH
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model. When several mean influx values in our model were
used as constant influx inputs in the LH model, the properties
of Ca®" oscillations from different models were divergent
(details not shown). Generally, a delay of onset, a decrease
in frequency (i.e., increase in period), and an increase of
half-maximal duration and in amplitude were found in the
LH model with the same mean influx. This suggests that the
mean influx could not entirely account for the spontaneous
Ca*" oscillations. The properties of Ca®" oscillations should
be related to the dynamics of Ca*" influx. This demonstrates
that calcium channels dynamics cannot be disregarded when
studying Ca®" oscillations.

Fourthly, the main criticism of this study might be that we
used a deterministic model. It could not reproduce Ca " oscil-
lations with random spikes (44,45). As we know, some
intrinsic processes during oscillation should be described as
stochastic: not only is the calcium channel dynamics arandom
process, but so is the buffer effect of calcium influx in ICS
(32,44-46). The local environmental conditions (including
ions concentration, temperature, membrane potential, and
pharmacological agents) of individual astrocytes should be
fluctuating. In addition, VGCCs in astrocytes vary greatly
in different parts of the brain, both in magnitude and type
(1,29,47,48). Changing the parameters in our model could
partially fill these gaps. For example, the variation of radius
was found to change the spontaneous Ca”" oscillations. If
the density of calcium channels was taken to be constant, a
smaller radius led to a higher frequency. At the median value
of —70.0 to —60.7 mV, Ca>* oscillations presented in the
radius range from 3 to 7.5 um. It corresponded well with
the reported soma radius for astrocytes (11,14,33). Since
experiments indicated that extracellular Ca>" has a role in
spontaneous Ca?* oscillations (16,49), we tested different
ECS Ca" concentrations within the concentration range of
these experiments (Table 4). Neuronal activity might cause
local depletion of calcium in the ECS: the change of Ca®"
concentration was relatively small (from 2 mM to >1 mM)
and occurred in a short period of time (within 10 s) (50).
We revealed that this kind of calcium depletion slightly influ-
enced the spontaneous Ca’" oscillation (results not shown).
Interestingly, the interval distribution from random Ca*"
spikes (i.e., Ca*" oscillations) in experiments demonstrated
robust information transmission (44,45). This suggests the
usefulness of the work presented here, in the study of
frequency-encoded signaling in astrocytes.

In the future, more-applicable computational models need
to be developed and tested. A central role of the IPs-aided
CICR was addressed in this study. The activation and inhibi-
tion of the IP3 receptor showed a bell-shaped dependence
described by Eq. 9 (51). However, CICR via ryanodine
receptors was also suggested as a mechanism in cortical
astrocytes’ Ca’" oscillations (14). Some experiments re-
vealed that Ca®" oscillations were independent of VGCCs
(49). These studies suggested other possible mechanisms
of Ca*" oscillations, related to ligand-gated channels or
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store-operated calcium influx (9,40,52). The specific
pathway for spontaneous astrocytes’ Ca>" oscillations needs
to be clarified. In this study, ER Ca®", cytoplasmic Ca*" and
IP; oscillations with the same frequency but different peak
time-points were found. This suggests that the detection of
ER Ca®" concentration might predict the cytoplasmic Ca*"
oscillation. Recently, genetically encoded fluorescent IP5
sensors have been used to monitor the dynamics of cytosolic
IP; during Ca®" oscillation in HeLa cells: IP; showed a
leading edge during induced Ca>" oscillation (53). In this
work, however, IP; oscillated with a peak lagging after cyto-
plasmic Ca’" oscillation (21,22,33). Thus, experimental
monitoring of IP; oscillations might help to elucidate the
IP; pathway in spontaneous Ca>" oscillation and determine
whether the IP5 oscillation lag is a signature of spontaneous
oscillation as opposed to induced oscillation. Finally, the
generation of spontaneous Ca®" oscillations in different cells
might not be due to one and the same mechanism, thus the
complexity of Ca®" oscillations emphasizes the role of
computational modeling (25,26). In summary, this study
provides an exploratory paradigm for simulation of sponta-
neous Ca®" oscillations in astrocytes.
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