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Abstract 

Calcium (Ca2+) signaling has emerged as a central regulator of activity-dependent 

myelination in oligodendrocytes. These Ca2+ signals encompass both the stimulus- 

independent spontaneous Ca2+ local transients (SCaLTs) generated intrinsically in 

a voltage-independent manner or facilitated by the membrane voltage, as well as 

evoked responses triggered by ATP and glutamate release. To investigate the regula-

tory mechanisms underlying this combined spiking activity, we developed a stochas-

tic spatiotemporal flux-balance model of Ca2+ transients in oligodendrocyte precursor 

cells (OPCs). The model incorporates all the relevant fluxes in these cells and inte-

grates membrane voltage dynamics with a Ca2+-induced Ca2+-release (CICR) mecha-

nism using parameters fitted to Ca2+ fluorescence recordings. The model reproduced 

the intrinsic and voltage-facilitated SCaLTs in OPCs in the absence of purinergic 

and glutamatergic receptors, and captured the three distinct patterns of evoked Ca2+ 

responses induced by prolonged ATP and glutamate stimulations identified using 

machine classifier. The model highlighted the role of ATP and glutamate in generating 

these clusters, and showed that the fast dynamics of CICR is key to producing these 

evoked responses. Further analysis of the model also revealed that voltage-gated L- 

and T-type Ca2+ channels slightly increase the frequency of SCaLTs, while stimulation 

with ATP and glutamate, using randomly distributed pulses mimicking in vivo condi-

tions, leads to an increase in both the amplitudes of Ca2+ spikes (i.e., the combination 

of SCaLTs and evoked responses) and the prevalence of wide spikes, especially 

upon glutamate stimulation. Bifurcation analysis of the deterministic version of the 

model, in the absence of diffusion, demonstrated that ATP and glutamate stimulation 

can shift the system into an oscillatory regime, thereby increasing the deterministic 

component of SCaLT dynamics. This study thus offers a comprehensive representa-

tion of OPC Ca2+ transients linking recorded in vitro behaviors to in vivo dynamics.
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Author summary

Oligodendrocytes are glial cells in the central nervous system that form myelin, 
the insulating sheath enabling rapid nerve signal transmission. Myelination is 
a dynamic process influenced by neuronal activity, with calcium (Ca2+) signal-
ing emerging as a key regulator. These signals include spontaneous local Ca2+ 
transients (SCaLTs), generated intrinsically or facilitated by membrane voltage, 
as well as evoked responses triggered by neurotransmitters like ATP and gluta-
mate. To understand how these signals arise and interact, we combined experi-
mental recordings of Ca2+ activity in oligodendrocyte precursor cells (OPCs) with 
a data-driven biophysical model. The model incorporates stochastic Ca2+ fluxes, 
membrane voltage dynamics, and Ca2+-induced Ca2+-release (CICR), allowing 
us to simulate diverse patterns of Ca2+ transients. Our simulations reproduced 
both intrinsic and voltage-facilitated SCaLTs and captured three distinct evoked 
response types induced by ATP and glutamate. We found that voltage-gated 
Ca2+ channels slightly enhance SCaLT frequency, while rapid CICR dynamics 
are critical for shaping the amplitude and timing of evoked signals. Furthermore, 
neurotransmitter stimulation can drive the system into an oscillatory regime, 
increasing the deterministic structure of Ca2+ transients. This work offers a 
mechanistic framework linking intracellular Ca2+ dynamics to the regulation of 
activity-dependent myelination in OPCs.

1  Introduction

Oligodendrocyte progenitor cells (OPCs) represent a distinctive type of stem cells 
within the central nervous system (CNS) of vertebrates, including humans [1]. Their 
significance stems from their crucial role in both the development and ongoing main-
tenance of the nervous system [2]. As OPCs mature, they undergo differentiation 
into oligodendrocytes, the cells that synthesize myelin, a lipid-rich substance, that 
ensheathe axons and support saltatory conduction by significantly enhancing the 
speed and efficiency of neural signal transmission [3–5].

The intricate interplay between axons and myelinating oligodendrocytes is fun-
damentally orchestrated by ion homeostasis mechanisms localized at the interface 
between the myelin sheath and the axons [6]. A manifestation of this intricate commu-
nication is the regulation of cytosolic calcium (Ca2+) concentration, denoted as [Ca2+] i , 
within oligodendrocytes [7,8]. The dynamics of [Ca2+] i  within the cell hold the potential 
to exert influence over myelin formation, remodeling, and other yet-to-be-fully- 
understood functions [9]. Remarkably, it was shown that myelin sheath elongation is 
facilitated by a high frequency Ca2+ transients and obstructed by buffering [10].

Spontaneous Ca2+ local transients (SCaLTs) have been observed in isolated OPCs 
[11]. These events arise from predominantly stochastic (random) processes modu-
lated by underlying deterministic patterns [12]. SCaLTs are attributed to both intrinsic 
cellular mechanisms as well as to fluctuations in membrane voltage. A growing body 
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of evidence highlights the role of key Ca2+ fluxes in shaping SCaLTs driven by intrinsic dynamics. Prominent among these 
fluxes are (i) store-operated Ca2+ entry (SOCE) channels that rely on the three core proteins: ORAI1, STIM1, and STIM2 
to regulate Ca2+ influx across the cell membrane in response to changes in Ca2+ concentration within the endoplasmic 
reticulum (ER) [11,13], denoted by [Ca2+]ER , (ii) the sodium/calcium exchanger (NCX) that exchanges one Ca2+ ion for 
three sodium (Na+) ions [14], (iii) Ca2+ release events emanating from the ER via inositol-triphosphate receptors (IP3Rs) 
and Ryanodine receptors (RyRs), both of which are involved in Ca2+-induced Ca2+-release (CICR) [15,16], (iv) Ca2+ efflux 
mediated by sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) pumps [17], and plasma membrane Ca2+-ATPase 
(PMCA) pumps [18].

The synergy of these fluxes forms the basis for SCaLTs in OPCs. Indeed, previous modeling studies of Ca2+ signaling in 
these cells have shown that fluxes through SOCE, NCX, CICR (via IP3Rs and RyRs), and PMCA and SERCA pumps are 
sufficient for producing intrinsic SCaLTs [12]. Interestingly, these cells also express voltage-gated Ca2+ channels (VGCCs), 
including L- and T-type Ca2+ channels on their membrane [19–21], which facilitates Ca2+ influx in response to membrane 
depolarization, contributing to cellular signaling and function including migration and myelination [19,21,22]. Despite their 
importance, it remains unclear how voltage membrane fluctuations and Ca2+ entry through VGCCs affect SCaLTs and their 
underlying dynamics.

A pivotal aspect of OPC function is their ability to receive glutamatergic signals via α-amino-3-hydroxy-5-methyl-4- 
isoxazolepropionic acid receptors (AMPAR) and N-methyl-D-aspartate receptors (NMDAR) [23,24]. These receptors  
mediate cation influx, including Ca2+, enabling glutamate signaling to elevate [Ca2+] i  either directly or indirectly [9] and 
to subsequently modulate subcellular processes such as proliferation and differentiation [25]. Additionally, the presence 
of purinergic P2X7 receptors (P2XRs) in OPCs has been implicated in diverse signaling pathways [9,26,27]. In mouse 
OPCs, P2X7R activation by ATP induces distinct signaling responses reminiscent of these previously analyzed [28–32], 
further underscoring its functional importance [9,33]. However, the interplay between purinergic and glutamatergic recep-
tors, along with membrane depolarization, in shaping evoked Ca2+ responses, particularly in the context of SCaLTs, 
remains an open area of investigation.

In this study, we extended a previously developed stochastic spatiotemporal flux-balance model, implemented in one 
spatial dimension and validated against fluorescent Ca2+ imaging data from rat OPCs [12], to investigate the dynamics 
of both spontaneous and evoked Ca2+ transients in OPCs. The results demonstrated the model’s ability to replicate key 
features of evoked Ca2+ responses observed in vitro while predicting how these responses manifest in vivo. Specifically, 
it delineated the distinct effects of membrane depolarizations, glutamate signaling and ATP stimulation, with the two 
latter ones modeled as random processes. Additionally, the model provided novel insights into the interplay between 
SCaLTs and evoked responses in OPCs, and identified the role of ATP and glutamate stimulations in inducing oscillatory 
behaviors.

2  Materials and methods

2.1  Experimental methods

2.1.1  Primary cultures of OPCs.  Primary cultures of cortical OPCs were prepared as described [34–36] which 
results in >98% OPCs and <1% GFAP stained astrocytes or Iba1 stained microglia. Cerebral hemispheres from 1-day 
old mice were mechanically dissociated, then plated in poly-D-lysine-coated flasks in DMEM/F12 (1:1 v/v) (Invitrogen) 
supplemented with 10% fetal bovine serum (FBS) (Life Technologies). After 4 h, the medium was changed and cells 
grown in DMEM/F12 supplemented with insulin (5 µg/ml), apotransferrin (50 µg/ml), Na+ selenite (30 nM), d-Biotin (10 
mM) and 10% FBS (Life Technologies). Every 3 days 2/3 of the media was changed. OPCs were purified from mixed glia 
after 14 days by a differential shaking and adhesion procedure. The detached cells were plated into Petri dishes for 30 
min at 37°C to allow microglia and astrocytes to adhere, then non-attached cells collected and plated on poly-D-lysine-
coated coverslips in DMEM/F12 supplemented with insulin (5 µg/ml), apotransferrin (50 µg/ml), Na+ selenite (30 nM), 
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0.1% BSA, progesterone (0.06 ng/ml), putrescine (16 µg/ml) (Sigma), and 2% FBS. OPCs were kept in mitogens, platelet 
derived growth factor (PDGF) and basic fibroblast growth factor (bFGF, 20 ng/ml) (Peprotech), for 3 days.

2.1.2  Ca2+ imaging.  Primary cultures of cortical OPCs were prepared as described above. Before imaging, OPCs 
were washed in serum and phenol-red-free DMEM and incubated for 25 min with 4 µM fura-2 (AM) (Life Technologies) 
plus 0.08% Pluronic F127 (Life Technologies) at 37°C and 5% CO

2
. Cells were then washed four times in DMEM and 

stored in DMEM for 10 min before being imaged. Ca2+ influx and resting Ca2+ levels were measured in serum and phenol-
red-free HBSS containing 1.3 mM Ca2+ and 1 mM Mg2+. Fura-2 was excited by alternating 340 and 380 nm. Fluorescence 
signals were acquired every 2 s by means of a high-speed wavelength-switching device (Sutter Instruments, Lambda 
DG4). A spinning disc confocal inverted microscope (Olympus, IX83-DSU) equipped with a CCD camera (Hamamatsu, 
ORCA-R2) measured fluorescence. Ca2+ influx and resting Ca2+ levels were measured on individual cell bodies using the 
image analysis software Meta Fluor (Molecular Devices). To minimize bleaching, excitation light intensity and sampling 
frequency was kept as low as possible.

2.2  Mathematical methods

2.2.1  Mathematical model.  A stochastic spatiotemporal model (SSM) describing the dynamics of intrinsic (or voltage-
independent) SCaLTs in OPCs in one spatial dimension was previously developed [12]. We extended this model in the 
current study to account for evoked Ca2+ responses, which also entails considering the concentrations of various cations 
inside and outside the OPCs, including Ca2+, Na+ and potassium (K+) (Fig 1A-1C). Two sets of fluxes were incorporated 
into the model (Fig 1A): (i) Those occurring at the cell membrane, through voltage gated Ca2+ channels (VGCC) including 
L-type and T-type Ca2+ channels (JL–type  and JT–type , respectively), store operated channels (JSOCE), glutamatergic 
AMPARs and NMDARs (JAMPA  and JNMDA , respectively), purinergic P2X7Rs (JP2X7 ), Na+/Ca2+ exchangers (JNCX), Na+/
K+ exchangers (JNaK), leak across the pasma membrane (JLeak,PM), Na+ leak (JNaLeak), inward rectifying K+ channels, and 
PMCA pumps (JPMCA ). (ii) Those occurring at the ER membrane, through IP3Rs (JIP3 ), RyRs (JRy), Ca2+ leak (JLeak ) and 
SERCA pumps (JSERCA).

The resulting extended model was formulated using a set of stochastic ordinary and partial differential equations that 
capture the dynamics of cytosolic Ca2+ ([Ca2+] i ), ER Ca2+ ([Ca2+]ER), as well as cytosolic Na+ ([Na+] i ) and K+ ([K+] i ) concen-
trations. Diffusion was explicitly incorporated into the cytosolic Ca2+ equation as described below

	

∂[Ca2+]i
∂t

= ρ
∂2[Ca2+]i

∂x2
+ fi

(
JIP3 + JLeak + JLeak,PM + JRy + JNCX

– JPMCA – JSERCA + JP2X7,Ca + JSOCE + JNMDA,Ca
+ JAMPA,Ca + JL–type + JT–type

)
	 (1)

	

d[Ca2+]ER
dt

= –γfe
(
JIP3 + JLeak + JRy – JSERCA

)
	 (2)

	

∂[Na+]i
∂t

= –3JNCX – 3JNaK + JP2X7,Na + JR,Na + JAMPA,Na
+ JNaLeak + JNMDA,Na 	 (3)

	

∂[K+]i
∂t

= 2JNaK – JP2X7,K + JR,K + JK – JAMPA,K
– JNMDA,K, 	 (4)
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where JP2X7,X, JNMDA,X, JAMPA,X  are the contributions of P2X7R, NMDAR and AMPAR, respectively, to the influx of Ca2+ 
(X = Ca) and Na+ (X = Na), and efflux of K+ (X = K), whereas ρ is the effective diffusion coefficient of free Ca2+ in the buffered 
cytosol rather than the aqueous free-ion diffusion coefficient [37] (assumed to be roughly 50 µm2 /s [38]). The spatial domain 
for [Ca2+]i  extends along a one-dimensional cell of length L = 8 µm, subject to no-flux (Neumann) boundary conditions.

The Li-Rinzel model for IP3R kinetics [39] was used to describe JIP3  that depends on both [Ca2+] i  and cytosolic IP3 
concentration [IP3] i . Specifically,

	
JIP3 = vIP3m3

∞n3∞h3
(
[Ca2+]ER – [Ca

2+]i
)
,
	 (5)

where

	
m∞ =

[IP3]i
[IP3]i + d1

n∞ =
[Ca2+]i

[Ca2+]i + d5 	

Fig 1.  Schematic of the SMM and receptor-specific kinetic Markov models integrated within the SSM. (A) Diagram of the cell along with the 
Ca2+ fluxes across the plasma and ER membranes. (B) Diagram of the cell along with the K+ fluxes across the plasma membrane. (C) Diagram of the 
cell along with the Na+ fluxes across the plasma membrane. (D) Kinetics of the NMDAR. (E) Kinetics of the AMPAR. (F) Kinetics of the P2X7R. The 
kinetics of the three receptors in D, E and F are described in terms of the states Ci  representing the non-conducting closed states (i = 0,1,2 for NMDAR 
and AMPAR, and i = 1,2,3,4 for P2X7R), Di  representing the non-conducting desensitized states (i = 1 for NMDAR, i = 1,2 for AMPAR and i = 1,2,3,4 for 
P2X7R) and Oi  representing the conducting open (blue) and sensitized (red) states (i = 1 for NMDAR and AMPAR, and i = 1,2,3,4 for P2X7R), with tran-
sitions rates: Rb,Ru,R0,Rc,Rd,Rr  for NMDAR, Rb,Ru,R0,Rc,Rd,Rr  for AMPAR and kj,Hm, Ln  (j = 1, . . . 6, m = 1,2 and n = 1,2,3) for P2X7R, where G= 
[Glut] and A= [ATP] are the concentrations of glutamate and ATP, respectively.

https://doi.org/10.1371/journal.pcbi.1013430.g001
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and the gating variable h satisfies

	

dh
dt

=
h∞ – h

τh
+ | ηu |

	 (6)

with

	
h∞ =

Q2

Q2 + [Ca
2+]i 	

	

τh =
1

a
(
Q2 + [Ca

2+]i
)

	

	
Q2 = d2

[IP3]i + d1
[IP3]i + d3 	

and [IP3] i  satisfies the equation

	

d[IP3]i
dt

= αATP
[ATP]

[ATP] + kATP
+ αGlut

[Glut]
[Glut] + kGlut

– γIP3[IP3]i,
	

where [ATP] and [Glut] are the concentrations of ATP and glutamate applied. Note that [IP3] i  should typically range 
between 0.04 to 1.5 µM under physiological conditions [39–41].

The term ηu  in Eq. (6) is an Ornstein-Uhlenbeck noise process that satisfies the equation

	

dηu
dt

= (–ηu/τc) +
√
2D/τcWt,

	 (7)

where τc  is the characteristic correlation time of the noise, D is the noise intensity and Wt  is a Gaussian white noise pro-
cess with µ = 0 and σ = 1 [12]. This noise was used to produce the slow baseline oscillations in Ca2+ due to the stochastic 
slow clustering of IP3Rs [12]. Our choice to model noise through the IP3R inactivation dynamics is based on previous 
studies [12,42]. Specifically, we used the subunit noise in the form of Ornstein-Uhlenbeck noise process to account for the 
fast opening and closing of the channel and the slow clustering of IP3Rs.

The flux through RyRs (JRy) was described according to the Levine-Keizer model [43], given by

	

JRy = vrw


1 +

(
[Ca2+]i
kb

)3

 /


1 +

(
ka

[Ca2+]i

)4

+

(
[Ca2+]i
kb

)3

(

[Ca2+]ER – [Ca
2+]i

)

	 (8)

where w is a slow gating variable that satisfies

	

dw
dt

=
w∞ – w

τw 	 (9)

with
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w∞ =

(1 + (ka/[Ca
2+]i)4 + ([Ca

2+]i/kb)3)

1 + 1/kc + ((ka/[Ca
2+]i)4 + ([Ca

2+]3i /kb)
3) 	

and

	
τw =

w∞

k–c
.
	

A Hill function was used to describe the fluxes through the PMCA and SERCA pumps [44], according to the equations

	
Jϕ = vϕ

[Ca2+]2i
k2ϕ + [Ca

2+]2i
, ϕ = PMCA,SERCA,

	 (10)

whereas the leak Ca2+ flux between the cytosol and ER and the external leak into the cytosol across the plasma mem-
brane are described as

	 JLeak = vLeak
(
[Ca2+]ER – [Ca

2+]i
)
	 (11)

	 JLeak,PM = vLeak,PM
(
[Ca2+]o – [Ca

2+]i
)
,	 (12)

where [Ca2+]o  is the extracellular Ca2+ concentration.
The two concentration variables [Na+]i  and and [K+]i  were assumed to return to rest according to the equations

	
JR,X =

XR – [X]i
θX

, X = Na+, K+.
	 (13)

Here Na+R  and K+R  represent the resting concentrations of Na+ and K+, respectively, while θNa  and θK  are the time con-
stants of the concentrations of these two ions to return to rest.

To define the remaining fluxes in Eqs. (1)-(4), we first need to introduce the equation for membrane voltage using the 
Hodgkin-Huxley formalism [45], given by

	

Cm Sf
dV
dt

= –
(
IAMPA + INMDA + IP2X7 + IK + ILeak + ISOCE + IL–type + IT–type
+INaK + INCX + INaLeak

)
	 (14)

where IY  (Y = AMPA,NMDA,P2X7,K, Leak,SOCE, L – type,T – type,NaK,NCX and NaLeak) are the various ionic 
currents produced by ion flow through channels and exchangers expressed on the membrane of OPCs, Sf  is the mem-
brane surface and Cm  is the specific membrane capacitance. Consistent with previous electrophysiological studies 
of oligodendrocyte-lineage glial cells [46,47] that demonstrated predominantly passive, non-regenerative membrane 
behaviour and negligible internal voltage gradients, we treated the membrane potential in this study as spatially uniform 
in our Hodgkin–Huxley formalism, incorporating the relevant ionic currents. The fluxes associated with these currents 
(including those for the two VGCCs: IL–type  and IT–type ) were computed using the equation [44]

	
JY =

1

zVF
IY,

	 (15)
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where z is the valence (z = 1 for K+ and Na+, and z = 2 for Ca2+), V is the cell volume, and F is Faraday’s constant.
We used Destexhe et al. NMDAR and AMPAR models [48] (Fig 1D and 1E, respectively) to describe INMDA  and IAMPA , 

given by

	 INMDA = gNMDAOB(V)(V – ENMDA)	 (16)

	 IAMPA = gAMPAO(V – EAMPA),	 (17)

where O is the open state of each receptor, EY  and gY  are, respectively, the Nernst potential and maximum conductance 
of NMDARs (Y = NMDA) and AMPARs (Y = AMPA), and B(V) is the voltage-dependent magnesium (Mg2+) block, given by

	
B(V) =

1
1 + exp(–0.062V)[Mg2+]o/3.57

.
	

where [Mg2+]o  is the extracellular Mg2+ concentration. Note that AMPAR and NMDAR internalization is ignored, because 
they both occur at a much slower timescale (minutes to tens of minutes) compared to the second-timescale of Ca2+ tran-
sients [49,50]. Furthermore, their Nernst potentials are set to zero because these two receptors are nonspecific [48].

Using the Khadra et al. P2X7R model [29] to describe IP2X7  (Fig 1F), we have

	 IP2X7 = gP2X7(O1 +O2 +O3 +O4)(V – EP2X7),	 (18)

where O1,O2  are the open states and O3,O4  are the sensitized states of P2X7R, gP2X7  is the receptor maximum conduc-
tance and EP2X7  is its Nernst potential (set to zero because P2X7Rs are nonspecific [28]).

For the inward-rectifying K+ current (IK), we adopted the formalism of [51] to describe it, i.e.,

	 IK = gK
√
[K+]o(V – EK),	 (19)

where [K+]o  is the extracellular K+ concentration, gK  is the maximum conductance of IK , and EK  is the K+ Nernst potential 
that depends on both the gas constant (R) and absolute temperature (T) as follows

	
EK =

RT
F

log
[K+]o
[K+]i

.
	

Similarly, we adopted the formalisms from [52] and reparameterized them using the data from [20] to describe the two 
VGCCs: L-type and T-type Ca2+ currents (IL-type  and IT-type , respectively, included in the SSM Fig 2).

In this case,

	 IL–type = gLmLhL(V – ECa)	 (20)

	 IT–type = gTmThTf(V – ECa),	 (21)

where Eca  is Ca2+ Nernst potential, given by

	
ECa =

RT
2F

log
[Ca2+]o
[Ca2+]i

,
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and gζ  is the maximum conductance of IL  (ζ = L) and IT  (ζ = T). The two gating variables mL  and hL  are the activation 
and inactivation variables of IL , respectively; their dynamics are governed by the equations

	

dX
dt

=
X – X
τX

,
	 (22)

where X = mL,hL  are the steady state of activation and inactivation, respectively, and τX = τmL , τhL  are the time constants, 
given by

	

mL = 1/(1 + exp(–V/6))
hL = 1/(1 + exp(V/5))
τmL = 18exp(–((V + 45)/20)2 + 10)/10
τhL = 10exp(–((V + 100)/10)2) + 20)/10. 	

The gating variables of the current IT , on the other hand, are the activation variable mT  and the inactivation variable hTf ;  
their dynamics are governed by Eq. (22), where X = mT,hTf  are the steady state activation and inactivation, respectively, 
and τX = τmT , τhTf  are the time constants, given by

	

mT = 1/(1 + exp(–(V + 5)/6))

hTf = 1/(1 + exp((V + 5)/10))

τmT = exp(–((V + 5)/6)2) + 2

τhTf = exp(–((V + 5)/10)2) + 2.	

The SOCE current (ISOCE) expressed in [53] was adopted in this study; its expression is given by

	
ISOCE = gSOCE

tanh([Ca2+]er – kSOCE)
2

(V – ECa).
	 (23)

Two leak currents were included in the voltage equation (14): a Na+ leak current (INaLeak) and a standard leak current 
(ILeak ). These two currents are given by

Fig 2.  Kinetics of the L-type and T-type Ca2+ channels. (A) The steady state activation and inactivation curves of the L-type and T-type Ca2+ channels 
color-coded according to the legend. (B) The stochastic current fluctuations produced by the L-type and T-type Ca2+ channels color-coded according to 
the legend.

https://doi.org/10.1371/journal.pcbi.1013430.g002
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	 INaLeak = gNaLeak(V – ENaLeak)	 (24)

	 ILeak = gL(V – ELeak),	 (25)

where ENaLeak,ELeak  are Nernst potential of these currents, whereas gNaLeak  and gLeak  are their conductances.
Finally, two exchangers were included in the model, the Na+/Ca2+  exchanger (INCX) and the K+/Na+  exchanger (INaK). 

Using the formalisms for these two currents introduced in [54] and making them voltage dependent, we have:

	

INCX =
gNCX

1 +
(
KNCX,Ca
[Ca2+]i

)1.5

(
[Na+]3i [Ca

2+]o exp(
ηzVF
RT ) – [Na+]3o[Ca

2+]i exp(
(η–1)VzF

RT )
)

(
1 + dNCX([Na

+]3o[Ca
2+]i + [Na

+]3i [Ca
2+]o)

)
	 (26)

	
INaK = INaK

[K+]o
([K+]o + KNaK,Ko)

[Na+]1.5i
[Na+]1.5i + K1.5Nak,Nai

V + 135.1
V + 300

,
	 (27)

where [Na+]o  is the extracellular Na+ concentration, η  is the position of the energy barrier, INCX  is the maximum current 
of Na+/Ca2+  exchanger, INaK  is the maximum current of K+/Na+  exchanger, and KNCX,Ca, dNCX,KNaK,Ko  and KNaK,Nai  are 
parameters representing half-maximum activation. The receptors are uniformly distributed along the membrane (spatial 
axis). Unless otherwise stated, all time series presented in this paper were obtained from the mid point of the cell (at x = 4) 
for a cell of length 8.

Parameter values of this stochastic spatiotemporal model (SSM), given by Eqs. (1)-(27), and their definitions are pro-
vided in Tables 1 and 2. By ignoring noise, i.e., removing Eq. (7), and by setting diffusion to zero (i.e., ρ = 0), we obtain the 
deterministic temporal model (DTM). In the absence of membrane voltage dynamics and the kinetics of P2X7Rs, AMPARs 
and NMDARs, the SSM was able to reproduce the original features of the model associated with intrinsic ScaLTs previ-
ously reported [12] (S1 Fig).

2.2.2  Random ATP and glutamate stimulations.  The SSM model Eqs. (1)-(27) was subjected to random ATP and 
glutamate stimulations uniformly across the entire length of the cell (the one-dimensional spatial domain of length L). 
These random stimulations were modeled as square-wave pulses in the form of spike trains with varying amplitudes and 
frequencies (see representative trances in S2 Fig). Event occurrence was modeled using Bernoulli trials (i.e., a binomial 
distribution B(n, p) with n = 1) evaluated every 0.01 s (the simulation time step) of simulation time, with probabilities 
p = 0.001, 0.0025, and 0.005 corresponding to low, medium, and high event rates (with expected interspike intervals of 
approximately 10, 4, and 2 s, respectively). At each time step, a sampled value of 1 triggers the onset of a stimulation 
event, whereas a sampled value of 0 results in no stimulation, and the process is repeated at the next time step. Each 
stimulation event, once initiated, lasts for 0.1 s. The amplitudes of individual events of ATP and glutamate within the spike 
trains were sampled from a normal distribution N (0, 1/

√
0.5× 10–3) for ATP and N (0, 1/

√
1× 10–3) for glutamate, resulting 

in an overall input distribution of Bernoulli(p)×N (0,
√
0.5× 10–3) or Bernoulli(p)×N (0,

√
1× 10–3), respectively. To 

analyze the simulated Ca2+ signals under each stimulation condition, we conducted 50 simulations, each lasting 300 s, 
and recorded Ca2+ transients exceeding 0.11 µM. The threshold was established based on the mean Ca2+ concentration 
in wild-type simulations, corresponding to the default parameter values in Tables 1 and 2. The amplitudes of collected 
Ca2+ transients were then binned to construct a distribution. Similarly, the width of these transients were quantified by 
computing their full width at half maximum (FWHM) and the results were binned to construct a distribution.

2.2.3  Numerical methods and software.  A forward time-centered space scheme with Neumann boundary conditions 
was used to compute numerical solutions to the SSM. A custom-made python script was used to compute these solutions. 
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The DTM was numerically solved in XPPAUT (a freeware available online at http://www.math.pitt.edu/bard/xpp/xpp.html). 
The timeseries of all simulated Ca2+ signals were extracted from a single spatial point at the midpoint of the domain L 
(i.e., at x = 4), representing the one-dimensional cell. Ca2+ transients in these simulated time series were classified as Ca2+ 
spikes if they exceeded a threshold, defined as the mean of the simulated signal generated by the SSM under default 

Table 1.  Model parameters.

Parameter Value Unit

Cytosolic Ca2 + dynamics (d[Ca2+]/dt)

ρ 0.00005 mm2/s

fi 0.05 –

ER Ca2 + dynamics (d[Ca2+]ER/dt)

γ 9 –

fe 0.05 –

IP3 receptor flux (JIP3)

vIP3 0.88 s−1

d
1

0.13 µM

d
5

0.08234 µM

a 0.2 s/µM

d
3

0.9434 µM

d
2

1.049 µM

αATP 0.03 µM/s

kATP 1 mM

αglut 0.3 µM/s

kglut 1 mM

γIP3 0.01 s−1

τc 0.01 s

D 0.4 –

ER leak flux (Jleak)

vLeak 0.5 s−1

Ryanodine receptor flux (JRyR)

vr 18 s−1

kb 0.2573 µM

ka 0.0192 µM

kc 0.0571 –

k̄c 0.0571 s

PMCA and SERCA pumps

v
3

120 s−1

hc3 2 –

k
3,serc 0.3 µM

vpmca 0.6 s−1

km,pmca 0.8 µM

Return currents

θNa 10 s

NaR 12 mM

θK 10 s

KR 120 mM

https://doi.org/10.1371/journal.pcbi.1013430.t001

http://www.math.pitt.edu/bard/xpp/xpp.html
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Table 2.  Model parameters for HH formalism, receptors, channels, and transporters.

Parameter Value Unit Parameter Value Unit

HH equation Potassium current (IK)

Cm 1 µF·cm−2 ḡK 11.58 nS

Sf 5000 µm2 [K+]o 4 mM

z 1, 2 – R 8.314 J·K−1·mol−1

V̄ 6.5 pL T 300 K

F 96485.3321 C·mol−1

NMDA receptor Voltage-gated Ca2 + channels

ḡNMDA 1.4 nS gT 0.5 nS

ENMDA 0 mV gL 0.8 nS

Rb 8333.33 s–1 ·M–1 SOCE

R
0

46.5 s−1 gSOCE 1 nS

Ru 0.125 s−1 kSOCE 0.939 µM

Rc 7.38 s−1

Rd 0.014 s−1 Na,Ca leak (IK,leak )

Rr 0.1133 s−1 ENaLeak 60 mV

[Mg]o 1 mM gleakK 2 nS

AMPA receptor Leak (I
leak

)

ḡAMPA 3 nS vleak 1 nS

EAMPA 0 mV Eleak -81 mV

Rb 10000 s–1 ·M–1 vleak,PM 0.016 pS

R
0

27 s−1 Na + /Ca2 + exchanger (INCX)

Ru1 0.0766 s−1 dNCX 0.25 –

Ru2 114.67 s−1 ḡNCX 0.04 nS

Rc 0.4 s−1 KNCX,Ca 1.5 mM

Rd 0.09 s−1 [Na+]o 140 mM

Rr 0.0128 s−1 [Ca2+]o 2.5 mM

P2X7 receptor Na + /K+ pump (INaK)

ḡP2X7 22.5 nS ĪNaK 22.6 pA

EP2X7 0 mV KNaK,Ko 1.32 mM

k
1

0.3 s−1 KNaK,Na 14.5 mM

k
2

1260 s–1 ·M–1

k
3

2.4 s−1

k
4

1575 s–1 ·M–1

k
5

1.58 s−1

k
6

221 s–1 ·M–1

L
1

0.0001 s−1

L
2

0.004 s−1

L
3

0.05 s−1

H
1

0.001 s−1

H
2

0.01 s−1

Ĥ2
0.1 s−1

H
4

0.6 s−1

https://doi.org/10.1371/journal.pcbi.1013430.t002
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parameter values (also referred to as the WT model). To compare spikes across different conditions, such as the WT 
model versus perturbed versions where L- and T-type Ca2+ channels are blocked (a version that is referred to as the KO 
model), the average threshold from WT simulations was used as a reference for both conditions. To perform clustering 
analysis, each time series was fitted with a 4th-degree polynomial, and the resulting polynomial coefficients were used as 
input for a k-means algorithm. The optimal cluster number was determined to be three using the elbow score.

2.3  Quantification of Ca2+ Transients

SCaLTs (including those facilitated by the voltage) were isolated by eliminating Ca2+ fluxes associated with P2X7Rs, 
AMPARs and NMDARs from the SSM, as these fluxes are responsible for evoked responses. Following the approach in 
[12], Ca2+ transients, including SCaLTs and those influenced by fluxes involved in evoked responses, were identified by 
detecting peaks exceeding 20% above baseline or 1 standard deviation above the mean. To enable direct comparison 
between simulated and experimental data, the time series of both datasets (S(t)) were normalized between 0 and 1 using 
the equation.

	
Snorm =

S(t) – min(S(t))
max(S(t)) – min(S(t))

,
	

3  Results

3.1  Bifurcation analysis of evoked responses

We extended our previously developed stochastic spatiotemporal flux-balance model (SSM) describing Ca2+ dynamics in 
OPCs along a one-dimensional domain [12] to include both membrane voltage dynamics and the effects of ATP and gluta-
mate on evoked Ca2+ transients. To analyze the underlying deterministic mechanisms, we derived a reduced deterministic 
temporal model (DTM) by removing spatial diffusion and stochastic noise from the SSM.

Incorporating the effects of ATP and glutamate concentrations ([ATP] and [Glut], respectively) into the model allowed 
us to investigate how these exogenous stimuli (i.e., neurotransmitters), known to trigger evoked Ca2+ responses in OPCs, 
modulate the deterministic dynamics of the DTM. To this end, we performed bifurcation analyses of the membrane volt-
age (V) and cytosolic Ca2+ concentration ([Ca2+]i ) with respect to both [ATP] and [Glut], using the continuation method in 
XPPAUT.

In the case of [ATP], we found that both V (Fig 3A) and [Ca2+]i  (Fig 3C) exhibit three distinct regimes of behavior at low, 
intermediate and high [ATP]. At low and high [ATP], a stable branch of equilibria was observed, representing the quiescent 
state of the cell; these stable branches connect with each other through an unstable branch of equilibria for intermediate 
[ATP] at two Hopf bifurcations (HB1 to the left and HB2 to the right). Envelopes of stable limit cycles emerge from these 
two Hopf bifurcations and soon after become envelopes of unstable limit cycles when they undergo torus bifurcations 
(TR1 to the left and TR2 to the right), signifying the onset of chaotic dynamics. This latter regime corresponds to where 
ATP-evoked periodic responses in cytosolic Ca2+ can be observed in the form of irregularly-shaped pikes (S3 Fig). It is 
important to note that the quiescent regime to the left of HB1 is type III excitable allowing the model to generate SCaLTs 
reminiscent to those previously analyzed in [12].

By repeating the same analysis with [Glut], we also obtained three regimes of behavior for both V (Fig 3B) and [Ca2+]i  
(Fig 3D): a quiescent regime at low [GLUT] defined by a stable branch of equilibria possessing type III excitability (allow-
ing the model to produce SCaLTs), a mixed-mode oscillation regime at intermediate [GLUT] (see time series simulations 
in S4A Fig) defined by envelopes of limit cycles that emerge from a Hopf bifurcation (HB) and immediately undergo torus 
bifurcation (TR) before terminating at a period-doubling (PD) bifurcation, and a tonically spiking oscillatory regime at 
high [GLUT] (see time series simulations in S4B Fig) formed by envelopes of stable limit cycles emerging from the PD 
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and terminating at a homoclinic bifurcation. The spikes in this periodic regime get wider closer to the homoclinic (S4C 
Fig). The stable branch of equilibria at low [GLUT] regime losses stability at the HB and persists at intermediate and high 
[GLUT], while the periodic orbits in the mixed-mode oscillation regime combine both small and large amplitude oscillations 
within each cycle in a manner reminiscent to those previously observed [12,55] (S4A Fig).

Together, these results demonstrate that both [ATP] and [Glut] can drive the system into regimes characterized by peri-
odic Ca2+ spiking, thereby accounting for evoked cytosolic Ca2+ responses in OPCs.

3.2  Effects of L- and T-type Ca2+ channels on SCaLTs

It has been previously shown, using computational modeling that Ca2+-induced Ca2+-release (CICR) through IP3R and 
RyR, along with SOCE and NCX fluxes on the plasma membrane and fluxes through SERCA and PMCA pumps, are 
sufficient for intrinsically generating SCaLTs in OPCs [12]. The flux balance model accounting for these fluxes success-
fully reproduced key features of Ca2+ signals, including SCaLT characteristics (e.g., slow baseline oscillations, doublets, 
random spiking, etc). This model, however, did not include the effects of VGCC expressed on OPC plasma membrane, a 
component that may have significant effects on SCaLTs.

To investigate this, two types of Ca2+ channels were included in the SSM, including the high-voltage activated L-type 
and low-voltage activated T-type Ca2+ channels. Spatiotemporal simulations along the length of the cell L revealed short-
lived traveling Ca2+ waves that propagate briefly before terminating (Fig 4A). Examination of the temporal dynamics of 
Ca2+ at the midpoint of the one-dimensional domain showed persistent random spiking events that surpass a threshold, 
defined as the mean, reminiscent of SCaLTs (Fig 4B); these spiking events integrate SCaLTs generated intrinsically with 

Fig 3.  Steady state analysis of the DTM. Bifurcation diagrams of the membrane voltage (V) with respect to (A) ATP concentration: [ATP], and (B) 
glutamate concentration: [Glut]. Bifurcation diagrams of cytosolic Ca2+ concentration ([Ca2+]i ) with respect to (C) [ATP] and (D) [Glut]. Red (black) solid 
lines: Branches of stable (unstable) equilibria. Green (blue) solid lines: Envelopes of stable (unstable) limit cycles; the envelopes in A and C are delimited 
by two Hopf Bifurcations (HB1 to the left and HB2 to the right) and undergo two torus bifurcations (TR1 to the left and TR2 to the right), while the enve-
lopes in B and D emerge from a Hopf bifucation (HB) and undergo both a torus bifurcation (TR) and a period doubling bifurcation linking the stable and 
unstable envelopes.

https://doi.org/10.1371/journal.pcbi.1013430.g003



PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013430  June 18, 2026 15 / 29

those facilitated by the voltage. This is reflected by the small-amplitude fluctuations in Ca2+ influx through VGCCs (S5 Fig) 
that contribute to this facilitation. To further assess the contribution of VGCCs to SCaLTs, we compared the steady-state 
distribution of spike counts between WT (i.e., with L- and T-type Ca2+ channels included in the SSM) and KO (i.e., SSM 
lacking L- and T-type Ca2+ channels) conditions (Fig 4C). Quantification was based on 50 steady-state simulations (60 
s each), with the average WT threshold used to identify Ca2+ spikes in both conditions. Our results showed that VGCCs 
increase the number of spikes by expanding the tail of the distribution in WT compared to KO conditions. Closer inspec-
tion of the amplitude of all Ca2+ transients in these simulations, including sub- and supra-threshold ones, revealed that 
VGCCs increase the amplitude of spikes by generating a longer tail in WT condition (Fig 4D) but do not affect the sub-
threshold oscillations. These findings indicate that VGCCs further facilitate SCaLTs and contribute to the generation of 
more pronounced Ca2+ signals.

Fig 4.  Contribution of L- and T-type Ca2+ channels to SCaLTs in OPCs as predicted by the SSM. (A) Heatmap of the spatiotemporal dynamics of 
Ca2+ concentration along the entire length of the cell L = 8 µm, color-coded according to the color scale on top. The transient Ca2+ events in the form of 
short-lived waves illustrate the spontaneous Ca2+ local transients (SCaLTs) occurring along the spatial domain during a 300-s simulation. (B) A simu-
lated stochastic Ca2+ signal generated by the SSM displaying sub- and supra-threshold Ca2+ transients separated by a red line marking the mean. The 
supra-threshold VGCC-mediated Ca2+ transients combine the intrinsic and voltage-facilitated SCaLTs. (C) Violin plots of the number of SCaLTs gener-
ated by the SSM in the presence (labeled WT) and absence (labeled KO) of L- and T-type Ca2+ channels. A total of 50 steady state simulations of 60 s 
each were included per condition and the number of SCaLTs above the average threshold of WT condition were counted for both conditions. Note that 
SCaLTs in KO condition are essentially the voltage-independent (or intrinsic) SCaLTs. (D) Average amplitude distribution of sub- and suprathreshold Ca2+ 
transients for WT SSM (blue) and KO SSM (cyan) obtained from the simulations in B.

https://doi.org/10.1371/journal.pcbi.1013430.g004
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3.3  OPC Ca2+ responses Induced by ATP

It has been previously shown that OPCs express ATP-gated nonspecific P2X7Rs on their cell membrane [9]. To inves-
tigate experimentally how P2X7Rs affect Ca2+ responses in these cells, a prolonged step pulse of 100 mM ATP was 
applied at 60 s, and Ca2+ signals from 99 ROIs were recorded. Ca2+ transients arising from spontaneous activity were 
minimized by simultaneously bathing cells in Hanks’ Balanced Salt Solution, known to suppress SCaLTs and generate 
semi-quiescent Ca2+ signals. Despite variability across recordings, the resulting Ca2+ responses consistently exhibited a 
rapid rise characteristic of P2X7R activation (Fig 5A). To better understand the differences among these profiles, we clus-
tered them into three distinct groups (Fig 5B). The main feature distinguishing these clusters was the behavior of the slow 
component following the fast rise: this component either increased with a relatively steep gradient (top), increased with a 
shallow gradient (middle), or gradually decreased with a descending gradient (bottom) over time (Fig 5B).

To uncover how P2X7Rs contribute to the distinct response profiles of the three clusters, we performed simulations 
using the SSM with integrated P2X7R kinetics. Because it is unclear how Hanks’ Balanced Salt solution removes SCaLTs 
(whether voltage-facilitated or intrinsic) and since P2X7R-mediated evoked Ca2+ responses are robust enough to over-
shadow SCaLTs, we did not modify the model to block these random spiking events. The application of a prolonged 
step pulse of [ATP]=100 mM (i.e., 0.1× 10–3  M) to the model generated responses that matched closely those obtained 
experimentally with a steep gradient (Fig 5C top, and 5D top). Interestingly, by reducing the amplitude of the ATP step 
pulse to [ATP]=55 mM and 43 mM, we were able to shift the Ca2+ responses produced by the SSM to closely match the 

Fig 5.  P2X7R-dependent Ca2+ responses in OPCs upon prolonged ATP stimulation. (A) The set of all recorded 99 Ca2+ responses - normalized 
between 0 and 1 - recoded in OPCs bathed in Hanks’ Balanced Salt solution and stimulated with 100 mM ATP without interruption starting at 60 s. (B) 
The three distinct clusters of Ca2+ response profiles, including those with steep gradient = 0.009 (blue; top), shallow gradient = 0.04 (yellow; middle) and 
descending gradient = –0.001 (red; bottom). (C) Simulated Ca2+ responses (black) - normalized between 0 and 1 - at different ATP concentrations: 
[ATP]= 0.1× 10–3  M (top), 0.055× 10–3  M (middle), and 0.043× 10–3  M (bottom), overlaid on one representative Ca2+ recording from each cluster in B. 
Simulated responses were obtained by applying ATP for 120 s. (D) A set of 50 independent simulations of Ca2+ responses clustered into steep, shallow 
and descending gradient groups at different ATP concentrations: [ATP]= 0.1× 10–3 , (top) 0.055× 10–3  (middle) and 0.043× 10–3  (bottom). SCaLTs prior 
to ATP stimulation observed in the simulations in C are absent in the experimental recordings due to the bath solution.

https://doi.org/10.1371/journal.pcbi.1013430.g005



PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013430  June 18, 2026 17 / 29

experimentally observed profiles of the shallow gradient (Fig 5C middle, and 5D middle) and descending gradient (Fig 
5C bottom, and 5D bottom) responses, respectively. Taken together, these results suggest that P2X7Rs mediate the Ca2+ 
signals induced by prolonged ATP stimulation and that not all cells in culture experience the same [ATP] during these 
stimulation experiments. Moreover, the ability of the lower ATP concentrations to reproduce the spectrum of experimen-
tally observed responses (Fig 5C, middle and bottom; Fig 5D, middle and bottom) suggests that stochasticity also plays 
a key role in shaping these responses. We emphasize that ATP was applied uniformly across the entire spatial domain 
representing the full length of the cell model in the SSM.

3.4  OPC Ca2+ responses induced by glutamate

As is the case for P2X7Rs, OPCs also express the glutamatergic AMPARs and NMDARs [9]. To determine how gluta-
mate affects Ca2+ signals in OPCs, we removed Ca2+ transients as before using the Hanks’ Balanced Salt solution and 
recorded from 99 ROIs in these cells when stimulated with prolonged step pulse of 100 mM glutamate starting at 60 s 
(Fig 6A). Despite exhibiting the same level of variability as that seen with ATP stimulation, the fast rise in Ca2+ responses 
upon glutamate stimulation was always a consistent feature across all responses. Clustering the recorded signals, as was 
done before, produced three distinct groups of responses distinguished from each other by the slow component following 
the fast rise. Once again, the slow component either increased the amplitude of the response with a steep gradient (top), 
increased it with a shallow gradient (middle) or gradually decreased it with a descending gradient (bottom) over time (Fig 
6B).

Simulating the SSM with AMPAR and NMDAR kinetics in response to a prolonged 100 mM (0.1× 10–3  M) gluta-
mate step pulse demonstrated that the model accurately reproduces the experimentally observed steep gradients of 
Ca2+ responses with high fidelity (Fig 6C top and 6D top). This occurs despite the experimental recordings (as with ATP 
recordings in Fig 5) being performed in Hanks’ Balanced Salt Solution, known to suppress SCaLTs. To capture the shal-
low gradient responses (Fig 6C middle and 6D middle), we had to reduce [Glut] to 60 mM. Further decreasing [Glut] to 
40 mM predominantly produced responses matching the descending gradient profile. Interestingly, some simulations at 
that lowest glutamate concentration also captured steep and shallow gradient responses. These results thus suggest that 
the glutamatergic receptors included in the model can reproduce the experimentally observed Ca2+ responses and that 
not all OPCs in culture experience the same glutamate levels. Finally, the findings once again highlight the crucial role of 
stochasticity in generating the wide spectrum of responses seen experimentally. It is important to emphasize again that 
glutamate was applied uniformly across the entire spatial domain representing the full length of the cell model in the SSM.

3.5  Role of RyR in ATP- and glutamate-dependent Ca2+ responses

One important and common feature of the Ca2+ responses induced by ATP and glutamate was the presence of an initial 
fast rise in Ca2+ signal upon stimulation. This feature appeared in all clusters of Ca2+ responses and in both conditions 
(Figs 5A, 5B, 6A, and 6B).

Interestingly, the entire Ca2+ response profiles (including the fast and slow components) associated with steep and 
shallow clusters associated with 100 mM ATP stimulation were consistent with the P2X7R current profiles induced by high 
ATP (or its agonist BzATP) stimulation observed in previous studies [28]. Indeed, it was previously shown that the kinet-
ics P2X7R model (Fig 1F) alone is able to display two components in its current response upon high ATP stimualtion: an 
initial fast phase representing P2X7R channel opening followed by a slow rising phase representing P2X7R pore opening 
(or sensitization) [28–31]. Incorporating this kinetic model into the SSM successfully reproduced the two phases of Ca2+ 
responses (as shown for example in Fig 7A, top row), suggesting that Ca2+ signaling is shaped by receptor-generated 
currents. However, when CICR was blocked in these simulations (i.e., by inhibiting fluxes through IP3R and RyR), the 
biphasic response disappeared entirely (Fig 7A, second row), leaving only a slow and gradual rise in [Ca2+]i  following 
ATP stimulation. This indicates that while ATP-dependent Ca2+ responses are influenced by P2X7R kinetics, the synergy 
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between the fast dynamics of CICR and P2X7R-mediated influx is essential for generating the observed dynamics. To 
further dissect which CICR Ca2+ flux is specifically contributing to this synergy, we then blocked either RyR flux (i.e., by 
“knocking out” RyR alone: RyR KO), or IP3R flux (i.e., by “knocking out” IP3R alone: IP3R KO) in the SSM. In the case 
of RyR KO (Fig 7A, third row), the two phases associated with Ca2+ responses seen in the WT case disappear leaving 
behind the VGCC-facilitated SCaLTs modulated by ATP. Conversely, in the IP3R KO case (Fig 7A, bottom row) VGCC- 
facilitated SCaLTs disappear as expected, whereas the two phases of ATP-induced Ca2+ responses remain intact, 
suggesting that RyR is the CICR component providing the synergy to produce the stereotypical ATP-mediated Ca2+ 
responses. This further underscores the necessity of the fast component of RyR flux dynamics for allowing evoked Ca2+ 
responses generated P2X7Rs to be shaped by its kinetics.

An unexpected observation arose from the IP3R KO simulations. In the absence of this flux (Fig 7A, second row), 
SCalTs disappeared completely, while evoked Ca2+ responses induced by ATP remained. Surprisingly, this closely resem-
bles experimental recordings obtained with a steep gradient in the presence of Hanks’ Balanced Salt Solution. This obser-
vation suggests that this solution may be blocking IP3R-mediated flux and disrupting the clustering of these receptors. 
Confirmation of this hypothesis remains to be tested experimentally.

Fig 6.  AMPAR and NMDAR-dependent Ca2+ responses in OPCs upon prolonged glutamate stimulation. (A) The set of all 99 recorded Ca2+ 
responses - normalized between 0 and 1 - recoded in OPCs bathed in Hanks’ Balanced Salt solution and stimulated with 100 mM glutamate without 
interruption starting at 60s. (B) The three distinct clusters of Ca2+ response profiles, including those with steep gradient = 0.0081 (blue; top), shallow 
gradient = 0.0015 (yellow; middle) and descending gradient = –0.0047 (red; bottom). (C) Simulated Ca2+ responses (black) - normalized between 0 and 
1 - at different glutamate concentrations: [Glut]= 0.1× 10–3  M (top) 0.06× 10–3  M (middle), and 0.04× 10–3  M (bottom), overlaid on one representative 
Ca2+ recording from each cluster in B. Simulated responses were obtained by applying glutamate for 120 s. (D) A set of 50 independent simulations of 
Ca2+ responses clustered into steep, shallow and descending gradient groups at different glutamate concentrations: [Glut]=0.1× 10–3 , (top) 0.06× 10–3  
(middle) and 0.04× 10–3  (bottom). SCaLTs prior to glutamate stimulation observed in the simulations in C are absent in the experimental recordings due 
to the bath solution.

https://doi.org/10.1371/journal.pcbi.1013430.g006
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A similar pattern emerged when simulating the SSM response to 100 mM glutamate stimulation. In the presence of 
CICR (Fig 7B, top row), glutamate produced the expected Ca2+ response profile. However, when CICR was blocked (Fig 
7B, second row), the evoked response again became a slow, gradual rise, mirroring the ATP case and reinforcing that 
CICR is required for AMPARs and NMDARs to generate responses consistent with their kinetics. Further examination of 
the individual contributions of IP3R and RyR fluxes showed that RyRs were the primary drivers of the synergistic evoked 
response (compare the third and fourth rows of Fig 7B).

Fig 7.  Effects of blocking different components of CICR on Ca2+ responses. Simulated OPC Ca2+ responses to 100 mM (A) ATP, and (B) glutamate 
stimulations under four conditions from top to bottom: in the presence of both IP3Rs and RyRs (WT), in the absence of RyRs and IP3Rs (RyR and IP3R 
KO; i.e., no CICR), in the absence of RyRs (RyR KO), and in the absence of IP3Rs (IP3R KO).

https://doi.org/10.1371/journal.pcbi.1013430.g007
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3.6  Ca2+ responses to in vivo-like stimulation with ATP and glutamate

The prolonged ATP and glutamate stimulations were performed in vitro, but such sustained stimulations do not occur in 
vivo. Instead, in vivo stimulations are more likely to be briefer and occur in a more stochastic manner, with varying ampli-
tudes over time. It would therefore be interesting to investigate how Ca2+ signals respond to randomly timed ATP and 
glutamate stimulations, better reflecting physiologically-relevant in vivo conditions.

To address this, we first applied random ATP stimulations (Fig 8A) in the form of brief 0.1 s pulses of varying amplitudes 
to the SSM and quantified their effects on Ca2+ spiking (Fig 8B) and fluxes (Fig 9). The ATP pulses were delivered randomly 
at low (left), intermediate (middle), and high (right) frequencies (Fig 8A). The resulting steady-state Ca2+ signals were then 
evaluated using two metrics: (i) the signal distribution, obtained by binning and averaging 50 simulated traces (Fig 8C), and 
(ii) the full width at half-maximum of Ca2+ spikes encompassing both SCaLTs and evoked responses (Fig 8D).

Our results showed that random, brief ATP stimulations generate broader waves (S6A Fig) than those seen in the 
absence of ATP (Fig 4A), indicating a gradual shift toward elevated intracellular Ca2+ levels (Fig 8C) and an increase in the 
proportion of wider Ca2+ spikes (Fig 8D), especially when increasing the stimulation frequency. Indeed, more frequent ATP 
applications lead to prolonged elevations in Ca2+ signals, particularly when compared to control conditions. Evaluating how 
the various fluxes respond to high-frequency ATP stimulation, we found that CICR fluxes (via both IP3Rs and RyRs) are 
markedly increased (Fig 9B) relative to when there is no ATP stimulations (S5 Fig). This enhancement is driven primarily 
by Ca2+ influx through P2X7Rs (Fig 9D) and by a rise in [IP3]i  above its potentiation threshold (defined by the parameter 
d

1
) for IP3Rs (Fig 9F). The pronounced CICR flux is accompanied by an increase in SOCE (Fig 9A), to prevent ER deple-

tion, but no significant change in VGCC-mediated Ca2+ influx (Fig 9C) compared to no ATP stimulation (S5 Fig).
Although random, brief glutamate stimulations at low, intermediate and high frequencies induce very similar effects to 

Ca2+ spiking and fluxes to those seen with ATP stimulations (compare Figs 8 and 10, as well as Figs 9 and 11), glutamate 
stimulations have a more pronounced impact, producing wider spikes especially at intermediate to high frequencies, in 
agreement with the dynamics of the DTM observed when analyzing its bifurcation structure (Fig 3); this suggests that 
OPCs are more sensitive to glutamate than ATP (Figs 8D and 10D). Spatiotemporally, these prolonged elevations in Ca2+ 
were very pronounced during glutamate stimulations compared to ATP stimulations (S6 Fig) at intermediate and high 
frequencies. It is important to note that in both cases, the fluctuations in membrane voltage were not significantly altered 
by the frequency of these stimulations, except for the slight hyperpolarization seen in the membrane potential at high fre-
quency stimulations (S7 Fig), affecting VGCC-mediated Ca2+ influx (Fig 11C).

Together, these findings indicate that ATP and especially glutamate stimulations mimicking in vivo conditions can 
induce broader Ca2+ spikes in OPCs; this may have significant implications on the functional role of OPCs and their matu-
ration into oligodendrocytes.

4  Discussion

Using a computational modeling approach, we investigated in this study how spontaneous and evoked Ca2+ responses 
due to stimulations with ATP and glutamate affect Ca2+ transients in OPCs. We expanded our previously developed spatio-
temporal stochastic flux-balance Ca2+ model [12] to incorporate not only the dynamics of membrane voltage, modeled 
using the Hodgkin-Huxley formalism and regulated by L-type and T-type Ca2+ channels, but also the kinetics of both 
P2X7Rs and glutamatergic AMPARs and NMDARs (all assumed uniformly expressed along the length of the cell model). 
Because these latter receptors are not specific, we also tracked through the model the changes in Na+ and K+ concentra-
tions ([Na+]i  and [K+]i , respectively, assumed spatially homogeneous across the length of the cell). The resulting model 
both maintained the previously observed physiological and dynamic properties of the original model [12], as well as pro-
vided new insights into how VGCCs shape SCaLT dynamics and how purinergic and glutamatergic receptors drive evoked 
Ca2+ responses and modulate their spiking activity. We note that incorporating non-uniform receptor expression could 
meaningfully alter local Ca2+ dynamics, and exploring this assumption represents a promising direction for future work.
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The two key components of the original model [12], including CICR via IP3Rs and RyRs and an Ornstein-Uhlenbeck 
noise process, enabled the model to previously generate random spiking events in the form of SCaLTs. In this study, 
the inclusion of VGCCs further amplified these random spiking events and increased their frequency. Previous research 
[7,8,10] has suggested that myelination of axonal fibers is Ca2+-dependent and that the frequency of Ca2+ spikes plays a 
crucial role in regulating this process. Specifically, Ca2+ spike frequency must fall within an optimal “Goldilocks zone” to 

Fig 8.  Simulated Ca2+ responses to random ATP stimulations mimicking in vivo conditions. (A) The random events of ATP stimulations in the form 
of brief 0.1 s pulses with varying amplitudes and frequencies corresponding to low (0.1 Hz; left), medium (0.25 Hz; middle) and high (0.5 Hz; right) stimu-
lation rates. (B) Ca2+ transients (or spikes) combining both SCaLTs and evoked responses induced by the random ATP stimulations described in panel A, 
respectively. (C) Distributions of Ca2+ signals from 50 simulations of each of the three types of random stimulations shown in panel A, respectively, show-
ing a significant increase in the amplitude and number of Ca2+ spikes. (D) Violin plots depicting the distribution of Ca2+ spike widths from 50 simulations 
of each of the three types of random stimulation shown in panel A, respectively. Red-dotted line separates wide spikes from narrow ones. Notice how an 
increase in the frequency of ATP stimulation leads to a moderate increase in the number of wide spikes.

https://doi.org/10.1371/journal.pcbi.1013430.g008
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promote effective myelination by oligodendrocytes. The increase in spiking frequency induced by L- and T-type Ca2+ chan-
nels may help shift the system into this optimal range, thereby enhancing myelination. Further analysis of the steady-state 
dynamics of the DTM, in the absence of noise and diffusion, showed that stimulation with ATP and glutamate can transi-
tion the system into an oscillatory (spiking) regime. This transition favors deterministic dynamics over the stochastic nature 
of SCaLTs, potentially allowing Ca2+ spiking to stabilize within the so-called ’Goldilocks zone’.

P2x7Rs are well known purinergic receptors that, unlike P2X2Rs and P2X4Rs, exhibit two current phases upon stim-
ulation with high [ATP] (or its agonist BzATP) [28–31,56–58]: a fast component (previously labeled I

1
), followed by a slow 

one (previously labeled I
2
). It was shown in these studies that the fast component is mainly due to channel opening, while 

the slow one is due to receptor sensitization (or pore opening). Recording the associated Ca2+ transients in these cells 
upon these ATP stimulations showed that these evoked responses exhibit identical profiles with a fast rise (corresponding 
to I

1
) followed by a slow rise (corresponding to I

2
) in a manner similar to recordings shown in this study. By excluding CICR 

in the SSM, this two-phase profile disappeared completely, and only a very slow rise in [Ca2+]i  was observed. In this study, 
we highlighted the role of CICR in this process and emphasized that it extends also to glutamatergic receptors, including 
NMDARs and AMPARs.

Fig 9.  Simulated Ca2+ fluxes under random ATP stimulations mimicking in vivo conditions. Simulated Ca2+ flux through (A) store-operated  
Ca2+ entry (JSOCE), (B) CICR (JCICR = JIP3 + JRy), (C) VGCC (JVGCC = JL–type + JT–type ), (D) P2X7Rs (JP2X7,Ca ), and (E) AMPARs and NMDARs 
(JSyn = JAMPA,Ca + JNMDA,Ca), along with (F) simulated cytosolic IP3 concentration ([IP3]i).

https://doi.org/10.1371/journal.pcbi.1013430.g009
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In our simulations, we retained SCaLT activity when analyzing Ca2+ responses to prolonged ATP and glutamate stim-
ulations, as the specific effects of Hanks’ Balanced Salt Solution are not fully understood. Because the experiments 
presented in this study are dominated by P2X7 and glutamatergic receptor activity, we expected any influence of Hanks’ 

Fig 10.  Simulated Ca2+ responses to random glutamate stimulations mimicking in vivo conditions. (A) The random events of glutamate stimula-
tions in the form of brief 0.1 s pulses with varying amplitudes and frequencies corresponding to low (0.1 Hz; left), medium (0.25 Hz; middle) and high (0.5 
Hz; right) stimulation rates. (B) Ca2+ transients (or spikes) combining both SCaLTs and evoked responses induced by the random glutamate stimula-
tions described in panel A, respectively. (C) Distributions of Ca2+ signals from 50 simulations of each of the three types of random stimulations shown 
in panel A, respectively, showing a moderate increase in the number of spikes with large amplitudes without significant change in amplitude. (D) Violin 
plots depicting the distribution of Ca2+ spike widths from 50 simulations of each of the three types of random stimulation shown in panel A, respectively. 
Red-dotted line separates wide spikes from narrow ones. Notice how an increase in the frequency of glutamate stimulation leads to both a significant 
increase in the width of Ca2+ spikes as well as the number of such spikes.

https://doi.org/10.1371/journal.pcbi.1013430.g010
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Balanced Salt Solution to be minor and the model to adequately capture the key features of Ca2+ dynamics. However, 
through our subsequent analysis of the SSM, we discovered that this solution likely attenuates flux through IP3Rs by dis-
rupting their opening–closing dynamics and receptor clustering. This interpretation is in agreement with the role of IP3Rs 
as the primary initiators of stochastic Ca2+ events in our framework, whereas RyRs primarily serve to amplify these events 
through CICR [59]. Consistent with this interpretation, our analysis showed that RyR flux, rather than IP3R flux, is required 
for P2X7- and glutamatergic-receptor–mediated Ca2+ entry to generate their three stereotypical response profiles (Fig 7). 
In this context, suppressing IP3R activity effectively removes the dominant source of stochastic fluctuations, leading to a 
reduction in spontaneous calcium transients, while RyR-mediated amplification remains intact. Notably, stochastic noise in 
the model was incorporated into the inactivation variable of the IP3R flux; when this flux is blocked, these stochastic fluc-
tuations are removed, and RyR flux alone enables P2X7 and glutamatergic receptors to reproduce the observed response 
profiles without SCaLTs, closely matching the experimental traces. Such distinction mirrors our knockout analyses, where 
IP3R suppression eliminates the initiation of calcium events, whereas RyR suppression preserves small, localized fluctu-
ations but prevents their amplification into larger transients. This observation suggests that Hanks’ Balanced Salt Solution 
may act, at least in part, by blocking IP3Rs, thereby reducing stochastic fluctuations while leaving RyR-mediated amplifi-
cation intact. Accordingly, our model predicts that bathing cells in Hanks’ Balanced Salt Solution promotes more quiescent 
calcium signals during prolonged neurotransmitter stimulation by suppressing IP3R-driven noise. These findings remain to 
be validated experimentally.

Fig 11.  Simulated Ca2+ fluxes under random glutamate stimulations mimicking in vivo conditions. Simulated Ca2+ flux through (A) store- 
operated Ca2+ entry (JSOCE), (B) CICR (JCICR = JIP3 + JRy), (C) VGCC (JVGCC = JL–type + JT–type ), (D) P2X7Rs (JP2X7,Ca ), and (E) AMPARs and NMDARs 
(JSyn = JAMPA,Ca + JNMDA,Ca), along with (F) simulated cytosolic IP3 concentration ([IP3]i).

https://doi.org/10.1371/journal.pcbi.1013430.g011
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Active axons communicate with local oligodendrocytes through two primary mechanisms: the vesicular release of 
glutamate and the non-vesicular release of intracellular ATP [60]. ATP is released via a volume-regulated anion chan-
nel, which is activated by osmotic swelling resulting from ion influx during action potentials [61]. Similarly, glutamate is 
released in an activity-dependent manner in both developing and mature oligodendrocytes [62]. Both ATP and glutamate 
regulate Ca2+ dynamics in myelinating oligodendrocytes, influencing myelin formation. Variations in the release patterns 
of these molecules along a single axon may contribute to the heterogeneous myelin distribution observed in the human 
cortex [63]. Approximately half of the Ca2+ transients in developing oligodendrocytes are driven by axonal action poten-
tials, but the remaining ones occur independently of action potentials [10]. Interestingly, the positive correlation between 
the frequency of Ca2+ transients and speed of myelin sheath elongation is thought to be linked to the role of Ca2+ in actin 
polymerization in the myelin sheath [8]. Additionally, it has been experimentally demonstrated that these oscillations are 
activity-dependent, although the underlying mechanism remains unclear. In this study, we examined how applying random 
ATP and glutamate stimulation events mimicking in vivo-like conditions affect Ca2+ transients in the SSM. Our goal was 
to explore how Ca2+ spikes are formed as a combination of both evoked ATP- and glutamate-dependent responses and 
spontaneous events that are enhanced by VGCCs. Our results showed that even at low ATP and glutamate stimulation 
frequencies, the SSM generated broader Ca2+ spikes, which may serve a distinct role from narrower spikes, such as in 
cell differentiation. In contrast, the amplitude of the Ca2+ spikes remained largely unchanged. While this stability in ampli-
tude aligns with previous studies suggesting that Ca2+ spike amplitude and shape are relatively insensitive to stimulation 
strength [64–66], the observed increase in spike width does not. This discrepancy is likely due to the stochastic nature of 
ATP and glutamate stimulation interacting with an excitable system, leading to random spiking events. More specifically, 
ATP and glutamate stimulation appear to drive the system from a spiking regime into an overstimulated regime [67], oper-
ating near the boundary between the two. Interestingly, these overstimulated responses arise despite the fact that ATP 
and glutamate stimulation events are brief (0.1 s), which results in relatively small JSOCE  and modest changes in [IP3] i .  
This further emphasizes that the observed dynamics are governed by the excitable nature of the system, whereby even 
weak, transient inputs can drive transitions between dynamical regimes.

Stretch-activated Ca2+ channels (SACs) may contribute to Ca2+ influx in oligodendrocytes, particularly within the soma. 
These mechanosensitive channels are known to play a crucial role in cellular motility [68] and have been implicated in 
mechano-electric feedback mechanisms that regulate Ca2+ transients in cardiomyocytes [69]. In oligodendrocytes, osmotic 
swelling caused by Ca2+ influx could activate SACs, further amplifying Ca2+ currents. This feedback loop may play a role in 
regulating intracellular Ca2+ signaling and volume homeostasis in response to mechanical or osmotic changes. The role of 
SAC was not incorporated into the SSM but could be a promising avenue for exploring its impact on Ca2+ spikes.

Given that myelination in the central nervous system is closely linked to the neural activity of neighboring cells, our 
flux-balance-based SSM provided a framework for investigating the underlying dynamics of Ca2+ signals in OPCs. This 
approach offered fresh insights into the fundamental Ca2+ transients that drive neuro-oligodendrocyte signaling. Ultimately, 
the development of the SSM represents a crucial step toward unraveling the complexities of neuro-oligodendrocyte inter-
actions, with potential implications for advancing our understanding of myelin-related processes.

Supporting information

S1 Fig. Effects of key Ca2+ fluxes on voltage-independent (or intrinsic) SCaLTs when the voltage, P2X7Rs, 
AMPARs and NMDARs are absent. As in [12], blocking (A) IP3Rs produces quiescent signal, (B) SERCA pumps pro-
duces one single Ca2+ transient, (C) RyRs produces reduced number of SCaLTs, and (D) mode 1, mode 2 and both 
modes of NCX produces a decrease, an increase and no effect, respectively. Insets in C and D are the average number of 
SCaLTs of 50 simulations for each condition.
(EPS)

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013430.s001
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S2 Fig. Illustration of the stimulation protocol. Random spike-train stimulations were applied uniformly across the 
entire cell (modeled as a one-dimensional domain of length L) using (A) ATP and (B) glutamate, delivered as repetitive 
square-wave pulses with varying frequency and amplitude (as shown in the magnified insets of each panel). High- 
frequency stimulations are presented for illustrative purposes.
(EPS)

S3 Fig. Representative steady state time-series simulations illustrating model responses to ATP. Ca2+ spikes gen-
erated from simulations initialized within (A) the regular spiking regime located between the two torus bifurcations: TR1 
and TR2, and (A) the quiescent regime to the left of the left of Hopf bifurcation.
(EPS)

S4 Fig. Representative steady state time-series simulations illustrating model responses to glutamate. Ca2+ spikes 
generated from simulations initialized within (A) the mixed-mode oscillation regime between the torus bifurcation: TR and 
period doubling bifurcation: PD, (B) regular spiking regime to the right of PD and far from the homoclinic bifurcation, and 
(C) regular spiking regime near the homoclinic bifurcation.
(EPS)

S5 Fig. Simulated wild-type (WT) OPC fluxes in the absence of neurotransmitters. Simulated Ca2+ flux through 
(A) store-operated Ca2+ entry (JSOCE), (B) CICR (JCICR = JIP3 + JRy), (C) VGCC (JVGCC = JL–type + JT–type ), (D) P2X7Rs 
(JP2X7,Ca ), and (E) AMPARs and NMDARs (JSyn = JAMPA,Ca + JNMDA,Ca), along with (F) simulated cytosolic IP3 concentra-
tion, taken as constant ([IP3]i = 0.2).
(TIFF)

S6 Fig. Spatiotemporal dynamics of cytosolic Ca2+ concentration in WT OPCs subjected to stochastic neurotrans-
mitter stimulation at varying frequencies. Heatmaps of Ca2+ concentration ([Ca2+]i ) along the entire length of the cell 
L = 8 µm in response to (A) ATP, and (B) glutamate stimulation, color-coded according to the color scale on the right of 
each panel. For both ATP and glutamate, stimulation is applied at low (left), intermediate (middle) and high (right) frequen-
cies. The transient Ca2+ events in the form of waves are triggered by the combination of SCaLTs and evoked responses 
occurring along the spatial domain during a 300-second simulation.
(EPS)

S7 Fig. Fluctuations in membrane voltage upon random stimulations with ATP (top row) and glutamate (bottom 
row), mimicking in vivo conditions. Random stimulations are done at (A,D) low, (B, E) intermediate, and (C,F) high 
frequencies.
(EPS)

Acknowledgments

The authors acknowledge the use of high-performance computing (HPC) resources provided by Calcul Québec (https://
www.calculquebec.ca/) and the Digital Research Alliance of Canada (https://alliancecan.ca/) for this research.

Author contributions

Conceptualization: Martin Lardy, Leqi Wang, Claire Guerrier, Veronica T. Cheli, Pablo M. Paez, Anmar Khadra.

Data curation: Veronica T. Cheli, Pablo M. Paez.

Formal analysis: Martin Lardy, Leqi Wang.

Funding acquisition: Anmar Khadra.

http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013430.s002
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013430.s003
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013430.s004
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013430.s005
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013430.s006
http://journals.plos.org/ploscompbiol/article/asset?unique&id=info:doi/10.1371/journal.pcbi.1013430.s007
https://www.calculquebec.ca/
https://www.calculquebec.ca/
https://alliancecan.ca/


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013430  June 18, 2026 27 / 29

Investigation: Martin Lardy, Leqi Wang.

Methodology: Martin Lardy.

Project administration: Anmar Khadra.

Resources: Pablo M. Paez, Anmar Khadra.

Software: Martin Lardy, Leqi Wang.

Supervision: Pablo M. Paez, Anmar Khadra.

Validation: Claire Guerrier.

Writing – original draft: Anmar Khadra.

Writing – review & editing: Leqi Wang, Anmar Khadra.

References
	 1.	 Barber HM, Ali MF, Kucenas S. Glial Patchwork: Oligodendrocyte Progenitor Cells and Astrocytes Blanket the Central Nervous System. Front Cell 

Neurosci. 2022;15:803057. https://doi.org/10.3389/fncel.2021.803057 PMID: 35069117

	 2.	 Yamada M, Iwase M, Sasaki B, Suzuki N. The molecular regulation of oligodendrocyte development and CNS myelination by ECM proteins. Front 
Cell Dev Biol. 2022;10:952135. https://doi.org/10.3389/fcell.2022.952135 PMID: 36147746

	 3.	 Feher JJ. Quantitative Human Physiology: An Introduction. Academic Press. 2017.

	 4.	 Nave K-A. Myelination and support of axonal integrity by glia. Nature. 2010;468(7321):244–52. https://doi.org/10.1038/nature09614 PMID: 
21068833

	 5.	 Seidl AH. Regulation of conduction time along axons. Neuroscience. 2014;276:126–34. https://doi.org/10.1016/j.neuroscience.2013.06.047 PMID: 
23820043

	 6.	 Suminaite D, Lyons DA, Livesey MR. Myelinated axon physiology and regulation of neural circuit function. Glia. 2019;67(11):2050–62.

	 7.	 Miller RH. Calcium control of myelin sheath growth. Nat Neurosci. 2018;21(1):2–3. https://doi.org/10.1038/s41593-017-0043-7 PMID: 29269759

	 8.	 Baraban M, Koudelka S, Lyons DA. Ca 2+ activity signatures of myelin sheath formation and growth in vivo. Nat Neurosci. 2018;21(1):19–23. 
https://doi.org/10.1038/s41593-017-0040-x PMID: 29230058

	 9.	 Paez PM, Lyons DA. Calcium Signaling in the Oligodendrocyte Lineage: Regulators and Consequences. Annu Rev Neurosci. 2020;43:163–86. 
https://doi.org/10.1146/annurev-neuro-100719-093305 PMID: 32075518

	10.	 Krasnow AM, Ford MC, Valdivia LE, Wilson SW, Attwell D. Regulation of developing myelin sheath elongation by oligodendrocyte calcium tran-
sients in vivo. Nat Neurosci. 2018;21(1):24–8. https://doi.org/10.1038/s41593-017-0031-y PMID: 29230052

	11.	 Rui Y, Pollitt SL, Myers KR, Feng Y, Zheng JQ. Spontaneous Local Calcium Transients Regulate Oligodendrocyte Development in Culture through 
Store-Operated Ca2+ Entry and Release. eNeuro. 2020;7(4):ENEURO.0347-19.2020. https://doi.org/10.1523/ENEURO.0347-19.2020 PMID: 
32409508

	12.	 Oprea L, Desjardins N, Jiang X, Sareen K, Zheng JQ, Khadra A. Characterizing spontaneous Ca2+ local transients in OPCs using computational 
modeling. Biophysical Journal. 2022;121(23):4419–32.

	13.	 Papanikolaou M, Lewis A, Butt AM. Store-operated calcium entry is essential for glial calcium signalling in CNS white matter. Brain Struct Funct. 
2017;222(7):2993–3005. https://doi.org/10.1007/s00429-017-1380-8 PMID: 28247021

	14.	 Bassetti D, Hammann J, Luhmann HJ, White R, Kirischuk S. Ryanodine receptor- and sodium-calcium exchanger-mediated spontaneous calcium 
activity in immature oligodendrocytes in cultures. Neurosci Lett. 2020;732:134913. https://doi.org/10.1016/j.neulet.2020.134913 PMID: 32482568

	15.	 Kanno T, Nishizaki T. A(2a) adenosine receptor mediates PKA-dependent glutamate release from synaptic-like vesicles and Ca(2+) efflux 
from an IP(3)- and ryanodine-insensitive intracellular calcium store in astrocytes. Cell Physiol Biochem. 2012;30(6):1398–412. https://doi.
org/10.1159/000343328 PMID: 23154210

	16.	 Berridge MJ, Lipp P, Bootman MD. The versatility and universality of calcium signalling. Nat Rev Mol Cell Biol. 2000;1(1):11–21. https://doi.
org/10.1038/35036035 PMID: 11413485

	17.	 Periasamy M, Kalyanasundaram A. SERCA pump isoforms: their role in calcium transport and disease. Muscle Nerve. 2007;35(4):430–42. https://
doi.org/10.1002/mus.20745 PMID: 17286271

	18.	 Brini M, Calì T, Ottolini D, Carafoli E. The plasma membrane calcium pump in health and disease. FEBS J. 2013;280(21):5385–97. https://doi.
org/10.1111/febs.12193 PMID: 23413890

	19.	 Paez PM, Fulton DJ, Spreuer V, Handley V, Campagnoni CW, Macklin WB, et al. Golli myelin basic proteins regulate oligodendroglial progenitor 
cell migration through voltage-gated Ca2+ influx. J Neurosci. 2009;29(20):6663–76. https://doi.org/10.1523/JNEUROSCI.5806-08.2009 PMID: 
19458236

https://doi.org/10.3389/fncel.2021.803057
http://www.ncbi.nlm.nih.gov/pubmed/35069117
https://doi.org/10.3389/fcell.2022.952135
http://www.ncbi.nlm.nih.gov/pubmed/36147746
https://doi.org/10.1038/nature09614
http://www.ncbi.nlm.nih.gov/pubmed/21068833
https://doi.org/10.1016/j.neuroscience.2013.06.047
http://www.ncbi.nlm.nih.gov/pubmed/23820043
https://doi.org/10.1038/s41593-017-0043-7
http://www.ncbi.nlm.nih.gov/pubmed/29269759
https://doi.org/10.1038/s41593-017-0040-x
http://www.ncbi.nlm.nih.gov/pubmed/29230058
https://doi.org/10.1146/annurev-neuro-100719-093305
http://www.ncbi.nlm.nih.gov/pubmed/32075518
https://doi.org/10.1038/s41593-017-0031-y
http://www.ncbi.nlm.nih.gov/pubmed/29230052
https://doi.org/10.1523/ENEURO.0347-19.2020
http://www.ncbi.nlm.nih.gov/pubmed/32409508
https://doi.org/10.1007/s00429-017-1380-8
http://www.ncbi.nlm.nih.gov/pubmed/28247021
https://doi.org/10.1016/j.neulet.2020.134913
http://www.ncbi.nlm.nih.gov/pubmed/32482568
https://doi.org/10.1159/000343328
https://doi.org/10.1159/000343328
http://www.ncbi.nlm.nih.gov/pubmed/23154210
https://doi.org/10.1038/35036035
https://doi.org/10.1038/35036035
http://www.ncbi.nlm.nih.gov/pubmed/11413485
https://doi.org/10.1002/mus.20745
https://doi.org/10.1002/mus.20745
http://www.ncbi.nlm.nih.gov/pubmed/17286271
https://doi.org/10.1111/febs.12193
https://doi.org/10.1111/febs.12193
http://www.ncbi.nlm.nih.gov/pubmed/23413890
https://doi.org/10.1523/JNEUROSCI.5806-08.2009
http://www.ncbi.nlm.nih.gov/pubmed/19458236


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013430  June 18, 2026 28 / 29

	20.	 Fulton D, Paez PM, Fisher R, Handley V, Colwell CS, Campagnoni AT. Regulation of L-type Ca++ currents and process morphology in white matter 
oligodendrocyte precursor cells by golli-myelin proteins. Glia. 2010;58(11):1292–303. https://doi.org/10.1002/glia.21008 PMID: 20607717

	21.	 Paez PM, Fulton DJ, Spreur V, Handley V, Campagnoni AT. Multiple kinase pathways regulate voltage-dependent Ca2+ influx and migration in 
oligodendrocyte precursor cells. J Neurosci. 2010;30(18):6422–33. https://doi.org/10.1523/JNEUROSCI.5086-09.2010 PMID: 20445068

	22.	 Cheli VT, Santiago González DA, Namgyal Lama T, Spreuer V, Handley V, Murphy GG, et al. Conditional Deletion of the L-Type Calcium Channel 
Cav1.2 in Oligodendrocyte Progenitor Cells Affects Postnatal Myelination in Mice. J Neurosci. 2016;36(42):10853–69. https://doi.org/10.1523/
JNEUROSCI.1770-16.2016 PMID: 27798140

	23.	 Bergles DE, Richardson WD. Oligodendrocyte Development and Plasticity. Cold Spring Harb Perspect Biol. 2015;8(2):a020453. https://doi.
org/10.1101/cshperspect.a020453 PMID: 26492571

	24.	 Spitzer SO, Sitnikov S, Kamen Y, Evans KA, Kronenberg-Versteeg D, Dietmann S, et al. Oligodendrocyte Progenitor Cells Become Regionally 
Diverse and Heterogeneous with Age. Neuron. 2019;101(3):459-471.e5. https://doi.org/10.1016/j.neuron.2018.12.020 PMID: 30654924

	25.	 Chen TJ, Kula B, Nagy B, Barzan R, Gall A, Ehrlich I, et al. In vivo regulation of oligodendrocyte precursor cell proliferation and differentiation by 
the AMPA-receptor subunit GluA2. Cell Reports. 2018;25(4):852–61.

	26.	 Agresti C, Meomartini ME, Amadio S, Ambrosini E, Serafini B, Franchini L, et al. Metabotropic P2 receptor activation regulates oligodendrocyte 
progenitor migration and development. Glia. 2005;50(2):132–44. https://doi.org/10.1002/glia.20160 PMID: 15657938

	27.	 Lecca D, Abbracchio MP, Fumagalli M. Purinergic receptors on oligodendrocyte progenitors: promising targets for myelin repair in multiple sclero-
sis?. Frontiers in Pharmacology. 2021;11:629618.

	28.	 Yan Z, Khadra A, Li S, Tomic M, Sherman A, Stojilkovic SS. Experimental characterization and mathematical modeling of P2X7 receptor channel 
gating. J Neurosci. 2010;30(42):14213–24. https://doi.org/10.1523/JNEUROSCI.2390-10.2010 PMID: 20962242

	29.	 Khadra A, Tomić M, Yan Z, Zemkova H, Sherman A, Stojilkovic SS. Dual gating mechanism and function of P2X7 receptor channels. Biophys J. 
2013;104(12):2612–21. https://doi.org/10.1016/j.bpj.2013.05.006 PMID: 23790369

	30.	 Yan Z, Khadra A, Sherman A, Stojilkovic SS. Calcium-dependent block of P2X7 receptor channel function is allosteric. J Gen Physiol. 
2011;138(4):437–52. https://doi.org/10.1085/jgp.201110647 PMID: 21911484

	31.	 Mackay L, Sherman A, Stojilkovic SS, Khadra A. Deciphering the Kinetic and Gating Properties of Purinergic P2X7 Receptor Channels. AJS. 
2014;1(1):43–56. https://doi.org/10.30958/ajs.1-1-4

	32.	 Mikolajewicz N, Smith D, Komarova SV, Khadra A. High-affinity P2Y2 and low-affinity P2X7 receptor interaction modulates ATP-mediated calcium 
signaling in murine osteoblasts. PLoS Comput Biol. 2021;17(6):e1008872. https://doi.org/10.1371/journal.pcbi.1008872 PMID: 34153025

	33.	 Hamilton N, Vayro S, Wigley R, Butt AM. Axons and astrocytes release ATP and glutamate to evoke calcium signals in NG2-glia. Glia. 
2010;58(1):66–79. https://doi.org/10.1002/glia.20902 PMID: 19533604

	34.	 Cheli VT, Santiago González DA, Spreuer V, Paez PM. Voltage-gated Ca2+ entry promotes oligodendrocyte progenitor cell maturation and myelin-
ation in vitro. Exp Neurol. 2015;265:69–83. https://doi.org/10.1016/j.expneurol.2014.12.012 PMID: 25542980

	35.	 Cheli VT, Sekhar M, Santiago González DA, Angeliu CG, Denaroso GE, Smith Z, et al. The expression of ceruloplasmin in astrocytes is essen-
tial for postnatal myelination and myelin maintenance in the adult brain. Glia. 2023;71(10):2323–42. https://doi.org/10.1002/glia.24424 PMID: 
37269227

	36.	 Wan R, Cheli VT, Santiago-González DA, Rosenblum SL, Wan Q, Paez PM. Impaired Postnatal Myelination in a Conditional Knockout Mouse for 
the Ferritin Heavy Chain in Oligodendroglial Cells. J Neurosci. 2020;40(40):7609–24. https://doi.org/10.1523/JNEUROSCI.1281-20.2020 PMID: 
32868463

	37.	 Wagner J, Keizer J. Effects of rapid buffers on Ca2+ diffusion and Ca2+ oscillations. Biophys J. 1994;67(1):447–56. https://doi.org/10.1016/S0006-
3495(94)80500-4 PMID: 7919018

	38.	 Villarruel C, Aguilar PS, Ponce Dawson S. High rates of calcium-free diffusion in the cytosol of living cells. Biophys J. 2021;120(18):3960–72. 
https://doi.org/10.1016/j.bpj.2021.08.019 PMID: 34454909

	39.	 Li YX, Rinzel J. Equations for InsP3 receptor-mediated [Ca2+]i oscillations derived from a detailed kinetic model: a Hodgkin-Huxley like formalism. 
J Theor Biol. 1994;166(4):461–73. https://doi.org/10.1006/jtbi.1994.1041 PMID: 8176949

	40.	 Ornelas-Guevara R, Gil D, Voorsluijs V, Dupont G. Computational investigation of IP3 diffusion. Sci Rep. 2023;13(1). https://doi.org/10.1038/
s41598-023-29876-3

	41.	 Luzzi V, Sims CE, Soughayer JS, Allbritton NL. The physiologic concentration of inositol 1, 4, 5-trisphosphate in the oocytes of Xenopus laevis. 
Journal of Biological Chemistry. 1998;273(44):28657–62.

	42.	 Goldwyn JH, Shea-Brown E. The what and where of adding channel noise to the Hodgkin-Huxley equations. PLoS Comput Biol. 
2011;7(11):e1002247. https://doi.org/10.1371/journal.pcbi.1002247 PMID: 22125479

	43.	 Keizer J, Levine L. Ryanodine receptor adaptation and Ca2+(-)induced Ca2+ release-dependent Ca2+ oscillations. Biophys J. 1996;71(6):3477–
87. https://doi.org/10.1016/S0006-3495(96)79543-7 PMID: 8968617

	44.	 Sherman AS, Li YX, Keizer JE. Computational Cell Biology. Springer. 2002. 101–39.

	45.	 Hodgkin AL, Huxley AF. A quantitative description of membrane current and its application to conduction and excitation in nerve. J Physiol. 
1952;117(4):500–44. https://doi.org/10.1113/jphysiol.1952.sp004764 PMID: 12991237

https://doi.org/10.1002/glia.21008
http://www.ncbi.nlm.nih.gov/pubmed/20607717
https://doi.org/10.1523/JNEUROSCI.5086-09.2010
http://www.ncbi.nlm.nih.gov/pubmed/20445068
https://doi.org/10.1523/JNEUROSCI.1770-16.2016
https://doi.org/10.1523/JNEUROSCI.1770-16.2016
http://www.ncbi.nlm.nih.gov/pubmed/27798140
https://doi.org/10.1101/cshperspect.a020453
https://doi.org/10.1101/cshperspect.a020453
http://www.ncbi.nlm.nih.gov/pubmed/26492571
https://doi.org/10.1016/j.neuron.2018.12.020
http://www.ncbi.nlm.nih.gov/pubmed/30654924
https://doi.org/10.1002/glia.20160
http://www.ncbi.nlm.nih.gov/pubmed/15657938
https://doi.org/10.1523/JNEUROSCI.2390-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20962242
https://doi.org/10.1016/j.bpj.2013.05.006
http://www.ncbi.nlm.nih.gov/pubmed/23790369
https://doi.org/10.1085/jgp.201110647
http://www.ncbi.nlm.nih.gov/pubmed/21911484
https://doi.org/10.30958/ajs.1-1-4
https://doi.org/10.1371/journal.pcbi.1008872
http://www.ncbi.nlm.nih.gov/pubmed/34153025
https://doi.org/10.1002/glia.20902
http://www.ncbi.nlm.nih.gov/pubmed/19533604
https://doi.org/10.1016/j.expneurol.2014.12.012
http://www.ncbi.nlm.nih.gov/pubmed/25542980
https://doi.org/10.1002/glia.24424
http://www.ncbi.nlm.nih.gov/pubmed/37269227
https://doi.org/10.1523/JNEUROSCI.1281-20.2020
http://www.ncbi.nlm.nih.gov/pubmed/32868463
https://doi.org/10.1016/S0006-3495(94)80500-4
https://doi.org/10.1016/S0006-3495(94)80500-4
http://www.ncbi.nlm.nih.gov/pubmed/7919018
https://doi.org/10.1016/j.bpj.2021.08.019
http://www.ncbi.nlm.nih.gov/pubmed/34454909
https://doi.org/10.1006/jtbi.1994.1041
http://www.ncbi.nlm.nih.gov/pubmed/8176949
https://doi.org/10.1038/s41598-023-29876-3
https://doi.org/10.1038/s41598-023-29876-3
https://doi.org/10.1371/journal.pcbi.1002247
http://www.ncbi.nlm.nih.gov/pubmed/22125479
https://doi.org/10.1016/S0006-3495(96)79543-7
http://www.ncbi.nlm.nih.gov/pubmed/8968617
https://doi.org/10.1113/jphysiol.1952.sp004764
http://www.ncbi.nlm.nih.gov/pubmed/12991237


PLOS Computational Biology | https://doi.org/10.1371/journal.pcbi.1013430  June 18, 2026 29 / 29

	46.	 Battefeld A, Kole MHP. A passive cable to excite oligodendrocyte precursor glia. J Physiol. 2013;591(19):4685–6. https://doi.org/10.1113/
jphysiol.2013.263988 PMID: 24085491

	47.	 Pivoňková H, Sitnikov S, Kamen Y, Vanhaesebrouck A, Matthey M, Spitzer SO, et al. Heterogeneity in oligodendrocyte precursor cell prolifera-
tion is dynamic and driven by passive bioelectrical properties. Cell Rep. 2024;43(11):114873. https://doi.org/10.1016/j.celrep.2024.114873 PMID: 
39423130

	48.	 Destexhe A, Mainen ZF, Sejnowski TJ. Kinetic Models of Synaptic Transmission. Methods in Neuronal Modeling. 1998. 1–25.

	49.	 Roche KW, Standley S, McCallum J, Dune Ly C, Ehlers MD, Wenthold RJ. Molecular determinants of NMDA receptor internalization. Nat Neurosci. 
2001;4(8):794–802. https://doi.org/10.1038/90498 PMID: 11477425

	50.	 Ehlers MD. Reinsertion or degradation of AMPA receptors determined by activity-dependent endocytic sorting. Neuron. 2000;28(2):511–25. https://
doi.org/10.1016/s0896-6273(00)00129-x PMID: 11144360

	51.	 Breslin K, Wade JJ, Wong-Lin K, Harkin J, Flanagan B, Van Zalinge H, et al. Potassium and sodium microdomains in thin astroglial processes: A 
computational model study. PLoS Comput Biol. 2018;14(5):e1006151. https://doi.org/10.1371/journal.pcbi.1006151 PMID: 29775457

	52.	 Zeng S, Li B, Zeng S, Chen S. Simulation of spontaneous Ca2+ oscillations in astrocytes mediated by voltage-gated calcium channels. Biophys J. 
2009;97(9):2429–37. https://doi.org/10.1016/j.bpj.2009.08.030 PMID: 19883585

	53.	 Lehnert J, Khadra A. How pulsatile kisspeptin stimulation and GnRH autocrine feedback can drive GnRH secretion: A modeling investigation. 
Endocrinology. 2019;160(5):1289–306.

	54.	 Silva HS, Kapela A, Tsoukias NM. A mathematical model of plasma membrane electrophysiology and Ca dynamics in vascular endothelial cells. 
American Journal of Physiology-Cell Physiology. 2007;293(1):C277-93.

	55.	 Harvey E, Kirk V, Wechselberger M, Sneyd J. Multiple Timescales, Mixed Mode Oscillations and Canards in Models of Intracellular Calcium 
Dynamics. J Nonlinear Sci. 2011;21(5):639–83. https://doi.org/10.1007/s00332-011-9096-z

	56.	 Khadra A, Yan Z, Coddou C, Tomić M, Sherman A, Stojilkovic SS. Gating properties of the P2X2a and P2X2b receptor channels: experiments and 
mathematical modeling. J Gen Physiol. 2012;139(5):333–48. https://doi.org/10.1085/jgp.201110716 PMID: 22547664

	57.	 Zemkova H, Khadra A, Rokic MB, Tvrdonova V, Sherman A, Stojilkovic SS. Allosteric regulation of the P2X4 receptor channel pore dilation. 
Pflugers Arch. 2015;467(4):713–26. https://doi.org/10.1007/s00424-014-1546-7 PMID: 24917516

	58.	 Mackay L, Zemkova H, Stojilkovic SS, Sherman A, Khadra A. Deciphering the regulation of P2X4 receptor channel gating by ivermectin using 
Markov models. PLoS Comput Biol. 2017;13(7):e1005643. https://doi.org/10.1371/journal.pcbi.1005643 PMID: 28708827

	59.	 Chung J, Tilūnaitė A, Ladd D, Hunt H, Soeller C, Crampin EJ, et al. IP3R activity increases propensity of RyR-mediated sparks by elevating dyadic 
[Ca2＋]. Mathematical Biosciences. 2023;355:108923. https://doi.org/10.1016/j.mbs.2022.108923

	60.	 Wake H, Lee PR, Fields RD. Control of local protein synthesis and initial events in myelination by action potentials. Science. 2011;333(6049):1647–
51. https://doi.org/10.1126/science.1206998 PMID: 21817014

	61.	 Fields RD, Ni Y. Nonsynaptic communication through ATP release from volume-activated anion channels in axons. Sci Signal. 2010;3(142):ra73. 
https://doi.org/10.1126/scisignal.2001128 PMID: 20923934

	62.	 Káradóttir R, Attwell D. Neurotransmitter receptors in the life and death of oligodendrocytes. Neuroscience. 2007;145(4):1426–38. https://doi.
org/10.1016/j.neuroscience.2006.08.070 PMID: 17049173

	63.	 Tomassy GS, Berger DR, Chen H-H, Kasthuri N, Hayworth KJ, Vercelli A, et al. Distinct profiles of myelin distribution along single axons of pyrami-
dal neurons in the neocortex. Science. 2014;344(6181):319–24. https://doi.org/10.1126/science.1249766 PMID: 24744380

	64.	 Skupin A, Kettenmann H, Winkler U, Wartenberg M, Sauer H, Tovey SC, et al. How does intracellular Ca2+ oscillate: by chance or by the clock?. 
Biophys J. 2008;94(6):2404–11. https://doi.org/10.1529/biophysj.107.119495 PMID: 18065468

	65.	 Thurley K, Tovey SC, Moenke G, Prince VL, Meena A, Thomas AP, et al. Reliable encoding of stimulus intensities within random sequences of 
intracellular Ca2+ spikes. Sci Signal. 2014;7(331):ra59. https://doi.org/10.1126/scisignal.2005237 PMID: 24962706

	66.	 Falcke M. Reading the patterns in living cells —the physics of ca2+signaling. Advances in Physics. 2004;53(3):255–440. https://doi.org/10.1080/00
018730410001703159

	67.	 Thurley K, Falcke M. Derivation of Ca2+ signals from puff properties reveals that pathway function is robust against cell variability but sensitive for 
control. Proc Natl Acad Sci U S A. 2011;108(1):427–32. https://doi.org/10.1073/pnas.1008435108 PMID: 21173273

	68.	 Wei C, Wang X, Zheng M, Cheng H. Calcium gradients underlying cell migration. Curr Opin Cell Biol. 2012;24(2):254–61. https://doi.org/10.1016/j.
ceb.2011.12.002 PMID: 22196933

	69.	 Cleemann L, Morad M. Role of Ca2+ channel in cardiac excitation-contraction coupling in the rat: evidence from Ca2+ transients and contraction. J 
Physiol. 1991;432:283–312. https://doi.org/10.1113/jphysiol.1991.sp018385 PMID: 1653321

https://doi.org/10.1113/jphysiol.2013.263988
https://doi.org/10.1113/jphysiol.2013.263988
http://www.ncbi.nlm.nih.gov/pubmed/24085491
https://doi.org/10.1016/j.celrep.2024.114873
http://www.ncbi.nlm.nih.gov/pubmed/39423130
https://doi.org/10.1038/90498
http://www.ncbi.nlm.nih.gov/pubmed/11477425
https://doi.org/10.1016/s0896-6273(00)00129-x
https://doi.org/10.1016/s0896-6273(00)00129-x
http://www.ncbi.nlm.nih.gov/pubmed/11144360
https://doi.org/10.1371/journal.pcbi.1006151
http://www.ncbi.nlm.nih.gov/pubmed/29775457
https://doi.org/10.1016/j.bpj.2009.08.030
http://www.ncbi.nlm.nih.gov/pubmed/19883585
https://doi.org/10.1007/s00332-011-9096-z
https://doi.org/10.1085/jgp.201110716
http://www.ncbi.nlm.nih.gov/pubmed/22547664
https://doi.org/10.1007/s00424-014-1546-7
http://www.ncbi.nlm.nih.gov/pubmed/24917516
https://doi.org/10.1371/journal.pcbi.1005643
http://www.ncbi.nlm.nih.gov/pubmed/28708827
https://doi.org/10.1016/j.mbs.2022.108923
https://doi.org/10.1126/science.1206998
http://www.ncbi.nlm.nih.gov/pubmed/21817014
https://doi.org/10.1126/scisignal.2001128
http://www.ncbi.nlm.nih.gov/pubmed/20923934
https://doi.org/10.1016/j.neuroscience.2006.08.070
https://doi.org/10.1016/j.neuroscience.2006.08.070
http://www.ncbi.nlm.nih.gov/pubmed/17049173
https://doi.org/10.1126/science.1249766
http://www.ncbi.nlm.nih.gov/pubmed/24744380
https://doi.org/10.1529/biophysj.107.119495
http://www.ncbi.nlm.nih.gov/pubmed/18065468
https://doi.org/10.1126/scisignal.2005237
http://www.ncbi.nlm.nih.gov/pubmed/24962706
https://doi.org/10.1080/00018730410001703159
https://doi.org/10.1080/00018730410001703159
https://doi.org/10.1073/pnas.1008435108
http://www.ncbi.nlm.nih.gov/pubmed/21173273
https://doi.org/10.1016/j.ceb.2011.12.002
https://doi.org/10.1016/j.ceb.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22196933
https://doi.org/10.1113/jphysiol.1991.sp018385
http://www.ncbi.nlm.nih.gov/pubmed/1653321

	Mechanisms underlying spontaneous and evoked calcium responses in oligodendrocyte precursor cells: A modeling investigation
	1 Introduction
	2 Materials and methods
	2.1 Experimental methods
	2.1.1 Primary cultures of OPCs. Primary cultures of cortical OPCs were prepared as described [34–36] which results in >98% OPCs and <1% GFAP stained astrocytes or Iba1 stained microglia. Cerebral hemispheres from 1-day old mice were mechanically dissociat
	2.1.2 Ca2+ imaging. Primary cultures of cortical OPCs were prepared as described above. Before imaging, OPCs were washed in serum and phenol-red-free DMEM and incubated for 25 min with 4 M fura-2 (AM) (Life Technologies) plus 0.08% Pluronic F127 (Life Tec

	2.2 Mathematical methods
	2.2.1 Mathematical model. A stochastic spatiotemporal model (SSM) describing the dynamics of intrinsic (or voltage-independent) SCaLTs in OPCs in one spatial dimension was previously developed [12]. We extended this model in the current study to account f
	2.2.2 Random ATP and glutamate stimulations. The SSM model Eqs. (1)-(27) was subjected to random ATP and glutamate stimulations uniformly across the entire length of the cell (the one-dimensional spatial domain of length L). These random stimulations were
	2.2.3 Numerical methods and software. A forward time-centered space scheme with Neumann boundary conditions was used to compute numerical solutions to the SSM. A custom-made python script was used to compute these solutions. The DTM was numerically solved

	2.3 Quantification of Ca2+ Transients

	3 Results
	3.1 Bifurcation analysis of evoked responses
	3.2 Effects of L- and T-type Ca2+ channels on SCaLTs
	3.3 OPC Ca2+ responses Induced by ATP
	3.4 OPC Ca2+ responses induced by glutamate
	3.5 Role of RyR in ATP- and glutamate-dependent Ca2+ responses
	3.6 Ca2+ responses to in vivo-like stimulation with ATP and glutamate

	4 Discussion
	Supporting information
	References


