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Abstract

Control of astrocytes via modulation of Ca?* oscillations using techniques like optogenetics can prove to be crucial
in therapeutic intervention of a variety of neurological disorders. However, a systematic study quantifying the
effect of optogenetic stimulation in astrocytes is yet to be performed. Here, we propose a novel stochastic
Ca?"dynamics model that incorporates the light sensitive component — channelrhodopsin 2 (ChR2). Utilizing this
model, we studied the effect of various pulsed light stimulation paradigms on astrocytes for select variants of
ChR2 (wild type, ChETA, and ChRET/TC) in both an individual and a network of cells. Our results exhibited a
consistent pattern of Ca?* activity among individual cells in response to optogenetic stimulation, i.e., showing
steady state regimes with increased Ca®* basal level and Ca?* spiking probability. Furthermore, we performed a
global sensitivity analysis to assess the effect of stochasticity and variation of model parameters on astrocytic
Ca?" dynamics in the presence and absence of light stimulation, respectively. Results indicated that directing
variants towards the first open state of the photo-cycle of ChR2 (0,) enhances spiking activity in astrocytes during
optical stimulation. Evaluation of the effect of astrocytic ChR2 expression (heterogeneity) on Ca*" signaling
revealed that the optimal stimulation paradigm of a network does not necessarily coincide with that of an
individual cell. Simulation for ChETA-incorporated astrocytes suggest that maximal activity of a single cell
reduced the spiking probability of the network of astrocytes at higher degrees of ChR2 expression efficiency due
to an elevation of basal Ca®" beyond physiological levels. Collectively, the framework presented in this study
provides valuable information for the selection of light stimulation paradigms that elicit optimal astrocytic activity

using existing ChR2 constructs, as well as aids in the engineering of future optogenetic constructs.
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Author summary

Optogenetics — an avant-garde technique involves targeted delivery of light sensitive ion channels to cells.
Channelrhodopsin 2 (ChR2), an algal derived light sensitive ion channel has extensively been used in
neuroscience to manipulate various cell types in a guided and controlled manner. Despite being predominantly
used in neurons, recent advancements have led to the expansion of the application of optogenetics in non-neuronal
cell types, like astrocytes. These cells play a key role in various aspects of the central nervous system and
alteration of their signaling is associated with various disorders, including epilepsy, stroke and Alzheimer’s
disease. Hence, invaluable information for therapeutic intervention can be obtained from using optogenetics to
regulate astrocytic activity in a strategic manner. Here, we propose a novel computational model to assess
astrocytic response to optogenetic stimulation which implicitly accounts for the stochastic character of Ca®*
signaling in this cell type. We identified light stimulation paradigms suitable for eliciting astrocytic Ca?*" response
within physiological levels in widely-used ChR2 variants and identified highly sensitive parameters in ChR2
kinetics conducive for higher probability in Ca?* spiking. Overall, the results of this model can be used to boost

astrocyte light-induced behavior prediction and the development of improved future optogenetic constructs.

Glossary:
ChR - Channelrhodopsin; PM - plasma membrane; IP; - inositol trisphosphate; IP;R - IP; receptor; CCE -

capacitative calcium entry; CICR - calcium induced calcium release; SOC - store operated calcium channel; ER
- endoplasmic reticulum; ATP- adenosine trisphosphate; SERCA- sarcoplasmic reticulum Ca?*-ATPase; PMCA
- plasma membrane Ca?" ATPase; PLCS - phospholipase C delta; SCOs - spontaneous calcium oscillations; LL -

Local linearization; LHS - Latin hypercube sampling; PRCC - partial rank correlation coefficient

Introduction

Astrocytes - key players in the brain, are involved in neurovascular coupling [1-3], serve as communication
elements and regulate neuronal activity via gliotransmission [4-6]. They are pivotal in housekeeping roles such

as providing metabolic support to neurons [7, 8], rendering cytoarchitectonic support to the brain environment,
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and maintaining carbon homeostasis which leads to the regulation of ‘excitatory — inhibitory’ neurotransmitter
balance [9]. Astrocytes are extensively involved in the reduction of toxicity in the neuronal environment through
scavenging reactive oxygen species, thereby minimizing tissue damage [10]. In the case of neurotoxic insults,
they assist microglia in the de-novo synthesis of various cytokines and trophic factors resulting in the modulation
of neuroinflammation [11-13]. Dysregulation of astrocytic function results in a multitude of brain disorders
including epilepsy, stroke and Alzheimer’s disease [14-20]. Hence, control of astrocytes is a powerful tool for

intervening and preventing brain dysfunction. Since calcium signaling is one of the major regulatory mechanisms

in astrocytes, its control can serve as a target for therapeutic intervention [21-25].

Several research groups have demonstrated the ability to elevating Ca?" activity in astrocytes via electrical [26-
29], mechanical [30-32] and pharmacological [33, 34] approaches. Upon electrical stimulation, astrocytes exhibit
high frequency oscillations, mainly through L-type Ca?" channels. However, this methodology lacks cell
specificity due to potential concurrent activation of neurons and suffers low spatial resolution. Additionally, the
feasibility of this method has not yet been tested in vivo. Mechanical stimulation, performed to mimic responses
to brain injury and spreading depression [29, 35], lacks clinical feasibility. The use of pharmacological techniques
for targeting these cells in the brain has been limited to basic research due to high invasiveness and low temporal
resolution [36, 37]. Contrarily, optogenetics is an avant-garde minimally invasive approach, which in combination
with advancements in the field of nonlinear optics [38-40], has provided a platform for genetically targeting

specific cell types with high temporal and spatial precision [37, 41-43].

In spite of the recent inception of the field of optogenetics, a wide variety of optogenetic tools have been
constructed, among which channelrhodopsin 2 (ChR2) has been one of the most commonly used. There exists an
extensive body of literature on the biophysical characterization of ChR2 variants and their response to various
light stimulation paradigms, predominantly in excitable cells [44-47]. For example, many research groups have
engineered ChR2 variants for enhanced conductance, increasing recovery kinetics and capability of stimulation
at lower light levels in neurons [44, 48]. ChR2 variants have also been modified to form chimeric variants for

regulating responses and facilitating multiwavelength optogenetics in neurons [49]. There have been few studies
4
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on optogenetically targeting astrocytes for specific applications [50-54], including their role in memory
enhancement [55] and cortical state switching [56]. However, a holistic approach to quantify the effect of light
stimulation on astrocytes has not yet been formulated, a vital step for strategic manipulation of these cells. In
analyzing this effect, accounting for the stochastic nature of spontaneous calcium oscillations (SCOs) in astrocytes

is imperative. The source of this stochasticity is primarily ascribed to the randomness in fluxes through IP;R

clusters and the plasma membrane (PM) [57, 58].

This paper seeks to provide a comprehensive platform via mathematical modeling to optimize light stimulation
paradigms for existing optogenetic variants, yielding high astrocytic spiking rates without eliciting non-
physiological behavior, and to aid the development of novel application-based constructs targeting astrocytes. To
this end, we outline a novel stochastic model of astrocyte calcium dynamics with an incorporated optogenetic
component - ChR2. Firstly, we quantify and evaluate the effect of different light stimulation paradigms on the
Ca?" dynamics of single cells expressing three existing ChR2 variants i.e. wild type, ChETA, and ChRET/TC.
Secondly, to identify key features necessary for the development of prospective ChR2 constructs, we perform a
global sensitivity analysis of different parameters of the single cell model to Ca?* spiking rate and basal levels.
Thirdly, through the incorporation of gap junctions allowing diffusion of IP; and Ca?*, we analyze the effect of
local light stimulation on the global Ca?* response in a network of astrocytes homogeneously expressing ChR2.
Lastly, we investigate the effect of varying degrees of heterogeneity in ChR2 expression on network-wide

astrocytic Ca®* spiking rate and basal level upon global light stimulation.

Materials and methods:

The biophysical model:

In this study, we present a novel biophysical model of optogenetically-modified astrocytes. The model is
composed of a combination of the previously published stochastic astrocyte model [58, 59] and a 4-state model

for ChR2 taken from Stefanescu et al [60] and Williams ef a/ [61]. The stochastic IP;R model is adapted from the
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Li-Rinzel simplification of the De Young-Keizer model [62-64]. The 4-state ChR2 model assumes the existence

of the channel in two closed states (cy, c;) and two open states (04, 0,).

(Insert Fig. 1 around here)

Figure 1 illustrates the schematic of the biophysical model of calcium dynamics of ChR2 expressing astrocytes.

Cationic influx through ChR2 activation is labeled as ji,,,,,- Light stimulation window is modeled as the

commonly used pulse train (0(t)) given by T (pulse period) and 6 (pulse width — expressed as percentage of T).
Ca?" in the cytosol activates the IP; receptor (IP3R) on the endoplasmic reticulum (ER) membrane, leading to an
efflux of Ca?" into the cytosol. Cytosolic Ca?* also binds to PLCjs (on the PM) leading to the production of IP3 in
the cytosol, which also activates IP;R clusters. Ca?* release from IP;R leads to a further increase of IP;R activity,
also known as calcium induced calcium release (CICR). Further increase in Ca’* concentration in the cytosol
inactivates the release from the ER. Release of Ca?" from the ER leads to capacitative calcium entry (CCE) via
the transmembrane store operated calcium (SOC) channel. Uptake of Ca’" via sarcoplasmic reticulum Ca”*-
ATPase (SERCA) pump results in the replenishment of the ER stores from the cytosol. The PM Ca?" ATPase

(PMCA) pump extrudes Ca?* from the cytosol to the extracellular (EC) space.

Our biophysical model for a single astrocyte is composed of nine state variables, i.e. free cytosolic calcium

concentration — [Ca®* ], inositol triphosphate concentration — [IP3], the fraction of open inactivation IP;R gates

— h, total free Ca®" concentration — c,, fraction of ChR2 in its closed and open states — ¢, ¢y, 01,07, and a variable
capturing temporal kinetics of conformational changes in ChR2 — s. Additive Weiner processes (c’s), which
capture the stochasticity in astrocytes and ChR2 dynamics, are added as diffusion terms. A network of
homogeneous/heterogeneous astrocytes was modeled by incorporation of gap junctions, J,;, between the cells
where the diffusion of IP; and Ca?" were accounted for (network dynamics, Table 1). Quantification of spiking
rate and Ca”" basal levels were performed pre, during and post stimulus. The equations for astrocyte %’ in the

network can be summarized by the following stochastic state-space equation:
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dX; = f(tX;P) dt + g(P)dw (1)
Drift Dif fusion
where
Ca’t, Oca**
1P aips
h Oh
Co ac,
X= 01 ; g = Oy, ; (11)
02 002
C1 O¢,
Cy O,
S O

P denotes the parameters of the model, summarized in Table 1, and components of the f vector will be described
in detail. We have previously estimated the variance of the Weiner processes for IP;, Ca. , h and c,, using the
local linearization (LL) filter [59, 65] (Weiner processes, Table 1). Potential stochasticity in ChR2 dynamics is
included in the model using constant Weiner processes and will be explored in later sections.

The dynamics of free cytosolic calcium concentration is given by

dlca**], = (Arer = vserea) + €(iim + Veck = Vour + jinchra) = Jgje)dt + Oca?+ AWeg + (2)

]ngal. = ZkDCa([Ca]ci - [Ca]ck) (2-1)

Where g4, is the gap junctional flux of Ca?* flowing from astrocyte ‘i’ to its neighboring astrocytes (indicated

by index k). The efflux of Ca?* from the ER to the cytosol via the IP;R is described by

Vret = a1(vimdh® + v2)([Ca® * ] g - [Ca®*] ) (2.2)

where calcium in the ER is given by

(co - [ca?*],)
[Ca?t]p= —— " (2.3)

ay

The steady state profile of the open activation IP;R gates is

[1Ps],[ca®*],,

(U3l + ar)([ca? ], + ds)

Moo = (2.4)

A hill-type kinetic model describing the SERCA pumping is given by
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(1ca* 1)’
VSERCA = VSERCA([Ca“]Ci)z PR (2.5)
The CCE effect is described as a phenomenological model using the following equation
xceu(hecs)?
v = 06
(cll) + (hece)®
Ca?* extrusion across the PM via PMCA is given by
Vout = kout[Ca2 * ]ci (2.7
IP; changes in astrocytes mediated by PLC;; and intercellular diffusion is described as:
dl1P3]; = (Xip, + PLCs1 = Kip[IP3); = Jgj,,,) dt + o1psdwips 3)

where X;p, denotes the basal level of IP; production (uM/s) from fluctuations in the action of receptor-agonists

over G-protein-coupled receptors, and ] 4;, by is the gap junctional flux of IP; flowing from astrocyte ‘i’ to its

neighboring astrocytes, defined as:
Jgj, = ZyDip,([IP3]; = [IP3],) (3.1)

PLC;s, activity is described as the Hill’s kinetic model as

([CaZ + ]Ci)z

PLCs, = 32

o U‘S([Ca“]fi)z + (Ksca)® 62
Dynamics of the fraction of open inactivation IP;R inactivation gates is given by
dh; = [an(1 - hy) - Brhi]dt + opdwy 4)
where the opening (a) and closing rates (f5,) rates are

adz([IP:;]i + dl)

W= ds “.1)
Br=alCa**], 4.2)

The total free [Ca?"] in the cell ([Ca*']. + [Ca®']gr) is modeled as
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dco, = (e(in + Vece = Vour + jincnrz ) = Jea,)dt + ocodwey (5)

The open and closed gating dynamics of ChR2 are given by equations 5-8, as

do1, = (p1sicy; — (Gg, + e12)01; + €2102))dt + 0o,dwo, (6)
dOzi = (pZSiCZi + e1201; - (Gdz + e21)02i)dt + O'OdeOZ (7)
dCzi = (GdZOZi - (sti + Gr)Czi)dt + O'CZdWC2 (8)

S[) [ -S;
ds; = (M)dt + ogdwg )

Tehr2
where 0(t) describes the laser stimulus paradigm as a pulse train, and:

So(68) = 0.5(1 + tanh (120(6 - 0.1))) 9.1)
The existence of ChR2 in various states should satisty the following algebraic condition:

ci1+cy+o1+o0,=1 (10)
The current generated by cationic influx through ChR2 is given by

Ichrz = 91 Am G(Vin) (01; + ¥Y02)) Vi = Echr2) (1T)

Vi

())

10.6408 — 14.6408exp

where G(V,,) = (11.1)

Vin

The resultant flux through ChR2 is

. Ichr2
JinChR2 = ol zp 0+ (11.2)

The diffusion term in equation 1 implies solving of the state-space system as an integrated model. In a
deterministic system, due to lack of feedback from Ca?" dynamics into that of ChR2, the dynamics of ChR2 can

be solved independently. The model was implemented in MATLAB 2018a (Mathworks Inc.) and was numerically
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solved using the LL method [59] with an integration step size of At = 0.1 ms. A listing of all parameters and their

descriptions can be found in Tables 1 and 2.

Light stimulation paradigm

In all simulations performed in this study, laser stimulus was modeled as a square wave pulse train with period
T, pulse width & (expressed as a percentage of T), and unit pulse amplitude. This paradigm is employed to evaluate

the effect of light on astrocytic activity, in both individual and a network of gap junction connected astrocytes.

Sensitivity Analysis

A global sensitivity analysis was performed to assess the sensitivity of SCOs to stochastic noise, without light
stimulation. The Latin hypercube sampling (LHS) method with uniform distribution was used to select parameter
sets for testing and solving the system [66, 67]. Variance of each of the Weiner processes was varied between a
lower and an upper bound (state variable variances, Table 3), and the partial rank correlation coefficient (PRCC)
analysis was performed. 95% confidence interval was chosen for statistical significance. A similar global
sensitivity analysis was performed to quantify the sensitivity of the Ca®* response to the parameters of ChR2,
during light stimulation. Parameter sets accommodating for ranges across parameters were chosen by the LHS
method with uniform distribution and the PRCCs were computed with respect to the spiking rate and Ca?* basal

level in the astrocyte.

Results:

Response of ChR2 variants to light stimulation

(Insert Figure 2 around here)

Figure 2 shows a representative simulation of the response to light stimulation of single astrocytes expressing
four ChR2 variants - wtl, wt2, ChETA, and ChRET/TC (refer to Table 2 for their gating parameters and
conductance). The light stimulation paradigm employed had T = 1s, 6 = 20% with a unit pulse amplitude. Within

the 20-minute window of simulation, the laser stimulus was applied to the astrocyte from 4-12 minutes. Upon

10
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light stimulation (panels A-D), the dynamic system shows increases in [IP;], [Ca®"] and [c,] across ChR2 variants
in the order of wtl<wt2<ChETA<ChRET/TC, while the IP;R gating variable (h) shows a decrease in the order
of wt1>wt2>ChETA> ChRET/TC. In addition, as compared to the pre and the post light stimulus phases, there is
an increase in basal Ca®" levels during light stimulation. The ChR2 gating dynamics (panels E-H) indicate that
before light stimulation there is a maximum probability of existence of the channel in the c; state. However, upon

stimulation, different ChR2 variants show that the dynamic system proceeds to the other states (0;, 0, and c,),

with them showing differing gating dynamics.

Response of a ChETA-expressing astrocyte to various light stimulation paradigms

(Insert Figure 3 around here)

Figure 3 shows the effect of stimulation paradigms on the mean spiking rate and the steady state Ca" basal level
in astrocytes expressing ChETA (for other ChR2 variants refer to Figures S1-3). Laser parameters (Figure 1) - T
and 6 were varied between 1-5 seconds and 0-100% of T, respectively. Figure 3A shows a histogram of all Ca**
spikes pre and during light stimulation. To exclude minor irrelevant Ca’" fluctuations, a cutoff prominence
(dashed line — 350 nM) was chosen for spiking rate calculations. The cutoff concentration was chosen based on
the bimodal distribution of the spiking rate histogram, ensuring that only spikes in the larger mode were chosen

and those related to the 1/f noise were excluded from the analysis.

For each combination of T and 9, 10 trials were performed for 40 minutes, with the light stimulation starting at
50 seconds until the end of the simulation (indicated by the grey window and the blue bar). Once the Ca?* baseline
reached a steady profile (indicated by the orange region), the mean spiking rate across trials and mean basal levels
were calculated for each stimulation paradigm. The T-8 heat (color) maps, useful to determine optimal Ca?*
signaling behavior in astrocytes exposed to a variety of T and 6 combinations, are shown in Figure 3B and C for
Ca?* baseline and Ca?" spiking, respectively. Results indicate that in the physiologically acceptable ranges chosen
for T and & (Ca®* basal levels higher than reported physiological values are separated by the dashed white trace

in panel B), there are regions of increased astrocytic Ca?" spiking activity (red regions in Figure 3C). Three
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representative traces from regions with low, intermediate and high astrocytic Ca®' spiking activity with

physiological Ca’" basal levels are depicted in Figure 3D.
Sensitivity of the astrocytic Ca" response to system state variables and ChR2 parameters
(Insert Figure 4 around here)

In Figure 4, a global sensitivity analysis was performed to evaluate the Ca®* response of astrocytes (i.e. the spiking
rate and steady basal level) to variations in the stochastic noise variances of the state variables (without light
stimulus) as well as to variations in the parameters of ChR2 (during light stimulation). To generate Figure 4A,
simulations were performed for 10 minutes, for 10 trials without light stimulation. The range of the variances
(o’s) were chosen between 0 and 0.10 (state variable variances, Table 3). The LHS method with uniform
distribution was used to choose 500 parameter sets for simulations. The PRCC of the variances of the Wiener
processes with respect to the mean Ca?* spiking rates, along with the corresponding p-values were computed. As

seen, SCOs are highly sensitive (indicated by *) to the variances in the order of o¢,, > 04> 01p,> 0¢, > 00,;

however, the contributions of ¢, and o, were not significant.

Figure 4B shows the sensitivity of Ca?* activity to parameters of ChR2 during light stimulation with the paradigm
shown in Figure 3D, trace 1 (T =4.5s and 6 = 30%). Similar to the analysis in Figure 3A, the cutoff prominence
of the peaks counted was set to 350 nM to exclude 1/f noise related Ca?* spikes. The range of each parameter was
chosen such that the four ChR2 variants were encompassed in it (ChR2 parameters, Table 3). 1000 parameter sets
were chosen using the LHS method with uniform distribution. For each parameter set, 10 trial simulations were
performed, each with a duration of 40 minutes, and the respective Ca?" spiking rate and steady basal levels were
calculated. Light stimulation was initiated at 50 seconds and continued for the duration of simulation. The PRCCs
were computed and plotted for each of the ChR2 parameters evaluated in this study (Figure 4B). The results
indicate that the parameters e;,, €;; and g; are statistically significant at a 95% confidence interval, for both, the
Ca?" spiking rate and basal level. While e}, G4; and Gy, are negatively correlated to the Ca?" response with respect

to both the spiking rate and basal level, e, p, and g; are positively correlated. Parameters t¢pz, and y are
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statistically significant and positively correlated to the Ca®" response with respect to the basal level and spiking

rate, respectively.

Network-wide response of homogenously ChR2-expressing astrocytes to light stimulation

(Insert Figure 5 around here)

Figure 5 shows the effect of light stimulation on a network of 10x10 astrocytes homogenously expressing the
ChR2 variant - ChETA. Astrocytes are connected to each other in all orientations, i.e., horizontal, vertical and
diagonal directions. Light stimulation was performed with T = 2s and 6 = 15% and between 12 — 25 minutes
(indicated by the grey shaded region, blue bar). The spiking rate in response to the light stimulation was computed
as a network-wide behavior throughout the total period. Figure 5A shows a histogram of all Ca?" spikes, pre and
during light stimulation, revealing also bimodal distributions. Similar to previous simulations, to exclude
irrelevant Ca?" fluctuations due to 1/f noise, a cutoff prominence (dashed line — 350 nM) was chosen for spiking
rate calculations. A representative trace of the cytosolic Ca®' is shown in Figure 5B, with the properties of the
trace used for quantification, i.e. peak prominence and peaks detected. The grey shaded region represents the time
period during which laser stimulation was performed. Network-wide responses to light stimulation, quantified by
the mean spiking rate for each cell are shown as heat maps, which were calculated for the pre, during and post
light stimulation phases (Figure 5C). The network Ca?* baselines at three specific time instances within the pre,
during and post stimulus phases, are shown in Figure 5D (for the full video, refer to supplementary video S1).
The spatial arrangement of astrocytes and the subnetwork of astrocytes being stimulated are shown in Figure SE.
Astrocytes along the diagonal (red) are labeled 1 through 6. The Ca?* activity traces of each cell along the diagonal
are shown in Figure 5F. Results indicate that there are SCOs across the network, prior to light stimulation, while
during stimulation, the astrocytic Ca?" spiking rate is maximum in and around the area of light stimulation. Post
light stimulation, the activity is dispersed throughout the network and lasts for long periods of time (Figure 5 B,

C and F). Inspection of Ca?* activity traces of various cells across a diagonal with increasing distance from the
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center of the light stimulation area indicates that there is a decrease in Ca®* spiking rate (Figure 5F). This suggests

that there is a propagation of the Ca?" spiking probability resulting in a network-wide effect on Ca?* dynamics.

Effect of ChETA-expression heterogeneity on network-wide light stimulation

(Insert Figure 6 around here)

Figure 6 shows the effect of light stimulation on a network of 5x5 astrocytes with varying degrees of expression
of ChETA. The astrocytes are connected in all directions via gap junctions. For each expression level, five random
distributions of ChR2 expressing astrocytes were generated, and simulations were performed (15 minutes, 5
trials). Light stimulation was performed from 50 seconds until the end of the simulation. Once Ca*" baseline
reached a steady profile, the mean and standard deviation of spiking rates and Ca®" basal levels were computed.
Figures 6A (T = 5s, 8 = 40%) and 6B (T = 2.5s, 8 = 10%) show an increase in Ca’" basal levels and spiking rate
in the network, corresponding to increases in ChR2 expression levels. It is to be noted that in the abovementioned
light stimulation paradigms, the Ca?* basal levels are within physiological levels (indicated by dashed line).
Although Figure 6C (T = 2s, 6 = 40%) showed an increase in the Ca?" baseline when the ChR2 expression was
increased, there is an overshoot beyond physiological levels at the 80 and 100 % expression levels. Ca®* spiking
rate, on the other hand, shows an initial increase until 50% expression level, post which displayed a declining

trend.

Discussion

We developed a novel stochastic model to assess the effect of light stimulation on the Ca?" dynamics in astrocytes
expressing the widely used opsin - ChR2. We used three ChR2 variants - wild type, ChETA, and ChRET/TC.
The proposed framework can further be adopted for investigating other opsins. Our model accounts for major
intracellular calcium signaling pathways as well as light-activated cationic influx through ChR2. We studied light-

induced Ca?" responses in both a single astrocyte and a network of homogenously/heterogeneously ChR2
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expressing astrocytes. We identified favorable light stimulation paradigms for the abovementioned ChR2 variants
which result in maximal spiking rates in astrocytic Ca?* activity within physiological Ca?* basal levels. We also
quantified the sensitivity of the model output to changes in the regulation kinetics and in the conductance of

ChR2. The model presented in this study provides an insight into stimulation paradigms ideal for controlling

astrocytic Ca®" activity and offers geneticists an efficient theoretical framework for the design of new variants.

Results show that calcium dynamics in astrocytes, as seen in experimental studies [51], can be heavily regulated
by light-induced activation of ChR2 (Figures 2-3 and S1-3). According to our findings, all ChR2 variants studied
in this paper showed similar profiles of activity in response to different laser pulse specifications (Figure 3, S1-
3). The profiles displayed common regions of high spiking rate (point 3, Figure 3C), as well as regions with
intermediate (point 2, Figure 3C) and low activity (point 1, Figure 3C). Also, with the increase in 9J, there is a
consistent increase in the basal level observed at any given T. This drastic variability of astrocytic model response
to varying stimulation paradigms emphasizes the importance of choosing ‘ideal’ T and & for desired astrocytic
activity in future studies. A wrong selection of these two parameters could prompt these cells to an unhealthy

Ca?* signaling regime.

Global sensitivity analysis (Figure 4A) indicates that SCOs are significantly dependent on the stochasticity of IP;
dynamics, PM fluxes and the o, state of ChR2. Similar dependencies to IP; receptor activity and membrane fluxes
have been shown by us [59] and in a recent study by Ding et al [57]. Although the source of stochasticity in ChR2
dynamics is yet to be investigated, we hypothesize that potential protein thermal noise and fluctuations in light
intensity due to photon migration dynamics may play a role. Figure 4B indicates that the kinetics of ChR2
significantly affect Ca?" spiking rate and basal level. As a general trend, intuitively, directing ChR2 to the open
states (0; and 0;) from the closed states (c; and c,) leads to an increase in astrocytic activity in response to light

stimulation. For instance, decreasing G4, and G, facilitates the existence of ChR2 in the open states as they are

negatively correlated to the basal level and spiking rate. Also, increase in p, drives the system to the open state.

Similarly, increase in the conductance of ChR2 results in enhanced ionic influx into the cell, thereby elevating
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both spiking rate and basal levels of calcium. However, less intuitively, increased astrocytic activity occurs when
ChR2 exists in the o, state as compared to the o, state. This can be observed, as an increase in e, and decrease in
e» led to the existence of ChR2 in o, state (see Figure 1 inset). Collectively, our results suggest that for the light

stimulation paradigm used in our global sensitivity analysis, maximal astrocytic activity can be achieved when

ChR?2 is directed towards the o; state, which can be used for future development of ChR2 variants.

An important aspect in experimental optogenetics is ChR2 expression levels (e.g., transduction efficiency). While
incorporating genetic material into the cell, heterogeneity in the degree of expression might occur [68, 69]. Model
results suggest that network-wide Ca®* response in astrocytes to light stimulation depends heavily not only on the
expanse of stimulation and specification of the paradigm, but also on the degree of heterogeneity (Figures 5, 6,
S1-3). We observed the propagation of the probability of Ca?" spiking in response to local light stimulus in a
network of homogeneously ChR2 - expressing astrocytes (efficiency of 100%, Figure 5). In heterogeneously
ChR2 — expressing astrocytes subjected to a given network-wide stimulus paradigm, differing degrees of
heterogeneity resulted in varying degrees of Ca?" spiking and basal levels (Figure 6). The expected increase in
the Ca?" spiking rate with the increase in the fraction of ChR2 expression was observed in stimulation paradigms
corresponding to points 1 and 2 in Figure 3 (Figure 6A and B). However, notably, due to saturation of astrocytic
Ca?" signaling, i.e., elevation of the Ca’" baseline beyond physiological levels, there is a counteracting effect on
Ca?" spiking rate when expression is increased (Figure 6C at 80 and 100%). This indicates that design of
experiments for stimulation of a network of genetically altered astrocytes cannot be solely based upon
observations from single cells, as other factors like ChR2 expression levels and the specific stimulation design

(T, o) play a significant role.

The model presented in this paper aimed at studying the effect of light stimulation on Ca?" dynamics in
optogenetically-enabled astrocytes. The model does not include the dynamics of other major ionic species crucial
in the function of these cells. Furthermore, membrane electric potential dynamics are not included in the current
model, and hence voltage gated calcium channels have not been incorporated. This modeling approach can be

applied to other ChR2 variants upon availability of quantified parameters. We sought to provide a minimalistic
16
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theoretical framework which can readily be employed by researchers for the investigation of light induced Ca”*
responses in astrocytes. Combination of the presented model with more detailed models as in Savtchenko et al
[70] and Lallouette ef a/ [71] where exhaustive geometry and dynamics of various ionic species important for

astrocytic Ca?" signaling are accounted for, can enhance our understanding of the intricacies of the behavior of

these cells and their response to light.
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Table 1. Astrocyte Model Parameters

Parameter Value Unit Description Source
Vs 0.15 uM/s | Maximum rate of IP; production (PLCj) [58, 59]
P, KsCa 056 UM Half saturaFion constant of Ca?* resulting from [58, 59]
. IP; synthesis (PLCy)
Dynamics Kip, 1.25 s IP; degradation rate [58, 59, 72]
Xip, 0.14 uM/s | Basal level of cytosolic IP; production [58, 59]
Maximum rate of activation dependent on 58,59, 73
Xece 0.01 nM’s Ca?* (CCE) influx (phenomenoliogical value) : :
hecg 10 uM Half-inactivation constant for CCE influx [58, 59, 73]
ay 0.19 ~ Volume ratio between ER and cytosol [58, 59]
VSERCA 0.90 uM/s | Maximum rate constant of SERCA pump [58, 59, 74]
Ca?t K, 0.10 uM Ca?" sensitivity of the SERCA pump [58, 59, 75-77]
a . d1 0.13 uM Dissociation constant for IP; (IP;R) [58, 59, 63]
Dynamics ds 0.08 uM Ca?" activation constant (IP;R) [58, 59, 63]
%1 6 sl Ligand-operated IP;R channel flux constant [58, 59, 74, 77]
() 0.11 sl Ca?" passive leakage flux constant [58, 59, 74, 77]
kout 0.50 s! Rate constant of Ca?" extrusion [58, 59]
A 1 ~ Time scaling factor [58, 59]
£ 0.01 ~ Ratio of PM to ER membrane surface area [58, 59, 63]
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Jin 0.04 uM/s | Passive leakage [58, 59]
VUm -70 mV Membrane voltage
Voley 10-12 L ZL(Illume of the cytosol, assuming spherical [78]
Surface area of the astrocyte membrane
A 483 x10°° cm? (calculated using voley: and assuming ~
spherical cell shape)
F 9.65 x 10* C/mol | Faraday’s constant ~
ZCa 2 ~ Valence of Ca?* ~
1 PN N
a 020 (uMs) Rat.e .consta.nt for Ca®* binding in IP; [58, 59, 63]
Gating inhibitory site .
Parameters dy 1.05 uM ](?i)s;({))matlon constant for Ca** inhibition 58,59, 63]
ds 0.94 uM Dissociation constant for IP; (IP;R) [58, 59, 63]
Network Dp, 1 s Rate of IP; diffusion [77]
Dynamics Deg2+ 0.01 st Rate of Ca?* diffusion [77]
aip, 0.02 s12 Variance of Wiener process of IP; [58, 59]
Oca?+ 0.01 g2 Variance of Wiener process of Ca, [58, 59]
Oh 0.07 g2 Variance of Wiener process of h [58, 59]
Weiner Oc, 0.01 s12 Variance of Wiener process of ¢, [58, 59]
Processes Oo, 0.02 s12 Variance of Wiener process of 0 Model est.
0o, 0.02 s12 Variance of Wiener process of 0, Model est.
O, 0.02 s12 Variance of Wiener process of ¢, Model est.
Os 0 s12 Variance of Wiener process of s Model est.
Table 2. ChR2 4-State Model Parameters
Parameter Ch?iZ Value Unit Description Source
Variant
ChRwt 0.06
ChRwt2 0.12 0 . o
P1 ChETA 0.07 ms Maximum excitation rate of ¢, [44, 48, 60]
ChRET/TC 0.13
ChRwt 046
ChRwt2 0.01 iti
Ga, ms! Rate constant for the o, to ¢, transition [44, 48, 60]
ChETA 0.01
ChRET/TC 0.01
ChRwt 0.20
ChRwt2 438 iti
e1s ms! Rate constant for the o, to 0, transition [44, 48, 60]
ChETA 10.51
ChRET/TC 16.11
ChRwt 0.01
ChRwt2 1.60 iti
e ms’ Rate constant for the o, to 0; transition [44, 48, 60]
ChETA 0.01
ChRET/TC 1.09
ChRwt 0.06
ChRwt2 0.01 0 . o
) ChETA 0.06 ms Maximum excitation rate of ¢, [44, 48, 60]
ChRET/TC 0.02
ChRwt 0.07 4 Rate constant for the o, to ¢, transition
Ga, ChRwi2 0.12 ms [44, 48, 60]
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ChETA 0.15
ChRET/TC 0.13
ChRwt 9.35x 10°°
ChRwt2 935 % 10-5 Recovery rate of the ¢, state after light
G, ChETA 1x10-3 ms’! pulse is turned off [44, 48, 60]
ChRET/TC 3.85x10°*
ChRwt 6.32
ChRwt2 0.51 Activation time of the ChR2 ion
FChR? ChETA 1.59 ms’! channel [44, 48, 60]
ChRET/TC 0.36
ChRwt 0.03
ChRwt2 0.02 ) Maximum conductance of the ChR2
g1 ChETA 0.01 mS/cm ion channel in the o, state [44, 48, 60]
ChRET/TC 0.02
ChRwt 0.11 Ratio of maximum conductance of the
ChRwt2 0.10 ChR2 ion channel in the 0, and o, state
14 ChETA 0.88 ~ (g) ’ 1 [44, 48, 60]
ChRET/TC 0.56 91
Echr2 All variants 0 mV Reversal potential of ChR2 [61]

Table 3. Global Sensitivity Analysis Ranges for each State Variable Variance and ChR2 Parameter

Parameter Range Unit
aip, 0-0.10 sl
Oca?+ 0-0.10 s12
Oh 0-0.10 s1?2
State Variable Variances ac, 0-0.10 12
0o, 0-0.10 s12
0o, 0-0.10 s12
ac, 0-0.10 g2
P1 51.28 - 1.50 x 102 ms-!
Gq, 8.16 - 5.47 x 102 ms!
e 163.52 - 1.93 x 10* ms-!
enn 4.00-1.31 x 103 ms!
P2 14.08 - 7.70 x 10! ms'!
ChR2 Parameters Ga, 56.32 - 1.81 x 102 ms!
G, 0.075 - 1.00 ms!
TChR2 0.000 - 0.0003 ms’!
y 0.000 - 0.011 ~
g1 0.0001 - 0.091 mS/cm?
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Coe Cytosol

J‘o 1
< PMCA

hl

Figure 1. Schematic of the biophysical model of a ChR2 - expressing astrocyte. Inset: The 4-state model of

Channelrhodopsin 2 (ChR2) — closed states (c; and ¢,) in red, open states (0, and 0,) in blue. The rate constants
of transitions between states are depicted in the figure. Blue light (hv: 473nm) opens ChR2, facilitating cationic
influx ji,.,,» including Ca®", initiating a cascade of Ca?* responses. The light stimulation window is illustrated as
a pulse train given by T (pulse period) and & (pulse width). The model accounts for: 1) Ca?" release from the
endoplasmic reticulum (ER) into the cytosol via the IP;R clusters, 2) PLCS mediated production of IP; 3)
capacitative calcium entry phenomenon (CCE) via the store operated calcium channel (SOC), 4) passive leak
from the ER to the cytosol, 5) replenishment of ER stores via the SERCA pump, 6) extrusion of Ca** by PMCA

pump (plasma membrane Ca>* ATPase) into the extracellular (EC) space, and 7) passive leak (j;,) into the cytosol
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395 from the EC. In a network of astrocytes, each cell is connected to its neighboring cells though Ca*" and IP;

396  permeable gap junctions, indicated as jg; . and j iny respectively.
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398  Figure 2. Response of ChR2 variants (wild type 1 (wtl), wild type 2 (wt2), ChETA and ChRET/TC) to light
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stimulation. The stimulation paradigm (from 4 to 12 minutes, gray shaded region) is a pulse train with the
duration (T) = 1 s, pulse width (§) = 20% (0.2 s), and a unit pulse amplitude. (A-D) Representative traces of IP;
level ([IP;]), cytosolic calcium ([Ca.]), inactivation IP;R gating variable (h), and total calcium concentration ([c,])
for an astrocyte expressing various ChR2 variants upon laser light stimulation are illustrated. Results show high
sensitivity of all variables to light stimulation. In particular, increase in [IPs], [Ca.], and [co], and a decrease in h
for all variants during light stimulation is observed. [Ca,] traces for the ChRET/TC variant during stimulation
shows an elevation of calcium beyond physiological levels, and an apparent reduction in the calcium spiking
activity compared to other variants shown in panel B. (E-H) Representative traces of the open (04, 0,) and closed
states of ChR2 (c,, c,) are plotted with respect to time (min), for an astrocyte expressing different variants of

ChR2. During pre and post light stimulation phases, all variants have the tendency to stay in the c; state. During

the period of stimulus, however, variants show varying degrees of existence in all open and closed states of ChR2.
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Figure 3. Response of a ChETA - expressing astrocyte to various light stimulation paradigms. A. Histogram
depicting the peak count in the Ca?* trace of the astrocyte (log scale) with respect to Ca>" peak prominence upon
laser light stimulation. Light stimulation parameters — T was varied between 1-5 s; 8 between 0-100% of T; unit
pulse amplitude. The histogram was generated for the pre-stimulus phase (blue) and during stimulus phase (red).
The cutoff prominence was set to 350 nM, in accordance with the observed bimodal distribution of Ca®* spikes
(dashed line), and to assure that 1/f noise related Ca®* spikes are not included in the analysis. B. The T-8 heat map
of the Ca?* basal level for various combinatorial windows of T and d, expressed in the log scale. Specific regions
in the physiological levels of Ca®" basal level (indicated by the white dashed trace) are numbered and used for
further plotting and analysis. C. The T-6 heat map indicating spiking rate in the astrocyte for various combinatorial

windows of T and 9, above the cutoff prominence chosen in (A). White dashed trace delimits the physiological
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basal levels; as defined in (B). D. Representative Ca?" signaling traces of points 1, 2 and 3, from (B) and (C).
Light stimulation was started at 50 s until the end of the simulation (blue bar). Mean Ca?* spiking rate across trials

was calculated once the Ca?" signal trace reached a steady profile (in orange).
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Figure 4. Sensitivity of the astrocytic Ca** response to the state variable variances and ChR2 parameters.
A. Global sensitivity analysis results depicting sensitivity of astrocyte Ca®* response to stochastic noises, without
light stimulation. Partial rank correlation coefficients (PRCCs) with respect to the Weiner processes of the state
variables are plotted. 500 parameter sets chosen by the Latin hypercube sampling (LHS) method with uniform

distribution. * depicts significance levels. Spiking rate p-values: op; = 1.3 X 10 ~22; Ocac =89X%X10" > o
=1.4 x 102, 0., =9.5x 10 -9 0o, = 0.014. B. Plot of the PRCCs for each parameter of ChR2 during light

stimulation (T=4.5 s, 6 = 1.35 s (30% of T), light stimulation started at 50 s and continued for the duration of the
simulation, (total simulation time =40 min, 10 trials) with respect to the basal level (nM) and spiking rate (1/min);
peak prominence = 350 nM. 1000 parameter sets were chosen using the LHS sampling method with uniform
distribution. Spiking rate p-values: Gg; =0.016( *); e12~0; ep1~0; P2~0; Ggy =5 X 107 ( #xxx);
¥ = 0.004( #xx); g1~0 ( ***x). Basal level p-values: G4, = 0.001( **x); e13~0; ez1~0; p,=3.1x 10~

( ok ok ok ); Gdz =23 X% 10‘6( * ok ok ); TChR2 = 0_027( * 5k % ); g1~0 ( ok ok ok )
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Figure 5. Network-wide behavior of astrocytic Ca?* responses to light stimulation. A. Histogram (log scale)

depicting the peak count in the Ca?* traces in a 10 x 10 network (100 astrocytes) homogenously expressing
ChETA with respect to the Ca>" peak prominence during the pre-stimulus (blue), during stimulus (red) and post
stimulus (green) phases. Light stimulation parameters — T = 2 s; & =15%; unit pulse amplitude. The cutoff peak

prominence was set to 350 nM (dashed line) due to the bimodal distribution of Ca®* spikes and assures that 1/f
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related irrelevant Ca®* spikes are excluded from the analysis. B. A representative trace showing the Ca®" signaling
profile over time. Light stimulation was performed between 12 — 25 min. (grey shaded region, blue bar). C. Heat
map indicating the mean Ca?* spiking rate above the cutoff prominence (indicated in (A) in the network - pre,
during and post light stimulation. D. Heat map indicating the Ca?" basal levels in the network — pre, during and
post light stimulation. Astrocytes oriented across a diagonal (indicated by red line) were used for further
interpretation in (F). E. Illustration of 4 x 4 subnetwork of astrocytes focally stimulated by blue laser light
(indicated by the blue shaded region). 6 astrocytes across the diagonal (in the direction of the red arrow), were
used to evaluate the effect of distance from the stimulation on cytosolic Ca?* profiles. F. Depiction of Ca?" signal

profiles of these 6 astrocytes (in E), plotted as a function of time; light stimulation window in grey, color bar

represents the mean spiking rate.
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484  Figure 6. Effect of ChETA expression heterogeneity on network-wide light stimulation. Each bar chart shows

485  the mean network basal level (nM) and spiking rate (1/min) as a function of astrocyte ChR2 expression fraction.
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Each part corresponds to network-wide stimulation with 1 of 3 different paradigms: A. point 1 of Figure 3 (T =
455,86 =1.355(30% of T), low Ca?" activity), B. point 2 of Fig. 3 (T=2s, 8 = 0.2 s (10% of T), intermediate
Ca?" activity), and C. point 3 of Figure 3 (T=1.5s, 6 =10.6 s (40% of T), high Ca?" activity). In all 3 cases, the

stimulation was initiated at 50 s and continued for the duration of the simulation, and the black dashed line marks

the maximum physiological basal level of astrocytes.
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507 Figure S1. Response of ChRET/TC - expressing astrocytes to light stimulation A. Heat map of the Ca?* steady
508 state basal level for various combinatorial windows of time duration (T) and pulse widths (8; expressed as a
509  percentage of T), expressed in the log scale. The physiological levels of Ca?* basal level are indicated by the white
510 dashed line. B. Heat map indicating spiking rate in the astrocyte for various combinatorial windows of T and 9,
511  above the cutoff prominence chosen in Figure 3A. C. Heat maps indicating the mean spiking rate of astrocytes in

512  the network - pre, during and post light stimulation (T =1s, 8 = 0.3 s (30% of T), the point denoted by star in A

513 and B.

514
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Figure S2. Response of ChRwt1 - expressing astrocytes to light stimulation. A. Heat map of the Ca?" steady
state basal level for various combinatorial windows of time duration (T) and pulse widths (5; expressed as a
percentage of T), expressed in the log scale. The physiological levels of Ca?* basal level are indicated by the white
dashed line. B. Heat map indicating spiking rate in the astrocyte for various combinatorial windows of T and 9,
above the cutoff prominence chosen in Figure 3A. C. Heat maps indicating the mean spiking rate of astrocytes in

the network - pre, during and post light stimulation (T =1 s, 6 = 0.3 s (30% of T), the point denoted by star in A

and B.

32


https://doi.org/10.1101/549469
http://creativecommons.org/licenses/by/4.0/

524

525

526

527

528

529

530

531

532

533

bioRxiv preprint doi: https://doi.org/10.1101/549469; this version posted February 13, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY 4.0 International license.

Single Astrocyte Response

A Basal Level (nM) B Spiking Rate (1/min)

100
80

&

X 60

2]
40
20

C Network Response

Pre Stimulation During Stimulation Post Stimulation s

) = X 35

. 2l

w
Spiking Rate (1/min)

Figure S3. Response of ChRwt2 - expressing astrocytes to light stimulation. A. Heat map of the Ca?" final
basal level for various combinatorial windows of time duration (T) and pulse widths (5; expressed as a percentage
of T), expressed in the log scale. The physiological levels of Ca?" basal level are indicated by the white dashed
line. B. Heat map indicating spiking rate in the astrocyte for various combinatorial windows of T and 6, above
the cutoff prominence chosen in Figure 3A. C. Heat maps indicating the mean spiking rate of astrocytes in the

network - pre, during and post light stimulation (T =1s, 3 = 0.3 s (30% of T), point denoted by star in A and B.

Video S1. Movie of complete network-wide behavior of astrocytes to light stimulation. In this video the

stimulation window is marked in red. Parameters and stimulation specifics are as in Figure 5.
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