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Precise control of intracellular calcium (Ca2+) concentration at the synaptic neuron terminal 
can unravel the mechanism behind computation, learning, and memory formation inside the 
brain. Recently, the discovery of Ca2+-permeable channelrhodopsins (CapChRs) has opened the 
opportunity to effectively control the intracellular Ca2+ concentration using optogenetics. Here, we 
present a new theoretical model for precise optogenetic control with newly discovered CapChR2 at 
postsynaptic neuron. A detailed theoretical analysis of coincident stimulation of presynaptic terminal, 
postsynaptic spine and optogenetic activation of CapChR2-expressing postsynaptic spine shows 
different ways to control postsynaptic intracellular Ca2+ concentration. Irradiance-dependent Ca2+ 
flow is an additional advantage of this novel method. The minimum threshold of light irradiance and 
optimal ranges of time lag among different stimulations and stimulation frequencies have also been 
determined. It is shown that synaptic efficacy occurs at 20 µW/mm2 at coincident electrical stimulation 
of presynaptic terminal and postsynaptic spine with optogenetic activation of CapChR2-expressed 
postsynaptic spine. The analysis provides a new means of direct optogenetic control of Ca2+-based 
synaptic plasticity, better understanding of learning and memory processes, and opens prospects for 
targeted therapeutic interventions to modulate synaptic function and address various neurological 
disorders.
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Calcium 
(
Ca2+)

 ions play a pivotal role in synaptic plasticity, a fundamental process for learning and memory 
in the brain1. The communication between neurons at the chemical synaptic cleft is initiated with the influx of 
Ca2+ due to the release of neurotransmitters from synaptic vesicles at presynaptic terminal2. Binding of these 
neurotransmitters at the specific receptors at the postsynaptic spine increases the intracellular postsynaptic Ca2+ 
levels. This elevated Ca2+ level acts as a crucial secondary messenger for initiating a cascade of molecular events 
that include gene transcription, protein synthesis, or remodeling of the actin cytoskeleton1. These processes 
contribute to synaptic plasticity and lead to long-term changes in the synaptic strength3,4. Optimal synaptic 
communication is essential for the proper brain physiology and slight perturbations of synaptic function can 
lead to brain disorders. A recent study has demonstrated the relevance of synapse dysfunction as a major 
determinant of many neurological diseases5. Hence, precise spatiotemporal control of Ca2+ influx is crucial 
for optimal synaptic transmission, and helpful to unravel the molecular mechanisms that govern the adaptive 
changes in neuronal connections. It provides insights into the basis of learning and memory in the intricate 
network of the nervous system4.

Optogenetics has revolutionized the field of neuroscience and cell biology by providing the ability to 
control and monitor the activity of genetically modified cells in tissue culture and living animals with light at 
unprecedented spatiotemporal resolution6,7. It has a wide range of applications in and beyond neuroscience 
with the first successful human clinical trial of vision restoration reported in 20218. Most early optogenetic 
experiments involved the expression of light-sensitive proteins throughout the cell structure9. Hence, the 
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context-dependent effects of highly localized intracellular signaling events are not often reflected. Recently, 
efforts have been made to develop subcellular targeting of light-sensitive proteins to achieve compartment-
specific opsin-expression10. Such subcellular expression strategies and advanced light delivery technologies open 
opportunities to target dendrites and synapses, thereby providing means to unravel the mechanism behind logic, 
memory, learning, and computation.

Channelrhodopsin-2 (ChR2), a non-selective light-gated ion channel, is one of the most used opsins in 
optogenetics11,12. In ChR2-expressing neurons, light stimulation results in the influx of positive ions through 
these channels, leading to an action potential (AP)13,14. Earlier, optogenetic two-photon Ca2+ imaging of 
neurons exhibited significantly larger Ca2+ transients in dendrites and spines than with brief somatic current 
injection15. Hence, light-evoked APs result in a very high probability of neurotransmitter release, which leads to 
a change in synaptic efficacy16. However, on clamping the neuron at -65 mV, there is no Ca2+ influx, indicating 
that the natural voltage-gated Ca2+ channels are the main contributors to the Ca2+ influx. It has also been 
reported that ChR2 pores do not have any measurable contribution in this Ca2+ influx14. This is due to low 
conductance and poor permeability for Ca2+ ions through ChR2, which limits its application for efficiently 
triggering Ca2+-based signaling neurotransmission at the synapse14,15. Recent efforts have been made to develop 
alternative optogenetic methods and tools for controlling synaptic plasticity. These methods include control of 
neurotransmitter release at presynaptic neuron, presynaptic potentiation with light, presynaptic organelles and 
proteins, and AMPA receptor endocytosis process16,17.

Recently, Ca2+-permeable channelrhodopsins (CapChRs) have been discovered through targeted 
mutagenesis9. The two mutants of CapChR, namely CapChR1 and CapChR2 exhibit improved strong 
permeability for Ca2+ at negative voltage and low extracellular Ca2+ concentrations9. Optogenetic excitation 
of CapChR2, a mutant with higher Ca2+ permeability, reliably increases intracellular Ca2+ concentrations in 
cultured neurons and robustly triggers Ca2+ signaling9. Therefore, CapChR2 would be suitable for the optical 
dissection of different Ca2+-dependent processes that have yet to be understood completely. Furthermore, 
localized expression of these Ca2+ conducting channels at the synaptic spines may allow effective control of 
synaptic plasticity.

Computational models are essential in neuroscience as they provide a deeper understanding of ionic 
transportation across the cell membrane. Earlier reported computational models for optogenetic control of 
neurons at cell, circuit, and network levels have significantly improved the understanding of how light-evoked 
ionic currents through ChRs can lead to AP18,19. The intricate dynamics exhibited by single or multiple opsin-
expressing neurons in response to optogenetic activation have recently been reported to provide optimized 
sets of photostimulation parameters and physiological conditions in the brain, retina, and human heart 20–28. 
Computational models for quantitative analysis of the mechanism behind synaptic plasticity have also been 
reported and are continuously being improved based on recent experimental findings29. Such models provide 
mechanistic understanding of the dynamics of intracellular Ca2+ concentration, and the processes for long-
term potentiation and long-term depression during different stimulation conditions29,30. New computational 
models that integrate the synaptic plasticity mechanism and optogenetic-mediated changes in specific ionic-
concentration are required to theoretically study how expression of Ca2+-permeable channels would affect the 
synaptic transmission and therefore plasticity under optical activation.

To ensure high prediction accuracy, the model must incorporate the stochastic nature of calcium dynamics 
in the postsynaptic spine. These dynamics arise from the random opening of N-methyl-D-aspartate (NMDA) 
receptors and voltage-dependent Ca2+ channels (VDCCs) in the postsynaptic spine29. Additionally, the 
model should account for variability in CapChR2 expression. Such a comprehensive approach can guide 
experimentalists in optimizing light stimulation parameters for current optogenetic variants, enabling the 
achievement of sufficient Ca2+ concentrations in the postsynaptic spine.

Hence, the objective of this paper is to study the optogenetic control of Ca2+-based synaptic plasticity 
through subcellular expression of CapChR2 at the postsynaptic spine by formulating an integrated computational 
model that includes the stochastic effect. Further, to carry out a detailed analysis of the effect of amplitude and 
timing of three different combination of stimulations, namely, the presynaptic event, the postsynaptic event, and 
optogenetic activation of CapChR2 molecules at the postsynaptic spine, on the synaptic efficacy.

Results
To theoretically study the optogenetic control of synaptic plasticity, CapChR2 has been considered to be externally 
expressed at the postsynaptic spine, which allows Ca2+ ions to flow across the neuron membrane in response to 
light (Fig. 1a, b). The process of opening of CapChR2 channel, the flow of Ca2+, and change in synaptic efficacy 
due to the activation of CapChR2 in the absence as well as in the presence of presynaptic and postsynaptic 
events have been studied in detail. The formulated computational model of the CapChR2 photocurrent 
is validated by comparing the simulated results with recently reported experimental results of Lahore et al. 
2022 which are in good agreement 9 (Supplementary Fig. S1 and S2). For simulating the change in synaptic 
plasticity, the photocurrent model of CapChR2 has been integrated with a theoretical model of the evolution of 
synaptic plasticity state variables29 (Fig. 1b). These state variables include the postsynaptic intracellular Ca2+ 
concentration [Ca2+]i, a leaky Ca2+ integrator (C∗) and synaptic efficacy (ρ). The theoretical model of Ca2+ 
concentration dynamics in response to presynaptic and postsynaptic events, occurring at different time lags has 
also been validated by comparing with reported results of Graupner et al. 2007 which are in good agreement 
(Supplementary Fig. S3)29. Although the formulated model is reductive, it effectively captures the key dynamics 
of calcium concentration changes and synaptic efficacy for the simplest synapse. The model is also well-suited 
to reproduce experimental findings, showing its validity and usefulness in understanding fundamental synaptic 
processes9,29. Changes in the above state variables have been studied in detail during the electrical stimulation 
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(Istim = 3 nA, Vm = -70 mV) of the presynaptic terminal and the postsynaptic spine (Istim = 3 nA, Vm = -70 mV), 
and the optogenetic activation of CapChR2-expressing postsynaptic spine.

In response to light, CapChR2 allows different ions, mainly Ca2+, to flow across the membrane. The 
variation of photocurrent with time in CapChR2 due to all types of ions and only Ca2+ ions have been shown 
in Fig. 1c. CapChR2 contributes significantly higher Ca2+ based current, which is 2/3 of the total photocurrent. 
The maximum photocurrent is 1.7 ± 0.1 nA due to all ions and 0.58 ± 0.05 nA due to only Ca2+ ions (Fig. 1c). On 
illumination, the variation of [Ca2+]i with time at different CapChR2-expression densities at the postsynaptic 
spine is shown in Fig. 1d. The results show that the activation of CapChR2 at 1 µW/mm2 increases [Ca2+]i from 
the steady-state concentration of 0.132 ± 0.001 µM to 0.43 ± 0.003 µM on increasing opsin expression level up to 
10g0 (Fig. 1d). The maximum change in [Ca2+]i with opsin expression density at different irradiances is shown 
in Fig. 1e. As is evident, the Ca2+ concentration can be controlled with both irradiance and expression level. At 

Fig. 1.  Schematic and equivalent circuit diagram of optogenetic control of synaptic plasticity with calcium-
permeable channelrhodopsin (CapChR2) expressed at the postsynaptic spine (a) Schematic of the process 
of synaptic transmission. Presynaptic neuronal firing releases neurotransmitters from synaptic vesicles. The 
Ca2+ concentration at the postsynaptic spine is increased by neurotransmitter-induced-triggering of natural 
Ca2+ conducting NMDA receptors, the voltage-dependent Ca2+ channel (VDCC), and externally expressed 
CapChR2. The photocurrent through CapChR2 channel is governed by the shown 4-state photocurrent model 
given on the right (for details see Methods). (b) Equivalent biophysical circuit diagram of above schematic, 
including currents through different natural ion channels and externally expressed CapChR2 across the neuron 
membrane. (c) Variation of the photocurrent with time in CapChR2 expressed in the neuron membrane at 
holding potential of -70 mV due to all ions and only Ca2+ ions on illumination with blue (470 nm) light for 
500 ms at 103 μW/mm2. (d) Variation of intracellular Ca2+ concentration [Ca2+]i, in the CapChR2 expressed 
postsynaptic spine with time on illumination with 1 µW/mm2 for 10 ms at indicated CapChR2 expression level 
(g0= 10.73 nS) (e) and corresponding variation of average of maximum [Ca2+]i with CapChR2-expression 
density at different irradiances. The black lines represent the mean value and grey shaded envelop represents 
the standard deviation.
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normal expression density, the average of maximum [Ca2+]i achieves higher values up to 0.765 ± 0.006 µM at 
20 µW/mm2 (Fig. 1e).

CapChR2 photocurrent kinetics
The detailed photocurrent kinetics in CapChR2 at different photostimulation conditions are shown in Fig. 2. 
On illumination with short (10 ms) and long (500 ms) light pulses at 103 μW/mm2, the CapChR2 photocurrent 
is 0.88 ± 0.02 nA and 1.74 ± 0.05 nA (Fig. 2a). The variation of normalized population density in different states 
with time is shown in Fig. 2b. Absorption of light at 470 nm triggers the CapChR2 photocycle. The molecules 

Fig. 2.  CapChR2 photocurrent kinetics in CapChR2 on illumination with 470 nm light. (a) Variation of 
photocurrent with time on illumination at short (10 ms) and long (500 ms) light pulse at 103 μW/mm2, and 
(b) corresponding variation of normalized population density of CapChR2 in different states with time for 10 
ms light pulse. (c) Variation of photocurrent with time on illumination with 500 ms light pulse at indicated 
irradiances. (d–f) Effect of irradiance on (d) peak photocurrent, (e) time to peak photocurrent (tpeak), and (f) 
adaptation ratio with 500 ms light pulse. (g) Variation of photocurrent with time under multiple pulses at the 
indicated irradiances, and stimulation frequencies at a light pulse of 10 ms and (h) corresponding variation of 
return to baseline percentage with stimulation frequency. The black lines represent the mean value and grey 
shaded envelop represents the standard deviation.
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switch from the closed state C1 to the first open state O1, which subsequently decays to second open state O2
, which is more stable due to its longer lifetime but is less conducting. On reaching O1 and O2, the CapChR2 
channel opens rapidly to allow the flow of monovalent and divalent cations, especially Ca2+. As turn-on kinetics 
of CapChR2 is flux-dependent, the population of the O1 state becomes maximum during the light pulse. After 
light-off, the molecules relax to C2 state for a longer period as it has the longest lifetime before returning to the 
ground state C1.

The variation of photocurrent with time on illumination with a 500 ms light pulse at indicated irradiances is 
shown in Fig. 2c. It is evident from the variation that change in irradiance not only enhances the photocurrent 
amplitude but also speeds up the turn-on kinetics (Fig. 2c). The effect of irradiance on the photocurrent amplitude 
and kinetics in CapChR2 on illumination with a 500 ms light pulse is shown in Fig.  2d–f. The maximum 
photocurrent in CapChR2, saturates at 103 μW/mm2 achieving a maximum value of 1.78 ± 0.04 nA (Fig. 2d). 
Faster photocurrent turn-on up to 4.55 ± 0.06 ms, in CapChR2, can be achieved at 104 μW/mm2 (Fig. 2e). The 
adaptation ratio defined as the ratio of the plateau and to the peak photocurrent, is a key factor in determining 
the sustainability of spikes and the latencies of later spikes during the optogenetic activation of neurons. The 
adaptation ratio decreases with increasing irradiances as higher irradiances cause faster desensitization of the 
photocurrent. In CapChR2, adaptation ratio reaches 0.82 ± 0.06 at an irradiance of 104 μW/mm2 in CapChR2 
(Fig. 2f).

The photocurrent under multiple pulse stimulations and at varying frequencies is compared in Fig. 2 (g, 
h). Since the opsin molecules are unable to complete their photocycle before the arrival of subsequent light 
pulses, the photocurrent does not reach the baseline, resulting in a non-zero photocurrent plateau (Fig. 2g). The 
photocurrent plateau increases with increasing stimulation frequency. The results show that opsins with slow 
photocurrent turn-off kinetics exhibit a larger plateau. The percentage of return to baseline (RTB%) is a crucial 
factor to predict temporal resolution in optogenetic control. The formula to calculate RTB% is shown in inset 
of Fig. 2(h)25. The RTB% decreases with increasing stimulation frequency at different irradiances as shown in 
Fig. 2(h)31.

Coincident electrical stimulation of presynaptic terminal and postsynaptic spine, and 
optogenetic activation of CapChR2-expressing postsynaptic spine
The variation of [Ca2+]i, C∗ and ρ with time in response to electrical stimulation (Istim = 3 nA, Vm,rest = -70 
mV) of presynaptic terminal, postsynaptic terminal and optogenetic activation of only the postsynaptic spine, 
and their coincident stimulation (Istim = 3 nA, Vm,rest = -70 mV, 470 nm, 1 ms) is shown in Fig. 3. During the 
optogenetic activation of the postsynaptic spine with a 1 ms light pulse at 470 nm, the variation of state variables 
with time is shown in Fig.  3a. It is evident that the change in [Ca2+]i is irradiance dependent. At higher 
irradiances, C∗ crosses the thresholds θd and θp and changes synaptic efficacy. Coincident electrical stimulation 
of presynaptic terminal (Istim = 3 nA, Vm,rest = -70 mV) and optogenetic activation at the postsynaptic spine is 
used to change the synaptic efficacy at reduced light irradiance (Fig. 3b). The time lag (∆t) between both the 
stimulation is zero. Similarly, coincident electrical stimulation of postsynaptic spine (Istim = 3 nA, Vm,rest = -70 
mV) and optogenetic activation at the postsynaptic spine with zero time lag (∆t = 0) is also used to change the 
synaptic efficacy (Fig. 3c). Furthermore, the variation of [Ca2+]i, C∗, and ρ with time on coincident electrical 
stimulation (Istim = 3 nA, Vm,rest = -70 mV) of presynaptic terminal and postsynaptic spine and optogenetic 
activation (470 nm, 1 ms) at postsynaptic spine with ∆t = 0 is shown in Fig. 3d.

The irradiance threshold to change synaptic efficacy reduces from 30 µW/mm2 to 23.9 µW/mm2 for 
coincident electrical stimulation of presynaptic terminal and optogenetic activation of postsynaptic spine, from 
30 µW/mm2 to 25 µW/mm2, for coincident electrical stimulation and optogenetic activation of postsynaptic 
spine, and from 30 µW/mm2 to 20 µW/mm2 for coincident electrical stimulation of presynaptic terminal and 
postsynaptic spine, along with optogenetic activation of postsynaptic spine (Istim = 3 nA, Vm,rest = -70 mV, 470 
nm, 1 ms) (Fig. 3(e–g)).

Effect of time lag (∆t) between optogenetic and electrical stimulations on synaptic efficacy
The synaptic efficacy is also affected by ∆t between different combination of stimulations. The variation of 
[Ca2+]i, C∗ and ρ with time during electrical stimulation of presynaptic terminal and optogenetic activation of 
CapChR2-expressing postsynaptic spine at different ∆t is shown in Fig. 4(a) (upper), considering the presynaptic 
neuronal event to occur at t0, and light pulse applied at t0 + ∆t. Negative values of ∆t indicate that the light pulse 
is applied before the presynaptic neuronal event.

It is evident that ∆t significantly alters the dynamics and amplitude of [Ca2+]i, and C∗, which are sufficient 
to change the synaptic efficacy. The corresponding average of maximum changes in amplitude of these variables 
with ∆t is shown in Fig. 4a (lower). The study reveals the optimal ∆t between electrical stimulation of presynaptic 
terminal and optogenetic activation of postsynaptic spine for achieving the change in the synaptic efficacy 
(Istim = 3 nA, Vm,rest = -70 mV, 470 nm, 1 ms). From Fig. 4a (lower) the maximum change in synaptic efficacy 
occurs at ∆t = -100 ms. At 23 µW/mm2, the maximum change in synaptic efficacy is 0.19 ± 0.05 for ∆t = -100 ms.

Considering the postsynaptic neuronal event to occur at t0, and light pulse applied at t0 + ∆t, the maximum 
change in synaptic efficacy occur at ∆t = –200 ms (Fig. 4b). At 25 µW/mm2, the maximum change in synaptic 
efficacy is 0.18 ± 0.07 for ∆t = –200 ms (Fig.  4b, lower). Considering presynaptic neuronal event to occur at 
tpre and postsynaptic neuronal event at tpost = tpre  + ∆t, the average of maximum amplitude of [Ca2+]i is 
2.44 ± 0.54 µM at 10 ms time lag (Supplementary Fig. 4). However, the corresponding change in C∗ is not able 
to cross the thresholds θd or θp. For optimizing the light irradiance during electrical stimulation (Istim = 3 nA, 
Vm,rest = -70 mV) and optogenetic activation (470 nm, 1 ms), the electrical stimulations to presynaptic terminal 
and postsynaptic spine are applied at t0 and t0 + 10 ms, respectively. Light pulse is applied at t0 + ∆t (Fig. 4c, 
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Upper). At 18 µW/mm2, the maximum change in the synaptic efficacy is 0.39 ± 0.4 at ∆t = –100 ms (Fig. 4c, 
lower).

Effect of frequency of optogenetic and electrical stimulations on synaptic efficacy
The effect of stimulation frequency of electrical stimulation of presynaptic terminal and postsynaptic spine, and 
optogenetic activation of CapChR2-expressed postsynaptic spine is shown in Fig. 5(a-c). The variation of [Ca2+]i
, and C∗ with time at different frequencies have been shown in Fig. 5. The corresponding variation of synaptic 
efficacy with stimulation frequency for different kinds of stimulations are shown in Fig. 5d–f. At a low frequency 
(5 Hz) stimulation, the minimal Ca2+ influx leads to insufficient increase in C∗, preventing it from crossing 
the thresholds θd and θp. Presynaptic terminal and postsynaptic spine alone are not able to trigger synaptic 
plasticity at any stimulation frequency (Fig. 5(d, e)). In contrast to the above electrical stimulations, optogenetic 
activation (470 nm, 1 ms) of CapChR2-expressing postsynaptic spine changes synaptic efficacy above 5 Hz at 8 
µW/mm2 (Fig. 5f). The frequency threshold for optogenetic activation (470 nm, 1 ms) is irradiance dependent. 
On increasing light irradiance, the synaptic efficacy can be changed at lower frequencies (Fig. 5f).

Discussion
The present study proposes a novel method of direct optogenetic control of intracellular Ca2+ concentration at 
postsynaptic spine-genetically expressed with CapChR2. A detailed theoretical analysis shows that optogenetic 
activation of postsynaptic spine results in a larger increase in postsynaptic intracellular Ca2+ level than 
individual or coincident presynaptic or postsynaptic events. Hence, optogenetic control leads to effective change 
in synaptic efficacy at very low irradiances. Minimum irradiance threshold required for changing synaptic 
efficacy in the presence and absence of presynaptic and postsynaptic events has been determined. The theoretical 
study also helped in finding the optimal range of time lags among different combination of stimulations to 
efficiently change synaptic efficacy.

Fig. 3.  Evolution of the state variables of the synaptic plasticity model (postsynaptic intracellular calcium 
concentration ([Ca2+]i), leaky calcium integrator (C∗), synaptic efficacy (ρ)) during different pairs of 
electrical stimulation of presynaptic terminal and postsynaptic spine, and optogenetic activation of the 
CapChR2-expressing postsynaptic spine. (a–d) Variation of [Ca2+]i, C∗, and ρ with time (a) On optogenetic 
(470 nm, 1 ms) activation of postsynaptic spine at indicated irradiances. (b) Coincident optogenetic activation 
of the postsynaptic spine with electrical stimulation of only presynaptic terminal (Istim = 3 nA, Vm,rest = -70 mV, 
470 nm, 1 ms). (c) Coincident optogenetic activation of the post synaptic spine with electrical stimulation of 
only the postsynaptic spine (Istim = 3 nA, Vm,rest = -70 mV, 470 nm, 1 ms). (d) Coincident optogenetic activation 
of the postsynaptic spine with electrical stimulation of both the presynaptic terminal and the postsynaptic 
spine with no time lag (∆t) (Istim = 3 nA, Vm,rest = -70 mV, 470 nm, 1 ms). θd and θp denotes the thresholds for 
depression and potentiation, respectively. The black lines represent the mean value and grey shaded envelop 
represents the standard deviation. (e–g) Corresponding variation of average of maximum achievable values of 
(e) [Ca2+]i, (f) C∗, and (g) ρ with irradiance in different stimulation conditions.
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Fig. 4.  Effect of time lag (∆t) on optogenetic activation of CapChR2-expressing postsynaptic spine, electrical 
stimulation of presynaptic terminal, and postsynaptic spine on the plasticity model state variables (calcium 
concentration [Ca2+]i, leaky calcium integrator (C∗), synaptic efficacy (ρ). (a–c) Variation of (upper) 
state variables with time on applying different stimulus at different time lags (∆t) and (lower) maximum of 
state variables with time lag between different stimulus at indicated light irradiances during (a) light with 
presynaptic event (Istim = 3 nA, Vm,rest = -70 mV, 470 nm, 1 ms), (b) light with postsynaptic event (Istim = 3 nA, 
Vm,rest = -70 mV, 470 nm, 1 ms), and (c) light with both presynaptic and postsynaptic events (Istim = 3 nA, 
Vm,rest = -70 mV, 470 nm, 1 ms). The light irradiance is 23 µW/mm2 for (a) and 25 µW/mm2 for (b). For (c), the 
time lag between presynaptic and postsynaptic event is 10 ms and light irradiance is 18 µW/mm2. The timing 
of light (tlight), postsynaptic event (tpost), and presynaptic event (tpre) are such that tlight = tpre  + ∆t or  
tlight = tpost  + ∆t. θd and θp are the thresholds for depression and potentiation, respectively. The black lines 
represent the mean value and grey shaded envelop represents the standard deviation.
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Prior studies have shown that light-evoked action potentials using ChR2 in neurons lead to enhanced Ca2+ 
concentration which thereby changes the probability of neurotransmitter release15. The mechanism behind 
the Ca2+ increase in the above experiment is due to increased activation of voltage-gated Ca2+ channels in 
the targeted neuron, which indirectly increases the intracellular Ca2+ level. Recent studies have shown that 
type 1 viral ChRs accumulate exclusively intracellularly, and upon illumination, induce Ca2+ release from 
intracellular IP3-dependent stores that is proportional to the applied light irradiance32. The present method 
of direct optogenetic control of Ca2+ concentration through CapChR2 would be a potential alternative to the 
above methods developed for controlling synaptic plasticity.

Synaptic efficacy depends on many factors that include the presynaptic transmitter release machinery, 
postsynaptic receptors and signal transduction pathways, gene activation and synthesis of new proteins33,34. 
Experimental data and computational models indicate that the precise timing and the temporal order of pre 
and postsynaptic events can drive changes in synaptic strength, collectively called spike-timing dependent 
plasticity35–37. In the present study, it is explicitly shown that coincident stimulation of presynaptic and 
postsynaptic event helps in minimizing the irradiance thresholds for optogenetic activation to change synaptic 
efficacy. The light irradiance threshold reduces from 30 µW/mm2 to 23.9 µW/mm2 on coincident optogenetic 
activation of postsynaptic spine with electrical stimulation of presynaptic event (Istim = 3 nA, Vm,rest = -70 mV, 
470 nm, 1 ms) (Fig.  3g). The irradiance can be further reduced up to 20 µW/mm2 on coincident electrical 
stimulation of presynaptic terminal, postsynaptic spine and optogenetic activation of postsynaptic spine (Istim = 3 
nA, Vm,rest = -70 mV, 470 nm, 1 ms) (Fig. 3g). Earlier experimental and theoretical studies have shown that the 
precise timing of stimulation can influence the direction of synaptic plasticity37. The present analysis shows that 
the change in synaptic efficacy can be maximized by optimizing the time lag between different combinations 

Fig. 5.  Effect of stimulation frequency of electrical stimulation of only presynaptic terminal and only 
postsynaptic spine, and optogenetic activation of only postsynaptic spine on the synaptic efficacy. (a–c) 
Variation of postsynaptic calcium concentration [Ca2+]i and leaky calcium integrator (C∗) with time 
on repetitive electrical stimulation (Istim = 3 nA, Vm,rest = -70 mV) of (a) only presynaptic event, (b) only 
postsynaptic event, and (c) only postsynaptic spine stimulation with light (470 nm, 1 ms light pulse) at 8 µW/
mm2, at indicated frequencies. (d–f) Corresponding variation of synaptic efficacy with stimulation frequency 
at (d) only presynaptic stimulation, (e) only postsyanptic stimulation, and (f) only optogenetic activation of 
postsynaptic spine at indicated irradiances. θd and θp are the threshold for depression and potentiation. The 
black lines represent the mean value and grey shaded envelop represents the standard deviation.
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of stimulation. The optimal time lag is + 10 ms for postsynaptic event relative to presynaptic event (Istim = 3 nA, 
Vm,rest = -70 mV) (Supplementary Fig. S4).

Mimicking natural patterns of neuronal activity may induce more physiologically relevant changes in synaptic 
strength38. Recently, a comprehensive study on the effect of temporal shaping of light pulses on optogenetically 
evoked firing patterns has shown that non-square temporal shapes of light pulses help in generating naturalistic 
firing patterns with different types of ChRs38. The present method of optogenetic control of Ca2+ dynamics 
opens opportunities to study the effect of more naturalistic stimulations by pulse shaping. Under multiple 
pulses, stimulation frequencies determine the integrated Ca2+ concentration that can influence the magnitude 
of synaptic plasticity37,39. The study explicitly shows that repetitive firing of a presynaptic event does not alter 
synaptic efficacy (Fig. 5a). For optogenetic activation, the slow turn-off kinetics of CapChR2 results in a sustained 
increase in Ca2+ ions even after the light is switched off. Hence, under multiple pulses, the optogenetic control 
does not show any upper limit for the stimulation frequency (Fig. 5).

In optogenetics, the total photocurrent through opsin-channels is directly proportional to their expression 
density, affecting the irradiance thresholds for any action. Notably, the recently discovered CapChR2 inherently 
exhibits a substantial photocurrent, providing robust excitation even at normal expression densities. However, 
attempting a functional-level response by increasing the expression of the optogenetic sensor protein poses 
challenges due to the elevated risk of cell toxicity and immune response40. The scaling factor for the contribution 
of Ca2+ through activation of CapChR2 molecules at the presynaptic terminal (βCapChR2) accounts for any 
changes in the opsin-expression level. In the present study, there is a significant change in the Ca2+ concentration 
even at a very small value of βCapChR2 (~ 10–6), which is three orders of magnitude lower than the scaling 
factors used for NMDA receptor and VDCC channel (Supplementary Fig. S5).

The spine neck resistance plays a key role in regulating electrical signal propagation between the spine 
head and dendrite, influencing the depolarization of the spine compartment and the interaction between pre- 
and postsynaptic elements41. It can vary based on factors such as, spine morphology and location within the 
neuron. Studies have shown that the pairing of pre- and postsynaptic activity is highly dependent on spine neck 
resistance42. High resistance isolates the spine head, increasing localized depolarization while diminishing its 
impact on the dendrite. Low resistance, on the other hand, allows depolarization to spread more efficiently to 
the dendrite, enhancing overall neuron excitability. An average spine neck resistance of around 500 MΩ has 
been shown to influence both depolarization and spine-dendrite coupling, affecting synaptic strength and Ca2+ 
signaling43.

In the brain microcircuits, each neuron receives thousands of synaptic inputs distributed across an extensive 
dendritic tree44. The localized opsin-expression would allow for fine-tuned modulation of synaptic efficacy in 
response to various stimuli or activity patterns, offering prospects for unraveling the intricacies of neural circuit 
function and information processing. However, the compartment-specific opsin-expression is challenging45. In 
optogenetics, multi-photon excitation techniques are used to get 3-dimensional (3D) spatially precise control of 
opsin molecules in the tissue volume46–48. These advanced light illumination methods use longer wavelengths, 
allowing deeper excitation with minimal attenuation. The 3D resolution of such methods would further enhance 
the spatial resolution for targeting the presynaptic terminal. However, the response of CapChR2 under two-
photon excitation is yet to be analyzed.

CapChR2 requires blue light which faces strong absorption and scattering in the biological tissue. This would 
remain a challenge for testing this method in in vivo study. However, intense research efforts are being made 
to design efficient light delivery methods for in vivo optogenetics that include, two-photon excitation, use of 
upconversion nanoparticles to locally convert NIR to visible and to get red-shifted excitation spectrum through 
mutations49–51. Integration of these technologies would help in optogenetic control of synaptic plasticity using 
the proposed method.

The present work provides the first approach of direct optogenetic control of Ca2+-based synaptic plasticity. 
The fast opsin kinetics allow temporally precise control of Ca2+ concentration. Moreover, the irradiance-
dependent change in the amplitude of Ca2+ concentration and synaptic efficacy is also an additional advantage 
of this method. This study is important for understanding synaptic plasticity, memory formation, and Ca2+

-dependent signaling pathways in neurons.

Methods
The Ca2+ ions influx into the neuron through various kinds of ion-channels. At the postsynaptic spine, the 
NMDA receptor and VDCC play major roles in maintaining the intracellular Ca2+ concentration29,52. The 
dynamics of Ca2+ through these channels in response to presynaptic and postsynaptic stimulations can be 
effectively modelled using the earlier reported theoretical models29. In this study, CapChR2 is considered to be 
genetically expressed at the postsynaptic spine. Therefore, the light-induced flow of Ca2+ ions through these 
channels would also contribute to the dynamics of intracellular Ca2+ at the postsynaptic spine.

Dynamics of CapChR2-mediated current
Optogenetics involves light-sensitive microbial proteins as light-gated ion-channels, enabling the optical 
modulation of neuron membrane potential53,54. These proteins detect light through embedded retinal 
chromophores within their structure55. On illumination, the retinal chromophore undergoes ultrafast (~ fs) 
photoisomerization, initiating the protein photocycle with different intermediate states56–59. Some of these 
intermediate states are involved in forming a pore across the membrane to allow ions to flow, resulting in an 
ionic current.
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The rate of ion flow depends on several factors that include instantaneous opsin molecule population density 
in the open-states, unitary conductance and expression density of the opsin channels, concentration gradient 
of permeable ions across the membrane, and membrane potential 25,60,61. Therefore, the current through the 
CapChR2 molecules embedded within the neuron membrane can be expressed as,

	 ICapChR2 = gofϕ (ϕ, t) G (V ) fm(
[
Ca2+]

o
)� (1)

where go is total conductance, accounting for both unitary conductance and CapChR2 expression density. G (V ) 
is the voltage-dependent rectification function is defined as G (V ) = (A + Bexp (− (Vm − ECapChR2) /C))
, where A, B and C  are the constants. Vm is the postsynaptic neuron membrane potential and fm(

[
Ca2+]

o
) is 

the outer Ca2+ ion concentration [Ca2+]o-dependent function23,27. fϕ (ϕ, t) is a normalized light-dependent 
function. It accounts for the population density of opsin molecules in the open state, which depends on the 
effective photon flux density (ϕ), and the kinetics of the photocycle intermediates61. ϕ depends on wavelength 
(λ), and light irradiance (I). It is the photon flux per unit area per unit time, defined as λI/hc, where h  is 
Planck’s constant and c is the speed of light in vacuum61. ECapChR2 is the reversal potential for CapChR2 
channel that depends on intra- and extra-cellular Ca2+ concentrations9.

In general, the photocycle of ChRs involves a few open conducting and several non-conducting intermediate 
states, besides the ground state55. For determining the population density of the molecule in the open states, a 
four-state photocycle model for CapChR2 has been considered based on earlier reported models25,61. The four-
state photocycle model consists of two-closed ground (C1 and C2) and two-open conducting (O1 and O2) states. 
In dark, opsin molecule rests in ground state C1, which switches from state C1 to O1 on illumination. From the 
first conducting state O1, molecules either switch to second conducting state O2 or decay back to ground state 
C1. Conducting state O2 is less conductive but has a longer lifetime than O1. From state O2, it either switches to 
state O1 or decays to state C1. The reversible transition takes place between state O1 and O2, which can be both 
thermally relaxed and light-induced. From C2, it can either be photo-excited back to O2 or can thermally relax 
to C1. The switching rate of molecules from C2 to C1 is much slower than other rate constants24,26.

Considering, C1, O1, C2, and O2 to denote the instantaneous fraction of CapChR2 molecules in each of the 
four states such that C1 + O1 + O2 + C2 = 1, the change of populations with time can be described as,

	 Ċ1 = Gd1O1 − Ga1 (ϕ) C1 + GrC2� (2)

	 Ȯ1 = Ga1(ϕ) C1 − (Gd1 + Gf (ϕ)) O1 + Gb(ϕ) O2� (3)

	 Ȯ2 = Ga2(ϕ) C2 − (Gd2 + Gb (ϕ)) O2 + Gf (ϕ) O1� (4)

	 Ċ2 = Ga2(ϕ) O2 −
(
Ga2(ϕ) + Gr

)
C2� (5)

where, Ga1, Ga2, Gd1, Gd2,Gf , Gb and Gr  are the rate constants for transitions 
C1 → O1, C2 → O2, O1 → C1, O2 → C2, O1 → O2, O2 → O1 and C2 → C1 respectively. The light-
dependent rate functions can be described as Ga1 (ϕ) = k1ϕp/(ϕp + ϕp

m),Ga2 (ϕ) = k2ϕp/(ϕp + ϕp
m), 

Gf (ϕ) = Gf0 + kf ϕq/(ϕq + ϕq
m), and Gb (ϕ) = Gb0 + kbϕq/(ϕq + ϕq

m) 22. Since there are two open states 
in the 4-state model, fϕ (ϕ, t) = O1 + γO2, where γ = 0.05, the ratio of conductance of the open states. The 
model parameters for the photocurrent of CapChR2 have been taken from reported experimental results9 (Table 
1).

Experimental results with CapChR2 have been reported in hippocampal neurons9. The photocurrent 
amplitude has been matched to get total conductance value for the present model, which is 32.2 nS at 

[
Ca2+]

o
 

= 70 mM9. At postsynaptic spine, the intracellular Ca2+ concentration is 0.1 µM and the reversal potential is 2 

mV. Therefore, the extracellular Ca2+ concentration determined using the Nernst’s equation, 
[
Ca2+]

o
 = 5 mM. 

Thus, the total conductance gets reduced to 16.1 nS. The total conductance is further reduced to 2/3 of 16.1, due 
to permeability ratio (PCa/PNa = 1.9) 9. Hence, the effective conductance at the postsynaptic spine is 10.73 nS.

To investigate the variability in the stochastic nature of the expression level of CapChR2, Gaussian noise 
with a mean of zero and a variance equal to 5% of the total CapChR2 conductance has been incorporated in the 
model.

Calcium dynamics at postsynaptic spine
The rate of change of [Ca2+]i at postsynaptic spine can be expressed as,

	
d[Ca2+]i

dt
= −

(
[Ca2+]i − [Ca2+

0 ]i
)

τCa
− ξ(βNMDAINMDA + βV DCCIV DCC + βCapChR2ICapChR2)� (6)

where τCa is the single exponential time constant of the passive decay process, and [Ca2+
0 ]i is the Ca2+ resting 

concentration29. INMDA and IV DCC  are the Ca2+ component of currents through the NMDA receptors and 
VDCC-channels, respectively. ξ converts ionic currents into concentration changes per unit time for a spine 
volume of 1 µm3 29. ICapChR2 is the light-dependent Ca2+ current through CapChR2 channels. βNMDA, 
βV DCC , and βCapChR2 are the scaling factors for INMDA, IV DCC , and ICapChR2 currents, respectively29.
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Further, rate of change in the leaky Ca2+ integrator (C∗), used to capture the modulation of frequency 
response for long term changes in synaptic efficacy, while maintaining the simple threshold plasticity mechanism, 
is expressed as,

	
dC∗

dt
= −C∗

τ∗
+ ([Ca2+]i − [Ca2+

0 ]i)� (7)

where, τ∗ is the integration time constant30. This mechanism integrates Ca2+ over longer time scales to drive 
plasticity, as could arise from the interplay of fast and a slow-buffers in the spine head30.

The expression of synaptic plasticity takes the form of persistent changes to synaptic parameters, which we 
assume here to be driven by integrated calcium (C∗). To model these persistent changes, we consider a model 
of a single synapse subjected to trains of presynaptic and postsynaptic Aps62. The model represents the state of 
a synapse as a synaptic efficacy variable (ρ), whose temporal evolution is described by a first-order differential 
equation as,

	
dρ

dt
= (−ρ(1 − ρ)(0.5 − ρ) + γp(1 − ρ)Θ[C∗ − θp] − γdρΘ[C∗ − θd]/τ � (8)

where, τ  is time constant of convergence of the synaptic efficacy, ρ = 0.5 is unstable fixed point separating 
the basins of attraction of the two stable states (depressed at ρ = 0 and potentiated at ρ = 1), Θ is Heaviside 
function, θd and θp are depression and potentiation thresholds, and γd and γp are depression and potentiation 
rates, respectively30,62. Previous computational studies suggest that changes in synaptic efficacy, characterized 
by transitions between UP (potentiated) and DOWN (depressed) states, are mediated by postsynaptic calcium 
concentration. High intracellular calcium concentrations trigger synaptic potentiation, whereas prolonged low 
calcium signals induce synaptic depression63.

Noisy calcium transients
To incorporate the stochasticity in the model, two sources of noise have been considered. (i) the maximum 
conductance of NMDA receptors, randomly assigned at each presynaptic spike, and (ii) the maximum 
conductance of voltage-dependent Ca2+ channels, randomly assigned at each postsynaptic spike29. Both 
conductances are drawn from binomial distributions, defined by the total number of channels Ntotal and the 
opening probability per channel po​. Each presynaptic or postsynaptic spike results in an integer number no of 
NMDA or VDCC channel openings, respectively. We assume the channels open independently29. The single-

Parameter Values

Gd1 6.09 × 10−3  ms-1

Gd2 9.09 × 10−5  ms-1

Gf0 1.1 ×10−3  ms-1

Gb0 5.0 ×10−4  ms-1

Gr 9 × 10–5 ms-1

k1 2 ms-1

k2 0.18 ms-1

kf 1.1 ×10−4  ms-1

kb 1.4 ×10−3  ms-1

p 1

q 1

ϕm 5.5 × 1015 photons mm-2 s-1

go 32.2 nS

σCapChR2 5% of go

βCapChR2 1 × 10–6

ECapChR2 2 mV

fm(
[

Ca2+
]

o
) 0.5 at 

[
Ca2+

]
o

= 0.1µM

λ 470 nm

A 28.7

B -28

C 30.6

Table 1.  Model parameters for opsin channel CapChR29.
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channel conductance gsingle​ is chosen so that the mean Ca2+ amplitudes match the specified values29. To 
capture the stochastic nature of Ca2+ ion influx, Gaussian noise with zero mean and variance proportional to 
no is added to no ∗ gsingle 29. The parameters for the NMDA and VDCC maximum conductance distributions 
are adapted from Graupner et al. 200729.

Membrane potential dynamics at postsynaptic spine
The rate of change of membrane potential in postsynaptic spine depends on several nonlinear natural ionic 
currents and externally applied electric current (IStim) as,

	
Cm

dVm

dt
= −(INa + IK + IV DCC + IL + INMDA + IAMP A) + IStim� (9)

where Cm is cell capacitance and IStim is input current to postsynaptic spine29. Leak current can be described as 
follows, IL = gL (Vm − EL), where gL is the leak conductance and EL is the reversal potential29.

Gating mechanism of different ion-channels and receptors
Among the above ionic currents, INa, IK , and IV DCC  can be described as, Iionic = gionicmphq (Vm − Eionic)
, where gionic is maximal conductance, m is activation variable (with exponent p), h is inactivation variable 
(with exponent q), and Eionic is reversal potential29. The kinetics of each of the gating functions x (m or h) 
depends on voltage-dependent gating functions of each ion channel (αx and  βx) as described in Table 2, and 
obeys first-order kinetics as,

	 ẋ = (x∞ − x) /τx� (10)

Voltage dependent gating functions (x∞ and τx) and values for parameters for postsynaptic spine model are 
given in Tables 2 and 3 respectively29.

	 IAMP A = gAMP AsAMP A (Vm − EAMP A)� (11)

where gAMP A is maximum AMPA current conductance, sAMP A is a single exponentially decaying gating 
variable with a finite rise time and EAMP A is AMPA-mediated current reversal potential. At each occurrence of 
presynaptic spike at time tk , variable xAMP A is increased by one, which can be modelled as,

	 ṡAMP A = −sAMP A/τAMP A + αSxAMP A (1 − sAMP A)� (12) 

	
ẋAMP A = −xAMP A/τ ′AMP A + αx

∑
δ (t − tk)� (13)

	 INMDA = gNMDAsNMDAB (V ) (Vm − ENMDA)� (14)

where gNMDA is the maximum NMDA receptor-mediated current conductance and B (V ) is defined as the 
voltage dependence of magnesium block as,

	
B (V ) = 1

1 + exp(−0.08V ) [Mg2+]
0.69

� (15)

where 
[
Mg2+]

 is the extracellular magnesium concentration, which controls the voltage dependence64,65. The 
gating variable sNMDA can be defined as,

	 ṡNMDA = −sNMDA/τNMDA + αSxNMDA (1 − sNMDA)� (16)

	
ẋNMDA = −xNMDA/τ ′

NMDA + αx

∑
δ (t − tk)� (17)

The optogenetic response of CapChR2-expressing postsynaptic spine on stimulation at different photostimulation 
conditions is studied through numerical simulations using Eqns. (1–17), with gating functions and parameters, 
given in Tables 1–3. All simulations have been carried out in MATLAB and the program code is publicly available 
in the Zenodo repository66.

Iionic Gating variable x∞ τx

INa
p = 3
q = 1

1
exp[−0.11(Vm+36)]+1

1
exp[0.14(Vm+44.1)]+1

0.1 3.5
exp[0.25(Vm+35)]+exp[−0.04(Vm+35)] + 1

IK p = 4 1
exp[−0.04(Vm+30)]+1

2.5
exp[0.025(Vm+30)]+exp[−0.02(Vm+30)] + 1

IV DCC

p = 3 1
exp[−(Vm+37)]+1 3.6

q = 1 1
exp[2(Vm+41)]+1 29

Table 2.  Gating function parameters of sodium-, potassium-, and voltage-dependent calcium channels29,30.
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