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ABSTRACT: Optogenetics represents a transformative approach in neuroscience, enabling light-based control of genetically 
defined neuronal populations with unparalleled temporal and spatial precision. Within epilepsy research, this technology has 
opened new avenues for dissecting the mechanisms of seizure generation and developing highly targeted interventions. Epilepsy, 
a neurological disorder marked by recurrent seizures caused by abnormal neuronal synchronization, remains a major clinical 
challenge due to the limited specificity of existing treatments. By integrating microbial opsins, viral gene delivery systems, and 
advanced light delivery tools such as optical fibers and LEDs, researchers can modulate excitatory and inhibitory pathways in 
real time to restore network balance. Experimental applications across models of temporal lobe, neocortical, and post-stroke 
epilepsy demonstrate that selective activation or suppression of specific neurons can effectively halt or prevent seizure activity. This 
review synthesizes current advances in optogenetics and outlines its potential for future closed-loop therapeutic systems capable 
of detecting and interrupting seizures as they occur. We also discuss existing limitations, including limited light penetration, 
vector safety, and long-term stability, which currently restrict translation to human use. Despite these challenges, optogenetics 
remains a powerful platform in understanding and controlling epileptic circuits and a promising foundation for next-generation, 
personalized treatments for refractory epilepsy.  
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�   Introduction
Epilepsy is one of the most prevalent neurological disorders; 

it is characterized by recurrent, unprovoked seizures resulting 
from abnormal synchronization of neuronal activity.1 Global-
ly, epilepsy affects approximately fifty million individuals and 
accounts for nearly 2.4 million new cases each year, with a dis-
proportionate burden placed on developing countries where 
access to diagnosis and treatment may be limited.2 These 
statistics emphasize the urgent need for more effective and 
accessible therapeutic strategies. Despite advances in pharma-
cological and surgical treatments, there is still an urgent need 
for more precise and effective interventions. Conventional 
antiepileptic drugs act by broadly suppressing neuronal excit-
ability, often causing side effects such as cognitive impairment, 
fatigue, or mood disturbances; in addition, surgical resection 
can be risky when seizures originate in brain regions respon-
sible for neurological functions such as language, movement, 
sensory processing, or memory.2,3 These limitations highlight 
a critical gap in therapeutic specificity and motivate the search 
for alternative strategies that can target dysfunctional neural 
circuits with high temporal and spatial precision. Optoge-
netics, a rapidly advancing technique that integrates genetic 
and optical methods to control neuronal activity with light, 
has emerged as a promising tool for both neuroscience re-
search and potential clinical applications.4 By introducing 
light-sensitive opsins, such as channelrhodopsins (ChR2) and 
halorhodopsins, into specific neuron populations, optogenetics 
enables precise activation or inhibition of neural activity with 
millisecond precision.5 This approach offers a distinct advan-

tage over traditional electrical stimulation and pharmacological 
interventions, providing reversible and cell-type–specific mod-
ulation of brain circuits. In recent years, optogenetics has 
been successfully applied in experimental models of epilepsy 
to identify seizure-generating regions, suppress abnormal dis-
charges, and restore network stability.6 However, its translation 
to human therapy remains limited by technical challenges, 
including restricted light penetration, viral delivery efficiency, 
and long-term biocompatibility.7 This review aims to provide 
an overview of optogenetic mechanisms, evaluate its advantag-
es over conventional techniques, and examine its experimental 
applications in epilepsy research, with a focus on its therapeutic 
potential and current limitations.

�   Optogenetics
History of optogenetics:
Since the discovery of light-sensitive proteins in 1971 by 

Oesterhelt and Stoeckenius, the field of optogenetics has 
evolved into a complex technique that uses these proteins, vari-
ous genetic delivery methods, and light delivery technologies.8,9 
Specifically, optogenetics is a method that enables control of 
the activity of genetically modified cells using light. The term 
“optogenetics” was coined by Karl Deisseroth et al. in 2006.8 
However, its foundational discoveries date back several decades. 
In 1971, Oesterhelt and Stoeckenius identified bacteriorho-
dopsin, a light-sensitive proton pump, located in Halobacterium 
halobium, a halophilic bacterium.9 This was the first known op-
sin capable of converting light into cellular activity. In the years 
that followed, many other microbial opsins were discovered, 
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including halorhodopsin in 1984,10 and ChR2 in 2002,11 which 
would later become key components in optogenetic systems. 
In 2005, researchers successfully expressed ChR2 in mamma-
lian neurons, demonstrating that light could directly trigger 
electrical activity in excitable cells.5 This study opens the door 
to precise manipulation of neural circuits, thereby advancing 
neuroscience research.

Various light-sensitive proteins:
The development and application of light-sensitive pro-

teins known as “opsins,” which enable neuronal activation, are 
a crucial foundation of optogenetics. Among these, ChR2 is 
a light-gated cation channel originally discovered in green 
algae.12 ChR2 can depolarize cells in response to specific 
wavelengths of light, making it an essential tool for neural 
excitation.13 Moreover, ChR2 is derived from Chlamydomonas 
reinhardtii, which responds to blue light. Initial experiments 
using ChR2 demonstrated that when expressed in the retinas 
of mice lacking functional photoreceptors, it could reintro-
duce light responsiveness by making the remaining neurons 
sensitive to light stimulation (Figure 1).14 However, despite 
its success, ChR2 has several drawbacks, including the need 
for high-intensity blue light and relatively slow response ki-
netics, which have driven the development of enhanced opsin 
variants with improved sensitivity and speed.15 In contrast to 
excitatory opsins like ChR2, optogenetics also utilizes inhib-
itory proteins to suppress neuronal activity. Halorhodopsin is a 
chloride pump that hyperpolarizes neurons by importing chlo-
ride ions in response to specific wavelengths of light, which 
reduces the likelihood of firing such neurons (Figure 1).16–19 
Archaerhodopsins inhibit neuronal firing by pumping protons 
out of the cell.

Genetic delivery methods:
In optogenetics, efficient gene-delivery techniques are 

essential for successful optogenetic applications; virus-me-
diated delivery and transgenic animal models are primary 
approaches for introducing light-sensitive proteins into tar-
get cells. Virus-mediated delivery utilizes viral vectors such 
as adeno-associated virus (AAV), lentivirus, and retrovirus.20 
These viral vectors have been genetically engineered to remove 
pathogenic components while retaining their capacity to insert 
transgenes into target cells.20 These vectors efficiently trans-
port genetic material across the cell membrane and into the 
nucleus without being degraded by lysosomes.21 While viral 
methods are more popular in clinical trials, comprising about 
80% of all approved gene therapy protocols, they are not with-
out limitations.21 For example, delivery to the central nervous 
system often requires invasive stereotactic injection, which car-
ries risks including infection, hemorrhage, or tissue damage.22 
Additionally, viral vectors may have limited spread within the 
brain, making it difficult to target large or anatomically com-
plex epileptic networks, and immune responses against viral 
vectors remain a concern.22 As such, further research is needed 
to improve upon these challenges.

Light delivery technologies:
Light delivery technologies in optogenetics, primarily op-

tical fibers and light-emitting diodes (LEDs), enable precise 
control of opsin activation in targeted tissues with minimal 
invasiveness. Optical fibers are commonly used in deep brain 
stimulation (DBS) because they can deliver high-intensi-
ty light with spatial precision to specific neural populations. 
Optical fibers are often surgically implanted to deliver light 
from external sources, such as lasers, directly to targeted brain 
regions, with careful consideration to minimize heat and 
light-induced tissue damage.23 LEDs, on the other hand, pro-
vide a more compact and flexible alternative, especially useful 
for surface or shallow brain regions. LEDs can be integrated 
into head-mounted or implantable systems, allowing animals 
to move freely during experiments while still receiving target-
ed light stimulation.23 Although optical fibers offer stronger 
light penetration and precise delivery, they can be more inva-
sive and may disrupt tissue.23 Recent advances in light delivery 
focus on improving precision and reducing tissue damage with 
techniques that offer selective targeting and high efficiency 
while maintaining cell viability, highlighting progress toward 
more targeted and less invasive methods.24

Advantages of the optogenetics technique:
The advantages of optogenetics allow researchers to manip-

ulate neuronal activity using temporal precision, bidirectional 
modulation, and cell-type specificity. Because optogenetics 
introduces light-sensitive opsins into targeted cells, precise 
control over specific neuron types can be achieved.5 The abili-
ty to restrict opsin expression to selected neuronal populations 
ensures that experimental manipulations affect only intended 
circuits, reducing the side effects and improving the reliabil-
ity of results.25 These opsins allow researchers to control the 
generation of action potentials, rapid electrical signals that 
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Figure 1: Optical excitation and inhibition of neurons mediated by 
microbial opsins. Activation of channelrhodopsin channelrhodopsin-2 
(ChR2) and halorhodopsin. ChR2 is activated by blue light (~470nm), opening 
a light light-gated cation channel, permitting the influx of positively charged 
ions such as Na+ and K+, resulting in membrane depolarization and increased 
neuronal firing. Halorhodopsin is activated by yellow light (590nm), driving 
chloride ions (Cl-) into the neuron, producing membrane hyperpolarization 
and suppression of action potential generation. Together, excitatory and 
inhibitory opsins enable wavelenght-dependent, bidirectional control of 
neuronal activity, forming the mechanistic basis of optogenetic modulation of  
neural circuits (created in BioRender). 
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neurons use to communicate, with accuracy, providing the 
high temporal resolution essential for decoding neural activity 
patterns underlying behavior.5 This temporal precision allows 
scientists to deliver light pulses in precise sequences to gen-
erate specific firing patterns and then observe their effects, a 
process critical for understanding neural coding.5 Moreover, 
optogenetics offers bidirectional control, enabling both acti-
vation and inhibition of neural circuits; this control makes it 
more feasible to stimulate or suppress brain functions within 
the same network, even in complex regions such as the cor-
tex.19 Thus, these features make optogenetics an advantageous 
tool for studying brain functions and developing treatments 
with minimized collateral damage.

�   Application of Optogenetics in Epilepsy
Applying optogenetics to temporal lobe epilepsy:
Temporal lobe epilepsy is characterized by focal seizure on-

set within mesial temporal structures, making it particularly 
amenable to spatially restricted interventions (Table 1).26 Re-
searchers utilized optogenetic techniques in a mouse model 
of temporal lobe epilepsy, demonstrating promising results in 
real-time seizure suppression through targeted intervention. 
Using a closed-loop detection system, researchers identified 
spontaneous seizures and responded immediately with light-
based activation or inhibition of specific cell populations.27 
This strategy was motivated by the focal onset of temporal 
lobe seizures and the clinical need for seizure-abortive thera-
pies that act precisely at seizure onset, particularly for patients 
who are not candidates for surgical resection or who are refrac-
tory to antiepileptic drugs.27 The first strategy was to directly 
inhibit excitatory principal neurons using halorhodopsin, and 
the second was to activate GABAergic interneurons express-
ing ChR2. In this model, opsin expression was restricted to 
specific neuronal populations using Cre-dependent genetic ap-
proaches, ensuring cell-type specificity, while seizure detection 
relied on depth electrodes and real-time analysis of electro-
graphic seizure signatures.27 Upon seizure detection, light was 
delivered directly to the ipsilateral hippocampus, resulting in 
rapid suppression of ongoing seizures. Both approaches suc-
cessfully stopped ongoing electrographic seizures upon light 
application, with significant reductions in behavioral seizure 
frequency as well.27 Although both methods effectively sup-
pressed seizures, they differed in mechanism, suggesting that 
multiple optogenetic strategies may be capable of restoring 
excitatory-inhibitory balance in epileptic circuits.27 However, 
these studies remain limited because researchers were only able 
to target a small subset of hippocampal neurons, highlighting 
ongoing challenges in achieving widespread and precise neu-
ronal targeting.27 Despite these limitations, the integration of 
spontaneous seizure detection and optogenetic intervention in 
real time demonstrates significant future therapeutic potential.

Applying optogenetics to neocortical epilepsy:
Neocortical epilepsy represents a distinct focal epilepsy 

subtype in which seizures originate from lateral or extrahippo-
campal cortical regions and often require advanced diagnostic 
techniques for accurate localization (Table 1).28 In a well-char-

acterized rodent model of neocortical epilepsy, focal injection 
of tetanus toxin, which interferes with inhibitory and excitato-
ry signaling between neurons, into the motor cortex produces 
chronic, frequent seizures with high-frequency epileptiform 
EEG activity and contralateral motor signs that persist for 
months and are largely unresponsive to systemic diazepam or 
phenytoin.29 Focal pharmacology at the seizure focus, however, 
can acutely suppress activity, as local application of NBQX, a 
highly selective competitive antagonist of AMPA, reversibly 
reduced both EEG and behavioral seizures without detect-
able side effects, underscoring the value of spatially targeted 
interventions.29,30 AMPA receptors are glutamate-gated ion 
channels crucial in rapid excitatory communication within the 
brain. Because epileptic seizures are associated with excessive 
excitatory signaling, selective blockade of these receptors us-
ing NBQX decreases neuronal overactivation and could limit 
seizures.30 Building on this concept, continuous wireless EEG 
monitoring in the same tetanus toxin model revealed increased 
high-frequency activity and more frequent epileptiform events, 
along with heightened intrinsic excitability of pyramidal neu-
rons at the epileptic focus, consistent with a local generator 
for seizures.31 Optogenetic inhibition of a subset of principal 
neurons was achieved through the delivery of halorhodopsin se-
lectively restricted to the epileptogenic zone. Light-mediated 
suppression of these neurons significantly reduced electroen-
cephalographic seizure activity in vivo, demonstrating that 
inhibiting a relatively small population of hyperexcitable 
cortical neurons is sufficient to disrupt seizure generation.31 
These findings demonstrate how optogenetics may offer more 
targeted seizure control by selectively modulating pathological 
neural circuits while minimizing the effects on surrounding 
healthy tissue.29–31

Applying optogenetics to post-stroke epilepsy:
Post-stroke epilepsy arises from structurally damaged 

cortex and associated networks, with seizure onset often oc-
curring weeks to months after the initial injury (Table 1).32 It 
can be modeled by photothrombotic infarction, where large 
rose-bengal-induced cortical lesions extending to the cor-
tical-subcortical interface lead to spontaneous seizures that 
emerge weeks after injury, with ictal discharges arising from 
peri-infarct cortex and characteristic motor arrest behaviors.33 
Longitudinal in vivo imaging of cortical pyramidal neurons 
demonstrates that excitatory activity in the peri-injury cortex 
is markedly reduced in the days immediately following stroke, 
as evidenced by decreased calcium spike frequency and few-
er active neurons, before gradually recovering toward baseline 
levels, consistent with compensatory homeostatic regulation in 
surviving neurons.34 Importantly, this transient loss of activity 
is associated with heightened seizure susceptibility, suggest-
ing that insufficient excitatory drive may contribute to the 
development of post-stroke hyperexcitability. To test whether 
restoring activity could counteract this process, optogenet-
ic stimulation was applied to selectively enhance pyramidal 
neuron activity in the peri-infarct cortex during the subacute 
post-stroke period. Targeted stimulation significantly reduced 
seizure susceptibility compared to unstimulated stroke con-
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invasive procedures.7,39 Multiple viral injections may be re-
quired to reach sufficient neurons, and even then, the limited 
penetration of visible light risks heating and damaging nearby 
cells.40 Device miniaturization poses another barrier: closed-
loop systems would require long-lasting, rechargeable power 
sources and flexible, durable optrodes capable of maintaining 
stability in the brain for years.7 Biologically, uncertainties re-
main about the safety and stability of opsin expression over 
decades in humans, since current methods rely on viral vectors 
such as AAV or lentivirus; although stable expression has been 
observed in nonhuman primates for months,5,35 the long-term 
persistence and safety in humans remain unclear.41–43 Immu-
nogenicity is also a concern, as opsins are non-mammalian 
proteins that could elicit antibody-associated immune respons-
es.39 Moreover, functional risks exist, including the possibility 
that prolonged activation of halorhodopsin could shift intracellu-
lar chloride gradients, thereby paradoxically rendering GABA 
signaling excitatory.44 Finally, ethical and regulatory consider-
ations pose significant barriers, as invasive brain procedures, 
such as viral delivery or stem cell transplantation, may face 
resistance from institutional review boards.7 Permanent optical 
implants raise further concerns about reversibility and patient 
safety. While comparisons have been made to accepted inter-
ventions, including deep brain stimulation (DBS) and vagus 
nerve stimulation (VNS), optogenetics introduces the added 
complexity of genetic modification, intensifying regulatory 
scrutiny.35 Together, these limitations highlight the critical ob-
stacles that must be overcome before optogenetics can move 
from experimental models to clinical practice.

�   Conclusion 
Epilepsy, a chronic neurological disorder characterized by 

recurrent seizures arising from abnormal and excessive neuro-
nal synchronization, remains a major clinical challenge due to 
the limited specificity of current treatment options.45 Optoge-
netics has revolutionized the study and potential treatment of 
epilepsy by enabling precise, light-based modulation of specific 
neuronal populations. Through the integration of microbial 
opsins, viral delivery systems, and advanced illumination tech-
nologies, researchers have achieved unprecedented control over 
neural circuits, demonstrating that selective activation or in-
hibition of targeted neurons can suppress seizures in multiple 
experimental models.4 These findings show the promise of 
optogenetics as a therapeutic approach that could eventually 
surpass the specificity and adaptability of current interventions 
such as pharmacological treatments or deep brain stimulation. 
However, several limitations remain before clinical translation 
can be realized. Restricted light penetration, concerns about vi-
ral vector safety, immune responses, and the long-term stability 
of opsin expression all pose major challenges for human ap-
plication.41–43 In comparison, while current epilepsy treatments 
such as antiepileptic drugs and surgical interventions may pro-
vide partial seizure control, they lack precision and can fail in 
drug-resistant cases.46 This lack of security in current thera-
pies highlights the need for more targeted approaches. Ethical 
considerations regarding the invasiveness of optical implants, 
patient autonomy, long-term invasiveness of implanted optical 

trols, indicating that optogenetic enhancement of cortical 
activity can prevent the emergence of severe seizures.34 These 
findings suggest that post-stroke epilepsy may be prevented 
by timely optogenetic modulation that restores homeostat-
ic balance within peri-infarct networks, highlighting activity 
enhancement as a novel and preventative therapeutic strategy 
rather than solely a reactive seizure-suppression approach.

�   Therapeutic Implications and Future
Directions (Limitations)
Potential for clinical translation:
Optogenetics holds significant translational promise as a 

personalized therapy for epilepsy, offering targeted and revers-
ible seizure control through closed-loop light delivery systems. 
A major vision for the future is a closed-loop implantable 
system that can detect abnormal brain activity in real- time 
and deliver light stimulation to suppress seizures before they 
spread, offering a more precise alternative to current respon-
sive neurostimulation, which relies on electrical stimulation 
delivered to relatively broad neural populations, and can 
inadvertently modulate surrounding circuits, potentially lim-
iting efficacy and contributing to off-target effects.7,35 Early 
studies in rodents have already demonstrated that implant-
able light-emitting devices can dynamically halt seizures, and 
encouraging progress has been made in nonhuman primates, 
where stable opsin expression has been paired with behavioral 
modulation and MRI-compatible optrodes.6,36,37 Computa-
tional modeling further supports the feasibility of scaling this 
approach to the human brain.38 In the long term, optogenetics 
may even influence drug development by helping identify the 
neuronal subtypes most critical for seizure generation, thereby 
guiding new pharmacological strategies. Collectively, these di-
rections highlight the promise of optogenetics as a foundation 
for future personalized therapies in epilepsy.7

Limitations and challenges:
While optogenetics shows immense promise as a thera-

peutic tool for epilepsy, significant technical, biological, and 
ethical challenges must be addressed before clinical transla-
tion is possible. On the technical side, the large size of the 
human brain compared to rodents makes it difficult for light 
to penetrate enough tissue to modulate an epileptic network 
effectively, and deeper brain foci may be inaccessible without 
DOI: 10.36838/IJHSR818.2

Table 1: Clinical characteristics of focal epilepsy subtypes. Overview of 
major focal epilepsy subtypes discussed in this review, highlighting differences 
in seizure origin and clinical presentation.
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