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	 Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic 
lateral sclerosis are complex neurological disorders driven by intricate genetic and molecular 
mechanisms. Current therapies are mainly symptomatic and fail to correct underlying genetic 
defects. The advent of CRISPR-Cas9 gene-editing technology offers unprecedented opportunities 
to address these disorders at the genomic level through precise DNA editing, gene regulation, 
and epigenetic modulation. Preclinical studies using neuronal models, brain organoids, and 
transgenic animals have demonstrated the feasibility of correcting gene defects with CRISPR. 
Advances such as improved delivery systems, high-fidelity Cas9 variants, and base editing 
further strengthen its clinical potential. However, key challenges remain, including safe delivery 
across the blood–brain barrier, minimizing off-target effects, and addressing ethical concerns. 
Overall, CRISPR-Cas9 holds promise for integration into precision medicine to revolutionize 
treatment of neurodegenerative and neurodevelopmental diseases.
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	 One of the major causes of disability 
and premature death across the world is because 
of neurological disorders. The Global burden of 
disease study indicates that terms like Alzheimer 
disease, Parkinson disease, multiple sclerosis, 
Huntingtons disease, amyotrophic lateral sclerosis 
(ALS), and other neurodevelopmental disorders 
are among the most prevalent causes of the 
global burden of diseases.1 These disorders are 
characterized by progressive loss of neurons 
or impaired neural development, leading to 
cognitive decline, motor dysfunction, and profound 
behavioral and psychological disturbances. This 

burden is most pronounced with ageing populations 
where the prevalence of neurodegenerative diseases 
exhibits an ever increasing steep slope. Also, as far 
as economic implications are concerned, it costs 
billions of dollars on a yearly basis to provide direct 
medical care, long-term institutionalization, and 
providing informal care to the affected individuals, 
so the necessity of disease-modifying therapeutics 
has never been as urgent as it is right now.2

	 Despite  advances in diagnost ics 
and symptomatic management, traditional 
pharmacological approaches remain largely 
inadequate for treating neurological disorders. The 
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available drugs show only temporary effects or 
postpone the emergence of symptoms rather than 
curing them and act at the genetic and molecular 
levels of etiologies. In addition, the complexity 
of the brain architecture, existence of blood-brain 
barrier and the multifactorial aspects of these 
diseases make therapeutic intervention a very 
difficult problem.3

	 In this context, the field of genome 
editing has emerged as a transformative approach 
in biomedical science. Early genome-editing 
tools such as zinc finger nucleases (ZFNs) and 
transcription activator-like effector nucleases 
(TALENs) provided targeted but technically 
complex methods for gene manipulation.4 The 
CRISPR (Clustered Regularly Interspaced Short 
Palindromic Repeats)-Cas9 system later introduced 
and advanced has transformed the field of genetic 
engineering because it is easy to use, editable 
and can be programmed to make a specific set of 
germline or somatic genetic modifications with 
high levels of accuracy.5

	 CRISPR-Cas9 has rapidly evolved from 
a bacterial defense mechanism to a versatile 
platform for targeted gene knockout, correction of 
pathogenic mutations, transcriptional regulation, 
epigenetic modification, and even RNA editing. 
Such abilities have created a new era of treatment 
of monogenic and complex neurological disorders.6 
In vitro and in vivo models of CNS disorders, 
preclinical studies have shown its potential to 
reverse the genetic mutations or turn off toxic 
genes, or put a disrupted gene back to normal 
functioning.
	 The objective of this article is to critically 
evaluate the current landscape of CRISPR-Cas9 
applications in neurology. Our goal is to give an 
in-depth look at how it is being applied to disease 
modeling, therapeutic gene correction, and delivery 
methods across the blood-brain barrier, and 
new technologies like base editing and CRISPR 
interference/activation. As well, we look into 
the issues of off-target effects, immunogenicity, 
ethics, and regulatory aspects.7 By synthesizing 
these insights, this review outlines the prospects of 
integrating CRISPR-Cas9 into precision medicine 
strategies for the treatment of neurological and 
neurodevelopmental disorders.

Molecular pathogenesis of neurological 
disorders
	 Cognitive and motor mechanisms of 
neurological disorders are complex and multifold 
on the molecular level. At the heart of many 
of these disorders lie specific gene disease 
correlations. The mutations could be inherited 
either in autosomal dominant or recessive fashion, 
and others could be acquired in de novo fashion.8 
In this respect, such disease as Huntington is an 
autosomal dominant mutation that leads to the 
toxic expansion of polyglutamine through HTT 
gene. Likewise, most forms of familial Parkinson 
disease have been associated with the mutation of 
dominant genes, including SNCA and LRRK2. 
Conversely, conditions such as Friedreich ataxia 
are caused by autosomal recessive deformations, 
e. g. deformations of FXN gene and are associated 
with loss of activity. De novo mutations - those 
not inherited but appearing spontaneously are also 
common in severe neurodevelopmental disorders 
like Rett syndrome or certain forms of autism and 
epilepsy, involving genes such as MECP2, SCN2A, 
or SYNGAP1.9

	 However, in addition to DNA sequence 
alterations, epigenetic alterations are also essential 
in the pathogenesis of neurological diseases. Such 
modifications as aberrant DNA methylation, 
alterations to histone complexes and unbalanced 
non-coding RNAs can affect gene expression 
without affecting the genetic code. In Alzheimer’s 
disease, for instance, global hypomethylation 
and histone acetylation anomalies have been 
implicated in neurodegeneration and abnormal 
amyloid processing.10 In a similar manner, the 
impairment of RNA metabolism by alteration of 
the non-coding RNA compositions in ALS leads 
to progressive death of motor neurons. Due to 
reversibility, epigenetic modulations provide new 
therapeutic modulation steps including epigenome 
editing methods using CRISPR.11

	 Every neurodegenerative disorder is 
more or less coupled with their own typical 
proteinopathies which tends to interfere with 
the normal cellular functions. The pathogenesis 
of Alzheimer disease is characterized by the 
accumulation of the amyloid-beta peptides derived 
by aberrant cleavage of amyloid precursor protein 
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(APP) and neurofibrillary tangle formation as the 
result of hyperphosphorylation of tau proteins.12 
Huntington’s disease is marked by the expansion of 
CAG repeats in the HTT gene, resulting in mutant 
huntingtin protein that misfolds and aggregates, 
disrupting neuronal function and causing cell 
death. The main characteristic of Parkinson disease 
is dysfunction and aggregation of á-synuclein to 
form Lewy bodies. The mutations of the associated 
genes alter the mitochondrial activity and neurons 
survival leading to the progressive death of 
dopaminergic neurons.13 In ALS, SOD1, TARDBP, 
FUS and C9orf72 mutations cause unwarranted 
amyloids, embarrassed RNA processing and 
neuronal death (Table 1).
	 A combination of these genetic and 
epigenetic processes highlights the complexity 
of neurological diseases. Knowledge of these 
pathways is informative in linking disease genesis 
together with presenting a feasible way to new 
interventions that would be precisely directed. 
With its ability to directly modify genes and 
even influence epigenetic states, CRISPR-Cas9 
technology holds great promise in addressing the 
root causes of these debilitating conditions.14

Mechanistic insights into crispr-cas9 technology
	 This CRISPR-Cas9 system which was 
originally borrowed as an adaptive immune system 
in Streptococcus pyogenes has become an adaptable 
and potent tool of genome-editing. It works on the 
basis of the interaction of the Cas9 endonuclease 
with a single-guide RNA (sgRNA), that guide Cas9 
to a particular location in the genome by Watson-
Crick base pairing with these target DNA.15 The 
structural biology of this system reveals that Cas9 
undergoes significant conformational changes upon 
binding to the sgRNA, which then facilitates target 
DNA recognition adjacent to a protospacer adjacent 
motif (PAM). When the Cas9 target sequences are 
bound, it causes the cell to repair with a break (as 
a pair of strands), resulting in non-homologous 
end joining (NHEJ) or homology-directed repair 
(HDR) to accomplish gene destruction or repair.16

	 To enhance the precision and functionality 
of CRISPR, several advanced editing tools 
have been developed. Base editing is capable of 
converting the single base of DNA (e.g. C G to T 
A or A T to G C) without causing DSBs by fusing 
catalytically incompetent Cas9 to a deaminase 

enzyme. Prime editing is a further development 
of the idea which allows controlled insertions, 
deletions, or base substitutions in a specified region 
by: Nicking a target sequence in DNA with a Cas9 
nickase as part of a chimeric fusion with a reverse 
transcriptase, and using it to insert a complementary 
sequence specified by a prime editing guide RNA 
(pegRNA).17 These tools significantly reduce off-
target effects and broaden the therapeutic potential 
of genome editing, especially in post-mitotic 
neurons where DSB repair is limited.
	 Besides DNA rearrangement, CRISPR 
has been modified to regulate specific expression 
of genes. In CRISPR interference (CRISPRi), 
catalytically inactive Cas9 (dCas9) is engineered 
together with a transcriptional repressor e.g. KRAB 
allowing stable and reversible gene-silencing.18 
Conversely, CRISPR activation (CRISPRa) 
employs dCas9 fused to activators like VP64 or 
p300 to upregulate target genes. The methods are 
especially useful in the understanding of gene 
activity and controlling networks in the neuronal 
systems, where extensive and irreversible DNA 
alteration might not be preferable.19

	 Another horizon of CRISPR applications is 
epigenome editing. Under epigenetic writing effect, 
the epigenetic landscape of particular genes can be 
rewritten with the help of dCas9 complemented 
with repurposed epigenetic modifiers (histone 
acetyltransferases, methyltransferases, or DNA 
demethylases) in a way that does not involve a 
change in the underlying DNA.20 In neurons, where 
epigenetic plasticity governs key processes such 
as synaptic remodeling and memory formation, 
these tools offer novel means of dissecting gene 
regulation and correcting disease-associated 
epigenetic aberrations.
	 Other CRISPR-related proteins besides 
Cas9 have widened the toolbox available to 
genome editing. Alternative targeting flexibility 
are conferred by Cas12a (Cpf1) with its unique 
PAM specificity and pattern of staggered incision.21 
Cas13 is used to perform programmable RNA 
editing, which produces a transient and reversible 
up or down regulation of gene expression and this 
is especially desirable where using a system of 
permanent DNA editing creates safety concerns. 
Recent innovations such as CasMINI, a compact 
and engineered variant of Cas12f, promise to 
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enhance delivery efficiency, especially for gene 
therapy applications requiring viral vectors with 
limited cargo capacity (Table 2).
Application in neurological disease models
	 The CRISPR-Cas9 editing tool has 
disrupted the process of generating disease models 
of neurological diseases as it allows specific and 
effective editing of genes in a number of biological 
systems. In vitro systems, especially neural 
cultures of 2D and 3D brain spheroids, are now 
of immeasurable value in modeling complex in 
vivo neurodevelopmental and neurodegenerative 
disorders.22 Brain organoids, derived from 
pluripotent stem cells, recapitulate key aspects 
of cortical architecture and allow researchers to 
study early disease onset, regional vulnerability, 
and cell-type-specific gene perturbations in a 
physiologically relevant context. They have 
successfully used such models to model genetic 
mutations observed in Alzheimer, Parkinson and 
Huntington diseases and can further observe the 
phenotypic outcome in near real-time upon gene 
editing.23

	 In vivo, CRISPR has been employed to 
generate transgenic animal models that closely 
mimic human neurological disease pathology. In 
this area mouse models have been traditionally 
overwhelming and it is possible to study the 

pathogenesis of Alzheimer, Parkinson disease 
by conditional or tissue-specific knockouts of a 
target gene such as APP, PSEN1, or LRRK2.24 
More recent developments have already opened 
the CRISPR door to non-human primates which 
provide better neuroanatomical and behavioral 
models of human disorders. These models are 
crucial not only for elucidating disease mechanisms 
but also for testing the safety and efficacy of gene 
therapy candidates.
	 iPSC (Induced pluripotent stem cell) 
neurons provide an intermediate model between 
animal models and clinical trials and can be 
generated by reprogramming of iPSCs derived 
from patients with disease-causing mutations; 
therefore, it is possible to perform personalized 
modeling studies of disease and correction of 
disease-causing mutations using the CRISPR 
technology.25 This strategy has been employed to 
correct the HTT gene mutation in Huntington’s 
disease, restore normal neuronal morphology, 
and reduce cytotoxic protein aggregates in 
vitro. In equal measure, knock out of LRRK2 in 
Parkerson disease-derived neurons through iPS 
cells has revealed promising results in reversal of 
mitochondrial malfunction and alpha-synuclein 
pathology.26

Table 1. Genetic and Pathological Features of Major Neurological Disorders

Disorder	 Key Mutated Genes	 Pathological Hallmarks	 Inheritance Pattern

Alzheimer’s 	 APP, PSEN1, PSEN2, APOE	 Amyloid-beta plaques, 	 Mostly sporadic, some AD
Disease		  Tau tangles
Huntington’s 	 HTT (CAG repeat expansion)	 Polyglutamine 	 Autosomal dominant
Disease		  aggregation
Parkinson’s 	 SNCA, LRRK2, PARK7	 á-synuclein 	 Sporadic and familial
Disease		  aggregates
ALS	 SOD1, C9orf72, TDP-43	 Motor neuron 	 Mixed
		  degeneration

Table 2. Comparison of CRISPR Tools and Their Functionalities

Tool/Variant	 Function	 Editing Type	 Application Example

Cas9	 DNA double-strand breaks	 Knockout/In-frame	 Gene disruption
Base Editors	 Single base substitution	 Precise base change	 Point mutation correction
Prime Editors	 Template-based repair	 Small insertions/deletions	 Genetic correction
dCas9-fusions	 Gene activation/repression	 Epigenetic editing	 Neuronal gene regulation
Cas12/Cas13	 DNA (Cas12) / RNA (Cas13)	 Transcriptome editing	 RNA disorders (e.g., ALS)
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Table 3. CRISPR Applications in Preclinical Neurological Models

Model Type	 Disease Studied	 Gene Targeted	 Outcome

iPSC-derived neurons	 Huntington’s disease	 HTT	 Reduced aggregation
Transgenic mice	 Parkinson’s disease	 LRRK2	 Improved motor function
3D brain organoids	 Alzheimer’s disease	 APP, PSEN1	 Amyloid pathology modeling
Zebrafish models	 ALS	 SOD1	 Motor neuron protection

Fig. 1. Gene editing delivery strategies ranked by invasiveness and targeting

	 Several  compell ing case studies 
demonstrate the therapeutic potential of CRISPR 
in specific neurological disorders. With Huntington 
disease, CRISPR-based excision of expanded 
CAG repeats in HTT has been demonstrated to 
reduce neurodegeneration in cell line- and mouse 
models. Targeted interference of mutant LRRK2 
in Parkinson disease rescues survival and restore 
the functions of dopaminergic neurons. To model 
and modify familial mutations in APP and PSEN1, 
CRISPR has already been utilized in reducing the 
production of amyloid-beta production in vitro 
in Alzheimer disease.27 Regarding amyotrophic 
lateral sclerosis (ALS): one of the most attractive 
strategies is the CRISPR-mediated inhibition of 
hexanucleotide repeat expansions in C9orf72 that 
is the most common genetic cause of familial 
ALS cases.28 This intervention not only prevents 
the formation of toxic RNA foci but also reduces 

aberrant dipeptide repeat protein production, 
offering hope for a disease currently lacking 
effective treatments (Table 3).
Delivery strategies for brain-specific gene 
editing
	 An effective, safe, and targeted delivery 
of the components of gene editing targeting the 
brain regions is one of the primary challenges 
of the CRISPR-Cas9 application to neurological 
disorders. Brain is anatomically complicated with 
the existence of blood brain barrier (BBB) which 
is a highly selective interface that limits most 
macromolecules. Several delivery routes have been 
developed to enhance CNS targeting, including 
intracerebroventricular (ICV), intrathecal, and 
intranasal administration.29 The intrathecal and 
ICV provide vectors that directly inject gene-
editing-tools into cerebrospinal fluid, as this route is 
widely distributed in the brain. The intranasal route 
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Fig. 2. CRISPR-Cas9 in neurological disorders

provides a route with low invasion that can use 
either olfactory or trigeminal nerve routes of entry 
into the brain albeit with varying effectiveness.30

	 Viral vectors remain the most commonly 
used vehicles for in vivo gene editing due to 
their high transduction efficiency and sustained 
expression. The serotype 9, adeno-associated 
virus (AAV9) has been found to be particularly 
neurotrophic and has a BBB-crossing capacity, 
thus, making it suitable in targeting both glial cells 
and neurons. Lentiviral vectors are an efficient but 
imperfect approach with a restricted permeation of 
the BBB and tend to use as ex vivo or localized 
injectable systems.31 Despite their utility, viral 
vectors raise concerns regarding immunogenicity, 
insertional mutagenesis, and limited cargo 
capacity, prompting the development of alternative 
strategies.
	 Non-viral delivery systems have emerged 
as the more advantageous and secure alternatives 
to the existing and more elastic system of CNS 
gene delivery. mRNA-based vaccines delivered 
by lipid nanoparticles (LNPs) have been especially 
influenced by advances in other systems; LNPs 
are being repurposed to assist CRISPR delivery 
across the BBB, in particular combined with use 
of targeting ligands or targeted changes on the 
surface.32 The naturally occurring extracellular 
vesicles, the so-called exosomes are a promising 
vehicle since they have an intrinsic biocompatibility 
and can penetrate the blood-brain-barrier (BBB) 
and carry Cas9 mRNA, protein or ribonucleoprotein 
complexes.33 Other nanomaterials such as gold 

nanoparticles and dendrimers provide structural 
versatility and tunable surface chemistry for CNS-
targeted delivery, although they remain largely in 
the preclinical stage (Figure 1).
	 New formations of “smart” delivery 
mechanism are appearing, which can react to neural 
microenvironments (change in pH, enzyme levels, 
or redox value) in order to have spatiotemporal 
control over the editing of genes. Specificity and 
reduction of off-target effect may be achieved 
using these systems since the system only releases 
the payload in diseased or inflamed regions within 
the brain. For example, enzyme-responsive 
nanoparticles can release CRISPR components in 
response to matrix metalloproteinases upregulated 
in neurodegenerative lesions.34

	 A challenge to overcome the BBB is 
central. Tactics to get around or temporarily halt the 
barrier are focused ultrasound with microbubbles, 
receptor-mediated transcytosis with transferrin 
or insulin-like growth factor ligands and cell-
penetrating peptides. Engineering vectors or 
carriers that exploit endogenous BBB transport 
mechanisms is a promising avenue for enhancing 
brain specificity without compromising barrier 
integrity.35

Therapeutic potential vs. off-target risks 
	 Although CRISPR- Cas 9 has outstanding 
potential in treating neurological disorders, 
safety issues (particularly, the ones related to 
off-target effects) are one of the limiting factors 
in clinical translation. When Cas9 catalyzes 
unintended mutations in the genome, known as 
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off-target mutagenesis, whereby Cas9 generates 
unpredictable mutations at loci that partially 
match the target locus, but where double-stranded 
breaks are generated.36 In neurons and other post-
mitotic cells, such off-target effects are particularly 
concerning due to limited DNA repair capacity and 
the inability to replace damaged cells.
	 Many strategies have been generated 
to overcome these difficulties to predict, detect 
and reduce off-target activity. The analysis of 
homology and chromatin accessibility allows 
predicting the potential off-targets using in 
silico tools: CRISPRoff, Cas-OFFinder, and 
CCTop. Experimental techniques like GUIDE-
seq (genome-wide, unbiased identification of 
DSBs enabled by sequencing) and Digenome-
seq allow for empirical mapping of off-target 
cleavage events across the genome, providing a 
more comprehensive assessment of CRISPR safety 
profiles.37

	 Another important area of development 
is an increase in fidelity of CRISPR systems. In 
order to limit off-target effects without affecting 
on-target activity, engineered derivatives of SpCas9 
have been created which include: SpCas9-HF1 
(high-fidelity), eSpCas9 (enhanced specificity), 
and xCas9.38 These variants feature amino 
acid substitutions that weaken non-specific 
DNA interactions, thereby improving target 
discrimination and reducing off-target cleavage.
	 On-target risks, like mosaicism and 
unwanted rearrangements of the genome, are 
also present despite any increment in targeting 
specificity. Mosaicism in which some of the cells 
of a given population treated do not have the same 
genetic alteration is particularly troublesome in in-
vivo studies and potentially can yield nonconsistent 
results in therapies. Additionally, large deletions, 
insertions, or chromosomal translocations at the 
target site may occur due to aberrant repair of 
double-strand breaks, complicating interpretation 
of phenotypic outcomes.39

	 In neurological applications, long-term 
operation of gene control is especially important 
because long-term Cas9 activity can increase 
risks. To that end temporal control of gene editing 
has inducible CRISPR (such as doxycycline-
controlled, light-based (optogenetic) or small 
molecule) systems provide the ability to activate 
or deactivate Cas9 expression when required.40 

Self-limiting systems that degrade Cas9 after target 
editing or restrict expression to transient windows 
provide an additional safety layer, minimizing 
prolonged exposure to the editing machinery.
Ethical, legal, and regulatory considerations 
	 The use of CRISPR-Cas9 in the treatment 
of neurological disorders is associated with 
complicated ethical, legislative, and regulatory 
issues, which have to be thought through with 
special attention. One of the significant ethical 
lines of confrontation is related to the difference 
between somatic and germline gene editing. 
Whereas somatic editing of non-reproductive cells 
is commonly regarded as acceptable when used 
to treat a disease, germline editing poses serious 
ethical questions owing to its heritable status.41 In 
the context of the brain, this debate is amplified by 
the potential for unintended changes in cognition, 
personality, or behavior, especially when editing is 
performed during early neurodevelopmental stages.
	 The topic of cognitive enhancement and 
neuroethics is becoming a hot issue, as the CRISPR 
technology is more accurate and accessible. When 
the potential of gene editing is expanded to a 
capability of improving cognitive abilities to such 
levels as memory, attention, or intelligence; there 
are concerns of a future of genetic inequality, 
coercion, and eugenics. These concerns are 
especially relevant in neurological applications, 
where the line between therapy and enhancement 
can become blurred.42

	 T h e r e  i s  a l s o  t h e  p r o b l e m  o f 
informed consent concerning clinical trials of 
neurodegenerative diseases. These conditions 
tend to damage the cognitive process, memory, or 
judgment of the patients, thus making it complex 
to comprehend well and consent to experimental 
treatments with freedom of their own will. Ethical 
trial design must therefore include surrogate 
consent provisions, patient advocacy involvement, 
and continuous monitoring of participants’ capacity 
to consent, especially in progressive conditions like 
Alzheimer’s or ALS.43

	 Internationally, the regulatory systems 
wielding CRISPR in the CNS are not fully 
developed. The NIH in the United States 
encourages somatic gene therapy and has a well 
regulated approach to it, whereas FDA insists on 
high leveled preclinical evidence and safety testing 
over several clinical years of assessment. The 
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European Medicines Agency (EMA) emphasizes 
pharmacovigilance, quality control, and ethical trial 
protocols. India’s ICMR guidelines permit somatic 
cell gene editing under ethical review board 
approval but ban germline editing.44 World Health 
Organization (WHO) has proposed a registry 
of human genome editing trials worldwide and 
insisted on transparency, equality, and involvement 
of people in governance of gene editing.
Clinical trials and translational pipeline
	 The former is a switch from the CRISPR-
Cas9 being a potent experimental tool towards a 
practical treatment in the neurological field. The 
translational pipeline is developing soon, even 
though its clinical application in neurological 
disorders is still in its early stages. According to 
data from ClinicalTrials.gov, several early-phase 
trials are now exploring the feasibility, safety, 
and efficacy of CRISPR-based therapies for 
neurogenetic conditions, including amyotrophic 
lateral sclerosis (ALS), Huntington’s disease, 
and Leber congenital amaurosis.45 Although the 
majority of trials now remain in ex vivo editing 
or non-neuronal medicine, in vivo focus on the 
CNS loom ahead, with recent advances in delivery 
methods and preclinical verification.
	 Progression from bench to bedside 
requires a robust demonstration of therapeutic 
efficacy, long-term safety, and the scalability of 
gene-editing platforms. Not only the precise and 
long-term correction of pathogenic mutations 
but also the functional improvement of the 
neurological situation without side effects should 
be observed in preclinical models.46 Also, the 
manufacturing consistency, quality of vectors and 
dose standardization also have to be solved to 
receive a regulatory approval.
	 The clinical trajectory is also affected by 
regulatory and intellectual property (IP) landscape. 
The continuous patent conflicts especially between 
the Broad Institute and the University of California 
Berkeley have brought ambiguity to the laws that 
influence licensing and commercialization among 
several others. These disputes over foundational 
CRISPR patents underscore the importance of IP 
clarity for companies and academic institutions 
engaged in translational research.47-48

	 Another major role of collaborative 
consortia and public-private partnerships is in 
linking research and clinical application. The 

National Institute of Neurological Disorders 
and Stroke (NINDS) supports a variety of 
translational research initiatives to speed up 
the process of developing gene therapy in rare 
neurological disorders.49 Similarly, organizations  
like CureRare and EdiGENE are working to 
advance gene editing platforms into human trials 
through interdisciplinary collaboration, biomarker 
discovery, and patient registry development (Figure 
2).
Future directions 
	 With the evolving CRISPR-Cas9 
technology combined with other emerging 
advanced fields, it seems that it can be used to 
facilitate how neurological diseases are treated. 
Among the options related to future directions that 
are the most disruptive, a combination of CRISPR 
with artificial intelligence (AI) and machine 
learning (ML) algorithms should be noted. These 
tools enable highly accurate prediction of guide 
RNA efficiency, off-target sites, and optimal editing 
windows, thus enhancing precision and reducing 
trial-and-error in therapeutic design.50-51 AI-based 
systems are as well being used to discover new 
therapeutic aims, and forecast gene-condition links 
in polygenic neurological disorders.
	 Multi-gene editing introduces a potent 
approach to address polygenic and complex 
disorders that have recently gained relevance to 
treat such diseases, as schizophrenia, epilepsy, 
and ASDs (autism spectrum disorders), which 
are commonly associated with the deregulation 
of many interconnected genes. Advances in 
multiplexed CRISPR systems, including the 
use of multiple guide RNAs or engineered Cas 
variants, allow simultaneous modulation of 
several targets, offering a new level of therapeutic 
customization.52-54

	 Beyond DNA editing, CRISPR-Cas13 
systems offer RNA-targeting capabilities, opening 
avenues for reversible and transient interventions. 
The Cas13-based editing can be used to regulate 
aberrant transcriptome without editing the 
underlying genome, something is especially of 
interest when treating diseases related to toxic 
RNA species, like in certain types of ALS and 
frontotemporal dementia.
	 C o m b i n i n g  C R I S P R  w i t h 
neurotechnologies such as neuroprosthetics, 
optogenetics, and nanotechnology is another 
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frontier.55-56 Such bi-systems have the capability 
of displaying real time feedback, spatial accuracy, 
and activity dependent gene regulation. As an 
example, it is possible to use optogenetically 
regulated CRISPR system which can provide 
temporal regulation of gene expression under light 
and nanomaterial-based carriers that ensure that 
they could be delivered with improved specificity 
and less immunogenicity.
	 Finally, CRISPR is anticipated to become 
a cornerstone of precision medicine in neurology. 
As patient specific genomic data and induced 
pluripotent stem cell (iPSC) models become more 
widely obtained, patient specific gene therapy 
genetically and epigenetically-specific diseases can 
be achievable.57-58 This method has close potential 
in the case of ultra-rare neurological disorders, 
where conventional medication is unusable.59-60

CONCLUSION

	 The innovation of CRISPR-Cas9 has 
brought the revolutionary kind of solution in the 
neurological research and therapy landscape by 
providing precision and versatility to gene editing 
like never before. Ranging between explaining 
the molecular mechanisms of neurological 
disorders that are very complicated to the fixation 
of pathologic mutations in preclinical designs, 
its uses have flourished at an extremely quick 
pace, and holds the prospect of offering new 
biomedical interventions to illnesses that were 
hitherto untreatable. The ability to manipulate 
the genome and, increasingly, the transcriptome, 
places CRISPR at the forefront of next-generation 
neurotherapeutics.61-62

	 Nevertheless, such promise should be 
sweetened with the consideration of the ethical, 
legal and safety challenges. The complexity of off-
target effects, the impediments of delivery beyond 
the blood-brain barrier, and the neuroethical 
considerations of the neuroscience of cognitive 
modification or enhancement require dependable 
regulatory responses and tightly scientifically 
scrutinized. Ensuring informed consent, 
particularly in vulnerable populations affected 
by neurodegenerative disorders, is a crucial 
component of responsible clinical deployment.63-64

	 To conclude and project into the future, 
CRISPR can only be used to its full potential in 

neurology when collaboration between disciplines 
occurs. The translation of the bench side innovations 
into safe effective and secure bedside interventions 
will necessitate an inclusion of insights in 
molecular neuroscience, bioengineering, artificial 
intelligence, regulatory science and ethics.65 
CRISPR-mediated therapies are on the horizon 
with careful stewardship and continued advances 
looking forward to revolutionizing the clinical 
implications of managing neurological disorders 
within ten years.
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