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Review

Applications of CRISPR/Cas9 in the 
Mammalian Central Nervous System
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Department of Neurobiology and Evelyn F. McKnight Brain Institute, University of Alabama at Birmingham, Birmingham, AL

Within the central nervous system, gene regulatory mechanisms are crucial regulators of cellular 
development and function, and dysregulation of these systems is commonly observed in major 
neuropsychiatric and neurological disorders. However, due to a lack of tools to specifically modulate 
the genome and epigenome in the central nervous system, many molecular and genetic mechanisms 
underlying cognitive function and behavior are still unknown. Although genome editing tools have 
been around for decades, the recent emergence of inexpensive, straightforward, and widely accessible 
CRISPR/Cas9 systems has led to a revolution in gene editing. The development of the catalytically 
dead Cas9 (dCas9†) expanded this flexibility even further by acting as an anchoring system for fused 
effector proteins, structural scaffolds, and RNAs. Together, these advances have enabled robust, modular 
approaches for specific targeting and modification of the local chromatin environment at a single gene. 
This review highlights these advancements and how the combination of powerful modulatory tools 
paired with the versatility of CRISPR-Cas9-based systems offer great potential for understanding the 
underlying genetic and epigenetic contributions of neuronal function, behavior, and neurobiological 
diseases.
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INTRODUCTION

The idea of editing a gene likely began with the 
first indication that a mutation within a gene can cause a 
disease. The concept is straightforward – correct a single 
mutation, such as the single nucleotide polymorphism 
(SNP) at the HBB gene observed in patients with 
sickle cell anemia, and a disease could be reversed. In 
practice, gene editing is a field that researchers have been 

struggling with since its inception. The discovery of gene 
editing systems such as zinc finger nucleases (ZFNs) 
[1] and transcription activator-like effector nucleases 
(TALENs) [2,3] provided the first demonstration of 
more efficient gene editing approaches, but both systems 
are cumbersome to use. The recent repurposing of 
the prokaryotic immune system clustered regularly 
interspaced short palindromic repeats (CRISPR) [4] 
for eukaryotic genome editing [5-7] has revitalized the 
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field due to its modularity, precision, and accessibility. 
In addition to widespread use for gene editing, CRISPR/
Cas9-based methods have expanded to recruit effector 
proteins and RNAs for gene activation, repression, and 
epigenetic reprogramming [8]. Within a few short years 
of being adapted for mammalian gene editing, CRISPR-
related tools are now poised to enable robust and specific 
manipulation of the mammalian genome and epigenome.

This suite of tools to interrogate a single gene in 
unprecedented ways has the potential to push many areas 
of neuroscience towards more effective therapeutics, in 
part by enabling the generation of novel animal models 
with relevance to human disease. CRISPR-Cas9 genome 
editing has already decreased costs and time commitment 
required to generate transgenic mouse models, but it 
will also speed creation of transgenic species that have 
previously been more resilient to early gene editing 
techniques, such as the laboratory rat [9] or non-human 

primates [10]. Given that these species are frequently 
used as model systems for more complex behavioral and 
cognitive testing across neurosciences, this advance will be 
a major breakthrough for many subdisciplines. Moreover, 
the adaptation of these tools for epigenome editing has 
the potential to show how modulation of epigenetic marks 
at a single gene target can impact neuronal function and 
behavior [11-13]. Thus, these tools can provide novel 
insights into epigenetic aberrations that have been 
identified in numerous neuropsychiatric diseases, such 
as depression, schizophrenia, autism spectrum disorders, 
and addiction [14-21]. Taken together, these advances 
have generated tremendous momentum and excitement 
for more detailed genetic and epigenetic interrogation of 
the central nervous system. This review will summarize 
the current toolbox available to researchers interested in 
genetic and epigenetic editing, and highlight the benefits 
and pitfalls of using these techniques to understand how 

Figure 1. CRISPR/Cas9-based gene and epigenetic editing and methods of multiplexing. a) The CRISPR gene 
editing system uses a guide RNA (gRNA) to recruit the Cas9 nuclease to a specific location on the genome. Cas9 
induces a double stranded break (DSB) in DNA, resulting in activation of one of two DNA repair pathways—homol-
ogous recombination (HR) or non-homologous end joining (NHEJ). b) The catalytically dead Cas9 (dCas9) acts as 
an anchoring system for fusion proteins. Fluorescent proteins, transcriptional regulators, and epigenetic enzymes 
can be recruited with dCas9 in a gene-specific manner. c) The gRNA sequence tethered to a long non-coding RNA 
(lncRNA) permits the study of the localization and function of lncRNAs in transcriptional control. d) A gRNA fitted 
with RNA aptamers creates a scaffold for proteins with RNA recognition domains to bind, resulting in recruitment of 
effector proteins. Different aptamer/RNA recognition pairs can be used to recruit distinct modifiers either at the same 
locus or to coordinate complex control over many loci. e) SunTag multiplexing involves dCas9 fused with an array 
of peptide epitopes to achieve amplification of the recruited effector’s function. Effectors are fused with single chain 
antibodies (scFv) that are specific to the epitope fused to dCas9. f) Different species of Cas9 can be utilized to direct 
different effectors to distinct loci. The protospacer adjacent motif (PAM) sequence is species specific. For example, 
Streptococcus pyogenes (SpCas9) has a NGG PAM requirement, while Staphylococcus aureus (SaCas9) requires a 
NNGRRT PAM recognition sequence for gRNA binding.
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gene regulatory mechanisms contribute to neuronal 
function, behavior, and brain disease.

EVOLUTION OF THE CRISPR/Cas9 
TOOLBOX

CRISPR/Cas9
CRISPR was first discovered as an adaptive 

immune system in bacteria [4] and was later adapted for 
eukaryotic expression for gene editing [6,7,22]. There 
are two major components of the CRISPR-Cas9 gene 
editing system: the Cas9 nuclease protein and a chimeric 
single guide RNA (gRNA) (Figure 1a) [5,22]. The gRNA 
directs the Cas9 protein to its target sequence, where the 
DNA strands are separated and cleaved [5]. The gRNA 
sequence generally targets a 20bp nucleotide region 
immediately adjacent to a protospacer adjacent motif 
(PAM) sequence, which is specific to the species of Cas9 
being used [5,23]. After DNA is cut, the cell attempts to 
repair this dsDNA break in one of two ways: homologous 
recombination (HR) or non-homologous end joining 
(NHEJ) [24]. HR requires a template and is the most 
common way to correct a mutation or knock-in a specific 
sequence. NHEJ is the cell’s emergency DNA repair 
system – it is an indel prone method that quickly repairs 
DNA without a template. This method is commonly 
used to induce a frameshift mutation in a gene, thus 
creating a functional knockout in the cell by introducing 
a premature stop codon. Alternatively, the Cas9 system 
targeted to multiple locations on a chromosome causes 
chromosomal rearrangements or deletions [25-27]. 
Overall, Cas9-based gene and chromosome editing both 
are widely employed methods in virtually any species to 
achieve specific alteration of a DNA sequence.

Despite the numerous challenges of expressing 
CRISPR/Cas9 constructs in neurons, many labs are 
starting to implement these tools to explore genetic 
mechanisms in neuronal systems. Multiple groups have 
successfully utilized Cas9 to achieve gene knockout 
in both cultured neurons and in vivo [28-32]. Use of 
the Cas9 system in the adult brain is advantageous for 
dissecting the function of a protein via genetic knockout. 
Traditionally, knockout approaches have required 
germline deletion, which is problematic as many proteins 
are required for development [33]. Even if an organism 
survives without the protein through development, the 
brain may compensate in other ways, obscuring the 
interpretation of the results. While conditional knockout 
animal models can help to circumvent this limitation, 
the advantage of the CRISPR system is the ability to 
achieve protein mutation at any point in development 
without the need for a transgenic animal. Indeed, this 
approach was validated for use in wild type C57BL/6J 

as well as Sprague-Dawley rats, where targeting of the 
NMDA receptor subunit GluN1 (Grin1 locus), which 
is embryonic lethal in a knockout animal, resulted in a 
diminished NMDA/AMPA current ratio [31]. Conversely, 
although gene editing relying on HR-mediated DNA 
repair will likely be less efficient in the adult CNS as 
post-mitotic neurons do not readily use this method of 
repair [34], HR-directed gene editing with CRISPR-Cas9 
remains a valuable tool in generation of animal models or 
stem cell therapy.

CRISPR/dCas9 and the Recruitment of Effector 
Proteins

Precise and straightforward gene editing provides 
countless benefits to biomedical research. However, 
the development of the dCas9 (“dead” Cas9) anchoring 
system [35,36] has been equally impactful. Devoid of 
nuclease activity, dCas9 permits tethering of fusion 
proteins, which, like traditional Cas9, can be recruited to 
virtually any spot on the genome (as illustrated in Figure 
1b). Both ZFP and TALE-based approaches also provide 
a scaffold for the site-specific recruitment of epigenetic 
modifiers, but the ability to use the same gRNAs with 
different effectors makes the CRISPR/dCas9 system 
more modular and straightforward to use. This subsection 
outlines many of the applications that are possible with 
dCas9, though many recent reviews have focused solely 
on this topic and are suggested for further reading 
[8,13,37,38].

Conventional methods to modulate gene 
expression have generally employed less specific 
genetic approaches. These methods generally include 
overexpression vectors and knockdown technologies 
such as RNA interference (RNAi) [39,40]. Although 
these methods offer evidence for the functional role of a 
gene, they ignore the endogenous gene locus. Likewise, 
interrogation of epigenetic mechanisms over the past two 
decades has largely been limited to genetic manipulation 
of the enzymes that create these modifications or global 
pharmacological inhibitors. Although many epigenetic 
marks correlate with gene expression changes or even 
behavioral experience, this limitation has meant that the 
causal links between epigenetic modifications and gene 
transcription have been elusive.

Use of the dCas9 fusion protein system has paved 
the way to understand how local regulatory modification 
affects chromatin state and conformation, transcriptional 
machinery, and gene expression. Gene activation using 
dCas9 fusion proteins is generally termed CRISPR 
activation (CRISPRa). For example, dCas9-based 
targeting of transactivators that recruit RNA Polymerase 
II (VP64, a concatemer of the herpes simplex viral protein 
VP16, and p65, a subunit of transcription factor NF-
κB) results in robust, and largely specific, upregulation 
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function was not previously possible. While most of 
these repressing fusion proteins have been synthesized 
and validated for use with ZFP or TALE-based systems, 
many are now being repurposed for use with dCas9 [54]. 
For example, the DNA methyltransferase, DNMT, can be 
used to methylate specific regions and generally results in 
repression of gene expression [52,55,56]. Moreover, the 
impact on animal behavior of modulating the chromatin 
environment of a single gene in a single brain region has 
previously been explored with ZFN/TALEs. Specifically, 
histone methylation with ZFN-G9a targeted the Fosb 
locus in the nucleus accumbens resulted in blunted 
cocaine-induced locomotor sensitization [57]. This study 
highlights how the chromatin environment at a single 
gene can influence behavior, and open the door for future 
exploration into the role of epigenetic modifications in 
adaptive behavior and brain disease.

Tagging and Isolation
Antibody-based methods are powerful techniques 

to quantify protein levels present in a cell/tissue or 
isolate components bound to a protein. However, 
for many proteins, the lack of antibodies compatible 
with immunoprecipitation approaches severely limits 
understanding of protein localization and protein-protein 
or protein-nucleic acid interaction. The catalytically 
active Cas9 solves this problem by cutting DNA so that 
an exogenous epitope, such as a FLAG or HA tag, or 
fluorescent protein can be inserted into to the endogenous 
gene. Also, this method has been utilized in the mammalian 
CNS via in utero electroporation to tag proteins for high-
resolution imaging to determine sub-cellular localization 
[58,59]. Likewise, DNA-binding proteins modulate many 
aspects of the transcriptional and epigenetic landscape. 
Identification of the proteins that are bound to a certain 
region imply the activity of that region, and assist with 
demarcation and functional roles of genetic elements like 
promoters and enhancers. This is typically characterized 
with chromatin immunoprecipitation (ChIP), which relies 
on the use of a protein-specific antibody to pull down DNA 
regions bound to the protein. Until recently, isolating 
proteins bound to a specific region of DNA has been more 
challenging. Development of engineered DNA-binding 
molecule-mediated chromatin immunoprecipitation 
(enChIP) utilizes dCas proteins fused to an epitope tag 
[60]. Purification of the endogenous DNA region paired 
with mass-spectrometry identifies proteins bound to a 
specific region on the genome. Together, these powerful 
approaches help to solve current limitations in how 
protein-protein interactions and protein-DNA interactions 
are measured, and will be useful for examining gene 
regulation at a single locus.

Similarly, techniques such as fluorescence in situ 
hybridization (FISH) have provided an understanding 

of targeted genes [41-46]. Likewise, combination of 
VP64, p65, and Rta (a gammaherpesvirus transactivator), 
termed VPR, also induces gene expression at targeted 
genes, and is significantly more effective than either 
VP64 or p65 alone [47]. This technology has already 
been employed to unravel some of the key mechanisms 
that control neuronal fate specification and function. 
For example, although it is well understood that distal 
enhancer elements in DNA are critical for expression 
of associated genes [48], until recently it has not been 
possible to activate enhancer in a precise way to study 
their individual roles in transcriptional regulation. 
Thus, this technology provided the means for a recent 
breakthrough, as CRISPR/dCas9-VP64 was used to drive 
genomic enhancer activity in neuronal systems for the 
first time [49]. Specifically targeting two development-
dependent enhancers associated with Grin2c gene with 
dCas9-VP64 resulted in upregulation of Grin2c gene 
expression [49], providing insight into the importance of 
chromatin interactions for gene expression regulation.

Other fusion proteins that result in increased 
transcription actually target epigenetic modifications 
rather than recruitment of trans-activator proteins. For 
example, recruitment of p300, a histone acetyltransferase 
and transcriptional co-activator, results in robust gene 
expression by inducing transcriptionally permissive 
chromatin [50]. Similarly, dCas9-based targeting of 
Tet1, an enzyme involved in DNA hydroxymethylation 
(and, ultimately, cytosine demethylation), induces a 
methylation-repressed gene [51,52] by creating a local 
state of hypomethylation. In cultured cortical neurons, 
dCas9-Tet1 recruitment to the Bdnf promoter region IV 
induced Bdnf mRNA, enabling the function of this gene 
to be isolated from induction of other key plasticity 
and activity-regulated genes that are often regulated in 
parallel [52]. Additionally, the same study demonstrated 
that infusion of lentiviral constructs into the adult brain 
unsilenced a methylated reporter sequence. Taken 
together, these reports establish feasibility of using these 
systems in vitro and in vivo to alter transcriptional and 
epigenetic states.

On the other end of the spectrum, dCas9 fusion 
proteins aimed at repressing a specific locus have also 
been described. Generally, these constructs recruit 
histone modifying enzymes to condense the chromatin 
environment to decrease gene expression, while others 
covalently modify either DNA or histones to achieve their 
effects. For example, Krüppel-associated box (KRAB) 
targeting to a locus results in recruitment of chromatin 
condensing epigenetic enzymes linked to transcriptional 
silencing [41,53]. Enhancer-targeted dCas-KRAB has 
been used to understand the importance of different 
Fos (aka c-Fos) enhancers in cortical neurons [53], 
providing another instance in which dissecting enhancer 



Savell and Day: CRISPR/Cas9 in the mammalian central nervous system 571

FISH [62] but faces the same limitations as DNA-FISH. 
By providing a mixed RNA/DNA oligo (PAMmer) 
with the dCas-GFP tagging system, RNA can also be 
visualized in real time [66]. These applications have 
the potential to markedly accelerate our understanding 
of RNA biology. For example, unique Bdnf transcripts 
arise from numerous distinct promoters, and the resulting 
transcript variants are induced by specific stimuli [67]. 
However, the localization and expression levels of these 
transcripts in live cells has been difficult to examine, 
and ultimately the function of different transcripts has 
remained elusive. Using dCas9 with a PAMmer allows 
for live imaging of Bdnf transcripts to understand the 
role of transcript dynamics and trafficking. Observing 
not only the localization of both DNA and RNA but also 
the dynamics of these systems in live cells is invaluable 
in neuroscience as chromosome looping and RNA 
trafficking are both implicated in basic neuronal function 
and disease [68].

CRISPR-Display
Converging evidence from many different systems 

has implicated long non-coding RNAs in functional 
regulation of gene expression both cis and trans [69-71]. 
These RNA species contribute to epigenetic regulation 
and transcription alongside more well-known roles in 
imprinting, X-chromosome inactivation, and telomere 
function [71]. However, while lncRNA play critical 
roles in these processes, it has proven difficult to directly 
examine the importance lncRNA spatial localization 
due to technical limitations. Simply overexpressing a 
lncRNA does not guarantee that it will play the same 
role as an endogenous lncRNA, as many lncRNAs are 
thought to act through local interactions. To address this, 
another application of the dCas9 system is to “tether” 
a lncRNA of choice to the gRNA construct, allowing 
lncRNAs to be recruited in a spatially specific manner 
(Figure 1c) [72]. This approach, termed CRISPR-Display 
[72], has enabled experimental dissociation of sequence-

of gene expression and chromatin organization by 
fluorescently labeling loci for visualization [61,62]. 
However, this technique requires that the design of 
specific probes and cells must be fixed, so visualization 
of a live cell is not possible. By fusing a fluorophore 
such as GFP to dCas9 and employing a specific gRNA 
to target a DNA region of interest, CRISPR-based 
approaches can deliver similar information without the 
need for FISH probes [63,64]. Moreover, this approach 
allows specific loci to be monitored in real time in live 
cells to understand the dynamics of chromatin looping, 
especially with neuronal activity [65]. Multiplexing loci 
with different fluorescent proteins is possible by utilizing 
different species of dCas9 [63] or a modified gRNA 
construct [64], which is described in more detail within 
the multiplexing subsection below (also, see Figure 2). 
Likewise, RNA localization is achievable with RNA-

Figure 2. Chemical and optical methods to regulate 
the temporal expression of CRISPR-based tech-
niques. a) The tetracycline-inducible system controls the 
expression of a transgene with administration of the com-
mon tetracycline, doxycycline (dox). The Tet-on system is 
illustrated here. At baseline, the dCas9-effector trans-
gene, under the tetracycline response element (TRE), is 
not expressed at baseline. With dox treatment, rtTA is re-
cruited to the TRE, which activates transgene transcrip-
tion. NLS-nuclear localization sequence. b) Light induced 
CIB1/CRY2 binding partners regulate recruitment of an 
effector protein to dCas9 for temporal control. Exposure 
to 450nm blue light causes a confirmation change of 
CRY2, which is then able to bind to CIB1. When the light 
is removed, CRY2-CIBN interactions are reversed.
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recruit multiple effectors of the same type, while a variety 
of epitopes allow for the recruitment of different effectors. 
Recruitment of multiple activators or repressors may 
potentially produce a more robust effect over just one type 
of effector. This system has been used to induce robust 
gene expression with VP64, locus visualization with GFP 
[78], and induction of a repressed gene with Tet1 [51]. 
This type of approach may be essential for unsilencing 
of genes that are repressed by DNA methylation [51,78] 
or provide strong enough induction of gene expression to 
result in cell type conversion.

Though some processes involve the same modification 
at many genes, these tools could be even more powerful if 
they allowed for the coordinated, simultaneous activation 
and repression of distinct genes sets. Additionally, in 
some cases it would be useful to regulate the sequential 
recruitment of distinct individual factors (such as 
different epigenetic modifiers or transcription factors) 
to a single gene. Multiplexing with the use of multiple 
species of Cas9 is an attractive approach to coordinate 
more intricate control of a locus or many loci at once 
(Figure 1f) [6,23,79-81]. As mentioned before, the PAM 
sequence immediately adjacent to the crRNA site dictates 
which Cas species will bind. Therefore, if multiple 
species of Cas are utilized with their respective gRNA, 
then each species could be fused with a different effector 
protein. A potential caveat to this approach is that different 
PAM sequences may not be compatible with the desired 
targeting location. As an alternative strategy, the RNA 
aptamer system could be modified to include different 
RNA stem loop structures to facilitate the recruitment of 
different effectors to diverse loci while using the same 
species of dCas9.

PAIRING CRISPR/Cas9 AND OTHER 
MODULATORY TECHNOLOGIES

Cell Type Specificity
The central nervous system is comprised of a 

heterogeneous population of cells, including different 
neuronal subtypes and glial cells. Due to this complexity, 
genetic manipulations that affect distinct populations 
of cells often yield different results. While stereotaxic 
surgery offers location specific control for basic 
research in animal models (Figure 3a), modern genetics 
has enabled even more precise cellular specificity by 
incorporating cell-type specific promoters to introduce 
transgenes into unique cellular populations. For example, 
excitatory forebrain neuronal populations are often 
targeted using the Camk2a promoter [82], whereas glial 
populations are often targeted in adult animals using 
the Gfap promoter [83]. Similarly, promoters that drive 
the expression of genes coding for specific neuronal 
receptors (e.g., Drd1, Drd2, Adora2a) [84,85], enzymes 

based lncRNA effects from location-based lncRNA 
effects, and provides a powerful tool to understand 
the pleotropic molecular roles of lncRNA [73]. 

Multiplexing
Although the possibility of specifically targeting 

a single locus on the genome is a huge advancement to 
the field, multiplexing offers coordinated control over 
multiple loci on a single gene or concerted regulation of 
many different genes. Multiplexing is defined in multiple 
ways, either by the use of multiple guides or multiple 
dCas9 effector proteins. Multiplexed targeting of 
distinct transcriptional activators or repressors amplifies 
their individual effect [47,74]. In addition to providing 
insight into how single epigenetic modifications 
regulate gene expression, this technology enables more 
widespread epigenetic reprogramming at a single gene by 
multiplexing gRNAs or recruiting multiple copies of an 
epigenetic effector. For example, it is currently unclear 
whether DNA methylation can impact gene expression 
through methylation changes at single cytosines, or 
whether widespread alterations to a promoter or other 
genomic features are necessary to alter gene expression 
[75]. By enabling recruitment of DNA methylation 
machinery to highly specific locations or entire genomic 
elements, CRISPR-dCas9-based multiplexing strategies 
have the potential to bring much-needed resolution to 
this question.

More recently, new strategies have emerged to 
allow targeting of multiple effectors with a single gRNA. 
One approach involves the addition of unique RNA-
protein interaction domains engineered within the gRNA 
sequence to provide a scaffold for proteins with RNA 
recognition domains. This involves the modification of 
the secondary structure of the gRNA to include RNA 
aptamers, termed scaffold gRNA, creating stem loop 
structures with different RNA recognition motifs (Figure 
1d). Many groups have utilized this technique with RNA 
aptamers that recruit bacteriophage MS2 coat protein 
[43,66,72,76,77], though it is possible with other RNA 
aptamers such as PP7 or Com [8,38,72]. These differing 
RNA binding motifs/binding partners can be used to 
recruit either multiple types of effectors to a single 
locus or to uniquely coordinate more complex control 
at multiple genes. Additionally, for epigenetic marks 
such as DNA methylation, this system is well suited to 
ensure that the region is targeted for DNA methylation/
demethylation with multiple copies of an effector.

A second approach to recruit more effectors with 
only one gRNA is to use an array of peptide epitopes 
fused to dCas9. Termed SunTag [78], this strategy 
provides a protein scaffold for multiple binding sites of an 
effector protein (Figure 1e). The identity of the epitopes 
determines which effectors bind – a string of like epitopes 
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viruses containing strategically placed loxP sites [93]. 
Flanking loxP around transgene sites can be used to delete 
it when expression is no longer necessary. This could be 
used in multiple ways in the CNS. For example, deletion 
after Cas9-induced knockout would be advantageous 
to reduce the chance of off-target effects. Similarly, 
a floxed transgene can be flipped to become active, 
which is a common strategy for cell-type specificity or 
inducible expression [93]. This system is especially 
powerful in neuroscience as hundreds of Cre lines have 
been generated to drive expression in many different cell 
types [94,95]. Moreover, the Cre system is usable without 
the requirement of a transgenic animal by introduction 

critical for neurotransmitter synthesis (e.g., Th, Chat, 
Tph2, Dbh) [86-90], or synaptic/vesicle proteins (e.g., 
Slc6a3, Slc1a3, and Syn1) [90,91] are often used to target 
more genetically defined neuronal populations. Finally, a 
number of activity-responsive promoters (e.g., Fos, Arc) 
[92] can be used to drive transgene expression in a manner 
that is sensitive to neuronal stimulation or activation in a 
given context. CRISPR-mediated gene editing in neurons 
has already utilized this strategy to achieve neuron-
specific expression with the Syn1 promoter [30].

Another powerful genetic system involves the 
combination of transgenic animals or viruses that express 
Cre recombinase in specific populations of cells with 

Figure 3. The combination of CRISPR-based editing and neuronal manipulation techniques. a) Region-specific 
expression of CRISPR components is possible with stereotaxic surgery. In this example, the dentate gyrus (DG) of 
the hippocampus is targeted. With this approach, the promoter driving the transgene dictates which cells will express 
the construct in the region. b) (Top) Infusion of LACE viral constructs and implantation of an optical fiber allows 
temporally specific binding of effector proteins to dCas9-CIB1. (Bottom) Gene expression of a target gene can be 
bidirectionally controlled with different LACE systems. Cry2-VP64 induces transcription with exposure to light, while 
Cry2-KRAB represses expression. Removing light returns gene expression to baseline as the Cry-effectors are no 
longer recruited to the locus. c) (Top) Circuit specificity is achieved by infusing a monosynaptic retrograde rabies virus 
(RABV) containing the gRNA into the DG and a lentivirus or AAV carrying Cas9/dCas9 constructs into the entorhinal 
cortex (EC). (Bottom) Though there are multiple inputs into the DG, only the cells projecting from the EC to the DG 
receive both viruses and have a functional CRISPR system. d) (Left) Experience, such as fear conditioning, results 
in sparse coding in the DG, and cells participating in the encoding of the memory express the immediate early gene 
Fos. (Right) Use of a Fos promoter driving the Tet-on system (utilizing rtTA to activate the dCas9-effector transgene 
infused into the DG) can be used to express dCas9-effector in cells only activated by training. This is achieved by 
administration of doxycycline during training, providing a window in which active cells can express the transgene.
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Retrograde tracers [105], channelrhodopsins, and 
designer receptors exclusively activated by designer drugs 
(DREADDs) [106] are critical tools for mapping circuits 
within the central nervous system, and all have helped 
to identify how genetically defined neuronal populations 
contribute to behavioral and cognitive processes. 
Nevertheless, it is also essential to identify the molecular 
and genetic mechanisms that regulate the function of 
specific brain regions and defined neuronal circuits. 
Combining CRISPR-based approaches with circuit-
specific techniques enables this type of investigation 
via detailed interrogation of genetic and epigenetic 
mechanisms within specific neuronal pathways.

The most straightforward way to achieve circuit or 
pathway-specific modification using CRISPR approaches 
requires distinct types of viral vectors that carry transgenes 
for essential CRISPR components. For example, take 
the glutamatergic projection from the entorhinal cortex 
(EC) to the dentate gyrus (DG) (Figure 3c). To produce 
a knockout of a gene in these specific projections, a 
Cas9 nuclease could be packaged into a viral vector and 
infused into the EC. Likewise, the gRNA targeting the 
gene of interest could be packaged into a monosynaptic 
rabies virus and infused into the DG. The virus containing 
the gRNA construct would infect the terminals of the 
EC, resulting in only the EC neurons projecting to the 
DG obtaining all of the components necessary for gene-
specific alteration. This type of projection-specific 
modulation has the potential to provide insight into the 
functional role of genes and epigenetic modifications in 
distinct circuits, much like optogenetics and DREADDs 
have defined the overall functional roles for these circuits. 
Circuit-specific targeting of specific receptors could 
indicate the importance of differential neuromodulatory 
signaling within a defined circuit rather than just 
activating or repressing the circuit such as the case with 
optogenetics and DREADDs. Additionally, any number 
of the dCas9 transcriptional or epigenetic modifications 
can be examined using this circuit specific arrangement.

Neuron-tagging Systems
Activity in a distinct subpopulation of cells within 

a region of the brain underlie many cognitive processes 
and behaviors. Tagging the neural ensembles that 
participate in an experience affords the ability to observe 
and even modulate this subpopulation. One notable 
example is the identification of an engram [107], which 
is difficult to detect due to sparse and temporal coding, 
notably in the dentate gyrus of the hippocampus (Figure 
3a). Fortunately, neuron tagging systems permit direct 
observation of cells that are physiologically active during 
an experience. Traditionally, a tetracycline-inducible 
(TetTag) [108] or Cre system (targeted recombination in 
active populations, TRAP) [109] are driven by a promoter 

of Cre alongside the transgene [96]. Taken together, the 
use of cell-type specific strategies to express CRISPR 
components will provide increased understanding to the 
complexity of the heterogeneous nature of the brain.

Inducible Expression
Inducible systems limit expression of a transgene 

to a specific period of time, which may be critical for 
exploration of temporally defined neuronal processes 
that underlie complex adaptive behavior, learning, and 
memory consolidation. Further, dynamic changes in 
gene expression and chromatin remodeling occur with 
experience [65,97]. Therefore, controlling the expression 
of CRISPR components in a way that more closely 
mimics natural regulation of gene expression will help to 
dissect essential contributions to behavior. There are two 
major systems used in neuroscience for temporal control 
of gene expression: the tetracycline inducible system 
and optogenetic approaches. The tetracycline inducible 
system (Tet-on and Tet-off) reversibly controls expression 
with exposure to a tetracycline, commonly doxycycline 
[98]. The presence of doxycycline either induces (Tet-
on) or inhibits (Tet-off) expression of the transgene when 
the transgene is driven by a Tet operator (TetO), and an 
example of the Tet-on system is illustrated in Figure 2a.

Chemical induction of gene expression is a powerful 
tool, but it is not as temporally precise as optogenetic 
approaches, which operate on time scales more similar to 
neuronal activity and behavior. The use of optogenetics 
has revolutionized neuroscience as a way to temporally 
control neuronal activity and investigate circuit 
dynamics [99]. Traditionally, optogenetics involves 
light-sensitive channels or pumps (channelrhodopsins 
as well as halorhodopsin and archearhodopsin) [100], 
but the field has grown to include other light sensitive 
proteins. One notable example is the crypotochrome 2 
(CRY2) protein from Arabidopsis thaliana [101]. CRY2 
changes confirmation with blue light exposure and is 
then able dimerize with its binding partner, CIB1 (Figure 
2b). This system has been integrated with CRISPR/
dCas9 fused to VP64 or p65 transactivators (termed 
light-activated CRISPR effector, or LACE) to enable 
temporally controlled regulation of gene expression that 
is not possible with constitutive expression of dCas-
VP64, [102,103]. While a TALE-based system has been 
validated in neurons [104], the CRISPR-based system 
is well suited for use both in vitro and in vivo and has 
been utilized in HEK cells to temporally induce gene 
expression [102,103]. While this system has only been 
utilized with CRISPRa with VP64 and p65, it is easily 
adaptable to other fusion proteins (Figure 3b).

Circuit-specific Gene and Epigenetic Editing
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Disease Variants
Cas9’s utility also extends to investigating the role 

of genetic variation, as SNPs are highly implicated in 
individual differences and susceptibility to disease. Not 
only have SNPs in coding regions been causally linked to 
a disorder, SNPs found in non-coding regions comprise 
the majority of genome-wide association study hits for 
disease phenotypes. These genetic variations can impact 
local chromatin environment or DNA-binding proteins. 
CRISPR-Cas9 provides a straightforward way to make 
specific alterations, such as introduction of a disease-linked 
SNP, in a known genetic background to characterize the 
functional result of the variant. For example, a non-coding 
SNP thought to be associated with a regulatory region for 
the alpha-synuclein (SNCA) gene, which is implicated in 
Parkinson’s disease, was specifically altered and found 
to contribute to SNCA’s expression [111]. Complex 
polygenic neuropsychiatric disorders such as depression 
[112,113], schizophrenia [114,115], addiction [116], 
and autism spectrum disorders [117] all have identified 
genetic variants, though the causality of each variant 
has not been explored. This approach is being adapted 
for use with patient-derived induced pluripotent stem 
cells (iPSCs) [111,118-120], which could be genetically 
altered with simple transfection approaches prior to 
differentiation into neurons. For example, a recent report 
utilized this approach with iPSCs to investigate a loss of 
function mutation in SCN1A, a subunit of the voltage-
gated sodium channel Nav1.1 [119].

CRISPR could also revolutionize forward genetics 
approaches in neuronal systems. Forward genetic 
screens are comprehensive attempts to understand the 
underlying genetic contribution of a phenotype. However, 
mutagenesis through chemical agents or radiation are non-
specific, making it cumbersome to identify the mutation 
of interest. One attractive characteristic of CRISPR-
Cas9 systems is the ease of synthesizing the gRNAs. 
Therefore, a more cost-effective and high-throughput 
screen is possible with a gRNA library, allowing for 
identification of phenotype-causing alteration to be more 
readily identified [121].

Experience-dependent Expression and Epigenetic 
Changes

Temporal control of gene expression through 
CRISPRa/CRISPRi is beneficial when studying 
neuronal function and behavior, both of which occur 
in a temporally relevant fashion. Many groups have 
taken advantage of advancements in next-generation 
sequencing to characterize genome-wide changes in 
expression, epigenetic modifications, and chromatin 
looping within defined brain regions and during specific 
behavioral paradigms or manipulations. These data 

for a marker of neural activity, usually cFos. Therefore, 
cells that are active and inducing cFos mRNA will also 
produce the transcriptional induction protein used to 
later identify or manipulate this neuronal population 
[108,109]. Generally, expression of a fluorescent protein 
or a neuronal modulator such as ChR2 or DREADDs 
are used, but future studies could utilize CRISPR-based 
alterations within an active population (Figure 3d). In the 
example of learning and memory, it might be critical for 
a certain protein or epigenetic modification to occur in 
memory formation in a population of cells that are active 
with encoding of an experience. This system would lead 
to the dissection of what gene-specific alterations, either 
solely transcriptional or epigenetic, are responsible for 
different stages of memory.

FUTURE HORIZONS OF CRISPR IN THE 
CNS

Cell Reprogramming
Cellular reprogramming without the use of 

overexpression vectors is currently being explored by a 
number of groups utilizing CRISPRa. Here, the goal is 
to target genes identified to control cell fate to promote 
a more natural conversion of cell type as compared to 
overexpression vectors [74]. For cell type conversion 
to take place, transcription factors that determine cell 
fate must be highly expressed. While CRISPRa is being 
used for this type of work, generally just one VP64 unit 
fused to dCas is not enough to induce transcription to 
an appropriate level to modify cell type. Two different 
approaches have resolved this issue: two VP64 units 
fused to dCas or the use of dCas-VPR. In a recent report, 
human induced pluripotent stem cells transfected with 
dCas-VPR targeting two neuronal transcription factors 
transformed these cells into functional neurons [47]. 
Excitingly, these tools have also been demonstrated 
to allow direct trans-differentiation between cell types 
without initial reversion to a pluripotent state. Specifically, 
fibroblasts were directly converted to neuronal cells 
using VP64-dCas-VP64 by targeting BAM factors Brn2, 
Ascl1, and Myt1l [74]. Targeting these endogenous genes 
generated epigenetic remodeling and stable expression 
of neuronal genes, and resulted in converted cells with 
complex morphology and physiological properties 
that are characteristic of neurons. Efficient cellular 
reprogramming pushes the field towards personalized 
medicine. Patient-derived fibroblasts converted to 
functional neurons would allow for therapies to be tested 
for in vitro efficacy before being moved to the patient. 
This advancement would additionally pave the way for in 
vivo direct cellular conversion, which could be a potential 
therapeutic in many neurodegenerative diseases [110].
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directly into the brain, biolistic transfection, and in utero 
electroporation. Infusion of the recombinant proteins 
largely depends on liposomal based approaches and has 
been validated in neuronal systems [32]. Alternatively, 
biolistic transfection of brain slices [29,31] and in utero 
electroporation has been successfully used to express 
CRISPR components in the brain [31], demonstrating 
its feasibility in neuronal systems. In summary, careful 
consideration is required to package and achieve 
expression in the central nervous system.

The major criticism of any gene editing systems 
is off-target effects, which include both similar genetic 
loci and global cellular responses. Great effort is being 
taken to accurately identify and minimize any off-target 
binding. The CRISPR system is RNA-guided, and the 
gRNA binds to DNA in a sequence-specific manner. 
Therefore, the possibility of binding in the presence 
of mismatches exists [125]. However, there is also a 
requirement for the presence of a PAM sequence, so off-
targets that do not have a PAM sequence are not likely 
to bind to any significant extent [126]. The use of gRNA 
prediction software is critical to foresee potential off-
targets in silico.

Experimentally, there are numerous ways to test for 
gRNA specificity. One straightforward assay is to conduct 
chromatin immunoprecipitation (ChIP) sequencing 
using antibodies for Cas9/dCas9 (or antibodies for fused 
tags) to determine the genomic location of CRISPR 
complex binding [127-129]. In one study, this assay 
demonstrated excellent specificity, as Cas9 binding was 
observed at only one off-target region of the genome, 
despite nearly 300 predicted potential off-target sites 
[127]. However, binding does not imply induction of a 
dsDNA break with Cas9. With full binding of the gRNA, 
a conformational change occurs that brings the nuclease 
domains into close contact with DNA. Therefore, if there 
are mismatches, the efficiency of a DSB is lower [130]. 
For dCas9 approaches, both ChIP and RNA-seq have 
been employed to characterize potential recruitment of 
fusion proteins with dCas9 to undesired loci. In a study 
utilizing dCas9-p300 and dCas9-VP64, RNA-seq was 
conducted to measure non-specific upregulations in gene 
expression [50], and no significant increases in gene 
expression were detected outside of the gRNA target for 
dCas-VP64, while just two other genes were significantly 
increased in dCas9-p300 transfected cells. Similar results 
were found with numerous other studies utilizing dCas9 
[41,44,129,131,132]. Even with slight off-target effects 
in the dCas system, it is still a drastic improvement 
over constitutive overexpression vectors of epigenetic 
machinery.

Off-targets of Cas9 continue to be investigated by 
a number of groups. However, some recommendations 
exist to minimize the risk of off-target DSB induced by 

provide snapshots of the cellular environment that are 
correlated with behavior. For example, characterized 
changes in gene expression after an experience indicates 
that those genes differentially expressed have a role in the 
encoding of a memory or a behavior [122]. An inducible 
system combined with a multiplexed CRISPR-dCas9 
system could mimic distinct “waves” of gene expression 
observed following specific experiences, allowing 
each wave to be characterized in relative isolation. 
Furthermore, due to the dynamic nature of epigenetic 
modifications with neuronal activity and experience, the 
prospect of understanding the permanence of epigenetic 
modifications in the brain is an exciting avenue of study.

Current Limitations
At present, the major limitation of using CRISPR in 

post-mitotic neurons is transgene expression efficiency. 
Typical transfection reagents have a very low efficiency 
in neurons, leaving transduction as one of the only 
viable ways to transfer CRISPR constructs into neurons 
with high efficiency. Depending on the application, a 
variety of viruses can be useful for neuronal delivery. 
However, genome capacity of the virus is a major issue. 
The Streptococcus Pyogenes Cas9 coding region alone is 
around 4.1kb [7], so some virus types will have difficulty 
packaging such a large transgene. The capacity of adeno-
associated viruses, commonly used in neurons, is around 
5kb, so packaging only the catalytically active Cas9 
protein seems possible. The most promising viral type 
is the lentivirus because of its larger transgene capacity 
(~8 to 10kb) [123] and ability to infect non-dividing cells. 
However, in contrast to AAV viruses, it has a much lower 
spread and may require multiple injections if targeting 
in vivo. Additionally, achieving a high viral titer for long 
constructs can be difficult.

There are a few ways to minimize these problems. 
First, it is possible to use other species of Cas9, such as 
Staphylococcus aureus (SaCas9), which is approximately 
1kb shorter than the commonly used Cas9 from S. 
pyogenes [23]. However, the drawback of using SaCas9 
is that the PAM sequence (5’-NNGRRT-3’) is more 
complex, reducing the number of possible gRNA 
sequences in a given region of interest. Next, it is possible 
to break up CRISPR components into multiple vectors 
and perform a co-transduction. For example, many labs 
separate the gRNA and Cas9/dCas9 constructs, and there 
is one report of a split Cas9 [124]. Additionally, methods 
that segregate the dCas9 from its effector protein, such 
as SunTag [51], LACE [102,103], and the use of RNA 
aptamers [43,66,76] can reduce the load on a viral vector. 
The disadvantage to this approach is that cells must be 
co-transduced to receive all of the CRISPR components.

Methods that avoid the use of virus altogether 
involve infusion of recombinant protein and gRNA 



Savell and Day: CRISPR/Cas9 in the mammalian central nervous system 577

6. Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et 
al. Multiplex genome engineering using CRISPR/Cas 
systems. Science [Internet]. 2013 Feb 15;339(6121):819–
23. Available from: http://www.sciencemag.org/cgi/
doi/10.1126/science.1231143
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tion- and depression-related behaviors. Nat Neurosci. 2014 
Dec;17(12):1720–7.

13. Day JJ. New approaches to manipulating the epigenome. 
Dialogues Clin Neurosci. 2014 Sep;16(3):345–57.

14. Sweatt JD. The Emerging Field of Neuroepigenetics. Neu-
ron. 2013 Oct 30;80(3):624–32.
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Neuropharmacology. 2014 Jan;76 Pt B:259–68.

16. Lunnon K, Smith R, Hannon E, De Jager PL, Srivastava G, 
Volta M, et al. Methylomic profiling implicates cortical de-
regulation of ANK1 in Alzheimer's disease. Nat Neurosci. 
2014 Sep;17(9):1164–70.

17. Bahari-Javan S, Varbanov H, Halder R, Benito E, Kau-
rani L, Burkhardt S, et al. HDAC1 links early life stress 
to schizophrenia-like phenotypes. PNAS. 2017 Jun 
6;114(23):E4686–94.

18. Ellis SE, Gupta S, Moes A, West AB, Arking DE. Exag-
gerated CpH methylation in the autism-affected brain. Mol 
Autism. 2017;8(1):6.

19. Kennedy AJ, Rahn EJ, Paulukaitis BS, Savell KE, Kor-
dasiewicz HB, Wang J, et al. Tcf4 Regulates Synaptic 
Plasticity, DNA Methylation, and Memory Function. Cell 
Rep. 2016 Sep 6;16(10):2666–85.
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methylation in depression. J Clin Neurosci. 2017;43:39-46.
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Cas9. This can be achieved through titrating Cas9, using a 
gene-inducible system [133], or introducing recombinant 
RNA/protein complexes directly to cells. It is important 
to limit the time Cas9 is expressed in cells since once the 
gene editing has occurred, the entire system is no longer 
needed. Secondly, use of Cas9 nickase will likely reduce 
off-target effects as recruitment of two CRISPR units is 
required for a dsDNA break. Finally, FokI, the nuclease 
commonly used in ZFN and TALENs, bound to dCas9 
can produce more specific effects [134,135]. Overall, 
even with suspected off-target effects, careful expression 
and engineering of nucleases will likely provide safe and 
effective gene editing with CRISPR.

CONCLUSIONS

The flexibility and accessibility of CRISPR tools 
are attractive to many areas of research, explaining 
its exponential growth in the realm of gene editing. 
The modular nature of dCas9 makes it an ideal tool 
to investigate RNA/DNA localization as well as 
transcriptional and epigenetic mechanisms. These 
tools demonstrate enormous promise for advancing 
our understanding of the genetic and epigenetic basis 
of neuronal plasticity, behavior, and disorders of the 
CNS. Moreover, the application of these tools to human 
diseases holds tremendous relevance for therapeutics. 
Overall, CRISPR based systems will likely prove to be 
an indispensable method in interrogation of neuronal 
function, plasticity, behavior, and neuropsychiatric 
disorders.
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