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In recent years, by means of temporally precise optogenetic 
approaches to acutely manipulate neuronal activity, the functions 
of neuronal genes and neural circuits in various animal behaviors 

such as learning and mental processes have been elegantly eluci-
dated. For example, the hippocampus has been demonstrated to 
play important roles in the control of emotions1,2. Whether the emo-
tional changes resulting from acute hippocampal activity adjust-
ment are solely short-term responses to external stimulation or 
represent a progression toward a stable change in cognitive behavior 
is less clear. Although conditional recombination systems, such as 
Cre–loxP and FLP–FRT, have been widely used to study the brain 
with spatiotemporal accuracy, they still present challenges in the 
form of laborious and time-consuming animal model construction 
and unexpected animal developmental deficiencies. We suggest that 
there is a need for neuronal genome-regulating approaches that fall 
between acute optogenetics and conditional recombination systems 
to facilitate rapid gene function studies.

Cas9 nuclease has been widely used as a powerful genome editing 
tool for generating transgenic cell lines and animal strains3–8. Navigated 
by a single guide RNA (sgRNA), Cas9 recognizes specific genomic loci 
of interest and introduces double strand breaks to delete a functional 
gene9–11. CRISPR–Cas9 has also been demonstrated to inactivate 
genes in postmitotic neurons12–14. However, the misexpressed trun-
cated proteins that result from the random repair of cleavage sites may 
generate differential phenotypes in nondividing neurons. Compared 
to the establishment of transgenic cell lines or animal strains, modify-
ing genes in the neural network leads to greater challenges, especially 
due to the demand for homogeneity in postcleavage gene repair and 
the abolishment of deflected targeting. Recently, an engineered nucle-
ase null form Cas9 (dCas9) has been developed into a versatile tool 
for gene regulation and imaging of genomic loci or mRNA15–17. The 
dCas9-based CRISPRi approach, in which dCas9 is fused to the tran-
scription repressor KRAB (dCas9-KRAB)18,19, has been developed to 
block transcription around a window of the transcriptional start site 

(TSS), yielding a promising gene knockdown (KD) technology18–23. 
The avoidance of indels would improve genotypic consistency follow-
ing gene suppression, which would make CRISPRi particularly suit-
able for inactivating genes in the brain.

In this study, we designed CRISPRi-based KD tools to inactivate 
a series of genes essential for neurotransmitter release in neurons. 
We found that CRISPRi can downregulate the expression of all target 
genes to nearly complete abolishment. Furthermore, using chroma-
tin-immunoprecipitation and quantitative PCR (ChIP-qPCR) analy-
sis, based on a pseudotarget fishing strategy, we demonstrated that 
CRISPRi has superior targeting specificity without detectable off-tar-
get activity in the neuronal application. We developed CRISPRi-based 
conditional gene KD tools to inactivate Syt1 in the dentate gyrus (DG) 
of the mouse hippocampus in a neuronal subtype-specific manner and 
achieved efficient bidirectional regulation of the excitatory–inhibitory 
(E-I) balance in this region. We found that the learning competency 
of the animals could be bidirectionally regulated; however, the mice 
always showed anxiety- and depression-like behaviors in response to 
the forward and reverse E-I adjustment. Therefore, the homeostasis of 
the E-I balance in the DG is essential for the coordination of cognitive 
behaviors. Finally, we developed two multiplex CRISPRi systems and 
demonstrated that multiplex CRISPRi was able to abolish five genes 
that encode a protein complex essential for neurotransmitter release 
in the brain. Our study demonstrated that CRISPRi enables rapid and 
accurate gene function investigation in the brain.

Results
CRISPRi inactivates genes in neurons with high applicability and 
efficiency. dCas9, in which the Asp10 and His840 residues of Cas9 are 
replaced with alanine, has been shown to prohibit gene expression in 
dividing cells when conjugated with KRAB, a transcription suppres-
sor18–23. dCas9-KRAB is typically guided to the TSS of a gene to block 
transcription initiation18,19, whereas Cas9 is mostly targeted to disrupt 
constitutive 5′​ coding exons so that premature termination of transla-
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tion occurs (Fig. 1a). We engineered CRISPRi for neurons by adapting 
the Cas9 in the lentiCRISPR v2 vector (Addgene #52961) to dCas9 
with KRAB conjugated to its N-terminus18,19,24, as well as replacing the 
puromycin with an EGFP cassette. We investigated the performance of 
CRISPRi in cultured hippocampal neurons using Syt1 and three SNARE 
genes, Vamp2, Stx1a and Snap25, as experimental models. All four of 
these genes are vital for neurotransmission. The SNARE proteins can 
form the minimal fusion machinery for the secretion of neurotrans-
mitters25,26, and Syt1 is the primary Ca2+ sensor for action potential  
(AP)-evoked fast synchronous neurotransmitter release27. We 
designed sgRNAs with the highest proposed score, targeting the DNA 
region from –50 to 300 bp relative to the TSS of the genes for KD18,28.  
To evaluate the efficiency of CRISPRi, we investigated three stem–
loop short hairpin RNAs (shRNAs) per gene, acquired from the 
RNAi Consortium library, for parallel comparison29. Analyses of 
quantitative reverse-transcription PCR (qRT-PCR) and immunob-
lot revealed that all four genes were repressed at the mRNA and 
protein levels by the designed sgRNAs, approaching more than 90% 
KD efficiency (Fig. 1b–d). However, compared to CRISPRi, shRNA-
based RNAi exhibited an overall moderately inhibiting performance 
for all tested genes. We carried out whole-cell patch-clamp record-
ing analysis to evaluate the effects of CRISPRi-mediated Syt1 and 
SNARE-gene KD on AP-evoked release. The results indicated that 
in all fully KD groups, the amplitude of the excitatory postsynaptic 
currents (EPSCs) was greatly reduced (Fig. 1e,f) and that lentivi-
ral reintroduction of exogenous genes, which was simply driven by 
a synapsin promoter, could rescue the KD phenotype (Fig. 1e,f). 
Hence, the release of neurotransmitters was substantially diminished  
following the suppression of these four genes. We note that the  

Stx1a-targeting sgRNA (Stx1a sg1) abolished EPSCs in only half of 
the tested neurons (data not shown), although the overall protein 
and mRNA levels were both reduced by >​ 90% (Fig. 1b–d), which 
might have been caused by functional redundancy of the homolog 
Stx1b gene. We extended the investigation of CRISPRi to more genes, 
including Stx1b, Doc2a and Doc2b, the latter two of which have been 
suggested to be the Ca2+ sensors for spontaneous and AP-evoked 
asynchronous forms of synaptic vesicle secretion30,31. The results con-
firmed that CRISPRi always generated highly specific and homoge-
neous KD efficiencies (Fig. 1d).

CRISPRi has very high targeting specificity. In the next step, we 
investigated the targeting specificity of dCas9-KRAB in neurons. 
Using one tested Syt1-targeting sgRNA, Syt1 sg2, as an example, we 
monitored the time-lapse gene-suppression activity of dCas9-KRAB 
in neurons during a 14-d observation course (Fig. 2a,b). A Syt1 shRNA 
with the highest inhibiting efficiency was used for parallel compari-
son to determine the temporal efficiency of CRISPRi. We found that, 
although Syt1 expression was increased in the control group as the 
neuron matured, dCas9-KRAB with Syt1 sg2 started to decrease Syt1 
expression beginning at 8 d in vitro in a time-dependent manner. 
RNAi showed functional kinetics similar to those of CRISPRi, but 
its inhibiting efficiency always lagged behind that of CRISPRi. Using 
ChIP-qPCR, we investigated the temporal binding of dCas9-KRAB 
to the Syt1 locus. The results indicated that the link between dCas9-
KRAB and the Syt1 target site persistently increased throughout the 
observation window (Fig. 2c). The tight association of dCas9-KRAB 
with the chromatin was attributed to dCas9 but not KRAB, as the 
binding of dCas9 to the same locus exhibited a similar affinity.
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Fig. 1 | CRISPRi efficiently inactivates gene expression in primary neurons. a, Schematic representation of distinct gene inactivation patterns mediated by 
CRISPRi and CRISPR. In the CRISPRi system, EGFP is cleaved from dCas9-KRAB through the P2A self-cleaving peptide and thus is quantitatively indicative 
of dCas9-KRAB expression. NUC and HNH are nuclease domains of Cas9; ATG, translational start codon; STOP, translational stop codon; EFS, elongation 
factor-1α​ short promoter; EGFP, enhanced green fluorescent protein. b,c, Immunoblot analysis (b) and quantification (c) of protein expression in neurons 
expressing CRISPRi or shRNA-based RNAi (n =​ 3 for all groups). Scr, scrambled sgRNA; #1, #2 and #3 are the indicated sgRNAs of the corresponding 
gene. In b, blots were cropped; full-length blots are presented in Supplementary Fig. 7. d, qRT-PCR analysis of mRNA expression in dCas9-KRAB +​ sgRNA 
or shRNA infected neurons (n =​ 3 for all groups). In b, c and d, data were obtained from neurons from three independent cultures with similar results and 
shown as mean ±​ s.e.m. Statistical significance was assessed by unpaired Student’s t test. *P <​ 0.05; **P <​ 0.001. e,f, Representative traces (e) and peak 
amplitudes (f) of AP-evoked EPSCs recorded from WT, CRISPRi-mediated KD and rescued neurons (n =​ 25, 20, 30, 10, 30, 18, 29, 20, 28 and 16). Data 
were obtained from neurons from three independent cultures with similar results; n values represent the numbers of cells analyzed. Quantifications are 
presented as box-and-whisker plots with upper and lower whiskers representing the maximum and minimum values, respectively; the boxes represent 
2.5%, median and 97.5% quartiles. Statistical significance was assessed by unpaired Student’s t test; **P <​ 0.001. For detailed numbers and statistical 
analysis, see Supplementary Table 3.
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Comparing the protein expression and chromatin binding out-
comes of dCas9-KRAB at 8 and 10 d in vitro (Fig. 2b,c), we con-
cluded that CRISPRi needed to reach a high DNA-binding rate 
threshold (approximately 50%) to generate obvious inhibitory 
effects. However, if dCas9-KRAB had decent tolerance to DNA mis-
match, it might generate severe off-target gene suppression due to 
its robust DNA binding affinity. To address this concern, we sought 
to investigate the functioning of dCas9-KRAB at false gene loci with 
slight differences from the bona fide target. We thus employed a 
pseudotarget fishing strategy by simulating the wild-type Syt1 gene 
as a ‘pseudofalse’ target (bait) and expressing an array of mismatched 
sgRNAs (fish) to test whether dCas9-KRAB could efficiently detect 
and suppress the pseudotarget (Fig. 2d). The Syt1 sg2 variants 
were designed by modifying every other nucleotide, starting from 
the PAM-proximal terminal. ChIP-qPCR analysis revealed that all 
the Syt1 sgRNA variants failed to efficiently instruct dCas9-KRAB 
binding to the Syt1 locus (Fig. 2e). Consistently, the results of both 
qRT-PCR and immunoblot analyses indicated that Syt1 expression 
was unaffected by any of the Syt1 sg2 variants guiding dCas9-KRAB 
(Fig. 2f,g). We further investigated three other sgRNAs, including 
Syt1 sg1 and SNAP25 sg1 and sg2, and found that none of the tested 
sgRNA variants could efficiently bind the target loci or generate 
effective gene interference (Fig. 2h,i and Supplementary Fig. 1). 
Hence, dCas9-KRAB was highly resistant to sgRNA or DNA mis-
matching, thus guaranteeing a high targeting specificity.

Conditional inactivation of Syt1 disturbs the E-I balance in the 
DG. Rapid disruption of genes in well-defined neuronal subpopula-
tions in specific brain regions should facilitate the understanding 
of neural circuit functions. As Syt1 is essential for AP-evoked neu-
rotransmitter release, Syt1 selective deficiency in either excitatory or 

inhibitory neurons should be able to efficiently shift the E-I balance 
of the neural circuit, thus regulating the output of the DG neural 
network. Therefore, we devised two conditional CRISPRi tools to 
silence Syt1 expression in either glutamatergic or GABAergic neu-
rons with dCas9-KRAB expression under the control of pCaMKIIα​ 
and pVGAT promoters32,33, respectively (Fig. 3a). We stereotactically 
infused lentivirus encoding the Syt1-targeted conditional CRISPRi 
system into the DG (Fig. 3b). Analysis of brain slice immunostain-
ing showed that the majority of pCaMKIIα​::dCas9-KRAB+ neurons 
were confined to the granule cell layer of the DG, spanning from 
anterior to the posterior DG and accounting for approximately 20% 
of all DAPI+ cells in the DG (Fig. 3b and Supplementary Fig. 2). 
To determine the specificity of CRISPRi expression, dCas9-KRAB+ 
neurons were purified using a fluorescence-activated cell-sorting 
assay and were then subjected to qRT-PCR analysis (Fig. 3c). We 
observed highly specific enrichment of the genes encoding vesicular 
glutamate transporter 1 (Vglut1) in pCaMKIIα​::dCas9-KRAB+ neu-
rons and glutamic acid decarboxylase 1 (Gad1) in pVGAT::dCas9-
KRAB+ neurons (Fig. 3d). These results indicated a subtype-specific 
expression of CRISPRi system in the DG, which is consistent with 
the immunostaining results of primary cultures (Supplementary 
Fig. 3). Moreover, Syt1 expression was selectively abolished by con-
ditional CRISPRi within Syt1-targeting glutamatergic or GABAergic 
neurons but not in both, compared to the scrambled sgRNA (Fig. 
3e,f). These results indicated that CRISPRi can be adapted for ver-
satile and efficient gene disruption in specific classes of neurons in 
living animal brains.

We carried out whole-cell patch-clamp recording analysis to 
evaluate the effects of selective Syt1 inactivation on the release of 
neurotransmitters in primary neurons. The results indicated that, 
in the pCaMKIIα​-driving group, Syt1-triggered EPSCs were largely 
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abolished in dCas9-KRAB+ glutamatergic neurons compared to 
scrambled sgRNA, whereas the inhibitory postsynaptic currents 
(IPSCs) in dCas9-KRAB– GABAergic neurons remained unchanged 
(Fig. 3g). Likewise, in the pVGAT-driving group, dCas9-KRAB+ 
GABAergic neurons exhibited considerably reduced IPSCs within 
the context of Syt1-targeting sgRNA, whereas glutamatergic neuron-
generated EPSCs were unaffected (Fig. 3h). It has been suggested 
that other Ca2+ sensors, such as Syt2 and Syt9, may play redundant 
roles in triggering fast synchronous release in GABAergic neu-
rons34,35. In the purified pVGAT-driving dCas9-KRAB+ GABAergic 
neurons, we found that the mRNA expression of Syt2 and Syt9 
was very weak in the absence of Syt1 (Supplementary Fig. 4a). We 
overexpressed exogenous Syt2 and Syt9 in GABAergic neurons and 
found that their co-expression could rescue the Syt1 KD phenotype 

in GABAergic neurons (Supplementary Fig. 4b,c). These results 
indicated that Syt2 and Syt9 were not adequately expressed in 
Syt1-KD GABAergic hippocampal neurons to trigger robust IPSCs. 
Taken together, our data indicated that conditional inactivation of 
Syt1 was able to regulate the excitatory and inhibitory outputs of the 
neural network.

Tuning of the E-I balance within the DG reveals distinct regula-
tion of cognitive and memory processes. We then evaluated the 
performance of conditional Syt1 KD in DG functioning by assay-
ing the memory and cognitive behaviors of the animals receiving 
CRISPRi-mediated E-I shifting. An open field test revealed that Syt1 
depletion in glutamatergic or GABAergic DG neurons did not alter 
the average speed or locomotion of the animals (Supplementary 
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(n =​ 3 for all groups). In d and e, data were obtained from three mice with similar results and shown as mean ±​ s.e.m. Statistical significance was assessed 
by unpaired Student’s t test; *P <​ 0.05; **P <​ 0.001. For detailed numbers and statistical analysis, see Supplementary Table 3. f, Immunoblot analysis 
showing selective Syt1 inactivation in pCaMKIIα​- (upper panel) or pVGAT-driving (lower panel) neurons. Data were obtained from three mice with similar 
results. Blots are cropped; full-length blots are presented in Supplementary Fig. 8. g, Representative traces (upper panels) and average peak amplitudes 
(lower panels) of AP-evoked EPSCs (left) in pCaMKIIα​+ glutamatergic neurons and IPSCs (right) in noninfected GABAergic neurons (n =​ 24, 30, 12, 11, 
10). h, Representative traces (upper panels) and average peak amplitudes (lower panels) of AP-evoked IPSCs (left) in pVGAT+ GABAergic neurons and 
EPSCs (right) in noninfected glutamatergic neurons (n =​ 35, 28, 13, 14, 10). In g and h, data were obtained from neurons from three independent cultures 
with similar results; n values represent the numbers of cells analyzed. Quantifications are presented as box-and-whisker plots with upper and lower 
whiskers representing the maximum and minimum values, respectively; the boxes represent 2.5%, median and 97.5% quartiles. Statistical significance was 
assessed by unpaired Student’s t test; **P <​ 0.001. For detailed numbers and statistical analysis, see Supplementary Table 3.
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Fig. 5). We then measured the spatial memory of the mice using 
the Morris water maze task, which assesses the ability to use distal 
spatial cues to locate a submerged platform. Compared to the con-
trol mice, the pCaMKIIα​-driving mice (Syt1 deleted in glutamater-
gic neurons) showed longer latencies to locate the escape platform 
during the training days and spent less time on the platform and 
in the correspondent quadrant during the test (Fig. 4a,b). These 
observations indicated that pCaMKIIα​ mice had a resistance to the 
acquisition of learning and reference memory. In sharp contrast, the 
pVGAT-driving mice with Syt1 deficiency exclusively in GABAergic 
neurons showed superior learning and memory competency during 
the whole Morris water maze test compared to controls (Fig. 4a,b). 
Similarly, in a Barnes maze test, we found that, compared to con-
trols, pCaMKIIα​ mice took a longer time to find the target refuge 
during the acquisition phase and the new refuge during the probing 
trial, whereas the pVGAT mice took much shorter times (Fig. 4c).  
We also tested reward–long-delay learning using a T-maze test. The 
pCaMKIIα​ mice showed a lower rate of correct alternation of entry 
into the unbaited arm compared to controls, whereas pVGAT mice 
exhibited the opposite tendency (Fig. 4d). Hence, the results of the 
three spatial memory-related tests all indicated that the shift of the 
E-I balance toward excitation improved the animals’ spatial dis-
crimination capacity, whereas shifting toward inhibition decreased 
this ability. To further evaluate associative learning, we performed a 
fear-conditioning test. The results indicated that compared to con-
trols, pCaMKIIα​- and pVGAT-driving Syt1 KD mice showed atten-
uation and enhancement, respectively, in freezing in response to the 
conditioned and cued stimulus (Fig. 4e). We therefore concluded 
that shifting the E-I equilibrium within the DG generated parallel, 
bidirectional regulation of spatial and contextual fear memories  
in the mice.

It has been suggested that acute manipulation of neuronal 
activity in the hippocampus can generate emotional changes1,2. 
We evaluated the chronic CRISPRi-based regulation of the E-I 
balance in the DG on the affective status of the mice. The results 
of open field and elevated plus maze tests, which are typically 
used to assess anxiety-like behaviors, revealed that both the  
pCaMKIIα​- and pVGAT-driving Syt1 KD mice spent less time 
in the center of the field and in the open arm of the maze com-
pared to controls, exhibiting anxiety-like phenotypes (Fig. 4f,g). 
Furthermore, in the tail suspension and forced swim tests, which 
can indicate the extent of depressive mood, both pCaMKIIα​- 
and pVGAT-driving Syt1 KD mice showed increased immobile 
times (Fig. 4h,i), indicating that both types of mice were subject 
to depression-like behaviors. Together, our results indicated that 
an aberrant E-I equilibrium within the DG, in either direction, 
dampened the mental status of the animals.

CRISPRi achieves multiplex gene silencing in the brain. 
Interrogation of the protein complex in the brain has been challeng-
ing, as inactivation of multiple functionally related genes usually 
requires laborious crossing of different inbred animal strains. Given 
the superior inhibition efficacy of the CRISPRi system, we sought 
to test whether CRISPRi could be used for multiplex gene silencing 
in the brain. To this end, we constructed an all-in-one lentiviral sys-
tem, integrating dCas9-KRAB and two or three sgRNAs that were 
driven by different RNA polymerase III promoters into a single vec-
tor (Fig. 5a). In an alternative experiment, we constructed a dual-
vector CRISPRi system that included one vector solely expressing the 
dCas9-KRAB and another vector encoding five U6::sgRNA cassettes 
assembled in a tandem array (Fig. 5a). Active sgRNAs targeting five 
genes, Syt1, Vamp2, Snap25, Stx1a and Stx1b, were employed to test 
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the efficiency of these two multiplex strategies. We found that in the 
cultured hippocampal neurons, both the all-in-one and dual-vector 
systems efficiently abolished the mRNA and protein expression of the 
target two to five genes (Fig. 5b–d), with an efficacy comparable to 
that of single gene inactivation (Fig. 1b–d). Moreover, the all-in-one 
system could be combinatorially applied to achieve efficient silenc-
ing of a larger number of genes. We then stereotactically infused 
the lentiviruses encoding the combinatorial all-in-one system or 
the dual-vector system into the DG of adult mice. After 2 weeks, 
the infected neurons were purified as described (Fig. 3c). qRT-PCR 
analysis revealed that the mRNA expression of these genes was abol-
ished (Fig. 5e), which is consistent with our observations in primary 
neurons. Taken together, our results demonstrate that CRISPRi can 
achieve highly efficient multiplex gene silencing in the brain.

Discussion
In this study, we developed a CRISPRi-based KD approach for 
rapid, convenient and specific gene inactivation in the brain. Our 
data showed that CRISPRi suppressed gene function efficiently and 
homogeneously in neurons. Notably, dCas9-based CRISPRi showed 
superior targeting specificity, with minimal off-target effects. To 
enrich the CRISPR toolbox, we engineered conditional CRISPRi 
tools to selectively inactivate genes in different subtypes of neurons. 
Using this toolbox, we modulated the E-I balance within the DG of 
mice and demonstrated that the DG regulates learning and mood 
processes in distinct patterns. Finally, we developed two multiplex 
KD strategies and achieved highly efficient abolishment of multiple 
genes encoding a protein complex crucial for brain functioning.

Efficient maneuverability of gene suppression by CRISPRi. 
CRISPR–Cas9 has high genome-editing efficiency compared to 
other programmable gene-editing systems and thus is suitable 
for the construction of knockout animal strains and cell lines3–8. 
Although there might be off-target DNA cleavage and divergent 
indels that might generate differential genotypes, ideal gene-edited 

candidates can often be selected out for follow-up studies. However, 
as postmitotic neurons cannot establish homologous gene-modi-
fied cell lines, cleavage by CRISPR–Cas9 could result in mosaic and 
unpredictable targeted gene mutations in these cells. Hence, gene 
editing in the brain has very strict requirements for global efficiency 
and homogeneity. In the present study, we used dCas9 as a carrier 
to transport a well-defined transcription repressor (KRAB) to the 
target locus of the neuronal genome18,19, thus indirectly silencing the 
gene through this repressor. Our results indicated that the efficiency 
of CRISPRi in postmitotic neurons was superior to the RNAi tech-
nique. Compared to conventional CRISPR–Cas9 technology, on 
the one hand, this approach would not generate genotypic mosaic, 
because dCas9 does not alter the chromosomal DNA sequence9; on 
the other hand, as transcription of genes is always initiated from the 
TSS region, sgRNAs would be more likely to bind to the TSS region 
than to access exons and introns, which would increase the inactiva-
tion efficiency.

Our study also indicated that this approach has additional 
advantages that enhance its application in neurons. First, dCas9-
KRAB showed low tolerance for even slight mispairings between 
the sgRNA and the target locus, and thus the off-target DNA bind-
ing activity was very weak. As the DNA-association threshold for 
dCas9-KRAB to produce inhibitory effects is very high, the residual 
DNA binding activity of dCas9-KRAB detected in our ChIP-based 
experiments was insufficient to affect normal gene expression. 
Second, a gene rescue or mutation study could be done simply by 
introducing the exogenous wild-type or mutated gene with a dif-
ferent promoter. Compared to the rescue of CRISPR–Cas9-induced 
gene cleavage or RNAi in an almost mandatory locus-mutated way, 
CRISPRi is obviously more convenient.

All these merits guarantee that dCas9-KRAB-mediated KD 
possesses superior gene-silencing efficacy, negligible deflected tar-
geting activity and efficient maneuverability in neural study. We 
therefore conclude that the dCas9-KRAB-based CRISPRi approach 
is an effective solution for gene inactivation in the brain.
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Versatile application of a dCas9-based CRISPR toolbox for rapid 
gene modification in the brain. Current research in the brain usu-
ally requires neuronal subtype-specific and brain region-specific 
modification of genes. Using CRISPRi, we can achieve these goals in 
a rapid and convenient way. In this study, we verified the efficiency 
and specificity of the conditional glutamatergic and GABAergic 
CRISPRi systems in the mouse hippocampus using molecular, 
electrophysiological and behavioral testing approaches, thus prov-
ing that dCas9-based technology has wide prospects for research 
in the brain. First, CRISPRi can be expanded to a list of neuronal 
subtypes such as dopaminergic, serotoninergic and GABAergic par-
valbumin- or somatostatin-expressing neurons, which are known 
to be involved in the etiology of a number of neuropsychiatric and 
neurodegenerative disorders36–39. Second, the high efficiency of 
multiplex gene KD by CRISPRi may facilitate understanding the 
relationship of proteins within a complex or signaling pathway in 
the brain. Interference with a single gene in a network may not only 
inadequately disturb the biological process of interest but may also 
make it more difficult to determine the more salient of genes that are 
functionally redundant. Leveraging the advantage of CRISPRi, we 
were able to silence five genes in vivo. We therefore believe that mul-
tiplex CRISPRi can enhance the interrogation of complex protein 
machinery and multigenic neuronal disorders, which so far have 
remained serious challenges. Third, in addition to CRISPR-based 
interference, CRISPR technology can be engineered to be a flexible 
and versatile tool for neurobiology. It has been suggested that the 
synergistic activation mediator system40, in which VP64 is conju-
gated to dCas9 in combination with p65 and HSF1, can upregulate 
the expression of endogenous genes. Indeed, in the present study, 
we found that the synergistic activation mediator system targeting 
the endogenous Syt1 gene substantially enhanced the expression of 
Syt1 protein and mRNA (Supplementary Fig. 6). In the future, it will 
be worthwhile to further supplement the dCas9-based toolbox to 
achieve divergent research goals in the brain.

In addition to the merits of CRISPRi technology in brain 
research, our study indicated that neuronal models can be a suit-
able platform for investigating the mechanisms of CRISPR–Cas9. 
Previously, thoughtful insights into the specificity and mechanism 
of the Cas9–sgRNA complex have been gained largely based on in 
vitro reconstitution systems or fast-dividing cell lines9,28,41–43. As 
Cas9-involved events are transient in proliferative cells, high-affin-
ity dCas9 and high-cost genome sequencing approaches are often 
used to evaluate Cas9–sgRNA–DNA interactions44–48. On the one 
hand, it has been suggested that dCas9 has distinctive biophysical 
characteristics compared to wild-type Cas941,45,49,50; on the other 
hand, the cells could proliferate in an unbalanced manner, which 
would consequently affect data interpretation. Therefore, a nondi-
viding cell model in which the Cas9–chromatin interaction events 
could be retained for a relatively long period seemed appropriate for 
precise investigation of Cas9 or dCas9 functioning and specificity 
in vivo. In the present study, using cultured neurons as a platform, 
we were able to monitor dCas9 functioning in a 14-d time window. 
In the future, it will be interesting to detect and analyze active and 
transient CRISPR–chromatin interactions in quiescent neurons.

Conclusions
Our results demonstrate that CRISPRi enables fast and accurate 
gene function readouts in neurons in vivo and in vitro. The dCas9-
based CRISPR toolbox will complement neurophysiological and 
optogenetic dissection of gene function in divergent populations of 
neurons.

Methods
Methods, including statements of data availability and any asso-
ciated accession codes and references, are available at https://doi.
org/10.1038/s41593-018-0077-5.
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Methods
Plasmid construction and sgRNA design. The lentiviral vector used for this study 
was modified from the lentiCRISPR v2 vector (#52961) obtained from Addgene, 
with the puromycin cassette replaced by EGFP. Hence, the EGFP protein was 
simultaneously expressed with Cas9 via a self-cleaving 2 A peptide (P2A). dCas9 
was generated by replacing the Asp10 and His840 residues of Cas9 with alanine. 
For KD, a KRAB transcription repressor was conjugated to the N-terminus of 
dCas9. The TSS was identified using the FANTOM5/CAGE promoter atlas51,52. 
The sgRNAs were designed to target the DNA region from –50 to 300 bp relative 
to the TSS of the candidate genes18, using the web tool http://crispr.mit.edu/ to 
minimize the off-target effect28 (Supplementary Table 1). The two sgRNAs with 
the highest scores were designed for each tested genes. For the selective expression 
of dCas9-KRAB, the EFS promoter was replaced by the mouse pCaMKIIα​ or 
pVGAT promoter32,33. For multiplex gene targeting, individual sgRNA cassettes 
were assembled using the Golden Gate cloning strategy. The shRNAs used in this 
study were purchased from The RNAi Consortium (TRC) library (https://www.
broadinstitute.org/rnai-consortium/rnai-consortium-shrna-library).

Cell culture, lentivirus production and transfection. Hippocampal neurons were 
dissected from postnatal day 1 (P1) C57BL/6 pups. After removal of the meninges, 
the hippocampi were minced and incubated for 15 min in 0.25% trypsin (Life 
Technologies) at 37 °C. After washing, the neurons were mechanically triturated 
and cultured in Neurobasal-A medium (Life Technologies) supplemented with 
2% B-27 (Life Technologies) and 2 mM Glutamax (Life Technologies). For cortical 
neurons, digestion was carried out using 0.2% trypsin for 10 min at 37 °C. Primary 
cultures were maintained in a humidified 5% CO2 incubator at 37 °C. Primary 
neurons were infected with lentivirus at 3 DIV and subjected to experiments at 
14–17 DIV. We typically used a multiplicity of infection (MOI) of 10 in primary 
cultures. For rescue experiments, lentivirus encoding the rescue exogenous gene 
was applied at 5 DIV. For the dual-vector multiplex experiments, neurons were first 
infected with lentivirus expressing dCas9-KRAB at 3 DIV and then infected with 
the sgRNA-encoding lentivirus at 5 DIV.

HEK293FT cells were maintained in Dulbecco’s modified eagle medium 
(DMEM) in 10% FBS, 100 units/mL streptomycin and 100 mg/mL penicillin 
with 2 mM Glutamax (Life Technologies). Lentiviral particles were generated by 
cotransfecting HEK293FT cells with virus packaging vectors (pVSVg and psPAX2). 
Transfection was performed using PEI (Polysciences). Five hours after transfection, 
the medium was changed. Virus supernatant was harvested 60 h post-transfection, 
filtered with a 0.22-μ​m PVDF filter (Millipore), ultracentrifuged at 25,000 rpm 
using a P28S rotor (Hitachi) and stocked in a final volume of 100 μ​L. The titer of 
the lentivirus used in all cell culture experiments was at least 5.0 ×​ 108 infectious 
units (IU) per ml. For in vivo stereotactic infusion experiments, the lentivirus 
was further concentrated to a titer of 1.0 ×​ 1010 IU/mL, and different multiplex 
CRISPRi viruses were mixed in equal amounts before infusion.

Lentivirus infusion. Following anesthesia with a mixture of oxygen and isoflurane, 
4-week-old C57BL/6 male mice were stereotactically infused with lentivirus 
encoding dCas9-KRAB and either targeting or scramble sgRNA. The lentivirus was 
infused bilaterally into the hippocampal DG region at coordinates AP –2.0 mm, 
ML ±​1.5 mm and DV –2.5 mm relative to bregma. Viral solution (1.0 ×​ 1010 IU/
mL, 1 μ​L) in a glass cannula was infused using a microinjection pump (Harvard 
Apparatus) at a flow rate of 0.1 μ​L/min into each hemisphere sequentially. The 
mice were subjected to behavioral, immunohistochemical or flow cytometric 
analysis tests after 2 weeks.

Immunoblot analysis. Primary neurons were lysed in RIPA buffer (50 mM 
Tris-Cl, pH 8.0, 150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate 
and 0.1% SDS) plus a complete protease inhibitor cocktail (Roche). Lysates were 
centrifuged and supernatants were subjected to SDS-PAGE. Primary antibodies 
were as follows: rabbit polyclonal anti-synaptotagmin 1 antibody (1:2,000, Abcam, 
#ab131551), rabbit polyclonal anti-VAMP2 antibody (1:2,000, Abcam, #ab3347), 
mouse monoclonal anti-SNAP25 antibody (1:5,000, Synaptic Systems, #111011), 
mouse monoclonal anti-syntaxin-1a antibody (1:2,000, Synaptic Systems, #110111) 
and mouse monoclonal anti-actin antibody (1:5,000, Abcam, #ab6276). The 
blots were developed using an ECL kit (Pierce). Protein levels were quantified by 
densitometry using the NIH ImageJ 1.48 software (https://rsb.info.nih.gov/ij/).

Immunofluorescence. For immunostaining of the neuronal culture, neurons were 
fixed in 4% paraformaldehyde and then permeabilized with 0.3% Triton X-100. 
After blocking with 5% goat serum and 0.1% Triton X-100, cells were incubated 
with appropriate primary antibodies overnight at 4 °C. After washing, cells were 
incubated with secondary antibodies for 1 h at room temperature (23–25 °C). 
For immunostaining of brain slices, mice were killed for analysis 2 weeks after 
viral delivery and transcardially perfused with 4% PFA in PBS. Fixed tissue was 
sectioned at 50 μ​m thickness using a vibratome (Leica, VT1000S). Next, antigens 
were retrieved by incubating for 10 min in 100 mM Tris (pH 7.4). Sections were 
blocked with 5% normal goat serum (NGS) in TBST (137 mM NaCl, 20 mM Tris, 
pH 7.6, 0.05% Tween-20) for 1 h and incubated with primary antibodies overnight 
at 4 °C. After three washes in TBST, samples were incubated with secondary 

antibodies. Fluorescent signals were detected on an Olympus FV1200 confocal 
microscope by sequential acquisition or on slide scanner (Zeiss, Axio Scan.Z1) and 
images were processed using ImageJ 1.48 software.

Primary antibodies were as follows: chicken polyclonal anti-GFP antibody 
(1:1,000, Abcam, #ab13970), rabbit polyclonal anti-GABA antibody (1:1,000, 
Calbiochem, #PC213L), rabbit polyclonal anti-VGLUT1 antibody (1:500, Abcam, 
#ab104898) and rabbit polyclonal anti-synaptotagmin-1 antibody (1:100, Abcam, 
#ab131551). Secondary antibodies were donkey anti-chicken Alexa Fluor-488 
antibody (1:1,000, Jackson ImmunoResearch, #703-545-155) and donkey anti-
rabbit Cy3 antibody (1:1,000, Jackson ImmunoResearch, #711-165-152).

Quantitative reverse-transcription PCR. Total RNA was isolated using Trizol 
(Life Technologies) according to the manufacturer’s instructions. cDNA was 
synthesized using SuperScript III Reverse Transcription Kit (Life Technologies), 
and quantitative reverse-transcription PCR (qRT-PCR) was performed on a 
Bio-Rad CFX96 thermal cycler using SYBR green supermix (Bio-Rad) and gene-
specific primers (Supplementary Table 2). Quantitative analysis was performed 
employing the Δ​Δ​CT method and using Gapdh as the endogenous control.

Chromatin immunoprecipitation. To crosslink protein–DNA complexes, 
formaldehyde (Sigma) was added at a final concentration of 1% and rotated gently 
at room temperature for 10 min. Crosslinking was quenched by adding 125 mM 
glycine for 5 min at room temperature. After washing, cells were lysed in 0.5 mL 
cold lysis buffer (50 mM HEPES-KOH, pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% 
glycerol, 0.5% Nonidet P-40, 0.25% Triton X-100 and complete protease inhibitor 
cocktail) for 10 min at 4 °C. The lysate was then pelleted and the sedimented nuclei 
were resuspended in 0.2 mL sonication buffer (50 mM Tris-Cl, pH 8.1, 10 mM 
EDTA, 1% SDS and complete protease inhibitor cocktail) and sonicated (5 min 
total time, 30 s on, 30 s off, set at 20% amplitude) in an ultrasonic processor (Sonics 
and Materials) to shear the DNA into 200- to 2,000-bp fragments. The supernatant 
was diluted and precleared by adding 20 μ​L prerinsed Protein A/G Agarose 
(Santa Cruz Biotechnology) and incubated for 1 h at 4 °C. After preclearing, 50 μ​
L supernatant was saved as input control. The remaining lysate was incubated 
overnight at 4 °C with 5 μ​g monoclonal anti-FLAG M2 antibody (Sigma, #F1804) 
or purified mouse IgG1 isotype control antibody (BD Pharmingen, #550878) 
for immunoprecipitation. The next day, 50 μ​L Protein G Dynabeads were added 
to each ChIP reaction and the result was further incubated for 1 h at 4 °C. After 
washing, the purified material was eluted from the beads twice with 50 μ​L elution 
buffer (0.1 M NaHCO3 and 1% SDS) by violently vortexing for 15 min at room 
temperature. The eluents and inputs added at a final concentration of 200 mM 
NaCl were reverse-crosslinked by boiling for 15 min. The resulting genomic DNA 
fragments were then purified using a QIAquick PCR Purification Kit (Qiagen) 
following the manufacturer’s instructions. Samples were assessed for enrichment 
by qPCR.

Electrophysiology. Whole-cell recordings were performed in voltage-clamp mode 
using a MultiClamp 700B amplifier (Molecular Devices). The recording chamber 
was continuously perfused with a bath solution (128 mM NaCl, 30 mM glucose, 
5 mM KCl, 5 mM CaCl2, 1 mM MgCl2, and 25 mM HEPES; pH 7.3) at room 
temperature. Patch pipettes were pulled from borosilicate glass and had resistances 
of 4–7 MΩ​. For the EPSC recordings, 50 µ​M d-AP5 (NMDA receptor antagonist, 
Tocris) and 20 µ​M bicuculline (GABAA receptor antagonist, Tocris) were applied 
to isolate AMPA receptor-mediated EPSCs, and pipettes were filled with internal 
solution containing 125 mM potassium gluconate, 10 mM KCl, 5 mM EGTA, 
10 mM HEPES, 10 mM Tris-phosphocreatine, 4 mM Mg-ATP, 0.5 mM Na2GTP and 
5 mM QX-314; pH 7.3. For the IPSC recordings, 50 μ​M d-AP5 and 20 μ​M CNQX 
(Sigma) were applied to the bath solution, and patch pipettes were filled with 
internal solution containing 147 mM CsCl, 5 mM Tris-phosphocreatine,  
2 mM EGTA, 10 mM HEPES, 2 mM MgATP, 0.3 mM Na2GTP and 5 mM QX-314; 
pH 7.3. The series resistance of the pipettes was typically <​15 MΩ​ and was partially 
compensated to 60–80%. The membrane potential was held at –70 mV. To trigger 
an action potential, we depolarized presynaptic neurons with a theta-stimulating 
electrode and a voltage step from 0 V to 20–30 V for 1 ms; EPSCs or IPSCs were 
recorded from connected postsynaptic neurons. Data were acquired and analyzed 
using pClamp 10 software (Molecular Devices), sampled at 10 kHz and filtered at 
2 kHz. Data are presented as mean ±​ s.e.m.

Fluorescence activated cell sorting. Two weeks after viral delivery, adult male 
mice were perfused in perfusion buffer (115 mM choline-chloride, 2.5 mM KCl, 
1.25 mM NaH2PO4, 26 mM NaHCO3, 10 mM d-(+​)-glucose, 8 mM MgSO4, 1 mM 
l-ascorbate-Na, 3 mM Na-pyruvate; pH 7.2–7.4) and decapitated, and the brain 
was quickly removed and sectioned on a vibratome on ice. Individual slices of 
interest were transferred to a small petri dish containing EBSS buffer (116 mM 
NaCl, 5.4 mM KCl, 26 mM NaHCO3, 1 mM NaH2PO4, 1.5 mM CaCl2, 1 mM 
MgSO4, 0.5 mM EDTA, 25 mM glucose, 1 mM cysteine), bubbled with a carbogen 
gas (95% O2 and 5% CO2). The DG was microdissected and treated with carbogen-
bubbled EBSS with 20 units/mL papain (Sigma) and 0.005% DNase I for 1 h at  
37 °C. Digestion was terminated by EBSS buffer containing 1 mg/mL ovomucoid, 
1 mg/mL BSA, and 0.005% DNase I in EBSS. The tissue pieces were dissociated 
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into single cells by gentle trituration. DAPI (2 ng/mL) was added to the single cell 
suspension to exclude dead cells.

Sorting was performed on a Beckman FACS sorter in the single-cell sorting 
mode using a 130-μ​m nozzle and sheath pressure of 10 psi. FACS populations 
were chosen to select cells with low DAPI and high EGFP fluorescence. cDNA 
was amplified according to the Smart-seq2 protocol53. Primary cultured cortical 
neurons infected with EGFP-expressing lentivirus were trypsinized, terminated 
with 10% FBS, filtered through a 200-mesh cell sieve and subjected to sorting 
EGFP+ and EGFP– cells simultaneously.

Behavioral methods. All the animal experiments were conducted under the 
guidance and approval of the Institutional Animal Care & Use Committee of 
Tsinghua University and the Animal Welfare and Ethics Committee of Tsinghua 
University (Approval ID: 15-YJ2). Mice were maintained in a 12-h light/12-h dark 
cycle with a maximum of five animals per cage and with standard mouse chow and 
water ad libitum. Behavioral tests were performed during the light phase in the 
second half of the day. All behavioral tests except for the Morris water maze test 
were conducted in the same group of animals. Following behavioral tests, animals 
were dissected to perform immunostaining analysis to verify virus infection, and 
animals without appropriate lentivirus infection were excluded from analysis. 
Animals that accidentally died during the study were included in analysis for all 
completed tests. The data were analyzed by EthoVision XT 11.5 software (Noldus).

Morris water maze test. A circular tank (1.2-m diameter) was filled with water 
(24 °C, 30 cm deep). The walls surrounding the tank were decorated with bright, 
contrasting shapes that served as reference cues. The escape platform (6 cm in 
diameter) was kept in a fixed quadrant. Four trials per day were conducted with 
intervals of 40 min for 8 d. Mice were allowed to search for a platform for 60 s 
or were guided to it for 10 s if they did not find a platform. After reaching the 
platform, the animal was allowed to stay for 10 s before being removed from the 
tank. On day 9 of the experiment, the platform was removed and a memory test 
was conducted for 1 min. The time spent on the platform and in each quadrant was 
analyzed.

Fear conditioning test. On the training day, mice were habituated to the 
conditioning chamber for 6 min and then experienced two pairings of a tone 
(2,800 Hz, 75 dB, 20 s) with a co-terminating foot shock (0.7 mA, 2 s) at 3 min 
intervals. On test day 1, each mouse was returned to the chamber for 6 min without 
the tone. On test day 2, the mouse was returned to the chamber with a new context. 
After being habituated to the new context for 6 min, they were exposed to two 20-s 
tones with 3-min intervals. Freezing was defined as being motionless. The amount 
of time spent freezing was expressed as a percentage of total session time.

T maze test. Mice were food-restricted (2 g feed/mouse) to 85% of free-feeding 
body weight until the task was completed. Mice were allowed to freely explore the 
T maze for 5 min and eat the reward food (0.2 g chocolate, five times per day) for 
2 d to become habituated to the apparatus. The test consisted of the training phase 
for 8 consecutive days and the testing phase on day 9. Mice were trained with one 
forced choice and one free choice at intervals of 20 s (the training phase) or 60 s 
(the testing phase), four trials per day.

Barnes maze test. Mice were allowed to freely explore the Barnes maze apparatus 
for 15 min and were rewarded with food (0.2 g chocolate) for the first two days to 
become habituated to the apparatus. The food-searching training procedure was 
repeated a total of 10 times for each mouse, followed by the food searching test, 
performed five times. In the following new-home test, the mice were released 
from an uncued home base that was 180° different from what was encountered 
during training, with five trials per mouse. The distance and time between the 
mice finding the food and carrying it to the refuge were recorded. All mice were 
maintained at 85% of their ad libitum feeding weight during the experiment.

Open field test. An open field arena (50 cm ×​ 50 cm ×​ 40 cm) was used to measure 
animal locomotor activity. Mice were placed in the center of the arena and allowed 
to freely explore it for 10 min.

Elevated plus maze test. Mice were placed at the junction of the open and closed 
arms of the homemade maze, facing the open arm opposite the experimenter, and 
left to explore the maze for 5 min. The total time spent in open arms was recorded.

Tail suspension test. Mice were suspended above a solid surface by their tails with 
tape for 6 min. The duration of immobility was measured.

Forced swim test. Mice were put into cylindrical tanks that were filled with tap 
water set at room temperature (23–25 °C) for 6 min. Movements were recorded and 
immobile time was measured.

Statistical analysis. Data are presented as mean ±​ s.e.m. of the values from at 
least three independent experiments. Statistical significance was evaluated using 
two-tailed unpaired Student’s t test at P <​ 0.05. Data distribution was assumed 
to be normal, but this was not formally tested. No statistical methods were used 
to predetermine sample sizes, but our sample sizes are similar to those reported 
in previous publications14,18. The experiments were not randomized and the 
investigators were not blinded to allocation during experiments and outcome 
assessment.

Life Sciences Reporting Summary. Further information on experimental design is 
available in the Life Sciences Reporting Summary.

Data availability. The data that support the findings of this study are available 
from the corresponding author upon reasonable request.
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    Experimental design
1.   Sample size

Describe how sample size was determined. No statistical methods were used to predetermine sample sizes, but our sample 
sizes are similar to those reported in previous publications. 

2.   Data exclusions

Describe any data exclusions. In the "Behavioral methods" section of the "METHODS" part, we stated that 
animals without appropriate lentivirus infection were excluded from analysis.

3.   Replication

Describe whether the experimental findings were 
reliably reproduced.

All attempts at replication were successful.

4.   Randomization

Describe how samples/organisms/participants were 
allocated into experimental groups.

The experiments were not randomized.

5.   Blinding

Describe whether the investigators were blinded to 
group allocation during data collection and/or analysis.

The investigators were not blinded to allocation during experiments and outcome 
assessment.

Note: all studies involving animals and/or human research participants must disclose whether blinding and randomization were used.

6.   Statistical parameters 
For all figures and tables that use statistical methods, confirm that the following items are present in relevant figure legends (or in the 
Methods section if additional space is needed). 

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement (animals, litters, cultures, etc.)

A description of how samples were collected, noting whether measurements were taken from distinct samples or whether the same 
sample was measured repeatedly

A statement indicating how many times each experiment was replicated

The statistical test(s) used and whether they are one- or two-sided (note: only common tests should be described solely by name; more 
complex techniques should be described in the Methods section)

A description of any assumptions or corrections, such as an adjustment for multiple comparisons

The test results (e.g. P values) given as exact values whenever possible and with confidence intervals noted

A clear description of statistics including central tendency (e.g. median, mean) and variation (e.g. standard deviation, interquartile range)

Clearly defined error bars

See the web collection on statistics for biologists for further resources and guidance.
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   Software
Policy information about availability of computer code

7. Software

Describe the software used to analyze the data in this 
study. 

 We used NIH ImageJ 1.48 software (http://rsb.info.nih.gov/ij/) for densitometry 
and image analysis. We used pClamp 10 software (Molecular Devices) for 
electrophysiology analysis and EthoVision XT 11.5 software (Noldus) for behavioral 
analysis; Prism (GraphPad, California, USA) for statistics.

For manuscripts utilizing custom algorithms or software that are central to the paper but not yet described in the published literature, software must be made 
available to editors and reviewers upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). Nature Methods guidance for 
providing algorithms and software for publication provides further information on this topic.

   Materials and reagents
Policy information about availability of materials

8.   Materials availability

Indicate whether there are restrictions on availability of 
unique materials or if these materials are only available 
for distribution by a for-profit company.

No unique material were used.

9.   Antibodies

Describe the antibodies used and how they were validated 
for use in the system under study (i.e. assay and species).

rabbit polyclonal anti-Synaptotagmin 1 antibody (1:100, Abcam, #ab131551), 
rabbit polyclonal anti-VAMP2 antibody (1:2000, Abcam, #ab3347), mouse 
monoclonal anti-SNAP25 antibody (1:5000, Synaptic Systems, #111011), mouse 
monoclonal anti-Syntaxin 1a antibody (1:2000, Synaptic Systems, #110111), mouse 
monoclonal anti-Actin antibody (1:5000, Abcam, #ab6276), chicken polyclonal anti-
GFP antibody (1:1000, Abcam, #ab13970), rabbit polyclonal anti-GABA antibody 
(1:1000, Calbiochem, #PC213L), rabbit polyclonal anti-VGLUT1 antibody (1:500, 
Abcam, #ab104898), monoclonal anti-FLAG M2 antibody (1:200, Sigma, #F1804), 
purified mouse IgG1 isotype control antibody (BD Pharmingen, #550878). All 
antibodies were commercially available and validated. References related to the 
antibodies are listed on the website of the vendors.

10. Eukaryotic cell lines
a.  State the source of each eukaryotic cell line used. We used HEK 293FT (ThermoFisher, R70007) for lentivirus production.

b.  Describe the method of cell line authentication used. We veryfied HEK 293FT by their characteristic shape.

c.  Report whether the cell lines were tested for 
mycoplasma contamination.

Cells were routinely tested for mycoplasma contamination.

d.  If any of the cell lines used are listed in the database 
of commonly misidentified cell lines maintained by 
ICLAC, provide a scientific rationale for their use.

No commonly misidentified cell lines were used.

    Animals and human research participants
Policy information about studies involving animals; when reporting animal research, follow the ARRIVE guidelines

11. Description of research animals
Provide details on animals and/or animal-derived 
materials used in the study.

We used postnatal day 1 (P1) C57BL/6 pups for primary culture and four-week-old 
C57BL/6 male mice for lentivirus injection and subject to behavioral studies within 
two months.

Policy information about studies involving human research participants

12. Description of human research participants
Describe the covariate-relevant population 
characteristics of the human research participants.

This study did not contain human research participants.
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