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Supplementary Methods 
  



Supplementary Note 1: State-of-the-art of nerve regeneration research in C. elegans 
To date, multiple large scale screens for regeneration regulator genes or enhancer compounds have 
been undertaken, which leveraged various platforms including RNA interference (RNAi)1, gain/loss of 
function mutant2, 3, and automated chemical screening4.  The golden standard used for identifying a 
gene as regeneration regulator has been observation of enhanced/suppressed axon regrowth 
following in vivo laser axotomy in corresponding mutant backgrounds. This is due to two reasons. On 
one hand, RNAi screens suffer from incomplete gene knocked down specifically in neurons and high 
costs. On the other hand, in axon injury model that is based on spontaneous axon breakage (induced 
by lack of β-spectrin), the axon regrowth cannot be reproducibly induced or accurately tracked over 
time. As a result, further progress has been rate-limited by generation of mutant strains, which is 
costly and time-consuming, and cannot be applied to genes essential for survival. Through a literature 
search, we estimated that less than 2,000 genes have been tested (in published studies) for functions 
in nerve regeneration by laser axotomy in mutant backgrounds, which comprises less than 10% of all 
predicted protein-coding genes. It is also worth noting that although most screens use axon regrowth 
length as an endpoint, other aspects of regeneration (axon guidance, fusion, function recovery, etc.) 
could also provide vital insights regarding a gene’s role5, which has been shown to vary by neuronal 
type6, 7. However, most screens were based on evaluation of a single endpoint in a single neuronal 
type. Therefore, our understanding of nerve regeneration in C. elegans is far from complete. C. 
elegans genome contains 20,217 predicted protein-coding genes (WormBase release WS273), of 
which ~38%  are conserved with the mammalian genome8. These large scale screens, along with the 
many smaller, hypothesis-driven candidate screens, have identified ~350 regeneration regulator 
genes (Supplementary Table 1)9-11.  
  



Supplementary Note 2: Limitations of the dissociation-FACS method 
The dissociation-FACS method cannot be used to isolate regrowing neurons due to following 3 major 
issues: 
1) Low yield. The greatest challenge for cell isolation from C. elegans is related to necessity to disrupt 
the cuticle for gaining access to tissue. Since direct protease digestion has shown little effect12 on 
cuticle, prevalent C. elegans cell isolation protocols rely on treatment with anionic detergent (sodium 
dodecyl sulfate, SDS) and reducing agent (dithiothreitol, DTT) to sensitize the cuticle for effective 
digestion. However, as prolonged exposure to SDS-DTT drastically reduce animal viability, such 
treatment is usually terminated before significant cuticle disruption could be achieved. As a result, the 
overall yield of cells, defined as the fraction of potentially available neurons in the sample that are 
isolated by FACS, is around 0.5%. In our experiments, the yield was as low as 0.1% because we used 
L4 stage animals, which had 2x thicker cuticle. This means for each isolated regrowing neuron, the 
dissociation-FACS method would require 1,000 laser axotomized neuron as input, which would be 
infeasible to prepare within a reasonable time. Assuming a proficient operator can perform at an 
average  of 20 laser axotomies per hour, 1,000 axotomies will take over 50 hours of non-stop work to 
be able to collect one single neuron for RNA-seq analysis.  
2) Induction of transcriptional artifacts. Tissue dissociation protocol is known to strongly induce 
expression of stress response and heat shock genes in isolated cells13, 14. Our data has also confirmed 
this trend for C. elegans neurons. Both stress response and heat shock genes have been shown to 
participate in nerve regeneration. For example, the p38 and JNK family of stress-activated mitogen-
activated protein kinases are both stimulated in response to axotomy and serve critical roles in nerve 
regeneration2. Lack of heat shock factor 1 was also found to cause severely reduced regeneration1. 
Therefore, isolating regrowing neurons by dissociation-FACS would likely cause relevant molecular 
activities to be masked by isolation-induced transcriptional artifacts.  
3) Loss of contextual and phenotypical information of isolated neurons. C. elegans transgenic strains 
with GFP-labeled neurons are used to enable targeting of the axon in laser axotomy. In such strains, 
multiple neurons of a specific neuronal type are labeled simultaneously by a common promoter, yet 
only one neuron will be subject to laser axotomy. After the animal is dissociated, the axotomized 
neuron and the other uninjured ones will be both identified by the same label, making it impossible 
to separate them during FACS. More importantly, neurons in both C. elegans and mammals have 
been shown to regrow by chance and at different rates, even if they are the same type6, 15. The FACS 
would again make it difficult to distinguish regrowing neurons with different regrowth rates since they 
all carry the same label.  
  



Supplementary Note 3: Ablation mechanism in fs-LM 
For fs-LM, each ablation spot was generated by a train of 300 laser pulses with 805 nm center 
wavelength, 16 nJ pulse energy, 250 fs pulse width, and 1 kHz repetition rate. The laser beam was 
focused through a water-dipping objective (Olympus LUMPLFLN60XW, 60x, NA=1.0) and filled the 
back aperture of the objective. The spot size is estimated to be around 880 nm based on the 
theoretical 1/e2 diameter of focused Gaussian beams16 and M2 parameter of the laser (1.2 ± 0.1). The 
calculated fluence and irradiance per pulse are 2.64 J/cm2 and 5.28 TW/cm2, respectively, considering 
pulse dispersion through optical components (500 fs at the focal plane). This irradiance is close to the 
threshold for the formation of thermo-elastic stress induced nanoscale transient bubbles (5.1 
TW/cm2). We have previously characterized the property of femtosecond laser nanoaxotomy in C. 
elegans17. We measured the minimum energy required for a given pulse train to induce permanent 
cut (around 1 μm in size) to GFP-labeled axon, as marked by nonrecoverable loss of cytoplasmic GFP. 
The damage threshold decreases monotonically  as number of pulses increases until a plateau is 
reached. At 300 pulses, the minimal irradiance required was around 2.2 TW/cm2. We have also 
previously characterized the extent of photo-damage measured as the distance between the 
proximal and distal ends of the severed axons after they are sealed17.  With 300 pulses and a pulse 
fluence of 2.6 J/cm2, our previous results indicated an extent of damage around 2.2 μm, which we 
confirmed in the fs-LM setup (results now shown). This number was likely an over-estimation of the 
actual extent of damage, as served axons tend to retract slightly following surgery. Ablating at a 
distance < 2 μm from soma frequently caused damage to the target neuron during fs-LM. Therefore, 
we estimate the extent of damage at each fs-LM ablation spot as 2 μm in C. elegans.  
  



 
Supplementary Fig. 1 | Successful and unsuccessful fs-LM isolation of C. elegans PLM neurons. a-d, 
Example of successful fs-LM isolation of neurons. The resected neuron was released through the 
incision smoothly without damage, as evidenced by consistent volume and cytoplasmic GFP 
intensity. e-h, Incomplete resection of neuron causing it to remain in place after the incision was 
made. As a result, the neuron was torn by outflow of surrounding tissue. i-l, A resected neuron was 
fragmented when migrating through a small cuticle incision. In this case, the neuron was moving 
towards the incision, which indicated complete resection.   



 
Supplementary Fig. 2 | Quantification of amplified cDNA libraries from fs-LM isolated single C. 
elegans neurons. a, Example of libraries with good quality. Inset: the isolated neurons retained GFP 
intensity until being deposited into lysis buffer. b, Example of libraries that failed quality check, and 
were thus excluded from this study. Inset: the isolated neuron lysed before being deposited into lysis 
buffer. Although the cellular content of the neuron supposedly remained in the micropipette, 
degradation and attachment to inner wall of the micropipette severely affected RT-PCR, resulting in 
libraries dominated by short fragments that were mostly primer-dimer. c, Example of NTC controls. 
No amplified cDNA were detected as expected.  



 
Supplementary Fig. 3 | Isolation of C. elegans touch receptor neurons by the dissociation-FACS 
method. a-d, FACSAria II gate settings for isolating living GFP-labeled C. elegans touch receptor 
neurons from dissociated animals. Prior to FACS, the cell suspension was filtered through a 5 μm 
syringe filter to prevent clogging. SSC-A, SSC-W, and FSC gates were set up to exclude debris and 
clusters of cells. We stained the dead neurons with propidium iodide. GFP+ PI- events were sorted 
into 96 well plates or 1.5 mL conical tubes containing lysis buffer. The GFP threshold was determined 
in reference to the autofluorescence of cells from dissociated N2 worms. The PI threshold was 
determined by test sorting a small number of PI-stained cells and observing two distinct population of 
live/dead cells. e, Histogram of GFP levels of the isolated neurons. f, Cell suspension prior to sorting 
and  g, example of collected neuron. Green: GFP. Red: PI. Scale bar: 5 μm. 



 
Supplementary Fig. 4 | RNA-sequencing of fs-LM and dissociation-FACS isolated neurons. a, b, 
Sufficient sequencing depth was confirmed by subsampling reads from pooled and single neurons 



samples and checking the numbers of genes detected. We found that by sequencing neurons at 2 
million uniquely mapped reads per sample, the numbers of genes detected reached plateau. We 
discarded all single neuron samples with less than 1 million uniquely mapped reads to avoid technical 
bias induced by RNA-sequencing. c, Cumulative distribution of sequencing depth among all samples. 
Less than 10% of single neuron samples were discarded due to insufficient sequencing depth. d, e, 
Top tissue enrichment analysis18 terms of dissociation-FACS isolated single neurons (d) and fs-LM 
isolated single neurons (e). fs-LM isolated neurons correctly showed touch receptor neuron as the top 
term, while dissociation-FACS isolated neurons showed RIS, nerve ring and AVK as the top 3 terms, 
likely due to collection of all 6 touch receptor neurons. f, Expression levels of marker genes among fs-
LM isolated single neurons. In the C. elegans strain we used (CZ10175 and CZ11327), all 6 touch 
receptor neurons were labeled by GFP. These touch receptor neurons include 4 mechanosensory 
neurons (PLML, PLMR, ALML, ALMR) and 2 FLP interneurons (AVM, PVM). Genes specifically 
upregulated in mechanosensory and FLP neurons have been previously characterized19. Because fs-
LM specifically isolated PLM neurons, higher expression levels were found among genes enriched in 
mechanosensory neurons, while expression levels of genes enriched in FLP neurons were low. 



 

Supplementary Fig. 5 | Differential gene expression between neurons isolated by fs-LM and 
dissociation-FACS method.  a, Heatmap showing expression levels of the DEGs (FDR < 0.1) in neurons 
isolated by fs-LM and dissociation-FACS method. b, Up-regulated genes in dissociation-FACS isolated 
neurons showed significant overlap with genes up-regulated during heat shock response. c, Overlap 
between DEGs and heat shock response genes20, indicating a significant correlation between heat 
shock response and gene regulatory pattern displayed by the dissociation-FACS isolated neurons (Chi-
square test, P = 0.023). d, Gene expression levels of highly up-regulated DEGs, which were also highly 
upregulated during heat shock response dependent on heat shock factor 1. 
 



 
Supplementary Fig. 6 | Axon regeneration of PLM neurons in wild-type and dlk-1 (0) animals 
following fs-laser axotomy.  a, Regeneration status of axotomized PLM neurons at 24-hour post 
axotomy. Only 1 out of 86 wild-type PLM neurons failed to initiate regrowth, likely due to improper 
laser axotomy inducing excessive damage. Among the PLM neurons that regrew, 44% and 21% 
reconnected and fused respectively with the distal end, which was consistent with our previous 
findings5. Interestingly, we also observed ectopic regeneration in a small number of dlk-1 (0) animals, 
which can be attributed to DLK-1 independent regeneration pathways7 and incomplete dlk-1 
suppression. b, Length of axon regrowth at various time points post axotomy. At 2-4 hour post 
axotomy, wild-type PLM neurons started to regrow at an average rate of 6.1 μm/hour. The ectopic 
regrowth rate of dlk-1 (0) neurons was found to be 1.2 μm/hour. c, d, Microscope images of regrowing 
wild-type (c) and dlk-1 (0) neurons (d). Wild-type neurons initiated regrowth from the proximal stump 
led by growth cone, while dlk-1 (0) neurons regrew mostly by sprouting from the axon instead of the 
proximal stump. No obvious growth cone was observed. Asterisk, site of laser axotomy. Arrowhead, 
tip of regrowing axon. Scale bar, 10 μm. 
  



 
Supplementary Fig. 7 | Differential gene expression between uninjured/axotomized neurons 
isolated from wild-type/dlk-1 (0) animals.  a, DEGs between uninjured wild-type and dlk-1 (0) 
neurons. Red points in volcano plot represent significant DEGs with adjusted P value < 0.05 and fold 
change > 2. Boxplots show expression levels of top DEGs. smu-1 encodes an ortholog of vertebrate 
SMU protein. golg-2 encodes an ortholog of human GOLGA2. fkb-3 encodes a peptidylprolyl cis/trans 
isomerase regulated by DAF-2 insulin receptor-like pathway and DAF-16 transcription factor. parg-1 



displayed a higher average expression level in wild-type neurons, which is consistent with prior 
finding21, although the change was not significant. b, DEGs between uninjured and axotomized wild-
type neurons. kcnl-4 encodes an ortholog of human KCNN1 and KCNN4 (potassium calcium-activated 
channel subfamily N member 1/4). klp-20 encodes a kinesin-like protein and exhibits microtubule 
motor activity. kgb-1 is a regulator of nerve regeneration and encodes a member of the JNK subfamily 
of MAP kinases. srb-5 encodes a predicted serpentine receptor. c, DEGs between uninjured and 
axotomized dlk-1 (0) neurons. cal-2 encodes a calmodulin homolog and is predicted to have calcium 
ion binding and enzyme regulator activity. zyx-1 encodes a LIM domain protein similar to vertebrate 
Zyxin with predicted role in anchoring actin filaments to dense bodies. cebp-2 encodes a predicted 
transcription factor and is involved in defense response to bacteria. memb-2 encodes an ortholog of 
human GOSR2 and is predicted to have SNAP receptor activity and SNARE binding activity. 
 
  



 
Supplementary Fig. 8 | Pattern of differential expression displayed by specific groups of DEGs.  a, 
Differential expression pattern of DEGs between axotomized and uninjured neurons shared by wild-
type and dlk-1 (0) animals. Most of these shared DEGs displayed concordant (Pearson’s correlation 
coefficient = 0.94, P = 2 × 10-16) differential expression patterns in neurons from wild-type and dlk-1 
(0) animals. Gene Ontology (GO) analysis of up-regulated and down-regulated DEGs identified 



functions such as vesicle maturation, exocytosis, and inflammatory response, which likely reflects the 
neurons’ response to injury rather than induction of axon regeneration.  b, Differential expression 
pattern of known regeneration regulators. These regulators exhibited a variety of differential 
expression patterns, except for down-regulated in wild-type neurons and up-regulated in dlk-1 (0) 
neurons. This is likely because DEGs in dlk-1 (0) animals were mostly down-regulated following 
axotomy. Note that change in expression levels is not necessarily part of the known regulatory 
mechanisms of these regulators. For example, KGB-1 regulates regeneration through kinase activity 
as part of DLK-1 signaling pathway. The detected differential expression patterns of these regulators 
can provide new insights into their regulatory mechanisms or hint  potential co-factors. 
  



 
Supplementary Fig. 9 | Screening for upstream regulators of the identified DEGs based on 
transcriptional factor binding affinity.  a, Data sourcing, processing, and analysis to identify C. elegans 
transcription factors (TFs) with potential regulatory roles in axon regeneration. Through these steps, 
we aimed to identify TFs with significantly higher binding affinity to promoter regions of the identified 
DEGs using all genes expressed in neuron as a benchmark. Statistical analysis was performed by Gene 
Set Enrichment Analysis (GSEA) Pre-ranked module22. As the first input to GSEA Pre-ranked module, 
we generated a list of all genes expressed in neurons ranked by their Z statistics (generated during 
differential expression analysis, assigned a Z statistics of 0 if not a DEG). Since larger Z statistics (either 
positive or negative) indicated deeper involvement in axon regeneration, such ranking placed genes 
involved in axon regeneration to the two extremes of the list. As the second input to GSEA Pre-ranked 
module, for each TF, we identified genes whose promoter region contained ChIP-seq peaks using 
ChIPSeeker23 (TF target genes).  Based on both gene lists, GSEA Pre-ranked module can compute an 
enrichment score (ES), which corresponded to  a weighted Kolmogorov–Smirnov-like statistic. If 
overlaps between the TF target genes and the ranked gene list were located towards the extremes of 
the ranked gene list rather than evenly distributed, GSEA Pre-ranked module will produce a larger ES 



(either positive or negative). Finally, a P-value was calculated based on null distribution obtained by 
permutating the ranked gene list 5000x. b, Metagene binding profiles of LIN-40 centered at the 
transcription start site. Red traces represent density of ChIP peaks mapped to the DEGs. Blue traces 
represent density of ChIP peaks mapped to all genes expressed in neurons. c, Heatmap of LIN-40 ChIP-
seq peaks centered at the transcription start site. d, Result of GSEA Pre-ranked analysis for LIN-40 (P < 
0.001).  
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Supplementary Fig. 10 | Weight gene co-expression network analysis of genes whose expression 
pattern showed correlation with axon regrowth rate across single regrowing neurons.  a, Example 
of genes whose expression pattern showed significant correlation with axon regrowth rate across 
single regrowing neurons. Each plot shows expression pattern of the gene and results of linear fitting. 
Grey area represents 95% confidence interval. b, Inter-module correlation among the 6 gene modules 
identified by WGCNA. c, GO analysis for enriched KEGG pathways among all gene modules. d, GO 
analysis for enriched WikiPathways among all gene modules 
 
 
 



 
Supplementary Fig. 11 | fs-LM isolation of single mice/gerbil brain neuron from acute brain slice.  a, 
The 500 μm thick acute brain slice was placed in a chamber and perfused with ice-cold, carbogen-
infused artificial cerebrospinal fluid (aCSF). Prior to fs-LM, we removed the top layer of dead tissue 
using laser ablation to expose the target neuron. Microscope images show the brain region containing 



the target neurons (cortical PV neurons labeled by tdTomato and CCK neurons labeled by GFP in 
medulla).  b, The micropipette was positioned close to the target neuron with a slight positive pressure 
applied to prevent contamination. We performed fs-LM as in C. elegans to resect the target neuron 
from surrounding tissue. c, Towards the end of fs-LM, the aCSF perfusion was paused in order to 
prevent the resected neuron from being carried away by liquid flow. Meanwhile, aspiration was 
applied from the micropipette. We stopped fs-LM as soon as the neuron started migrating towards 
the micropipette. d, The isolated neuron was cleaned in aCSF before being deposited into lysis buffer 
and frozen on dry ice.  
  



Supplementary Methods 

Check for sufficient sequencing depth: Following alignment of FASTQ files to C. elegans reference 
genome WS270 by STAR aligner v2.7.2, we used view function from Samtools package to sample a 
specific percentage of entries from the SAM files. The sub-sampled SAM files were summarized 
using the featureCount function from Subreads package v1.6.4. Only unique alignments were 
retained. Numbers of genes detected from each sub-sampled file were calculated by a threshold of 
CPM>1. We found the required number of uniquely mapped reads per sample to detect 90% of 
genes across 50 single neuron samples, which was 1.3 ± 0.3 million. Therefore, we used a threshold 
of 1 million uniquely mapped reads per sample as a threshold for sufficient sequencing depth.  

Quantification of gene expression and statistical analysis: We used R software v3.5.1 for all 
statistical analysis. Prior to quantification of gene expression, count table generated by featureCount 
was prefiltered to remove genes with <3 hits from each sample, which were likely result of technical 
noise from sequencing and primary analysis. Since Clontech SMART-seq v4 3’ DE kit amplifies the 3’ 
end of mRNA transcripts, we used count per million (CPM) as a measurement of gene expression 
level, and CPM>1 as threshold of a gene being detected in a sample. We combined gene detected in 
all 3 bulk samples to generate a list of 7,974 genes expressed in touch receptor neurons.  

For characterization of gene detection in fs-LM isolated single neurons, we first performed pairwise 
comparisons between bulk samples and fs-LM isolated single neurons to calculate average number 
of overlapping detected genes. Ensemble of single neurons was generated by concatenating FASTQ 
files of specified number of single neurons samples and repeating read mapping, summarization, 
and gene expression quantification as discussed. Correlation of gene expression profiles was 
calculated using cor function. We performed tissue enrichment analysis using the Enrichment 
Analysis tool from Wormbase18. 

We used Rtsne function for tSNE24 analysis and visualized results with ggplot2. Single-Cell Differential 
Expression25 (SCDE) was used to calculate maximum likelihood estimate (MLE) of fold change in 
gene expression as well as a Z-score reflecting confidence in differential expression. We used R 
implementation of SCDE v1.99.4 for all differential gene expression analysis. Prior to SCDE analysis, 
we performed singular value decomposition on the log2(CPM+1) expression matrix (containing all 
samples to be included in differential gene expression analysis and genes detected in over 20% of 
the samples) to obtain eigenvalues and eigengene vectors26. For the top eigengene vectors (ranked 
by corresponding eigenvalues in decreasing order), we computed projection of each gene onto the 
eigengene, which measures the contribution of the eigengene to the overall expression of the gene. 
We ranked all genes according to the squared sum of their projections onto the top 3 eigengenes 
(excluding eigengenes reflecting potential batch effect). In this way, we essentially ranked genes 
according to their contribution to the biologically relevant variation in our datasets. We subjected 
the top 1,500 genes to SCDE analysis and computed Benjamini-Hochberg false discovery rate from 
the resulting Z-score. 



To quantify the reproducibility of scRNA-seq among fs-LM and dissociation-FACS isolated neurons, 
we performed pair-wise correlation test among each group using cor function to obtain Pearson 
correlation coefficient. We repeated this calculation for varying number of genes ranked by their 
average expression levels across all isolated neurons. 

Gene ontology analysis and network visualization: All gene ontology (GO) analysis was performed 
using g:Profiler27 (https://biit.cs.ut.ee/gprofiler/gost). For network visualization, we obtained GO 
analysis results using g:Profiler with a Benjamini-Hochberg FDR cutoff of 0.01. Cytoscape v3.7.2, 
Enrichment Map v3.2.1 and Word Cloud v3.1.3 were used to visualize the GO network. The cutoff 
for the Jaccard coefficient was set to 0.30 and the FDR q-value to 0.05.  

Hierarchical clustering and pseudotime ordering: Unsupervised hierarchical clustering was 
performed using hclust function based on 1,500 genes with largest variance in expression level 
across all single neuron samples. For pseudotime ordering of the single neurons, we used top 1,500 
genes ranked by singular vector decomposition analysis as discussed above. Monocle v 2.12.0 
package was used for ordering using DDRTree method and default parameters.  

Screening for upstream regulators of the identified DEGs based on transcriptional factor binding 
affinity: We downloaded transcription factor (TF) ChiP-seq data (ce11 reference genome, optimal 
IDR thresholded peaks, bigBed narrowpeak file) from modERN28 and modENCODE29 projects 
(https://www.encodeproject.org/). When data for a specific TF is available at multiple life stages, we 
chose the one closest to larval stage 4. For each TF ChiP-seq dataset, we identified TF target genes 
whose promoter region contained ChIP-seq peaks using ChIPSeeker23 v.1.20.0 (ce11 reference 
genome, detection window set as transcription start site ± 1kbp). For visualization of metagene 
binding profile, we first transformed the bed files into bam files using Bedtools v.2.29.2 then used 
ngs.plot30 v2.47.1 for visualization. For statistical analysis of TF binding affinity to the DEGs, we used 
Pre-ranked module of Gene Set Enrichment Analysis (GSEA)22, 31 v4.0.2. As the first input to GSEA 
Pre-ranked module, we generated a list of all genes expressed in neurons ranked by their Z statistics 
(generated by SCDE analysis if a DEG, assigned a Z statistics of 0 if not a DEG). We used the list of TF 
target genes as the second input. Based on both gene lists, GSEA Pre-ranked analysis was performed 
with 5,000x permutations (other parameters set at default) to compute enrichment scores and 
corresponding P values. 

Identification and analysis of genes whose expression patterns correlate with axon regrowth rate:  
For each gene detected among the fs-LM isolated regrowing neurons, we first tested the correlation 
between its log2(CPM+1) expression levels and the axon regrowth length at 24 hour post-axotomy 
across all regrowing neurons using cor function. To accommodate non-linear correlation, we also 
tested correlation by Kendall’s τ coefficient. Applying a cutoff of P < 0.05 yielded 226 genes whose 
expression patterns significantly correlated with axon regrowth rate. We analyzed the co-expression 
patterns among these genes using Weighted Gene Co-expression Network Analysis32 v 1.68 (soft 
threshold of 4,  minimum module size of 10, other parameters set as default). 

https://biit.cs.ut.ee/gprofiler/gost
https://www.encodeproject.org/


fs-LM of neurons from acute brain slices: fs-LM isolation of brain neurons was performed using the 
same laser as in C. elegans fs-LM (250 fs pulse width, 800 nm central wavelength, and 1kHz 
repetition rate). Freshly prepared 500 μm thick acute brain slice was placed in an open bath imaging 
chamber (RC-22, Warner Instrument) and held down by a harp (SDH-22L/15, Warner Instrument). 
The chamber was perfused with ice-cold, carbogen-infused artificial cerebrospinal fluid (aCSF). Prior 
to fs-LM, we first removed the top layer (10 – 20 μm thick) of dead tissue using trains of 300 laser 
pulses with 40 nJ pulse energy. We also prefilled a silicone (Sigmacote, Sigma-Aldrich) coated glass 
micropipette (~30 μm inner diameter) with aCSF. The micropipette was controlled pneumatically by 
a microinjector (Narishige IM-11-2) and mounted on a 3-axis micromanipulator (Narishige MN-153).  
We positioned the tip of the micropipette 5 - 10 um away from the target neuron. Subsequently, we 
delivered 150 laser pulses of 10 nJ pulse energy at each ablation spot to gently resect the target 
neuron. The resection process was conducted in vertical planes starting from the side away from the 
micropipette. Towards the end of the resection process, we iterated between laser ablation and 
application of negative pressure to the micropipette until soma of the target neuron was dislodged 
and started moving towards the micropipette. We then paused aCSF flow to prevent the released 
neuron from being carried away. We aspirated the released neuron and cleaned it in aCSF several 
times before depositing it into lysis buffer and freezing on dry ice. 
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