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Femtosecond laser microdissection isolating regenerating C. elegans neurons for single

cell RNA sequencing

Peisen Zhao', Chris Martin?, Ke-Yue Ma3, Ning Jiang??, and Adela Ben-Yakar'>*
Department of Electrical and Computer Engineering, 2Department of Biomedical Engineering,
3Interdisciplinary Life Sciences Graduate Programs, and “Department of Mechanical Engineering, The

University of Texas at Austin, Austin, Texas 78712, USA.

Abstract

Our understanding of nerve regeneration can be enhanced by delineating its underlying molecular activities
at single neuron resolution in small model organisms such as Caenorhabditis elegans. Existing cell isolation
techniques cannot isolate regenerating neurons from the nematode. We present femtosecond laser
microdissection (fs-LM), a new single cell isolation method that dissects intact cells directly from living tissue
by leveraging the micron-scale precision of fs-laser ablation. We show that fs-LM facilitated sensitive and
specific gene expression profiling by single cell RNA-sequencing, while mitigating the stress related
transcriptional artifacts induced by tissue dissociation. Single cell RNA-sequencing of fs-LM isolated
regenerating C. elegans neurons revealed transcriptional program leading to successful regeneration in
wild-type animals or regeneration failure in animals lacking DLK-1/p38 kinase. The ability of fs-LM to isolate
specific neurons based on phenotype of interest allowed us to study the molecular basis of regeneration
heterogeneity displayed by neurons of the same type. We identified gene modules whose expression
patterns were correlated with axon regrowth rate at a single neuron level. Our results establish fs-LM as a

highly specific single cell isolation method ideal for precision and phenotype-driven studies.



Main

Spinal cord injuries result in permanent functional deficit as axons in the adult central nervous system fail to
regenerate after trauma®. State-of-the-art interventions promote neuron survival and axon regrowth by
engaging neuron-intrinsic and pro-regenerative pathways2. However, clinical outcome of such interventions
are still poor: regrowth can only be stimulated in a small number of neurons, while a seemingly
homogeneous neuron population can exhibit diverse or even opposite responses to the same intervention®
4. A deeper understanding of nerve regeneration can be attained by dissecting the process at single neuron
resolution in a well-defined nervous system. For such studies, Caenorhabditis elegans has been established
as a valuable model organism in conjunction with femtosecond laser axotomy> ®, which can reproducibly
induce a variety of relevant regeneration phenotypes in vivo. The transparent body of C. elegans further
allows analysis of such phenotypes, including axon regrowth rate, guidance, and fusion at a single neuron
resolution in vivo with fluorescence microscopy. Past nerve regeneration studies in C. elegans have led to
the discovery of many conserved nerve regeneration pathways’2®, notably the dual leucine zipper kinase
(DLK-1/p38) signaling cascade, whose role in neural development, regeneration, and degeneration has been
confirmed in numerous vertebrate and invertebrate species” 273,

Nerve regeneration research in C. elegans has relied on costly and time-consuming mutant screens
that test individual genes for function in axon regeneration (Supplementary Note 1). The rapidly evolving
high-throughput sequencing methods offer an opportunity to accelerate progress. Nevertheless, isolating
regenerating neurons from C. elegans has so far remained infeasible. As in other models, the prevalent cell
isolation method for C. elegans entails fluorescence activated cell sorting preceded by lengthy and disruptive
tissue dissociation (dissociation-FACS method)2. Several drawbacks, notably low yield of cells (< 0.5%)%,

induction of transcriptional artifacts>* 3°, and inability to isolate specific neurons based on regeneration



phenotypes, make this method inapplicable (Supplementary Note 2). Other cell isolation methods like laser
capture microdissection (LCM) and Patch-seg can bypass tissue dissociation, but may cause intolerable
contamination and degradation of cellular content, especially considering the small size of C. elegans

neurons (< 3 um in diameter with < 0.1 pg total RNA).

Above challenges motivated us to develop femtosecond laser microdissection (fs-LM) to resect
intact single cells directly from living tissue. We demonstrate that the micron-scale precision of fs-laser
ablation allows us to isolate specific neurons from living C. elegans in their intact form. The cell yield of fs-
LM was 32%, which represented orders of magnitude improvement over the dissociation-FACS method.
Importantly, fs-LM mitigated the stress related transcriptional artifacts induced by the tissue dissociation
protocol. We used fs-LM to isolate one specific type (posterior lateral microtubule, PLM) of C. elegans
neuron, exhibiting successful or failed regeneration in with-type or DLK-1 knockout animals following fs-
laser axotomy. Single cell RNA sequencing (scRNA-seq) of the isolated neurons revealed transcriptional
program required for axon regeneration and its potential upstream regulators. To investigate the molecular
basis of regeneration heterogeneity displayed by neurons of the same type, we also isolated single
regenerating PLM neurons on the basis of axon regrowth rate. We identified genes whose expression
pattern correlated with axon regrowth rate at a single neuron resolution. Weighted gene co-expression
network analysis further revealed that accelerated axon regrowth requires elevated gene expression
associated with functions like neuorogenesis, DNA repair, and RNA transcription, as well as reduced gene
expression involved inimmune response and RNA metabolism. Our results establish that by resecting intact
cells from living tissue with fs-laser ablation, fs-LM achieves precise isolation of specific cells on the basis of

phenotype of interest. Such capability uniquely positions fs-LM to facilitate precision and phenotype-driven



studies for deciphering complexity of tissue. To show versatility of fs-LM beyond C. elegans, we also

demonstrated isolation of single cortical neurons from acute mice brain slices.

Results

fs-LM isolates single intact touch receptor neurons from living C. elegans. Laser microdissection of single
cells from living tissue is highly challenging as collateral damage from laser ablation can easily damage the
cells being isolated. The challenge is even greater when isolating single neurons from C. elegans due to the

small size of its neurons (< 3 um in diameter). To meet this challenge, we leveraged the precision of ultrafast

laser microsurgery, in which high peak intensity of tightly focused fs-laser pulses allows for sub-micron scale
tissue ablation. Such precise ablation process can greatly mitigate both collateral and out-of-focus tissue
damage, which our group has previously demonstrated with fs-laser axotomy in C. elegans® %37 %,

To isolate single neuron from C. elegans, fs-LM first resects the target neuron by ablating its
surrounding tissue at a series of spots arranged in a 3D hemispherical shell encasing the neuron (Fig. 1a, b).
The ablation spots are spaced 2 — 3 um apart from each other and the target neuron. At each spot, a train

of low-energy laser pulses is delivered to ablate a small volume (< 2 um) of tissue (Supplementary Note 3).

With such ablation pattern, we can effectively remove tissue in the immediate vicinity of the neuron while
keeping its soma intact. To release the resected neuron, we ablate cuticle of the nematode at 5 um from
the neuron to create a 2 um wide incision. The neuron is then promptly released through the incision driven
by the internal pressure of C. elegans (Fig. 1a, b, Supplementary Fig. 1a-d). Each released neuron is visually
inspected for adherent debris, which can be removed by laser-induced bubbles as needed. We then collect
the released neuron with a micropipette and bath it in cleaning buffer twice to remove any remaining

contaminant in the aspirate. Finally, the cleaned neuron is deposited into lysis buffer and frozen on dry ice.



To demonstrate feasibility of fs-LM, we isolated posterior lateral microtubule (PLM) neurons from
living larval stage (L4) C. elegans. A typical fs-LM took 4 — 5 minutes per neuron with a yield of 32% (n = 384).
Such high yield represented orders of magnitude improvement over the dissociation-FACS method (< 0.5%,
Supplementary Note 2). We used cytoplasmic GFP as a convenient indicator of neuron structural integrity
and only collected neurons that retained their GFP signal level after being released (Fig. 1b, Supplementary
Fig. 1a-d). In case of neuronal damage, which primarily occurred as neurons became torn or fragmented
during the release process due to incomplete resection, GFP signal of the neuron dropped drastically
(Supplementary Fig. 1e-l). During dissection, we avoided cutting the axons close to the neuron, which would
cause significant loss of cellular content. Instead, we severed the axon at a safe distance of 20 um away from
the soma, which promptly sealed after being cut as we previously showed®.

We constructed scRNA-seq libraries from 94.0% of the fs-LM isolated PLM neurons (n = 123) that
passed cDNA quality check. The failed samples were mostly a result of neuron lysis while still in the
micropipette and were excluded (Supplementary Fig. 2). In addition, we collected both pooled and single
touch receptor neurons with the dissociation-FACS method according to established protocol
(Supplementary Fig. 3)*. Sufficient sequencing depth was attained for 90% of the sequenced single neurons
(Supplementary Fig. 3a-c). We detected an average of 2,261 + 132 genes by a threshold of 1 count per
million (CPM) reads in each fs-LM isolated neuron, accounting for 37.8% of all expressed genes in touch
receptor neurons, comparable to the dissociation-FACS method3>“ (Fig. 1c,d).

Tissue enrichment analysis of the genes detected in fs-LM isolated neurons identified touch
receptor neuron as the top enriched term (adjusted P < 10%°, Supplementary Fig. 4d, e). We also identified
known marker genes specific to PLM neurons, such as mec-17, mec-12, mec-7, mec-10, and mec-18, in fs-

LM isolated neurons (Supplementary Fig. 4f). As we expect fs-LM to be applied for gene expression profiling



of rare cell types that cannot be acquired in a high-throughput manner, we tested whether fs-LM isolated
cells can recapitulate bulk samples. We found that by pooling scRNA-seq reads from 40 fs-LM isolated
neurons (Fig. 1e), the number of genes detected reached that of bulk sample. Furthermore, gene expression
profiles exhibited good correlation between the ensemble of single neurons and the bulk sample (Pearson
correlation coefficient = 0.96, Fig. 1f). Our results confirm that as a new single cell isolation method, fs-LM

yields intact single neurons ideal for sensitive and specific gene expression profiling using scRNA-seq.
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Fig. 1 | fs-LM isolates intact neurons with reduced stress related transcriptional artifacts for sensitive and
specific gene expression profiling by scRNA-seq. a, Schematic description of the fs-LM method. b,
Microscope images of fs-LM during isolation of a GFP-labeled PLM neuron in the order corresponding to the
schematic in (a). Red crosses: locations of laser ablation spots at the current focal plane. Spots on all focal

planes form a hemispherical shell encasing the neuron. Red arrowhead: location of cuticle ablation. White



dashed line: trajectory of neuron release. Scale bar: 2 um. ¢, Number of genes detected at various thresholds
in single neurons isolated by fs-LM or dissociation-FACS method. Error bars represent 95% confidence
interval. d, Overlap between genes identified in fs-LM isolated single neurons and bulk sample (>5,000 FACS
neurons). e, Number of genes detected from pooled scRNA-seq reads from different numbers of fs-LM
isolated neurons. Shaded area represents 95% confidence interval. f, Correlation of gene expressions
between ensemble of 40 fs-LM isolated neurons and bulk sample. g, t-SNE visualization of gene expression
in neurons isolated by fs-LM and dissociation-FACS methods. h, Volcano plot showing differential gene
expression with orange and blue data points highlighting the significantly down-regulated and up-regulated
genes, respectively, in dissociation-FACS isolated neurons. Statistical significance was calculated as
Benjamini-Hochberg false discovery rate (FDR). In this test for differential gene expression, a threshold of
10% FDR (FDR < 0.1) was used. The list shows representative gene ontology terms (FDR < 0.001) associated
with the up-regulated genes (red window), including key functions related to stress response (highlighted in
red). i, Correlation among gene expression profiles of single neurons isolated by fs-LM or dissociation-FACS
methods, showing a significantly stronger correlation among fs-LM isolated neurons (two-way ANOVA test,

P <0.0001). Shaded areas represent 95% confidence interval.

fs-LM mitigates transcriptional artifacts and improves reproducibility of scRNA-seq. Past studies have
found induction of stress response genes among cells isolated by the dissociation-FACS method. Such
transcriptional artifacts are a result of the tissue dissociation protocol, which involves a prolonged enzymatic
digestion at elevated temperatures, and can severely affect interpretation of data3* *. fs-LM can mitigate
such artifacts by minimizing stress to the target cell thanks to the high precision of fs-laser ablation. In
addition, as early transcriptional response peaks at 25 minutes following stimuli*>#?, the relatively short fs-

LM protocol (< 5 minutes) can be completed before the artifacts become significant. We compared gene



expression in touch receptor neurons isolated by fs-LM and dissociation-FACS methods. As expected,
neurons isolated by different methods formed two clusters following t-SNE analysis (Fig. 1g), indicating that
transcriptome of the isolated neurons were indeed affected by isolation methods.

Next, we investigated the differential gene expression between neurons isolated by these two
methods (Fig. 1h). Using gene expression in fs-LM isolated neurons as reference, we found 219 up-regulated
genes and 6 down-regulated genes among dissociation-FACS isolated neurons (FDR < 0.1, Supplementary
Table 2). Gene Ontology (GO) analysis of the up-regulated genes identified stress related terms such as
response to heat (FDR = 8.3 x 107), cellular response to unfolded protein (FDR = 3.5 x 10°), and
mitochondrial electron transport chain (FDR = 1.2 x 10%). Among the top up-regulated genes, we identified
genes that were also highly up-regulated during heat shock response in a manner dependent on heat shock
factor 1%, such as Y43F8B.2, which is involved in innate immune response, and genes encoding heat shock
proteins (e.g. F44E5.5, FA4E5.4, hsp-16.1, hsp-16.41, and hsp-16.48, Supplementary Fig. 5b, d). The up-
regulated genes also included mtDNA-encoded nduo-2, nduo-3, nduo-5, and nduo-6, which have NADH
dehydrogenase activity and were up-regulated in mitochondrial unfolded protein response*. Meanwhile,
the down-regulated genes included mec-7, mec-12, and mec-17. The MEC-12 a-tubulin and the MEC-7 -
tubulin compose the 15 protofilament microtubules (MTs) in C. elegans touch receptor neurons and are
critical for touch sensitivity. MEC-17 acetyltransferase functions in acetylation of K40 on MEC-12, which is
required for MT stability and axonal transport®. These genes were found to be down-regulated when the
MTs were disrupted by colchicine?® %. The observed pattern of gene regulation among dissociation-FACS
isolated neurons exhibited significant alignment with the pattern previously profiled in heat shock

response® (Supplementary Fig. 5). The results above indicate that compared to fs-LM isolated neurons,



dissociation-FACS isolated neurons display stronger induction of stress response, thus suggesting that fs-LM
can alleviate stress related transcriptional artifacts among isolated cells.

We further examined if fs-LM can improve reproducibility of scRNA-seq compared to the
dissociation-FACS method. Our results indicated that fs-LM isolated neurons showed significantly higher
correlation in expression levels (two-way ANOVA test, P < 0.0001), especially among the highly expressed
genes (Fig. 1i), which was expected since fs-LM can avoid technical variability introduced by stress related
transcriptional artifacts. Moreover, fs-LM can isolate one specific neuron out of the six touch receptor
neurons in each animal, while the dissociation-FACS method can only isolate all six neurons simultaneously
as they are all GFP-labeled by the same promoter. Together, the results above indicate that fs-LM can
mitigate transcriptional artifacts induced by the dissociation-FACS method and improve reproducibility of

SCRNA-seq.

fs-LM facilitates profiling of transcriptional dynamics underlying axon regeneration in C. elegans. With fs-
LM, we were able to isolate regenerating C. elegans neurons, which has not been possible with existing
methods. In wild-type animals, axons of axotomized PLM neurons initiate regrowth from their proximal
stump at 4 — 6 hours post axotomy, leading to distinct regeneration outcomes (Fig. 2a, Supplementary Fig.
6). To avoid confounding gene expression induced by regeneration with the immediate injury response to
axotomy*’, we isolated regenerating neurons at 24 hours post axotomy. Only neurons that displayed no
reconnection to the distal fragment were collected, since potential axonal fusion can trigger restorative
processes that alter the neurons’ transcriptional state®®. We also isolated axotomized PLM neurons from
dlk-1 (0) mutants at 24 hours post axotomy, which failed to initiate regrowth by forming a growth cone. As
control, we isolated uninjured PLM neurons from both wild-type and dlk-1 (0) animals that underwent mock

axotomy.



To understand the transcriptional dynamics leading to successful regeneration in wild-type animals
and regeneration failure in dlk-1 (0) animals, we performed scRNA-seq on the collected neurons.
Unsupervised hierarchical clustering showed that the uninjured and axotomized neurons formed two
clusters independent of their genetic background, indicating that the observed transcriptional activities
were dominated by axon regrowth instead of DLK-1 knockdown (Fig. 2b). Further pseudotemporal ordering
by Monocle2# positioned the neurons into 3 branches according to their regeneration states (Fig. 2b). S1
branch comprised mostly uninjured neurons from both wild-type and dlk-1 (0) animals, S2 branch
comprised mostly regrowing neurons from wild-type animals, and S3 branch included most of the non-
regrowing neurons from dlk-1 (0) animals. The single branching point suggested a transition from an
uninjured state into two distinct transcriptional states of successful or failed regeneration.

We profiled the differentially expressed genes (DEGs) between axotomized and uninjured neurons
from each strain (Supplementary Fig. 7). Between the regrowing and uninjured neurons from wild-type
animals, we identified 1,007 DEGs (fold change > 2, FDR < 0.05), including 427 up-regulated and 580 down-
regulated genes (Fig. 2¢c, Supplementary Table 3). Between the non-regrowing and uninjured neurons from
dlk-1 (0) animals, we identified 510 DEGs, most of which were down-regulated. The 150 overlapping DEGs
between these 2 sets exhibited significant correlation in fold change of expression levels (Pearson
correlation coefficient = 0.94, P = 2 X 107°), suggesting that these DEGs were likely induced by stress
response or loss of neuronal function instead of axon regeneration (Supplementary Fig. 8a). The non-
overlapping DEGs were likely involved in axon regeneration, with their selective induction leading to
successful or failed axon regeneration. GO analysis followed by network visualization of these DEGs indeed
revealed major network hubs associated with relevant terms such as cytoskeleton, synapse signaling, and

development (Fig. 2d), which were also identified in regenerating mammalian neurons™.
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Fig. 2 | fs-LM facilitates profiling of transcriptional program underlying nerve regeneration in C. elegans.

a, Microscope images of axotomized PLM neurons immediately after axotomy and 24 hours post axotomy,

with regrowth & no reconnection, regrowth & reconnection, and regrowth & fusion phenotypes in wild-

type animals and no-regrowth phenotype in dlk-1 (0) mutants. Yellow asterisks indicate sites of axotomy,

and the yellow arrowheads indicate sites of reconnection to the distal fragment. Scale bar: 10 um. b,

Unsupervised hierarchical clustering (top) and pseudotemporal ordering (bottom) of uninjured, axotomized

wild-type (regrowth), and axotomized dlk-1 (0) (no-regrowth) neurons based on 1,000 genes with highest

variance in expression levels. The uninjured neurons from both wild-type and dlk-1 (0) animals are

represented by red since they showed few DEGs (Supplementary Fig. 7a). ¢, Overlap between DEGs in

successful or failed regeneration. Blue circles (regrowth) represent DEGs between axotomized and

uninjured neurons from wild-type animals. Green circles (no-regrowth) represent DEGs between



axotomized and uninjured neurons from dlk-1 (0) animals. d, Network visualization of GO analysis results.
Red nodes represent enriched GO terms (FDR < 0.01). Network edges represent pairwise semantic overlap
among the GO terms (Jaccard coefficient > 0.3). e, Representative regeneration regulators with distinct
expression patterns across different neuron groups. Asterisks: Statistical significance (*: 0.01 < FDR < 0.05;
**.0.001 < FDR < 0.01; ***: FDR < 0.001; ns: not significant). Error bars represent 95% confidence interval.
f, GO analysis of transcription factors with significant binding affinity to the DEGs. g, Metagene binding
profiles of representative transcription factors centered at the transcription start site. Red traces represent
density of chromatin immunoprecipitation sequencing (ChIP) peaks mapped to the DEGs. Blue traces
represent density of ChIP peaks mapped to all genes expressed in touch receptor neurons. Asterisks:
Statistical significance (*: 0.01 <P <0.05; **:0.001 < P < 0.01; ***: P <0.001; ns: not significant). Shaded

area represents 95% confidence interval.

fs-LM facilitates discovery of genetic programs driving axon regrowth in C. elegans. To further understand
the regulatory mechanisms involved in axon regeneration, we first investigated the links between the
identified DEGs and the known regeneration mechanisms in C. elegans. We compiled a list of over 300
known regeneration regulators in C. elegans (Supplementary Table 1) and identified 48 regulator genes
overlapping with the DEGs (P = 0.0015, Chi-squared test with Yates correction; Supplementary Table 4),
including 39 required regulators and 9 inhibitory regulators for axon regeneration. Interestingly, majority
the required regulators were up-regulated in regrowing neurons (30/39, P < 0.0001, Chi-square test) and
down-regulated in non-regrowing neurons (23/39, P = 0.0024, Chi-square test).

The differentially expressed regeneration regulators exhibited a variety of previously unknown
expression patterns following axotomy, which added new insights to their regulatory mechanism (Fig. 2e,

Supplementary Fig. 8b). For example, ced-7 encodes an ortholog of human ABC transporter and is required



for axon regeneration. Its elevated expression following axotomy can promote axon regeneration by
enhancing the recognition of axonal injury by exposing phosphatidylserine?” 2. Among the inhibitory
regulators, we found PAR-1/MARK (MT affinity-regulating kinase). Down-regulation of par-1 in axotomized
neurons suggested adaptation of MT dynamics to axon injury, likely through localization of the EFA-6 ARF
guanyl-nucleotide exchange factor®’. Importantly, some regulators showed disparate expression patterns
in wild-type and dlk-1 (0) animals. For example, sma-1 encodes a PBu-spectrin required for axon
regeneration2. Selective up-regulation of sma-1 in non-regrowing neurons is reminiscent of its role in
constraining dendrite overgrowth post-embryonically>3. cnx-1 encodes an ortholog of calnexin, whose
selective down-regulation in non-regrowing neurons suggests that abnormality in calcium release from
internal storage likely contribute to the regeneration failure in dlk-1 (0) animals® >4,

To explore the upstream regulators of the identified DEGs, we screened for transcriptional factors
with significant binding affinities to the DEGs utilizing the chromatin immunoprecipitation sequencing (ChIP-
seq) data from modENCODE and modERN repositories® > (Supplementary Fig. 9). We identified 38
transcription factors (TFs, P < 0.01) among the 204 screened C. elegans transcriptional factors
(Supplementary Table 5). GO analysis for Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways
listed axon regeneration (ets-4, cebp-1, and hif-1) and TGF-B signaling pathway (/in-35 and sma-3) as top
enriched pathways.

The identified TFs included 6 known regeneration regulators (cebp-1, ets-4, zip-4, unc-86, hif-1, and
xbp-1). Upon axon injury, CEBP-1 and ETS-4 function downstream to DLK-1/p38 and cAMP pathway,
respectively, to form a complex which induces expression of svh-2 gene®. Stimulation of SVH-2 receptor
tyrosine kinase promotes axon regeneration through activation of the JINK pathway3>’. Our data indicated

an up-regulation of svh-2 gene in both wild-type and dlk-1 (0) animals following axotomy, although the



change was not statistically significant (data not shown). XBP-1 is a critical part of the endoplasmic reticulum
unfolded protein response®®. Recently, it is reported that a non-coding RNA produced from the cleavage of
xbp-1 mRNA is essential for axon regeneration in C. elegans®. The DEGs we identified likely contained
downstream effectors of these regulator genes. Apart from the known regulators, we also identified TFs
with potential novel regulatory roles in axon regeneration. For example, LIN-14 controls the positioning and
embedment of axon in epidermis®. Adult C. elegans lacking lin-14 exhibit axonal degeneration and guidance
errors in both sensory and motor neurons. Our data suggests a role of /in-14 in regulating transcriptional
response to axon injury. The results above demonstrate that fs-LM can facilitate discovery of new insights

on the regulatory mechanisms of nerve regeneration in C. elegans.
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Fig. 3 | fs-LM facilitates study of regeneration heterogeneity displayed neurons of the same type. a,
Histogram of axon regrowth lengths at 24 hours post axotomy (n=46) and microscope images of
regenerating PLM neurons with different axon regrowth lengths. Scale bar: 10 um. b, Weighted Gene Co-
expression Network Analysis (WGCNA) of 226 candidate genes whose gene expression profile displayed

significant correlation with axon regrowth rate. The dendrogram shows hierarchical clustering of the



candidate genes into 6 co-expression modules, as labeled by the color band underneath. The heatmap
shows expression levels of candidate genes across single regenerating neurons after min-max normalization.
The rows represent single regenerating neurons, and are ordered according to the neurons’ axon regrowth
rate, as indicated by the line chart on the right. c-h, GO terms associated with each of the 6 modules, bar
plot showing the expression levels of all member genes corresponding to different axon regrowth rates
(error bars: 95% confidence interval), and representative member genes within each module. i, Overlap
between DEGs (regrowing versus uninjured wild-type neurons) and genes of the identified modules. Bar
plots show the distribution of overlapping genes among the 6 modules and the percentage of genes within

each module that overlaps with the DEGs.

fs-LM facilitates study of regeneration heterogeneity displayed by neurons of the same type. In both C.
elegans and mammalian models, neurons display heterogeneity in regeneration capacity depending on
neuronal type, age, preconditioning lesion, or injury condition®?. Prior investigation into the molecular basis
of such heterogeneity have largely focused on differential gene expression displayed by different neuronal
types with varying regeneration capacities®?®. Nevertheless, significant regeneration heterogeneity also
manifests among neurons of the same type® %, In C. elegans, the PLM neurons display regeneration
heterogeneity hallmarked by a variable axon regrowth length at 24 hour post axotomy (Fig. 3a), even when
experimental parameters such as animal age and injury conditions can be tightly controlled during fs-laser
axotomy. Such regeneration heterogeneity is likely induced by random fluctuations in the intrinsic genetic
machinery of axon regeneration. For example, prior work has shown that amplitude of calcium influx and
release from internal storage following axon injury can modulate axon regrowth rate®. Unfortunately,
despite its clinical importance as potential therapeutic target, this aspect of nerve regeneration has

remained understudied due to a lack of method.



With fs-LM, we were able to isolate regenerating PLM neurons on the basis of axon regrowth length
at 24 hours post axotomy. We combined parametric and non-parametric tests to identify 226 candidate
genes whose expression patterns significantly correlated with axon regrowth rate (Supplementary Fig. 10),
with majority of them exhibiting a negative correlation (144/226, Supplementary Table 6). We further
analyzed the co-expression patterns among the identified genes using weighted gene co-expression analysis
(WGCNA)®’. We identified 6 gene modules with distinct expression patterns and biological functions (Fig.
3b). GO analysis of each module revealed that accelerated axon regrowth is associated with elevated
expressions of genes with functions related to neural development (Fig. 3c-e). Located in modules 1 -3,
these genes included microtubule related genes (atat-2, mec-17, mec-12, mec-7, elp-1, and ptl-1), ion
channels and transporters (kqt-3, mca-3, and deg-1), synaptic transmission related genes (snt-6, snt-4, cab-
1, egl-21, and aex-5), receptors (emc-1, sro-1, and ida-1), signaling molecules (mab-20, egl-30, ndk-1, sbt-1,
goa-1, and let-19), and regulatory TFs (ham-1 and mec-3). In addition, genes related to mechanosensory
function (mec-2, mec-3, mec-7, mec-9, mec-12, and mec-18), DNA repair (ulp-2 and ulp-1), and regulation
of transcription (mec-3, epc-1, and xbp-1) were also up-regulated in fast regrowing neurons. Compared to
module 1, module 2 displayed lower expression at regrowth rate < 5 um/h, while module 3 showed higher
overall expression yet smaller change with increasing axon regrowth rate.

In contrast, genes in modules 4 —6 displayed reduced expression levels in fast regrowing neurons
(Fig. 3f-h), including those related to negative regulation of transcription (pelo-1, mrp-1, mef-2, zag-1),
ncRNA/mRNA metabolic process (yars-2, pelo-1, fib-1, cpsf-2, smg-9 etc.), defense response (/in-25 and lin-
45), innate immune response (atf-7, K09D9.1, and fbxa-150), and hydrolase activity (cnt-1, tbc-9, hgap-1,
and Y92H12BM.1). While genes in module 4 showed gradually decreasing expression levels with increasing

regrowth rates, expression of genes in modules 5 and 6 showed a steep decrease at 2 and 6 um/h,



respectively. Interestingly, genes in these modules had minimal overlap with the DEGs identified when
comparing regrowing and uninjured neurons in the previous section (Fig. 3i). GO analysis of all modules
indicated a role of calcium signaling pathway, corroborating with prior findings® (Supplementary Fig. 10).
This result highlights the power of fs-LM to enable novel studies by facilitating isolation of cells on the basis

of their phenotype.

Discussion

In this work, we present fs-LM as a new method for isolating cells of interest on the basis of specific
phenotype. The high precision of fs-laser ablation minimizes collateral and out-of-focus damage, allowing
us to resect intact single cells directly from living tissue. As a demonstration, we isolated PLM neurons of 2
-3 um in diameter from living C. elegans. By isolating intact living neurons, we were able to achieve sensitive
and specific gene expression profiling by scRNA-seq. More importantly, we show that fs-LM can minimize
stress to the cells being isolated, thus avoid transcriptional artifacts while attaining a higher reproducibility
in sScRNA-seq compared to the dissociation-FACS method.

With these unique advantages, fs-LM can overcome many technical limitations inherit to the state-
of-the-art cell isolation methods. The prevalent dissociation-FACS method induces stress related
transcriptional artifacts in isolated cells. Its low cell yield and requirement for fluorescence tagging also limit
its application to novel or rare cell populations. Most importantly, contextual and phenotypic information
of the isolated cells are often lost during tissue dissociation. LCM can retain such information, but it requires
a series of tissue processing steps (freezing, thin slicing, fixing, staining, dehydration. etc.) that pose high risk
of degradation. Thin slicing of the tissue may also fragment cells of interest. Patch-seq is also prone to similar
risks3, as aspirated cytosol can become degraded or contaminated inside the micropipette. As for

purification-based isolation methods, such as transcriptome in vivo analysis® and translating ribosome



affinity purification®, only part of cellular content can be captured, which will likely suffer additional loss
during column purification. Recent years have seen rise of in situ sequencing methods’™ 7%, fs-LM is
complementary to such methods as they are still limited to mRNA, while intact cells isolated by fs-LM is
amenable to all kinds of assays. In terms of limitations, fs-LM has a relatively low throughput compared to
the dissociation-FACS method, which makes it more suitable for precision and phenotype-driven studies.
To demonstrate the capability of fs-LM to facilitate previously impossible studies, we isolated single
regenerating PLM neurons from C. elegans for scRNA-seq, which has not been possible due to a lack of cell
isolation methods. We uncovered a total of 1,217 DEGs whose selective inductions lead to successful or
failed axon regrowth following laser axotomy, including 48 known regeneration regulators. Screen for
upstream regulators of these DEGs identified 38 transcription factors as potential regeneration regulators.
Heterogeneity of gene expression among seemingly homogeneous cell population has never been explored
in the context of nerve regeneration. With fs-LM, we isolated single PLM neurons on the basis of axon
regrowth rates and identified 226 genes with correlating expression levels. WGCNA revealed that the
heterogeneity in axon regrowth rate was mediated by 6 gene modules with functions such as neurogenesis,
RNA metabolism, DNA repair, and immune response. Our findings not only provide new insights into the
known regeneration mechanisms in C. elegans, but also offer many new candidates for future studies.
With complete blueprint of anatomy, wiring diagram, and function, the C. elegans nervous system
has long been one of the most well-defined models in neurology. Recently, its molecular topography has
also been completed by the CeNGEN project’? 7. Combining such comprehensive knowledge base and fs-
LM’s unique capabilities will finally allow mechanisms of development, regeneration, and degeneration to
be studied in relation to neuronal genetic composition and physiology in a complete nervous system.

Beyond C. elegans, fs-LM can also be readily applied to other living model organisms with reasonable



maodifications. As a demonstration, we applied fs-LM to isolate single cortical neurons from acute mice brain
slices (Supplementary Fig. 11). In summary, our work establishes fs-LM as a versatile single cell isolation
method with unique capabilities to facilitate future studies.

Methods

C. elegans strains and maintenance. We used the following strains in this work: CZ10175 zdls5 [Pmec-
4::GFP + lin-15(+)], CZ11327 dlk-1(ju476); zdls5, and N2. Both CZ10175 and CZ11327 strain express GFP in
the 6 touch receptor neurons. C elegans were grown and maintained on nematode growth media (NGM)
plates with bacteria of strain HB101 at 20 °C as previously described®. To obtain age-synchronized
populations for FACS experiments, we lysed gravid adults with alkaline hypochlorite solution and collected
the eggs in M9 buffer. The eggs were suspended in M9 buffer and allowed to hatch overnight on a rotor for
aeration. The hatched larvae were arrested in the larval stage 1 (L1) until food was introduced. The
synchronized L1 population was plated on NGM plate and allowed to grow for 50 —52 hours until ready for
harvest at middle to late larval stage 4.

Laser axotomy. Femtosecond laser axotomies were performed on C. elegans anesthetized on agar pads.
Agar pads were prepared by sandwiching 0.25 mL of melted 2% agar between two microscope slides. For
each batch of axotomy, we used 15 pL of 10 mM levamisole solution to immobilize 8 — 12 L4 stage animals
under a coverslip on the agar pad. Axotomy was performed on an upright microscope using a 60x, 1.4 NA
oil immersion objective (Olympus LUMPFLFLN60XW). We ablated the axon of the PLM neuron that was
closer to the coverslip at 50 um from the soma. For ablation, we used a train of 300 laser pulses with 7.5 n)J
pulse energies that were generated from an amplified femtosecond laser system (Spectra Physics “Spitfire”,
805 nm center wavelength, 250 fs pulse width, 1kHz repetition rate). We recovered the axotomized animals

in a small droplet of M9 buffer and placed on the bacteria lawn of a fresh NGM plate. The axotomized



animals were allowed to recover at 20 °C prior to imaging or fs-LM. From immobilizing the first animal of the
batch to collecting the last axotomized animal from the agar pad, each batch of axotomy was consistently
completed within 7 — 8 minutes to avoid stressing the animals. For axon regrowth length measurements,
we took z-stack images (2 um spaced) of the regenerating axons. Length measurement was taken on a max-
projection image formed from the z-stack images by ImageJ. Only processes regrowing longer than 5 um
were included in length measurements. We excluded reconnected axons from the statistical analysis. For

mock axotomies, ablation was performed on the hypodermis instead of the axon (at 2 um from the position

where actual axotomies would be performed).

C. elegans dissociation and flow cell activated sorting (FACS). For dissociation-FACS isolation of C. elegans
touch receptor neurons, we followed an established protocol for dissociation of C. elegans®. We collected
a synchronized animal population with M9 buffer from NGM plates and washed the animal pellet with egg
buffer 3x to remove bacteria. The pellet was then incubated in a freshly prepared 0.25% sodium dodecyl
sulfate, 200 mM dithiothreitol solution for 4 minutes to weaken the cuticle of the animals. We washed the
treated pellet 5x with egg buffer, then suspended the pellet in freshly prepared 15 mg/mL Pronase solution
to further digest the cuticle for 20 minutes. We gently pipetted the entire suspension up and down with
syringe and 18G needle to promote digestion and release of cells. During pipetting, bubbles were carefully
avoided. At the end of the Pronase treatment, we stopped reaction by adding pre-chilled L15 medium
supplemented with 10% feral bovine serum (FBS) and allowed the undigested carcass to settle at 4 °Cfor 5
minutes. The cell suspension remained chilled from this point forward. We collected the supernatant and
washed the collected cells 2x with L15 containing 2% FBS. The final concentration-adjusted suspension was
filtered through a 5 um syringe filter. Prior to FACS, we added propidium iodide (P1) to the cell suspension

for live/dead staining. FACS was performed using a BD FACSAria Il sorter. The GFP sorting gate was



determined using cell suspension collected from N2 animals as reference, and the Pl sorting gate was
determined by test sorting a stained cell population and observing separation of live/dead cells into two
clusters. The GFP+ PI- events were sorted directly into a 96-well plate (single neuron sample, n = 26) or 1.5
mL tubes (bulk sample each containing > 5,000 single neurons, n = 3) containing lysis buffer with 2 U/uL
RNAse inhibitor. The collected GFP+ PI- neurons were 0.3% of all sorted cells. We confirmed purity of the
collected neurons by sorting extra GFP+ PI- events into L15 medium and visually inspecting the collected
cells under a microscope. The sorted samples were promptly frozen on dry ice for subsequent reverse
transcription of cDNA.

fs-LM of C. elegans PLM neurons. We started by taping a clean 25 x 75 mm coverslip to a microscope slide
of the same size. The microscope slide provides mechanical support when mounted on microscope stage.
Then we pipetted 4 droplets of buffers onto the coverslip: 25 pL of dissection buffer (1 mg/mL Pronase in
egg buffer), 25 pL of L15 medium with 30% FBS, and 2 x 25 L fresh L15 medium. Prior to fs-LM, we washed
each batch of 4 animals in M9 buffer to remove bacteria and anesthetized them using 20 mM levamisole
for 4 minutes until movements were suppressed. The anesthetized animals were then transferred into the
dissection buffer using an eyelash pick. We mounted the slide onto an upright microscope, equipped with
XYZ motorized stage (ASI PZ-2000FT). fs-LM was subsequently performed using a 2 mm working distance,
60x, 1.0 NA water dipping objective (Olympus LUMPLFLN60XW). We first resected the target neuron by
ablating its surrounding tissue at a series of spots arranged in a hemispherical pattern encasing the neuron
(as discussed in the main text). Each ablation spot was generated by a train of 300 laser pulses with 16 nJ
pulse energy, generated from the same laser as used for laser axotomy. We slightly increased pulse energy
to 20 nJ when ablating spots deeper underneath the cuticle to compensate for scattering. Towards the end

of the resection process, axon of the target neuron was ablated at a distance of 20 um from the neuronal



soma. For puncturing the cuticle, 150 laser pulses with 50 nJ pulse energy were used. The resected neurons
would normally be released through the incision driven by internal pressure of the animal, which could also
be assisted by repeatedly delivering 150 laser pulses with 50 nJ pulse energy to a spot ~50 um away from
the neuron, thus generating a cavitation bubble that can push the neuron towards the incision. In case the
released neuron was stuck to debiris, it could be separated by inducing laser bubbles in the buffer at ~50 pm
from the neuron, which could generate torrent in the buffer that effectively breaks up the debris without
damaging the neuron.

To aspirate the released neuron, we used a glass micropipette controlled pneumatically by a
microinjector (Narishige IM-11-2), which was mounted on a 3-axis micromanipulator (Narishige MN-153).
The micropipettes had a tip inner diameter of 10 — 15 um and were polished by a microforge. We coated
the inner surface of the micropipette with silicone (Sigmacote, Sigma-Aldrich). Prior to fs-LM, we filled the
tip of the micropipette with 30% FBS/L15 buffer, positioned the tip at the center of field of view, then
retracted the tip so that during fs-LM the tip would not be in contact with the dissection buffer droplet.
When a neuron was successfully released, we extended the tip while applying low positive pressure to
generate a slight outflow. We used the outflow to wash and elevate the released neuron away from other
cells or debris, after which we aspirated and collected the neuron from the dissection buffer droplet. The
collected neuron was next washed 1x in the 30% FBS/L15 buffer droplet and 2x in fresh L15 medium
droplets. For each wash, we completely flushed the micropipette (without creating bubbles) to guarantee
cleanliness. After the last wash, we pipetted 6 uL of 1x lysis buffer prepared from Clontech SMART-seq v4
kit with 2 U/uL RNAse inhibitor onto the coverslip. The collected neuron was then deposited into the droplet
of lysis buffer, which we aspirated and transferred to a PCR tube for freezing at -80 °C. Identical fs-LM

protocol was applied to collect uninjured wild-type (n = 23), uninjured dlk-1 (0) (n = 25), axotomized wild-



type (n=47), and axotomized dlk-1 (0) (n = 25) PLM neurons. For each animal, only one neuron was isolated
by fs-LM.

Single cell RNA-sequencing and data analysis. cDNA libraries were constructed with Clontech SMART-seq
v4 3’ DE Kit per manufacturer’s instruction. cDNA libraries were pooled and NGS libraries were constructed
by lllumina Nextera XT DNA Library Prep Kit. We performed pair-end 150 bp sequencing with lllumina Hi-
seq 4000. The raw sequencing data was demultiplexed and filtered to remove low-quality reads by Cutadapt
v2.8. We aligned the filtered reads to C. elegans reference genome WS270 using STAR aligner v2.7.2. The
alignments were summarized using the featureCount function from Subreads package v1.6.4. Only unique
alignments were retained. Each individual neuron received over 3 million summarized counts, which was
deep enough to maximize gene discovery according to subsampling analysis. As Clontech SMART-seq v4 3’
DE Kit sequences the 3’ end of amplified cDNA fragments, we used CPM as normalized metric of gene
expression. For differential expression analysis, we used single cell differential expression package v3.12. For

detailed description of data analysis discussed in the paper, please refer to Supplementary Methods.
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Figure 1

fs-LM isolates intact neurons with reduced stress related transcriptional artifacts for sensitive and
specific gene expression profiling by scRNA-seq. a, Schematic description of the fs-LM method. b,
Microscope images of fs-LM during isolation of a GFP-labeled PLM neuron in the order corresponding to
the schematic in (a). Red crosses: locations of laser ablation spots at the current focal plane. Spots on all
focal planes form a hemispherical shell encasing the neuron. Red arrowhead: location of cuticle ablation.
White dashed line: trajectory of neuron release. Scale bar: 2 um. ¢, Number of genes detected at various
thresholds in single neurons isolated by fs-LM or dissociation-FACS method. Error bars represent 95%
confidence interval. d, Overlap between genes identified in fs-LM isolated single neurons and bulk sample
(> 5,000 FACS neurons). e, Number of genes detected from pooled scRNA-seq reads from different
numbers of fs-LM isolated neurons. Shaded area represents 95% confidence interval. f, Correlation of
gene expressions between ensemble of 40 fs-LM isolated neurons and bulk sample. g, t-SNE visualization
of gene expression in neurons isolated by fs-LM and dissociation-FACS methods. h, Volcano plot
showing differential gene expression with orange and blue data points highlighting the significantly
down-regulated and up-regulated genes, respectively, in dissociation-FACS isolated neurons. Statistical



significance was calculated as Benjamini-Hochberg false discovery rate (FDR). In this test for differential
gene expression, a threshold of 10% FDR (FDR < 0.1) was used. The list shows representative gene
ontology terms (FDR < 0.001) associated with the up-regulated genes (red window), including key
functions related to stress response (highlighted in red). i, Correlation among gene expression profiles of
single neurons isolated by fs-LM or dissociation-FACS methods, showing a significantly stronger
correlation among fs-LM isolated neurons (two-way ANOVA test, P < 0.0001). Shaded areas represent
95% confidence interval.
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Figure 2

fs-LM facilitates profiling of transcriptional program underlying nerve regeneration in C. elegans. a,
Microscope images of axotomized PLM neurons immediately after axotomy and 24 hours post axotomy,
with regrowth & no reconnection, regrowth & reconnection, and regrowth & fusion phenotypes in wild-type
animals and no-regrowth phenotype in dlk-1 (0) mutants. Yellow asterisks indicate sites of axotomy, and
the yellow arrowheads indicate sites of reconnection to the distal fragment. Scale bar: 10 pm. b,
Unsupervised hierarchical clustering (top) and pseudotemporal ordering (bottom) of uninjured,
axotomized wild-type (regrowth), and axotomized dlk-1 (0) (no-regrowth) neurons based on 1,000 genes
with highest variance in expression levels. The uninjured neurons from both wild-type and dlk-1 (0)
animals are represented by red since they showed few DEGs (Supplementary Fig. 7a). c, Overlap between
DEGs in successful or failed regeneration. Blue circles (regrowth) represent DEGs between axotomized
and uninjured neurons from wild-type animals. Green circles (no-regrowth) represent DEGs



between axotomized and uninjured neurons from dlk-1 (0) animals. d, Network visualization of GO
analysis results. Red nodes represent enriched GO terms (FDR < 0.01). Network edges represent pairwise
semantic overlap among the GO terms (Jaccard coefficient > 0.3). e, Representative regeneration
regulators with distinct expression patterns across different neuron groups. Asterisks: Statistical
significance (*: 0.01 < FDR < 0.05; **: 0.001 < FDR < 0.01; ***: FDR < 0.007; ns: not significant). Error bars
represent 95% confidence interval. f, GO analysis of transcription factors with significant binding affinity
to the DEGs. g, Metagene binding profiles of representative transcription factors centered at the
transcription start site. Red traces represent density of chromatin immunoprecipitation sequencing (ChiP)
peaks mapped to the DEGs. Blue traces represent density of ChIP peaks mapped to all genes expressed in
touch receptor neurons. Asterisks: Statistical significance (*: 0.01 < P < 0.05; **: 0.001 < P < 0.01; ***: P <
0.001; ns: not significant). Shaded area represents 95% confidence interval.
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Figure 3

fs-LM facilitates study of regeneration heterogeneity displayed neurons of the same type. a, Histogram of
axon regrowth lengths at 24 hours post axotomy (n=46) and microscope images of regenerating PLM
neurons with different axon regrowth lengths. Scale bar: 10 um. b, Weighted Gene Co-expression Network
Analysis (WGCNA) of 226 candidate genes whose gene expression profile displayed significant
correlation with axon regrowth rate. The dendrogram shows hierarchical clustering of the
212aCountAxonal regrowth length (Om) 134.4 €49.5 imbcAxon regrowth rate (Om/h) Axon regrowth
length (Om)Normalized expression0.5-0.5001000Count200100012345Gene expression (log2
(CPM+1))alpha-tubulin acetylation, neurogenesis, post-synaptic signal transductionham-1, atat-2,kqt-3,



emc-1,D1022.2, sro-1, C08G9.1, H10E21.5, T28D6.4, C14A11.5, FO7H5.3Axon regrowth rate (Om/h) Gene
expression (log2 (CPM+1))microtubule polymerization, glutamine metabolic process, peptide transportptl-
1, ulp-1, C11H1.7, glna-3, spcs-1, F09G2.8, use-1, xrep-4, F32B4.5, YA3F8C.24, let-19Axon regrowth rate (
O0m/h)Gene expression (log2 (CPM+1))neurogenesis, detection of mechanical stimulus, neurotransmitter
secretion/transport, RNA transcriptionmec-3, mec-17, mec-12, mec-9, mab-20, ida-1. cab-1, goa-1, egl-30,
egl-21, deg-1, aex-5, sbt-1, mca-3,xbp-1...Axon regrowth rate (0m/h) Gene expression (log2
(CPM+1))ncRNA metabolic process, mRNA metabolic process, negative regulation of gene expression,
defense response to bacterium, hydrolase activityyars-2, pelo-1, rps-14, iib-1, cnt-1, tbc-9, hgap-1, cpsf-2,
smg-9, mrp-1, mef-2, lin-25, lin-45, rho-1, acr-12...Axon regrowth rate ( Om/h) Gene expression (log2
(CPM+1))negative regulation of transcription, regulation of RNA metabolic process, innate immune
response, larval developmentzag-1, atf-7, KO7A12.1, feh-1, hlh-11, unc-98, skp-1, pgn-85, pir-1, KO9D9.1,
fbxa-150, ftt-2, let-502 ...1,007DEGs (wild-type regrowth vs. uninjured)Gene modulesdefgi12345Module
315.0%Module TModule 2Module 4Module 50/111/111/4611/6414/8027Axon regrowth rate (
O0m/h)Gene expression (log2 (CPM+1))chaperone-mediated protein folding, response to stimuluship-1,
hsp-6, llp-25, pen-2, rgs-6, Igc-41, mec-6, tag-68, pxn-1, C49G7.10, sup-26...h66 candidate genes into 6 co-
expression modules, as labeled by the color band underneath. The heatmap shows expression levels of
candidate genes across single regenerating neurons after min-max normalization. The rows represent
single regenerating neurons, and are ordered according to the neurons’ axon regrowth rate, as indicated
by the line chart on the right. c-h, GO terms associated with each of the 6 modules, bar plot showing the
expression levels of all member genes corresponding to different axon regrowth rates (error bars: 95%
confidence interval), and representative member genes within each module. i, Overlap between DEGs
(regrowing versus uninjured wild-type neurons) and genes of the identified modules. Bar plots show the
distribution of overlapping genes among the 6 modules and the percentage of genes within each module
that overlaps with the DEGs.
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