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axon regeneration upon adult CNS injury
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In brief

Combining genetic, pharmacogenetic,
pharmacological, and transcriptomic
approaches with live-cell, super-
resolution, and 3-dimensional two-
photon imaging, Hilton et al. demonstrate
that critical components of the
presynaptic transmitter release
machinery actively inhibit axon growth.
Munc13, a presynaptic active zone
protein essential for synaptic
transmission, suppresses axon
regeneration following adult CNS injury.
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SUMMARY

Axons in the adult mammalian central nervous system fail to regenerate after spinal cord injury. Neurons lose
their capacity to regenerate during development, but the intracellular processes underlying this loss are un-
clear. We found that critical components of the presynaptic active zone prevent axon regeneration in adult
mice. Transcriptomic analysis combined with live-cell imaging revealed that adult primary sensory neurons
downregulate molecular constituents of the synapse as they acquire the ability to rapidly grow their axons.
Pharmacogenetic reduction of neuronal excitability stimulated axon regeneration after adult spinal cord
injury. Genetic gain- and loss-of-function experiments uncovered that essential synaptic vesicle priming pro-
teins of the presynaptic active zone, but not clostridial-toxin-sensitive VAMP-family SNARE proteins, inhibit
axon regeneration. Systemic administration of Baclofen reduced voltage-dependent Ca®* influx in primary
sensory neurons and promoted their regeneration after spinal cord injury. These findings indicate that func-

tional presynaptic active zones constitute a major barrier to axon regeneration.

INTRODUCTION

Mammalian central nervous system (CNS) neurons lose the abil-
ity to regenerate their axons during embryonic or early postnatal
development (Hilton and Bradke, 2017; Li et al., 2020), limiting
recovery following adult injury (Ramer et al., 2014). Neuron-
extrinsic and intrinsic processes drive the CNS into this develop-
mental decline of regeneration capacity (Bradbury and Burnside,
2019; Cregg et al., 2014; He and Jin, 2016; Li et al., 2020;
Schwab and Strittmatter, 2014). While recent studies uncovered
cellular and molecular changes in neuron-extrinsic CNS pro-
cesses that cause regeneration failure (Dorrier et al., 2021; Li
etal., 2020; Zhou et al., 2020), cell-intrinsic processes underlying
the loss of neuronal growth capacity remain unclear (Fawcett,
2020; O’Shea et al., 2017; Tran et al., 2018).

Unlike most central neurons, dorsal root ganglion (DRG) neu-
rons re-establish growth competence of their central axons in
the adult injured spinal cord following a conditioning peripheral

L)

nerve lesion (PNL) (Neumann and Woolf, 1999; Richardson and
Issa, 1984; Ylera et al., 2009). This process relies on the induction
of a regenerative gene-expression program (Mahar and Cavalli,
2018) that includes the upregulation of regeneration-associated
genes, such as activating transcription factor 3 (ATF3) (Renthal
et al., 2020; Seijffers et al., 2007), Jun proto-oncogene (c-Jun)
(Raivich et al., 2004), and signal transducer and activator of tran-
scription 3 (Stat3) (Bareyre et al., 2011), as well as the downregu-
lation of growth-restricting genes, such as Cacna2d2, which en-
codes the voltage-gated calcium channel (VGCC) auxiliary
subunit Alpha2delta2 (Tedeschi et al., 2016). Despite the identi-
fication of various genes that regulate axon growth competence,
knowledge of the actual molecular processes is still fragmentary
(Fawcett and Verhaagen, 2018; Tedeschi et al., 2019).

We hypothesized that the fundamental processes underlying
axon growth ability could be uncovered by searching for a com-
mon gene expression signature related to growth and regenera-
tion. Consistent with this hypothesis, bioinformatic analyses
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Figure 1. DRG neurons downregulate core synaptic transmission genes as they acquire axon growth competence

(A) Live-cell images of a pseudocolored (black) adult DRG neuron 0-36 h after plating. Scale bar, 200 um.

(B) Axon growth velocity of (A). Values are plotted as mean + SEM; ***p < 0.0001, **p < 0.01 by one-way ANOVA followed by Tukey’s post hoc test; n = 3
independent experiments with 14, 17, and 19 neurons per experiment.

(C) Scheme of RRHO analysis: comparing whole-transcriptome changes in developing, regenerating, and cultured DRG.

(legend continued on next page)
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revealed epigenetic changes (Palmisano et al., 2019) and tran-
scriptional networks (Chandran et al., 2016) that control gene
expression changes following PNL. Intriguingly, adult DRG neu-
rons also re-adapt axon growth competence with prolonged cell
culture (Smith and Skene, 1997) in a process that depends on de
novo gene expression in the culture dish (Smith and Skene,
1997; Tedeschi et al., 2016). The increasing number of bulk
and single-cell RNA sequencing (RNA-seq) databases of the
DRG (Faure et al., 2020; Renthal et al., 2020; Sharma et al.,
2020; Tedeschi et al., 2016; Usoskin et al., 2015) provides the
opportunity to search for whole-transcriptome gene expression
changes that might be the basis of axon growth ability during
embryonic development and in adulthood.

Doing so, we identified a common gene expression signature
associated with the axon growth competence of DRG neurons.
At its core is the downregulation of presynaptic components
that are critical for synaptic vesicle fusion. Pharmacogenetic
reduction of neuronal excitability stimulated axon regeneration
after spinal cord injury. Genetic gain- and loss-of-function exper-
iments revealed that RIMs and Munc13s, critical synaptic vesicle
priming proteins of the presynaptic active zone, suppress axon
growth in adult neurons. Our findings reveal that proteins critical
for synaptic vesicle priming restrict axon regeneration following
spinal cord injury.

RESULTS

Downregulation of genes encoding synaptic proteins in
DRG neurons upon acquisition of axon growth
competence

To explore the molecular mechanisms driving axon growth and
regeneration, we searched for a common gene expression
signature in DRG neurons underlying axon growth competence.
DRG neurons subjected to a conditioning PNL prior to culture
grow their axons rapidly within the first 12 h of plating (Smith
and Skene, 1997), and even adult naive DRG neurons acquire
growth competence with prolonged cell culture (Smith and
Skene, 1997). Indeed, we found by long-term live imaging that
dissociated adult mouse DRG neurons tripled their axon growth
rate at 24-36 h versus 6-12 h after plating (Figures 1A and 1B).
This raised the possibility that these neurons create an axon-
growth-related gene expression signature that shares similarities
with the regenerative conditioning-induced gene expression
signature.

To explore this hypothesis, we performed new analyses on our
previously published RNA-seq dataset (Tedeschi et al., 2016). In
that study, hierarchical clustering was used to identify the most
variable genes across embryonic development and in adult neu-
rons that acquire axon growth competence. However, global
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trends of transcriptome-level changes were not considered. To
compare whole-transcriptome gene expression changes by
DRG neurons in cell culture to those that occur following a con-
ditioning PNL (Figure 1C), we used rank-rank hypergeometric
overlap (RRHO) analysis, which determines whole-genome cor-
relation between two sets of differentially expressed genes
without fixed thresholds (Plaisier et al., 2010). This approach re-
vealed that cultured DRG neurons acquire a gene expression
signature that correlates positively with the conditioning-
induced gene expression signature. The correlation grew stron-
ger with time in culture, when axons reach their highest growth
velocity (¢ =0.18,12 h; ¢ = 0.26, 24 h; c = 0.27 at 36 h; all versus
PNL; all p < 1 x 107'%°) (Figures 1D and 1E).

We then explored the relationship between these changes in
gene expression to those that occur during embryonic develop-
ment. Using RRHO analysis, we found that with either prolonged
cell culture or a conditioning PNL, adult DRG neurons do not
globally upregulate genes that are upregulated at embryonic
day 12.5 (E12.5), when they are extending axons toward their tar-
gets (Kitao et al., 1996; Sharma et al., 2020), relative to E17.5,
when their axons have reached targets and formed synapses
(Ozaki and Snider, 1997). This may imply that the genes required
for developmental axon growth remain upregulated from early
development onward and that growth suppression may be medi-
ated by a gene expression program that inhibits axon growth
when the axon arrives at its target cells.

From this perspective, cultured adult neurons, as well as
conditioned neurons in vivo, would start to regenerate their
axons upon downregulation of a growth suppression program.
Consistent with this hypothesis, conditioned neurons and adult
cultured DRG neurons downregulated genes that were upregu-
lated between E12.5 and E17.5. In cultured neurons, this inverse
correlation became progressively stronger with time in culture
(c=-0.18,12 h; c = —0.22, 24 h; ¢ = —0.24, 36 h; ¢ = —0.10,
PNL; all versus E17.5; all p < 4.0 x 10" (Figures 1D and 1E),
as the axons accelerate growth. In total, 1,332 genes were
both upregulated at E17.5 relative to E12.5 and downregulated
in adult neurons after 36 h in culture relative to 6 h in culture (Fig-
ure S1; Table S1). Thus, in adult DRG neurons, the downregula-
tion of genes upregulated between E12.5 and E17.5 represents a
possible growth suppressive gene expression signature associ-
ated with axon growth competence.

Gene ontology (GO)-enrichment analysis indicated that genes
upregulated at E17.5 versus E12.5 and downregulated in
growth-competent adult neurons were enriched for functions
related to the synapse, including neurotransmitter secretion,
synaptic vesicle cycle, and synapse organization (Figure S1).
Therefore, we explored how the expression of synapse-related
genes changes in cultured neurons. Interestingly, transcriptomic

(D) Heatmaps of —log p values comparing overlap between whole-genome gene-expression changes in PNL/Sham, E12.5/E17.5, and time in cell culture (6, 12,

24, and 36 h).
(E) Correlation analysis of gene-expression profiles of the 3 paradigms.

(F) Heatmap of differentially expressed genes in DRG at E12.5, E17.5, and adult with PNL, Sham, or after 6-36 h in culture from RNA-seq with GO term “synapse”
downregulated from 6 to 36 h (338 genes; FDR = 0.001; FDR-adjusted p < 1 x 1079).

(G) Sunburst plot insets of SynGO-enrichment analyses showing the locations synaptic vesicle and presynaptic active zone and the function synaptic vesicle
exocytosis enriched for in synapse-related genes downregulated in adult DRG neurons after 36 h in cell culture. Color code denotes the —logo Q-value score.

See also Figures S1-S3 and Tables S1 and S2.
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analysis showed that 338 genes with the GO annotation “syn-
apse” were downregulated after 36 h in culture relative to 6 h
(FDR threshold = 0.001; FDR-adjusted p < 1 x 107%) (Figure 1F;
Table S1). Consistently, these genes were also globally downre-
gulated after a conditioning lesion relative to sham and were up-
regulated at E17.5 relative to E12.5. Thus, the global expression
of these genes inversely correlates with axon growth capacity in
all 3 paradigms (Figure 1F).

Of note, 179 GO-annotated “synapse” genes were upregu-
lated after 36 h in culture relative to 6 h (Table S1). However,
these genes showed no discernible pattern when comparing
their expression at E12.5 versus E17.5 (Figure S2A). This indi-
cates that their expression is not related to synaptogenesis or
the developmental decline in axon regeneration. Indeed, upregu-
lated GO-annotated “synapse” genes are involved in biological
processes that are also associated with axon growth, including
cell adhesion and trophic factor signaling (Figures S2B-S2E).
By contrast, the downregulated genes included key components
of the presynaptic release machinery and were enriched for the
core synaptic processes of ion gated channel activity and solu-
ble NSF attachment protein receptor (SNARE) binding (Figures
S2B-S2E; Table S1).

To specify the functions of these differentially expressed syn-
apse-related genes, we performed GO-enrichment analysis with
SynGO, a curated knowledge base of the synapse (Koopmans
et al., 2019). GO-annotated “synapse” genes downregulated in
cell culture were enriched for proteins localized to the presynap-
tic active zone, where neurotransmitters are released via exocy-
tosis, and included the core active zone genes RIMS1, RIMS2,
and Munc13-1 (Sudhof, 2012). Hence, downregulated genes
were enriched for the core active zone processes synaptic
vesicle docking, priming, and Ca®*-dependent activation of syn-
aptic vesicle fusion (Figures 1G and S3; Table S2). In addition,
there was enrichment for genes localized to the synaptic vesicle,
including integral components of the synaptic vesicle mem-
brane, such as Vamp1 and Vamp2, as well as extrinsic compo-
nents such as Syn1, Syn2, and Amph (Sudhof, 2012) (Figures
1G and S3). In conclusion, DRG neurons establish a gene
expression signature that negatively correlates with axon growth
competence. This gene-expression signature indicates that
genes encoding proteins critical for synaptic transmission may
be involved in suppressing regeneration.

Inhibitory DREADD activation stimulates axon
regeneration

Given that DRG neurons downregulate genes critical for Ca2*-
dependent activation of synaptic vesicle fusion as they acquire
axon growth competence, we hypothesized that reducing
neuronal excitability would promote axon regeneration. To
explore this hypothesis, we overexpressed the inhibitory
designer receptor exclusively activated by designer drug
(DREADD) receptor hM4Di (Roth, 2016) or tdTomato for control
in DRG neurons. First, we validated the electrophysiological
impact of hM4Di activation in DRG neurons by transfecting these
cells with hM4Di-mCherry or tdTomato-expressing plasmids
and performing whole-cell patch-clamp recordings. The
hM4Di-activating drug clozapine reduced the membrane resis-
tance and membrane potential of hM4Di-mCherry-expressing
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DRG neurons relative to tdTomato-expressing control neurons
(Figures 2A-2C).

We then explored the effect of hM4Di activation on the regen-
eration of adult DRG neurons following spinal cord injury in the
naive state and following a conditioning PNL. To this end, we
overexpressed hM4Di-mCherry or tdTomato for control in DRG
neurons via intraganglionic injection of adeno-associated virus
(AAV) into the lumbar 3 (L3), L4, and L5 DRG of adult wild-type
mice (Figures 2D and S4). Three weeks later, we performed
PNL or sham operations on the mice and immediately thereafter
administered clozapine via intraperitoneal injection, with cloza-
pine also administered via drinking water until endpoint. One
week later, mice received a thoracic T12 dorsal column spinal
cord injury that ablated their dorsal column sensory axons. To
trace the axons, we delivered AAV-eGFP into the sciatic nerves
of these mice 2 weeks prior to the experiment endpoint. This set
of experiments followed by whole-tissue immunostaining and
two-photon 3D imaging analysis (Hilton et al., 2019) showed
that activation of hM4Di stimulates axon regeneration after
spinal cord injury (Figures 2E and 2F; Video S1). Importantly,
activation of hM4Di had no additive effect on the central axon
regeneration of DRG neurons that had undergone a conditioning
PNL (Figures 2E and 2F), indicating that hM4Di activation stimu-
lates the same processes as the conditioning effect.

To determine the kinetics of axon growth following hM4Di
activation, we performed two-photon in vivo live imaging in a
separate cohort of animals. Adult mice received intraganglionic
delivery of AAV-eGFP together with AAV-hM4Di-mCherry or
AAV-tdTomato for control, with clozapine administered 3 weeks
later. We performed live imaging of the axons immediately after
injury and 3 days post-injury, with regeneration distances calcu-
lated by morphological landmarks such as branched axons
caudal to the lesion in each mouse. This in vivo imaging
approach of live axons revealed that most regeneration in
response to hM4Di activation occurs rapidly, within 3 days after
injury (Figures 2G and 2H). Interestingly, we found a similar rapid
regenerative response was also induced by a conditioning PNL
(Figures 2G and 2H). Together, these data show that reducing
the excitability of injured dorsal column axons stimulates their
regeneration after spinal cord injury.

Axon growth and regeneration are independent of
VAMPs1-3

We then genetically manipulated different components of the
transmitter release machinery that our transcriptomic analysis
identified as being downregulated in axon-growth-competent
neurons to explore their effects on axon growth. Among these
components were the vesicle-associated membrane protein
(VAMP) family members VAMP1 and VAMP2. Therefore, we as-
sessed whether overexpression of tetanus toxin light chain
(TeNT-LC), which cleaves VAMP1, -2, and -3 but leaves other
VAMP protein family members intact (Hoogstraaten et al.,
2020; Humeau et al., 2000; McMahon et al., 1993; Schiavo
et al., 1992), would promote axon growth or regeneration. We
generated an AAV encoding TeNT-LC separated from mCherry
by a P2A peptide, injected it into the sciatic nerves of adult
wild-type mice, and plated the neurons 3 weeks later. TeNT-
LC reduced VAMP2 in DRG neurons (Figures 3A and 3B) but
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Figure 2. Pharmacogenetic reduction of neuronal excitability stimulates axon regeneration

(A) Representative whole-cell recordings from an hM4Di-mCherry* adult mouse DRG neuron injected with current before (baseline) and after administration of
10 uM clozapine dihydrochloride.

(B and C) Change in membrane resistance (B) and membrane potential (C) of DRG neurons. Values are plotted as mean + SEM; *p < 0.05 in (B) and (C), tdTomato*
versus hM4Di-mCherry* by Student’s t test (n = 12 tdTomato* and 14 hM4Di* neurons).

(D) Timeline of (E) and (F).

(E) Multiphoton tile scan of GFP* sensory axons (yellow) and GFAP* astrocytes (blue) in the unsectioned spinal cord after complete dorsal column SCl in the given
conditions. Asterisks indicate lesion centers. Scale bar, 200 pm.

(F) Quantification of (E). Scatterplot with means; ***p < 0.001, *p < 0.01, *p < 0.05, and #p < 0.1 by permutation test. n = 8, 8, 7, and 7 for control sham, hM4Di
sham, control PNL, and hM4Di PNL, respectively.

(G) In vivo tile scan images of GFP* sensory axons 0 and 3 days after SCI. Asterisks indicate the lesion epicenters; cyan arrowheads point to distal tips of re-
generating axons. Scale bar, 100 pm.

(H) Quantification of (G) and comparison with the conditioning paradigm. Scatterplot with means; ***p < 0.001, **p < 0.01, *p < 0.05, and *p < 0.1 by permutation
test. n =6, 7, and 7 for control, hM4Di, and PNL, respectively.

See also Figure S4 and Video S1.

did not affect axon growth or branching in DRG neurons relative
to tdTomato-expressing control neurons (Figures 3C-3E).

We then explored whether Cre-induced expression of Botuli-
num neurotoxin serotype B (BoNT/B) in adult DRG neurons of

iBOT mice (Slezak et al., 2012) would promote axon growth or
regeneration. Similarly to TeNT-LC expression, Cre-induced
BoNT/B expression reduced VAMP2 in the DRG (Figures 3F
and 3G) but did not affect axon growth or branching in DRG

Neuron 710, 51-69, January 5, 2022 55
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Figure 3. TeNT-LC or BoNT/B overexpression does not promote axon growth in adult DRG neurons

(A) Immunoblot of VAMP2 and Tuj1 in L3-L5 DRG extracts 3 weeks after AAV-TeNT-LC-P2A-mCherry or AAV-tdTomato injection into wild-type mice.

(B) Quantification of (A). Values are plotted as mean + SEM; ***p < 0.001 by Student’s t test; n = 3 independent experiments.

(C) Representative fluorescence images of Tuj1 (cyan) and TeNT-LC-P2A-mCherry/tdTomato (red) immunolabeled DRG neurons 3 weeks after AAV adminis-

tration and plated for 15-16 h. Scale bar, 100 pm.
(D and E) Length of the longest axon (D) and branching frequency (E) of (C). Values are plotted as mean + SEM; n = 3-4 independent experiments with 145

tdTomato* neurons, 133 TeNT-LC-P2A-mCherry* neurons.

(F) Immunoblot of VAMP2 and Tuj1 in L3-L5 DRG extracts 3 weeks after AAV-Cre-GFP injection into iBOT and wild-type control mice.

(G) Quantification of (F). Values are plotted as mean + SEM;*p < 0.05 by Student’s t test. n = 3 independent experiments.

(H) Representative fluorescence images of Tuj1 (red) and Cre-GFP (cyan) immunolabeled DRG neurons 3 weeks after AAV-Cre-GFP administration and plated for

15-16 h. Scale bar, 100 pm.
(I and J) Length of the longest axon (I) and branching frequency (J) of (H). Values are plotted as mean + SEM; n = 3 independent experiments with 100 Cre-GFP*

wild-type neurons, 164 Cre-GFP* iBOT neurons.
(K) Multiphoton tile scan of GFP* sensory axons (yellow) and GFAP™ astrocytes (blue) in the unsectioned spinal cord after complete dorsal column SCl in the given

conditions. R, rostral; C, caudal. Asterisks indicate lesion centers. Scale bar, 200 um.
(L) Quantification of (K). Scatterplot with means. n = 7 WT mice and 9 iBOT mice.
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Figure 4. RIM1/2 deletion promotes axon growth in adult DRG neurons

(A) Normalized expression values of RIMS1 and RIMS2 in DRG at E12.5, E17.5, and adult from 6 to 36 h in culture. ***p < 0.001 6 versus 24 or 36 h, *p < 0.05 6
versus 24 or 36 h in culture by one-way ANOVA followed by Tukey’s post hoc test; n = 3 technical replicates per condition.

(B) Immunoblot of RIM1, RIM2, and Tuj1 in L3-L5 DRG extracts after 6 or 36 h in culture.

(C and D) Quantification of RIM1 (C) and RIM2 (D) in (B). Values are plotted as mean + SEM; **p < 0.01, #p < 0.10 by Student’s t test; n = 3 independent ex-
periments.

(E) Immunoblot of RIM1 and Tuj1 in L3-L5 DRG extracts electroporated with Rim1a-GFP or GFP (control)-expressing plasmids and cultured for 24 h.

(F) Quantification of (E). Values are plotted as mean + SEM; **p < 0.01 by Student’s t test. n = 3 independent experiments.

(G) Representative fluorescence images of naive DRG neurons electroporated with RIM1a-GFP or GFP-expressing plasmids and cultured for 24 h. Scale
bar, 100 um.

(H and I) Length of the longest axon (H) and branching frequency (1) of (G). Values are plotted as mean + SEM; **p < 0.01, *p < 0.05 control GFP versus RIM1a-GFP
by Student’s t test; n = 3 independent experiments with 103 control GFP* neurons, 141 RIM1a-GFP* neurons.

(J) Representative images of cultured DRG neurons after AAV-Cre-GFP administration into RIM 1" RIM2"f mice. Cyan arrowhead points to Cre-GFP* neuron and
white arrowhead points to Cre-GFP™ neuron. Scale bar, 15 um.

(K) Quantification of (J). Values are plotted as mean + SEM; **p < 0.01 by Student’s t test; n = 3 independent experiments, 106 GFP* neurons, and 98 Cre-GFP*

neurons.

(legend continued on next page)
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neurons relative to wild-type Cre-expressing mice (Figures 3H-
3J). Moreover, BoNT/B overexpression in DRG neurons did not
stimulate axon regeneration after spinal cord injury in vivo (Fig-
ures 3K-3L). These data show that axon growth and regenera-
tion are independent of VAMPs1-3.

RIM1/2 deletion promotes axon growth

DRG neurons express additional isoforms of VAMP that are
insensitive to TeNT or BoNT/B but capable of forming functional
SNARE complexes (Hasan et al., 2010) and might compensate
for the loss of VAMPs1-3. Moreover, VAMP proteins are not
just involved in Ca®*-dependent vesicle fusion but also in other
membrane trafficking pathways, including those involved in
developmental axon outgrowth (Calakos et al., 1994; Kimura
et al., 2003; Osen-Sand et al., 1996). We therefore more specif-
ically targeted key components of the presynaptic active zone
(Stidhof, 2012).

Our transcriptomic analysis identified the genes expressing
the active zone proteins Rab3 interacting molecule 1 (RIM1)
and RIM2 as being upregulated at E17.5 relative to E12.5 and
downregulated in adult DRG with prolonged cell culture (Fig-
ure 4A). Immunoblots of cell extracts confirmed that RIM1 pro-
tein expression is downregulated (and RIM2 expression trends
toward downregulation) in DRG neurons grown for 36 h in cell
culture relative to 6 h in culture (Figures 4B-4D). To determine
whether RIM suppresses axon growth, we dissociated adult
lumbar DRG neurons and electroporated them with either GFP
(control) or RIM1a-GFP-expressing plasmids. RIM1a-GFP over-
expression inhibited axon growth and enhanced branching in
adult DRG neurons after 24 h in culture (Figures 4E-4l). We
then determined whether conditional deletion of all RIM1 and
RIM2 isoforms would promote axon growth. To this end, we
used adult RIM1/2"" mice (Kaeser et al., 2011). Immunocyto-
chemical analysis showed that viral expression of Cre-eGFP in
RIM1/2"" mice knocked out RIM1 in DRG neurons (Figures 4J
and 4K). RIM1/2-knockout (KO) enhanced axon growth and
reduced branching in DRG neurons in vitro (Figures 4L—4N).
Thus, RIM1/2 deletion promotes axon growth.

Munc13 suppresses axon growth

RIM proteins are multi-functional, with roles in Ca?* channel
clustering (Kaeser et al., 2011; Kiyonaka et al., 2007), coupling
of vesicles with Ca?* channels (Han et al., 2011), and vesicle
docking/priming (Betz et al., 2001; Han et al., 2011). Given that
Alpha2delta2 suppresses axon growth by enhancing Ca* influx
(Tedeschi et al., 2016), we tested whether synaptic vesicle dock-
ing/priming more specifically suppressed axon growth. To this
end, we explored the role of the core active zone protein
Munc13, the effector through which RIM regulates vesicle dock-
ing/priming (Betz et al., 2001) and a protein essential for synaptic
vesicle docking, priming, and fusion (Augustin et al., 1999; Imig
et al., 2014; Siksou et al., 2009; Varoqueaux et al., 2002). As
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for RIMS1 and RIMS2, our transcriptomic analysis identified
Munc13-1 as one of the genes upregulated at E17.5 relative to
E12.5 and downregulated in adult DRG with prolonged cell cul-
ture (Figure 5A). Consistently, immunoblots of cell extracts and
super-resolution microscopy showed that Munc13-1 protein
expression is downregulated in DRG neurons grown for 24 h in
cell culture relative to 6 h (Figures 5B-5E). Specifically, super-
resolution microscopy revealed the expression of Munc13-pos-
itive puncta not only in the axons but also in the cell bodies of
DRG neurons (Figure 5D), consistent with the ability of these neu-
rons to undergo somatic Ca®*-dependent exocytosis (Huang
and Neher, 1996); both decreased 24 h after plating.

To explore whether Munc13-1 suppresses axon growth, we
dissociated adult lumbar DRG neurons and electroporated
them with either tdTomato (control) or Munc13-1-expressing
plasmids (Figures 5F and 5G). Munc13-1 overexpression pre-
vented adult DRG neurons from transitioning to an elongating
growth phenotype after prolonged culture, restricting axon
growth and enhancing branching after 24 h (Figures 5H-5J).
We then tested whether Munc13-1 overexpression could restrict
the growth of conditioned neurons. To this end, we performed
conditioning PNLs in adult mice and 3 days later, dissociated
L3-L5 DRG, transfected them with tdTomato (control) or
Munc13-1-expressing plasmids, and plated the cells for 15-16
h. Even in the context of a conditioning PNL, Munc13-1 overex-
pression restricted the outgrowth and promoted branching of
DRG axons (Figures 5H-5J) dose dependently (Figure 5K).
Thus, an increase of Munci13 protein levels can transform
growth-competent neurons to become growth incompetent.

Munc13 deletion promotes axon regeneration
We then determined whether loss of Munc13s would enhance
axon growth and regeneration. To this end, we used adult
mice with a floxed Munc13-1 gene (Banerjee et al., 2020) and ho-
mozygous deletions of the Munc13-2 and Munc13-3 genes,
which allowed deletion of all relevant Munc13 variants (Augustin
etal., 1999, 2001; Varoqueaux et al., 2002) (Figure 6A). Immuno-
blot and immunocytochemical analyses showed that viral
expression of Cre-eGFP in Munc13-1""Munc13-2KO/Ko-
Munc13-3“"° mice effectively knocked out Munci13-1 in DRG
neurons (Figures 6B-6E). To explore whether Munc13 triple-
KO would enhance axon growth, we injected AAV-Cre-eGFP
or AAV-eGFP for control into the sciatic nerves of these mice
and plated the neurons 3 weeks later. Munc13 triple-KO
enhanced axon elongation and reduced branching in vitro, phe-
nocopying the effect size of a conditioning PNL (Figures 6F-6H).
This effect depended on loss of Munc13 as re-expression of
Munc13-1 in Munci13 triple-KO neurons restored the limited
growth and increased branching found in control cells (Figures
61-6K).

Munc13 proteins contain multiple domains. In addition to the
Munc13 homology domain that is sufficient for the basal priming

(L) Representative fluorescence images of Tuj1 (red) and GFP/Cre-GFP (cyan)-immunolabeled DRG neurons 3 weeks after AAV-GFP or AAV-Cre-GFP admin-
istration into RIM1" RIM2"" mice and plated for 15-16 h. The AAV-Cre-GFP image shows the same neurons as in (J). Scale bar, 100 pm.
(M and N) Length of the longest axon (M) and branching frequency (N) of (L). Values are plotted as mean + SEM; **p < 0.001, **p < 0.01 by Student’s ttest. n=3

independent experiments, 108 GFP* neurons, 101 Cre-GFP+ neurons.
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Figure 5. Munc13-1 suppresses axon growth in adult DRG neurons

(A) Normalized expression values of Munc13-1 in DRG at E12.5, E17.5, and adult from 6 to 36 h in culture. **p < 0.01 6 versus 24 h, **p < 0.01 6 versus 36 h in
culture by one-way ANOVA followed by Tukey’s post hoc test; n = 3 technical replicates per condition.

(B) Immunoblot of Munc13-1 and Tuj1 in L3-L5 DRG extracts after 6 or 24 h in culture.

(C) Quantification of (B). Values are plotted as mean + SEM; *p < 0.05 by Student’s t test; n = 3 independent experiments.

(D) Representative fluorescence images of adult DRG neurons cultured for 6 or 24 h and stained with Munc13-1 and Tuj1 antibodies. Scale bars, 10 um in outset
and 3 um in inset.

(E) Quantification of (D). Values are plotted as mean + SEM; **p < 0.01 by Student’s t test; n = 21 neurons at 6 h, 18 neurons at 24 h from 3 independent ex-
periments.

(F) Immunoblot of Munc13-1 and Tuj1 in L3-L5 DRG extracts electroporated with Munc13-1 or tdTomato-expressing plasmids and cultured for 24 h.

(G) Quantification of (F). Values are plotted as mean + SEM; **p < 0.001 by Student’s t test. n = 3 independent experiments.

(H) Representative fluorescence images of uninjured/naive or conditioned/PNL DRG neurons electroporated with Munc13-1-DDK or tdTomato-expressing
plasmids. Scale bar, 100 um.

(l'and J) Length of the longest axon (I) and branching frequency (J) of (H). Values are plotted as mean + SEM; **p < 0.01 naive tdTomato versus naive Munc13-1-
DDK and PNL tdTomato versus PNL Munc13-1-DDK by Student’s t test in (l) and **p < 0.01 naive tdTomato versus naive Munc13-1-DDK and PNL tdTomato

(legend continued on next page)
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function (Basu et al., 2005), the protein contains a C2B domain
that acts as a Ca®* and PIP,-dependent modulator of short-
term plasticity (Shin et al., 2010), a C1 domain that mediates di-
acylglycerol and phorbol ester binding (Betz et al., 1998; Michel-
assi et al., 2017), and a Ca*-Calmodulin-binding region (Lipstein
et al., 2013). We therefore explored whether expression of
mutant constructs with an inactivated C2B domain (Munc13-1-
DN) (Shin et al., 2010), disrupted C1 domain (Munci13-1-
H567K) (Betz et al., 1998), or an inactivated Ca®*-Calmodulin-
binding region (Munc13-1-W464R) (Junge et al., 2004) would
restore the limited axon growth phenotype in Munc13 triple-KO
neurons. Expression of each of these mutant constructs restored
the arborizing growth phenotype found in control neurons (Fig-
ures 61-6K). Thus, the C2B, C1, and Ca%*-Calmodulin-binding
regions of Munc13 and consequently regulation of Munc13 func-
tion by second messengers are not necessary for Munc13’s role
in limiting axon growth. Instead, it is rather the basal priming
function of Munc13 or another role as a structural protein impor-
tant for presynaptic release site formation that mediates the pro-
tein’s growth suppressive role.

We therefore tested whether loss of Munc13s could promote
axon regeneration following spinal cord injury in vivo. To this
end, we injected AAV-Cre-eGFP and AAV-eGFP or AAV-eGFP
alone into the sciatic nerves of Munc13-1"Munc13-2K°/K0
Munc13-3X%’KO mice and performed a T12 dorsal column spinal
cord injury 3 weeks later. Whole-mount immunostaining and
two-photon imaging revealed that Munc13 triple-KO enhanced
regeneration more than 1 mm rostral to the lesion site (Figures
7A and 7B). Thus, ablating Munc13 activity stimulates axon
regeneration after adult mouse spinal cord injury. Overall, our
data indicate that Munc13 expression acts as a developmental
switch that inhibits axon growth and regeneration.

Voltage-gated Ca®* channel activation suppresses axon
growth through Munc13s

Previous work showed that Ca®* signaling inhibits axon growth
and regeneration of DRG neurons (Enes et al., 2010; Tedeschi
etal., 2016). This, together with our present data, raised the pos-
sibility that Ca®* signaling suppresses axon growth by triggering
vesicle fusion activity (Figure 7C). Alternatively, Munc13s can
also affect Ca®* signaling by regulating VGCCs (Calloway
et al., 2015). To explore the relationship between VGCC activa-
tion and Munc13 in suppressing axon growth, we depolarized
neurons with KCI or treated them with GV-58, a P/Q-type
VGCC agonist (Liang et al., 2012), or Roscovotine, a cyclin-
dependent kinase 5 (cdk5) inhibitor that is also an agonist of
Ca,2 VGCCs (Yan et al., 2002), and cultured them for 24 h.
Consistent with previous results (Enes et al., 2010; Tedeschi
et al., 2016), these treatments suppressed axon growth and
increased branching in control neurons (Figures 7D-7F). By
contrast, Munc13 triple-KO neurons were not affected by these
treatments and showed persistently increased growth and
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decreased branching (Figures 7D, 7G, and 7H). Thus, suppres-
sion of axon growth by VGCC activation or depolarization re-
quires Munc13.

Baclofen promotes axon regeneration

If VGCC-activation suppresses axon growth in a Munc13-
dependent manner, for instance, by promoting Ca®*-triggered
exocytosis at active zones, we reasoned that reducing presyn-
aptic Ca®" influx could promote regeneration by attenuating
Munc13-mediated inhibition of axon growth. To test this in a clin-
ically relevant manner, we explored the regenerative efficacy of
the GABAg receptor agonist Baclofen, an anti-spasticity medica-
tion that depresses synaptic transmission (Fox et al., 1978). First,
we determined whether Baclofen administration could indeed
reduce voltage-gated presynaptic Ca®* influx in adult DRG neu-
rons by performing whole-cell voltage-clamp recordings of
dissociated DRG neurons and isolating their Ca* currents using
a combination of pharmacological blockers and ion substitution
(Dolphin and Scott, 1986; Husch et al., 2008). In adult DRG
neurons, Baclofen treatment reduced the amplitude of voltage-
gated Ca®* currents to 79.3% =+ 11.3% of baseline values (Fig-
ures 8A-8D).

We next tested whether Baclofen could promote axon growth
by culturing adult DRG neurons and exposing them to 10-
500 uM of the drug starting 1 h after plating. At the concentra-
tions tested, Baclofen enhanced DRG axon outgrowth and
reduced branching relative to vehicle-control-treated neurons
(Figures 8E-8G). To determine whether Baclofen promotes
axon growth by attenuating Munc13 inhibition of axon
growth, we virally delivered eGFP or Cre-eGFP to Munc13-
1" 1Munc13-25C’KOMunc13-3X“/K0 transgenic mice and plated
their lumbar DRG neurons in the presence of Baclofen or
vehicle-control 3 weeks later. While Baclofen stimulated axon
growth in GFP* control neurons, it had no additive effect on
the outgrowth or branching of Munc13 triple-KO neurons (Fig-
ures 8E-8I). Thus, promotion of axon growth by Baclofen re-
quires the presence of Munc13 protein.

To determine whether systemic Baclofen administration could
promote axon regeneration after spinal cord injury, we lesioned
the dorsal column sensory axons at T12 in adult mice. We began
Baclofen administration 1 h after injury by intraperitoneally inject-
ing the mice with 10 mg/kg of the drug or vehicle for control and
administered Baclofen or vehicle via drinking water to the mice
for 4 weeks total, with AAV-eGFP injected into the sciatic nerves
of these mice starting 2 weeks after injury to trace their sensory
axons. Consistent with previous results (Paredes and Agmo,
1989), we observed decreased mobility in mice treated with Bac-
lofen. Whole-mount immunostaining and two-photon imaging
revealed that systemic delivery of Baclofen-stimulated sensory
axons to regenerate after spinal cord injury (Figure S5).

Previous work from our lab demonstrated that the blockade
of Alpha2delta2 via administration of Pregabalin (PGB) could

versus PNL Munc13-1-DDK by Student’s t test in (J); n = 3 independent experiments with 94 naive tdTomato* neurons, 224 naive Munc13-1-DDK* neurons,

125 PNL tdTomato™* neurons, 145 PNL Munc13-1-DDK™" neurons.

(K) XY plot of Munc13-1-DDK mean intensity (arbitrary units) and length of the longest axon for all Munc13-1-DDK* neurons analyzed in (H)—(J). Red line shows

linear regression (p < 0.0001).
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Figure 6. Munc13 deletion promotes axon growth in adult DRG neurons

(A) Scheme of Munc13’s function.
(B) Representative images of cultured DRG neurons after AAV-Cre-GFP administration into Munc13-1"1Munc13-2XK°Munc13-3K/KC mjce. Cyan arrowheads

point to Cre-GFP* neurons, and the white arrowhead points to Cre-GFP~ neuron. Scale bar, 15 um.

(C) Quantification of (B). Values are plotted as mean + SEM; **p < 0.01 by Student’s t test; n = 3 independent experiments, 18 GFP* neurons, 22 Cre-GFP*
neurons.

(D) Immunoblot of Munc13-1 and Tuj1 in L3-L5 DRG extracts 3 weeks after AAV-Cre-GFP injection into Munc13-1""Munc13-2K*“OMunc13-3K/%0 mice.

(E) Quantification of (D). Values are plotted as mean + SEM; *p = 0.0192 by Student’s t test; n = 3 independent experiments.

(F) Representative fluorescence images of Tuj1 (red) and GFP/Cre-GFP (cyan)-immunolabeled DRG neurons 3 weeks after AAV-GFP or AAV-Cre-GFP
administration and plated for 15-16 h. Cyan arrowhead points to Cre-GFP* neuron and white arrowhead points to Cre-GFP~ neuron. Scale bar, 200 pm.

(G and H) Length of the longest axon (G) and branching frequency (H) of (F). Values are plotted as mean + SEM; ***p < 0.001 by Student’s t test. n = 3 independent
experiments, 102 GFP neurons, 125 Cre-GFP neurons, 116 GFP + PNL neurons.

(legend continued on next page)
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promote axon regeneration after spinal cord injury (Tedeschi
et al., 2016). Therefore, we tested how the effect of PGB
compared to that of Baclofen in promoting regeneration
following injury. To this end, we performed concurrent dorsal
column spinal cord injury lesions and sciatic nerve AAV-eGFP in-
jections in adult mice and treated them twice daily with intraper-
itoneal injections of 46 mg/kg PGB, 5 mg/kg Baclofen, or vehicle
control commencing 1 h after spinal cord injury. The dose of
Baclofen used is within the human equivalent dose range used
clinically (Cragg et al., 2019; Heetla et al., 2016; Nair and Jacob,
2016). Two weeks after spinal cord injury, both PGB and Baclo-
fen stimulated sensory axon regeneration relative to vehicle-in-
jected control mice (Figures 8J and 8K). At the lesion site and
at short distances rostrally, the extent of axon regeneration
induced by PGB and Baclofen was not different. However, at
400-600 and 600-800 um rostral to injury, Baclofen administra-
tion stimulated more axon regeneration than PGB administra-
tion. Together, these data show that systemic administration of
Baclofen stimulates sensory axon regeneration after adult spinal
cord injury.

DISCUSSION

We discovered a critical role for core components of the presyn-
aptic active zone in suppressing the regenerative capacity of
neurons in adulthood. As Munc13 proteins are essential for
neurotransmitter release (Augustin et al., 1999; Varoqueaux
et al., 2002) but dispensable for neurite growth and synaptogen-
esis in developing hippocampal neurons (Broeke et al., 2010; Si-
gler et al., 2017; Varoqueaux et al., 2002), our data indicate that
axon regeneration and the maturation of functional synaptic cir-
cuitry rely on antagonistic molecular programs.

Identification of a gene expression signature that
inversely correlates with axon growth and regeneration
Our findings indicate that the ability of neurons to effectively
grow axons requires a process of “de-maturation” and loss of
synaptic function. Immature or newly born neurons have an
immense capacity to grow axons (Flynn et al., 2012; Goldberg
et al., 2002), even in the injured adult central nervous system
(Lu et al., 2012; Wictorin et al., 1990), but adult neurons do not.
It was thought that mature neurons need to reactivate their
growth program by re-expressing the genes that drive axon
growth during development (Harel and Strittmatter, 2006; Hilton
and Bradke, 2017). Interestingly, however, the acquisition of
growth competence in adult DRG neurons is not strictly associ-
ated with the upregulation of genes that are also upregulated
during developmental axon growth. Thus, growth-competent
adult neurons might already contain the gene set necessary to
drive axon growth and regeneration, at least on the effector level.
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This could imply either that axon growth in developing neurons
and in mature neurons operates through very different effector
mechanisms or that a maturation program is initiated in adult
neurons that inhibits further growth once synaptic connections
are established. Consistent with the latter view, our analyses re-
vealed that a common gene expression signature associated
with the reacquisition of axon growth competence in adulthood
is the downregulation of genes that are typically upregulated dur-
ing the maturation of synaptic circuitry. In the context of both
prolonged cell culture as well as following peripheral nerve injury,
DRG neurons downregulate genes that are upregulated when
axons reach their peripheral and central target fields (Hasegawa
et al., 2007; Kitao et al., 1996; Ozaki and Snider, 1997; Sharma
et al., 2020). This view is supported by the finding that adult
DRG neurons, which stop growing their axons upon KCl-induced
depolarization, initiate growth upon parallel inhibition of tran-
scription (Enes et al., 2010), which would reduce the expression
of growth inhibitory genes. In culture, the switch to axon growth
competence is reflected by a transition from arborizing to elon-
gating growth, where branch sites likely reflect the formation of
presynaptic sites (Hoersting and Schmucker, 2021). Indeed,
in vivo imaging of developing retinal ganglion cells showed that
axon branch formation and synaptogenesis occur simulta-
neously during development, with new axon branches initiating
from synapses (Meyer and Smith, 2006).

Consistent with this view, target interaction of developing
axons leads to elongation arrest and pre-synapse assembly
(Sanes and Lichtman, 1999; Sanes and Zipursky, 2020; Sudhof,
2018). Interestingly, recent work in the developing mouse
showed that target innervation is likely critical for DRG transcrip-
tional maturation (Sharma et al., 2020). Specifically, disruption of
target-derived nerve growth factor (NGF) prevents subtype-spe-
cific gene expression underlying the maturation of developing
DRG neurons (Sharma et al., 2020). It is even possible that the
loss of target innervation following peripheral injury leads to the
loss of neuronal identity, which is then only re-specified following
target reinnervation (Renthal et al., 2020). Together, our work
supports a model where neuronal maturation broadly, and target
innervation more specifically, restricts axon growth by express-
ing a set of genes that blocks further axon growth and, thereby,
also regeneration. This gene expression signature involves, in
fact, key components of the presynaptic active zone.

The relationship between axon growth and the active
zone proteins RIM and Munc13

Our results indicate that RIM and Munc13 proteins inhibit axon
regeneration. Previous work from our lab demonstrated that
the VGCC auxiliary subunit Alpha2delta2 inhibits axon regenera-
tion by enhancing Ca2* influx (Tedeschi et al., 2016). RIM pro-
teins cluster VGCCs (Kaeser et al., 2011), and there is evidence

(I) Representative fluorescence images of Tuj1, GFP/Cre-GFP/Cre-RFP, and tdTomato/Munc13-1-DDK/Munc13-1-DN/Munc13-1-H567K/Munc13-1-W464R
immunolabeled DRG neurons from Munc13-1""Munc13-2X““OMunc13-3X%’%® mice administered AAV-GFP, AAV-Cre-GFP or AAV-Cre-RFP, transfected with

plasmids and cultured for 16-18 h. Scale bar, 200 pm.

(J and K) Length of the longest axon (J) and branching frequency (K) of (l). Values are plotted as mean + SEM; ***p < 0.0001 by one-way ANOVA followed by
Tukey’s post hoc test; n = 80 GFP + tdTomato neurons from 5 independent experiments, 64 Cre-GFP + tdTomato neurons from 6 independent experiments, 78
Cre-GFP + Munc13-1 (DDK) neurons from 6 independent experiments, 71 Cre-RFP + Munc13-1-DN neurons from 4 independent experiments, 80 Cre-RFP +
Munc13-1-H567K neurons from 5 independent experiments, 81 Cre-RFP + Munc13-1-W464R neurons from 5 independent experiments.
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Figure 7. Munc13 deletion promotes axon regeneration following adult CNS injury

(A) Multiphoton tile scan of GFP* sensory axons (yellow) and GFAP™* astrocytes (blue) in the unsectioned spinal cord after complete dorsal column SCl in the given
conditions. R, rostral; C, caudal. Asterisks indicate lesion centers. Scale bar, 200 pm.

(B) Quantification of (A). Scatterplot with means; ***p < 0.001, **p < 0.01 by permutation test. n = 11 animals per group.

(C) Scheme of VGCC activation, presynaptic Ca?* influx, and vesicle release.

(D) Representative fluorescence images of Tuj1 (red) and GFP/Cre-GFP (cyan) immunolabeled DRG neurons from Munc13-1""Munc13-2K0/KOMunc13-3KO/KO
mice administered AAV-GFP or AAV-Cre-GFP and cultured for 24 h in the presence of DMSO, KCI (40 mM), Roscovotine (20 uM), or GV-58 (20 uM). Scale
bar, 200 um.

(E and F) Length of the longest axon (E) and branching frequency (F) of AAV-GFP* neurons in (D). Values are plotted as mean + SEM; ***p < 0.001 GFP DMSO
versus GFP KCI, GFP Roscovotine, GFP GV-58 in (E) and **p < 0.01 GFP DMSO versus GFP KClI, *p < 0.05 GFP DMSO versus GFP Roscovotine, GFP DMSO
versus GFP GV-58 in (F) by one-way ANOVA followed by Tukey’s post hoc test; n = 72 GFP DMSO, 86 GFP GV-58, 37 GFP KCI, 53 GFP Roscovotine-treated
neurons from 3 independent experiments.

(G and H) Length of the longest axon (G) and branching frequency (H) of AAV-Cre-GFP* neurons in (D). Values are plotted as mean + SEM n = 82 Cre-GFP DMSO,
92 Cre-GFP GV-58, 48 Cre-GFP KClI, 23 Cre-GFP Roscovotine-treated neurons from 3 independent experiments.

that Munc13 can modestly enhance Ca2* influx (Calloway et al.,  that converge on Ca®* signaling. However, overexpression of

2015). Thus, we cannot unequivocally rule out the possibility that  Munc13-1 had a stronger effect in suppressing axon growth
Munc13 and RIM proteins suppress axon growth via processes and enhancing branching than did overexpression of RIM1«,

Neuron 7170, 51-69, January 5, 2022 63




¢ CellPress

Whole cell calcium
current recordings

40 ms
400 pA

-60 mV
oltage steps 210 mV
E Vehicle
o
Lo
Q
z
o
[T
Q
o
K
i 4
J

Vehicle

Baclofen

FCE

B Cc
Baclofen
Control (100 uM) Control  Baclofen (100 uM)
40ms | || 1.0+
o= l r— o U
500 pA| L — . So09
S'gos
0omv E o7
gomv—  T— 1 2 8op
%05
0 20 40 60 80 100120
Time (s)
Baclofen F B
o 3
32
S 6
o8
B %
S @
g
S
\S ] @]
‘\\0 g’b 2
Qe N\ \\
R
ns
H 400 ke
£
2 3 300
s 5
£ & 200
%
S o
S 2100
kel
0
R o Qex\ PR
G?? O?? C,?? 0??
o @
Caudal . LS Rostral
3E°
2
g 60+
©
k]
c
g 40
[0]
o
204
0 S
QQ@
Q

Figure 8. Baclofen promotes axon regeneration following spinal cord injury

(A) Whole-cell recording of voltage-activated calcium currents in a cultured DRG neuron one day in vitro. The holding potential was —60 mV, and the calcium

current was evoked by 100 ms voltage steps from —60 to 50 mV in 10 mV increments.

(B) Raw traces of calcium currents in cultured DRG neurons before and after bath application of Baclofen (100 uM).
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(C) Plot of all DRG neurons indicating the reduction of the voltage-activated calcium current in response to Baclofen administration.
(D) Quantification of (C). Values are plotted as mean + SEM; ***p = 0.001 by Wilcoxon matched-pairs signed-rank test; n = 11 neurons.

(E) Representative fluorescence images of Tuj1 (red) and GFP/Cre-GFP (cyan)-immunolabeled DRG neurons from Munc13-1""Munc13-2KKOMunc13-3KO/K0

mice administered AAV-GFP or AAV-Cre-GFP and cultured for 15-16 h in the presence of vehicle or Baclofen (100 uM). Scale bar, 100 um.
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and Munc13 triple-KO had a stronger effect in promoting axon
growth and reducing branching than did RIM1/2 ablation. In
view of these data, and given the principal involvement of RIM
proteins in tethering VGCCs (Kaeser et al., 2011) as compared
to a rather minor role of Munc13s in Ca®* signaling (Calloway
et al.,, 2015), it suggests that RIM and Munc13 restrict axon
growth via their functions in vesicle priming, docking, and fusion
and not by affecting Ca®* signaling.

Because axon growth and regeneration were not affected
by the loss of VAMPs1-3, we postulate that such RIM- and
Munc13-dependent and axon-growth-related secretory pro-
cesses either do not involve VAMPs1-3 or can use other
v-SNAREs instead. For example, Munc13 and RIM proteins are
required for dense core vesicle fusion (Persoon et al., 2019;
van de Bospoort et al., 2012), whose blockade might reduce au-
tocrine signaling by trophic factors that affect axon growth.
Furthermore, Munc13-family proteins are known to control lyso-
somal fusion processes in immune cells (Feldmann et al., 2003;
Neeft et al., 2005), and it is possible that Munc13s1-3 have
related functions in DRG neurons that affect axon-growth-
related processes. Moreover, Munc13 and RIM might suppress
axon growth by shifting membrane trafficking from constitutive
to regulated exocytosis (Bloom and Morgan, 2011). Given that
re-expression of Munc13-1 in Munc13-KO neurons restored
the limited growth phenotype found in control neurons, it is
likely that Munc13 suppresses regeneration cell-autonomously
instead of relying on target-derived factors. This view is sup-
ported by our finding that Baclofen stimulates growth in cultured
DRG neurons, given that monocultures of adult mouse DRG neu-
rons do not form synapses (Malin et al., 2007). In this context, it is
worth mentioning that the inhibitory effect is either independent
of the released factor or occurs in an autocrine fashion, as
growth effects are only observed in Munc13-KO neurons and
not in adjacent Munc13-expressing neurons in the same culture
dishes.

Axon regeneration and neuronal activity

The role of neuronal activity in axon growth following injury is
complex. For example, sensory axons can be immobilized by
synapse-like contacts on non-neuronal cells after injury (Di
Maio et al., 2011; Filous et al., 2014). Moreover, an intact axonal
process can suppress the regeneration of an injured axonal pro-
cess (Lorenzana et al., 2015). In addition to Alpha2delta2, the
L-type voltage-gated Ca®* channel Ca,1.2 also suppresses
axon regeneration (Enes et al., 2010). Interestingly, while neuro-
transmitters and electrical activity elevate intracellular Ca®* and
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suppress neurite outgrowth in molluscan (Helisoma trivolvis)
neurons (Cohan and Kater, 1986; Haydon et al., 1984), high con-
centrations of Ca®* channel blockers also suppress axon elon-
gating and growth cone motility (Mattson and Kater, 1987), indi-
cating that there is a “set point” for Ca®* levels in the neuron that
are optimal for axon growth (Kater et al., 1988). Additionally,
pharmacogenetic or electrical excitation of DRG neurons can
also promote axon regeneration (Gordon et al., 2009; Wu et al.,
2020), as can housing mice in an enriched environment (Hutson
et al., 2019), highlighting a growth promoting role of enhancing
neuronal activity. One possibility underlying the differences be-
tween these studies may relate to the complex role of Ca®*
signaling. Specifically, global changes in Ca2* signaling are likely
to have different signaling effects in the neuron compared to
changes in Ca®* influx at the presynaptic active zone (West
et al., 2001). Given that DRG neurons downregulate active
zone components as they acquire growth competence, future
studies will investigate how other regeneration-promoting stra-
tegies alter the function of the presynaptic active zone. We antic-
ipate that the disruption of the presynaptic active zone may be a
common feature underlying the promotion of axon regeneration
in other paradigms (Blackmore et al., 2012; Liu et al., 2010).

Axon regeneration: Successive versus parallel
combinations

Axon regeneration is only one critical step for functional recovery
following spinal cord injury (Ramer et al., 2014). Indeed, the sub-
sequent consolidation and maturation of new synaptic circuits
are equally important, and efforts to stimulate regeneration in hu-
mans with spinal cord injury will need to occur in the context of
rehabilitation therapy (Courtine and Sofroniew, 2019; Fouad
and Tetzlaff, 2012). Given the importance of Munc13 for synaptic
vesicle release itself, we postulate that regenerating lost circuits
following adult injury will require a process consisting of axon
regenerating treatments prior to activity-based therapies to
consolidate newly grown axons into functional circuits. This
idea is well supported by the demonstration that asynchronous
therapy with a growth-promoting therapy being instigated prior
to and separate from rehabilitation therapy is maximally effica-
cious at promoting functional recovery following stroke (Wahl
et al., 2014). In this regard, Baclofen may have therapeutic po-
tential as a growth-promoting therapy. Baclofen is a GABAg re-
ceptor agonist used primarily to treat spasticity following spinal
cord injury, cerebral palsy, and other neurological disorders (Al-
bright et al., 1991; Loubser et al., 1991). A recent retrospective
analysis found that even after adjusting for injury severity,

(F and G) Length of the longest axon (F) and branching frequency (G) of DRG neurons cultured for 15-16 h in the presence of vehicle or Baclofen (10 uM, 100 uM, or
500 uM). Values are plotted as mean + SEM; *p < 0.05 vehicle versus 10 uM, **p < 0.01 vehicle versus 100 puM, vehicle versus 500 uM by one-way ANOVA followed
by Tukey’s post hoc test in (F); **p < 0.01 vehicle versus 10 uM, ***p < 0.001 vehicle versus 100 uM, vehicle versus 500 uM by one-way ANOVA followed by Tukey’s
post hoc test in (G); n = 235 vehicle, 136 10 uM, 122 100 uM, 156 500 uM Baclofen-treated neurons from 3-4 independent experiments.

(H and 1) Length of the longest axon (H) and branching frequency (l) of (E). Values are plotted as mean + SEM; *p < 0.05 GFP + vehicle versus GFP + Baclofen,
**p < 0.01 GFP + Baclofen versus Cre-GFP + vehicle, p = 0.9024 Cre-GFP + vehicle versus Cre-GFP + Baclofen in (H), **p < 0.0001 GFP + vehicle versus GFP +
Baclofen, *p < 0.05 GFP + Baclofen versus Cre-GFP + vehicle in (l) by one-way ANOVA followed by Tukey’s post hoc test; n = 68 GFP + vehicle, 73 GFP +
Baclofen, 62 Cre-GFP + vehicle, 58 Cre-GFP + Baclofen neurons from 3 independent experiments.

(J) Multiphoton tile scan of GFP* sensory axons (yellow) and GFAP* astrocytes (blue) in the unsectioned spinal cord after complete dorsal column SCl in the given
conditions. R, rostral; C, caudal. Asterisks indicate lesion centers. Scale bar, 200 pm.

(K) Quantification of (J). Scatterplot with means; **p < 0.01, *p < 0.05, *p < 0.1 by permutation test. n = 8 animals per group.

See also Figure S5.
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Baclofen use was associated with higher rates of marked neuro-
logic recovery in individuals with spinal cord injury (Cragg et al.,
2019). Although such recovery of motor function might relate to
the effect of Baclofen on muscle spasms, its association with
enhanced function in pinprick and light touch scores indicates
that it might enhance the functionality of injured DRG neurons.
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KEY RESOURCES TABLE

Neuron

Reagent or resource Source Identifier

Antibodies

Rabbit anti-Tubulin B 3 (TUBB3) Sigma-Aldrich T2200; RRID: AB_262133
Chicken anti-GFP Abcam ab13970; RRID: AB_300798
Mouse anti-tubulin B 3 (Tuj-1) Biolegend 801201; RRID: AB_2313773

Mouse anti-VAMP2

Rabbit anti-Munc13-1

Rabbit anti-RIM1

Rabbit anti-RIM2

Rabbit anti-Glial Fibrillary Acidic Protein (GFAP)
Rabbit anti-RFP

Mouse anti-DDK (FLAG)

Guinea Pig anti-NeuN

Donkey anti-chicken IgY IgG H*L Alexa Fluor 488
Donkey anti-rabbit IgG H*L Alexa Fluor 594
Donkey anti-guinea pig IgG H*L Alexa Fluor 647
Goat anti-rabbit IgG H*L Alexa Fluor 568

Goat Anti-chicken IgY H&L Alexa Fluor 488
Goat anti-rabbit IgG H&L Alexa Fluor 647

Goat anti-Mouse IgG H*L Alexa Fluor 647

Goat anti-Mouse IgG H* Alexa Fluor 594

Synaptic Systems
Synaptic Systems
Synaptic Systems
Synaptic Systems

DAKO

Rockland

Origene

Merck Millipore

Jackson Immunoresearch
Jackson Immunoresearch
Jackson Immunoresearch
Thermo Fisher

Abcam

Abcam

Thermo Fisher

Thermo Fisher

104211; RRID: AB_887811
126103; RRID: AB_887733
140103; RRID: AB_887774

140 103; RRID: AB_88776
Z0334; RRID: AB_10013382
600-401-379; RRID: AB_2209751
TA50011-100; RRID: AB_2622345
ABN90P; RRID: AB_2341095
703-545-155; RRID: AB_2340375
711-586-152; RRID: AB_2340622
706-605-148; RRID: AB_2340476
A-11036; RRID: AB_10563566
ab150169; RRID: AB_2636803
ab150079; RRID: AB_2722623
A-21235; RRID: AB_2535804350
A-11032; RRID: AB_2534091

Bacterial and virus strains

AAV5.CAG-tdTomato (codon diversified)
AAV1.CMV.PL.LEGFP.WPRE.bGH
AAV1.CMV.HIl.eGFP-Cre.WPRE.SV40

A gift from Edward Boyden
A gift from James M. Wilson
A gift from James M. Wilson

Addgene #59462-AAV5
Addgene #105530-AAV1
Addgene #105545-AAV1

AAV1.CAG.Cre.mCherry SignaGen SL101117
AAV5.hSyn.hM4D(Gi)-mCherry A gift from Bryan Roth Addgene #50475-AAV5
AAV1.CMV-TeNT-LC-P2A-mCherry Sirion Biotech N/A
Chemicals, peptides, and recombinant proteins

HBSS GIBCO 14025-053
HEPES GIBCO 15630-56
DMEM/F-12, HEPES Life Technologies 11330032
Fetal bovine serum Thermo Scientific Cat#10500064
Penicillin/Steptomycin (PenStrep) antibiotics GIBCO 15140122
Collagenase IV Sigma C1889

Trypsin Worthington LS003703
DNase Worthington LS002007
Neurobasal medium GIBCO 12349-015
B-27 supplement GIBCO 17504-044
L-glutamine GIBCO 25030-024
Bovine serum albumin Sigma A3294

Horse serum Pan Biotech P30-0712
Poly-L-lysine Sigma P2636
Laminin Roche 11243217001
Phosphate buffer solution 0.1 M Sigma P5244
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Continued

Reagent or resource Source Identifier
Phosphate buffered saline (PBS) AppliChem A0965,9050
Sucrose Fluka 84100
Paraformaldehyde Merck Millipore 104005
Dimethyl sulfoxide (DMSO) Sigma D5879
Fluoromount Sigma F4680-25
Phosphatase inhibitor Roche 04906837001
Protease inhibitor Roche 11836170001
Bradford reagent AppliChem AB932
Ponceau S AppliChem A2935
FastGreen Sigma 68724

Goat serum Invitrogen 16210064
Donkey serum Jackson ImmunoReasearch JIM-017-000-121
Triton X-100 Sigma X100
Baclofen Sigma B5399
Pregabalin Tocris 3775

Critical commercial assays

P3 Primary Cell 4D X Kit S (32 RCT) Lonza V4XP-3032
ECL SuperSignal Dura West Thermo Fisher Scientific 10220294
ECL SuperSignal Pico West Thermo Fisher Scientific 15513766
Experimental models: Organisms/strains

Mouse: Munc13-1"1 Banerjee et al., 2020 N/A

Mouse: Munc13-2~/~ (unc13btm1Rmnd)
Mouse: Munc13-3~/~ (unc13ctm1Bros)
Mouse: RIM1""

Mouse: RIM2M*

Mouse: iBOT

Varoqueaux et al., 2002
Augustin et al., 2001
Kaeser et al., 2008
Kaeser et al., 2011
Slezak et al., 2012

RRID: IMSR_EM:11739
RRID: IMSR_EM: 11617
RRID: JAX:015832

RRID: IMSR_JAX:01 5833
RRID: IMSR_JAX:018056

Recombinant DNA

efta-GFP-RIM1a Mdller et al., 2020 N/A

pmaxGFP Lonza Cat#V4XP-3024
Unc13a (Myc-DDK-tagged) Origene MR225156
Munc13-1-H567K Betz et al., 1998 N/A
Munc13-1-DN Shin et al., 2010 N/A
Munc13-1-W464R Lipstein et al., 2013 N/A
pCSCMV:tdTomato Waldner et al., 2009 Addgene # 30530
Software and algorithms

Imaged NIH, USA N/A

AxioVision Zeiss N/A

ZEN Zeiss N/A

SoftWoRx 3.5.0 Applied Precision N/A

MetaMorph Microscopy Automation and Image Analysis Software Molecular Devices N/A

Imaris 9.1 Bitplane N/A

Other

35 mm glass bottom dish, No. 1.5 Coverslip, 20 mm, Uncoated MatTek Cat#P35G-1.5-20-C
6-well plates Thermo Scientific Cat#140675
4-well plates Thermo Scientific Cat#179820

13 mm coverslip Marienfeld Cat#01-11530
Immobilon-PSQ PVDF Membrane Millipore Cat#ISEQ00010
X-ray film Thermo Scientific Cat#34076

(Continued on next page)
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Continued
Reagent or resource Source Identifier
ImmEdge pen Vector laboratories Cat#H-4000

Fluorescence microscope
Live cell microscope

Zeiss
Applied Precision

Axio Observer D1
DeltaVision RT

Confocal microscope Zeiss LSM700
2-photon microscope Zeiss LSM 7MP
Super-Resolution confocal microscope Zeiss LSM980
Photometrics CoolSnap HQ camera Roper Scientific N/A

CCD camera Zeiss N/A
Heating System Ibidi Cat#10918
Heating Insert u-Dish 35 mm high for ibidi Heating System Ibidi Cat#10934
Gas Incubation System for CO, Life Imaging Services N/A
Cryostat Leica CM3050S
CaWomat Cawo 2000IR

Pneumatic picopump (picospritzer) WPI Cat#SYS-PV820

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Frank
Bradke (frank.bradke@dzne.de).

Materials availability
All unique/stable reagents generated in this study are available from the lead contact without restriction.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.
® This paper does not report original code. Permutation tests were performed using a custom script “permutation_test 0.18” im-
plemented in Python (2.7.3 version) including Pandas and NumPy libraries. The script is available for download in the Python
Package Index (https://pypi.python.org/pypi/permutation_test). The sunburst plots in Figures 1 and S3 were generated using
the SynGO Portal (https://www.syngoportal.org/). Figure 7C was created using BioRender (https://biorender.com).
@ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Experiments were conducted in accordance with the guidelines of the Animal Welfare act and the Landesamt fur Natur, Umwelt und
Verbraucherschutz (LANUV). Experiments were also performed in accordance with the guidelines of animal research: reporting in vivo
experiments (ARRIVE) (Kilkenny et al., 2010). Adult female wild-type (WT, C57BL/6J, Charles River) and transgenic mice of both sexes
(8-12 weeks old) were used. Conditional Munc13-1 KO mice were generated by introducing loxP sites upstream and downstream of
exon 21 of the Munc13-1 gene in embryonic stem cells by homologous recombination and Munc13-1"" mice were crossed onto a
homozygous Munc13-2 KO (Varoqueaux et al., 2002) and Munc13-3 KO (Augustin et al., 2001) background as previously described
in detail (Banerjee et al., 2020). iBOT B6.FVB-Tg(CAG-boNT/B,-EGFP)U75-56Fwp/J mice were purchased from the Jackson Labora-
tories (#018056). RIM1"1RIM2"" mice were provided by the coauthors Prof. Dr. Susanne Schoch-McGovern and Dr. Johannes Alex-
ander Miiller. Animals were randomized into treatment and control groups and analyses were conducted blinded to treatment group.

METHOD DETAILS

Peripheral nerve lesion (PNL)

Mice were anesthetized with isoflurane (5% for induction and 1.5% for maintenance). The left sciatic nerve was exposed at the mid-
thigh level, ligated with Ethilon 5-0 suture and cut with Iris scissors distal to the ligation site. The nerve was then placed back in the leg
and the skin closed with Reflex 7-mm skin-closing clips. In sham-operated control mice, the left nerve was exposed and then placed
back in the leg.
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AAV transduction

Mice were anesthetized with a mixture of ketamine and xylazine (100 mg/kg and 10 mg/kg respectively). The mid and lower back of
the mouse was shaved and disinfected with a combination of 70% ethanol and betadine. L3, L4, and/or L5 DRG were exposed and
injected with 0.5-1 ul of AAV combined 10:1 with Fast Green FCF using a Picospritzer equipped with a pulled glass micropipette
(pressure: 30 psi, pulse duration: 8 ms). Alternatively, mice were anesthetized with isoflurane (5% for induction and 1.5% for main-
tenance). The left leg was shaved and disinfected as above, the sciatic nerve was exposed at the mid-thigh level and a pulled glass
micropipette was placed into the sciatic nerve along its longitudinal axis. 1-2 pl of AAV mixed 10:1 with Fast Green FCF was injected
into the sciatic nerve. AAV particles were injected at a titer of 0.4-1*10"® genome copies (GC)/ml and titer matched in individual ex-
periments. AAV5-hSyn-hM4D(Gi)-mCherry was a gift from Bryan Roth (Addgene plasmid # 50475-AAV5 ; http://addgene.org/50475;
RRID:Addgene_50475). AAV5-CAG-tdTomato (codon diversified) was a gift from Edward Boyden (Addgene plasmid # 59462-AAV5;
http://addgene.org/59462; RRID:Addgene_59462). AAV1.CMV.PI.LEGFP.WPRE.bGH was a gift from James M. Wilson (Addgene
plasmid #105530-AAV1 ; http://addgene.org/105545; RRID:Addgene_105530). AAV1.CMV.HIl.eGFP-Cre.WPRE.SV40 was a gift
from James M. Wilson (Addgene plasmid #105545-AAV1; http://addgene:105545; RRID:Addgene_105545). AAV1.CAG.Cre.m-
Cherry was purchased from SignaGen (SL101117). Immediately after injection, the skin was closed with 7 mm skin clips.

For in vitro studies of the effect of Munc13-KO on axon outgrowth, the left and right sciatic nerves were injected three weeks prior to
culture. For the in vivo DREADD experiment, AAV-hM4Di or tdTomato was injected into the left lumbar L3, L4, and L5 DRG of adult WT
mice three weeks prior to PNL and four weeks prior to SCI. Two weeks after SCI, AAV-GFP was injected into the left sciatic nerve to
trace dorsal column sensory axons. For in vivo imaging, AAV-hM4Di or tdTomato was co-injected with AAV-GFP (1:1 mixture) into the
L4 DRG of adult WT mice. For the Munc13-KO in vivo experiment, AAV-Cre-GFP was co-injected with AAV-GFP (1:1 mixture) or AAV-
GFP alone was injected into the left sciatic nerves of Munc13-1"" Munc13-25°K° Munc13-3K%/%® mice.

TeNT-P2A-mCherry construct

pAAV.CMV.PIL.TeTxLC.P2A.mCherry.WPRE.bGH was cloned using pAAV.CMV.PI.EGFP.WPRE.bGH plasmid (gift from James M.
Wilson ; Addgene plasmid #105530 ; http://addgene: 105530 ; RRID:Addgene_105530) with GFP being replaced by PCR products
of TeTxLC-P2A and mCherry. The backbone (digested with Notl and Hindlll to remove GFP) was assembled with the PCR products
using the NEBuilder HiFi DNA Assembly Master Mix (NEB, #E2621L). TeTxLC-P2A was amplified with upstream overhanging ends
from the backbone in the forward primer (CCTTTCTCTCCACAGGTGTCCAGGC) and downstream overhanging ends for mCherry in
the reverse primer (GTTATCCTCCTCGCCCTTGCTCACCAT) from pAAV.hSyn.FLEX.TeLC.P2A.dTomato (gift from Sandeep Datta ;
Addgene plasmid #159102; http://addgene.org/159102; RRID:Addgene_159102; Pashkovski et al., 2020; forward primer: CCTTT
CTCTCCACAGGTGTCCAGGCATGCCGATCACCATCAACAACTTCC ; reverse primer: GTTATCCTCCTCGCCCTTGCTCACCATAG
GACCGGGGTTTTC). MCherry was amplified with upstream overhanging ends for P2A in the forward primer (GAGACGTGGAAGAA
AACCCCGGTCCT) and downstream overhanging ends from the backbone in the reverse primer (GTAATCCAGAGGTTGATTGGA
TCCA,; forward primer: GAGACGTGGAAGAAAACCCCGGTCCTATGGTGAGCAAGGGCGAGG ; reverse primer: GTAATCCAGAGG
TTGATTGGATCCATTACTTGTACAGCTCGTCCATGC).

Spinal cord injury (SCI)

Mice were anesthetized via intraperitoneal injection of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg body weight). SCI
was performed similarly to as previously described (75). Briefly, a T11-T12 laminectomy was performed and the spinal cord was
crushed with modified #5 forceps (Dumont, FST) to sever dorsal column axons completely. Mice were transcardially perfused
with 20 mL of PBS containing 10 U/ml Heparin followed by 40 mL of 4% paraformaldehyde one to four weeks following injury. Tissue
was then post-fixed in 4% paraformaldehyde overnight and washed 5 times in PBS.

DREADD experiments

Three weeks after DRG injections, mice were anesthetized with isoflurane and a left PNL or sham operation performed as described
above. Immediately following PNL or sham operation, the mouse was intraperitoneally injected with 0.1 mg/kg clozapine dihydro-
chloride (HB6129; HelloBio) and returned to their homecage where clozapine (1 mg / 200 ml) was delivered via drinking water.
The drinking water containing clozapine was replenished every 3-4 days until endpoint.

Baclofen SCI experiments

Two different SCI experiments were conducted to assess the regenerative efficacy of Baclofen. In both experiments, adult mice were
randomized into treatment groups and T12 dorsal column lesions were conducted as above. In the first experiment, one hour after
injury, mice were injected intraperitoneally with 10 mg/kg Baclofen (B5399, Sigma) or saline control. In Baclofen injected mice, Bac-
lofen was then administered via drinking water at a dosage of 1 mg/ml for four weeks until endpoint with water refreshed every
3-4 days. Sciatic nerve tracing with AAV-eGFP was conducted as above 2 weeks after injury and 2 weeks prior to endpoint. In
the second experiment, sciatic nerve tracing with AAV-eGFP was conducted as above immediately after T12 dorsal column lesion.
One hour after injury, mice were injected intraperitoneally with 5 mg/kg Baclofen (B5399, Sigma), 46 mg/kg Pregabalin (PGB; 3775,
Tocris), or saline control. Mice were then injected with 5 mg/kg Baclofen, 46 mg/kg PGB, or saline every 10-14 h morning and evening
for 2 weeks post-injury and then sacrificed.
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Whole-mount immunostaining

The dura of isolated adult mouse spinal cords was dissected off and the cords cut 5 mm rostral and 5 mm caudal to the lesion site.
Samples were permeabilized in PBS containing 0.2% Triton X-100, 2.3% Glycine, and 20% DMSO overnight at 37°C with 100 rpm
shaking, and then blocked in PBS containing 6% Normal Donkey Serum, 10% DMSO and 0.2% Triton X-100 overnight at 37°C with
100 rpm shaking. Samples were then incubated in primary antibody solution: 1x PBS containing 0.2% Tween-20, 0.01 mg/ml Hep-
arin, 5% DMSO, 3% Donkey serum, 1:500 Chicken anti-GFP (Abcam #ab13970) and 1:500 Rabbit anti-GFAP (DAKO #20334) at 37°C
with 100 rpm shaking for 3 days. Samples were washed 5x overnight in PBS containing 0.2% Tween-20, 0.01 mg/ml Heparin and
incubated in secondary antibody solution containing 1:300 Donkey anti-Chicken AlexaFluor 488 and 1:300 Donkey anti-Rabbit Alex-
afluor 594 at 37°C with 100 rpm shaking for 2 days. Samples were then washed 5x overnight in 1x PBS containing 0.2% Tween-20,
0.01 mg/ml Heparin and imaged in washing media.

Neuronal culture

L3-L5 DRG were dissected, collected and rinsed in ice-cold Hank’s balanced salt solution (HBSS, GIBCO) supplemented with 7 mM
HEPES. Ganglia were incubated in collagenase type IV (C1889, 1.25 mg/ml, Sigma) at 36.5°C for 90 min, washed three times in
DMEM/F12, and incubated in Trypsin (0.05%, GIBCO) at 36.5°C for 10 min. Ganglia were then washed three times in DMEM/F12
containing 5% fetal calf serum and 1% Penicillin/Streptavidin, then dissociated by repeated pipetting. For live-cell imaging, cells
were transferred to a 15 mL tube containing 2 mL of 15% BSA in DMEM/F12 and centrifuged at 900 rpm for 10 min. For all other
cell culture experiments, immediately after dissociation the cell suspension was filtered through a nylon cell strainer (70 um, BD Fal-
con) and centrifuged at 900 rpm for 5 minutes. For electroporation experiments, after centrifugation, the media was replaced with
20 ul of P3 primary cell nucleofector solution containing plasmid DNA and electroporated with the 4D Amaxa Nuclefector system
(program DC-100). Dissociated DRG neurons were electroporated with sequence verified CMV-tdTomato (4 ng; Addgene plasmid
# 30530; http://addgene.org/30530; RRID:Addgene_30530), pmaxGFP (4 nG, Lonza # V4XP-3024), CMV-Munc13-1-DDK (4 nug; Or-
igene plasmid #MR225156), CMV-Munc13-1-DN-GFP (4 ng), CMV-Munc13-1-H567K-GFP (4 pg), or CMV-Munc13-1-W464R-GFP
(4 ng) expressing plasmid DNA. Cells were then resuspended in DMEM/F12 supplemented with B-27, Glutamine, and Pen/Strep and
plated at low density on poly-L-lysine (1 mg/ml in borate buffer, Sigma) and laminin (5 ng/ml, Roche) coated dishes or coverslips and
incubated at 36.5°C in a humidified chamber containing 5% CO.. For live-cell imaging, cells were plated on 35 mm glass bottom
dishes (MatTek). For immunocytochemistry, cells were plated on 13 mm glass coverslips (Marienfeld). Cell media was refreshed
1-2 h after plating. In a subset of experiments, Baclofen (10-500 uM, Sigma, B5399), KCI (40 mM, Mettler Toledo, 51350072), Rosco-
vitine (20 uM, Sigma, R7772), GV-58 (20 uM, Sigma, SML1551), or vehicle (DMSO, Carl Roth, 4720.4) were added during cell media
replenishment 1 h after plating.

Immunocytochemistry

For morphometric analysis of DRG axon outgrowth and branching, cultures were fixed with 4% paraformaldehyde, 4% sucrose for
15 min, washed 3x with PBS, quenched for 10 min with 50 mM NH,ClI, washed 3 times with PBS, and extracted with 0.1% Triton X-
100 in PBS for 3 min. After being washed 3 times with PBS, the cells were blocked with 2% BSA, 2% FCS, and 0.2% fish gelatin in
PBS at room temperature for 1 h. After blocking, cells were incubated in the following antibodies depending on the experiment: Rab-
bit anti-glIl tubulin (1:500, Tuj1, MMS-435P, Covance), Mouse anti- Il tubulin (1:500, TUBBS3, 801201, BioLegend), chicken anti-GFP
(1:500, ab13970, Abcam); Rabbit anti-Red Fluorescent Protein (RFP, 1:1000, 600-401-379, Rockland), Rabbit anti-RIM1 (1:200, 140
0083, Synaptic Systems), Rabbit anti-RIM2 (1:200; 140 103, Synaptic Systems) and/or mouse anti-DDK (FLAG) (1:500, TA50011-100,
OriGene) in PBS containing 10% blocking solution at room temperature for 1 h. Cells were then washed 3x with PBS and incubated in
secondary antibodies (1:500) at room temperature for 30 min. Cells were then washed 3x with PBS, washed once with dH20, dried,
and mounted in Fluouromount (Sigma) on microscope slides.

For super-resolution microscopy, cultures were washed 3x with PBS and fixed with 4% paraformaldehyde in 0.1 M phosphate
buffer (PB) at room temperature for 30 min. Coverslips were washed 3x with 0.1 M PB and incubated in blocking buffer (0.1 M
PB, 10% donkey serum, 0.3% Triton X-100, 0.1% fish gelatin) for 45 min. Coverslips were then incubated in 0.1 M PB, 5% donkey
serum, 0.1% Triton X-100 containing primary antibodies for 1 h, washed 3x with 0.1 M PB, and incubated in 0.1 M PB, 5% donkey
serum, 0.1% Triton X-100 containing secondary antibodies for 30 min. Coverslips were then washed 3x with 0.1 M PB and mounted
in Fluouromount onto slides. The following primary antibodies were used: rabbit anti-Munc13-1 (1:1000, Synaptic Systems #126
103), mouse anti-BllIl tubulin (1:500, Tuj1, MMS-435P, Covance).

Immunohistochemistry on tissue sections

Fixed tissues were incubated in 30% sucrose at 4°C for 3 days. Tissues were embedded in optimum cutting temperature (OCT) com-
pound, frozen, cut into 20 um sections (CM3050S, Leica) onto SuperFrost glass slides, and stored at —80°C. Frozen slides were
thawed at room temperature (RT) for one h. Sections were washed in PBS for 5 min, and then blocked at RT with 10% normal donkey
serum (NDS) in PBS containing 0.1% Triton X-100 (PBST) for 1 h. Sections were incubated in PBST containing primary antibodies at
room temperature overnight. After washing the samples 3 x 5 min with PBS, sections were incubated with AlexaFluor conjugated
secondary antibodies (1:200, Invitrogen) for 2 h and then washed 3 x 5 min with PBS. Samples were then mounted in Fluromount
and stored at 4°C until imaging. Images were taken using an LSM700 confocal microscope (Zeiss). The following primary antibodies

e5 Neuron 710, 51-69.e1-e7, January 5, 2022


http://addgene.org/30530

Neuron ¢ CellP’ress

were used: Rabbit anti-RFP (1:1000, 600-401-379, Rockland), chicken anti-GFP (1:500, ab13970, Abcam), Guinea pig anti-NeuN
(1:200, ABN9OOP, Merck Millipore).

Microscopy

For in vivo imaging, mice were anesthetized via intraperitoneal injection of ketamine (100 mg/kg body weight) and xylazine (10 mg/kg
body weight). Vertebral level T12 was identified as the apex of the vertebral curvature, and small incisions were made parallel to the
spinal cord on both sides of the dorsal processes. A laminectomy was performed to expose the spinal cord under the T12 vertebrae
and the spinal cord was stabilized with spinal cord holders (Narishige) fixed to a custom-made 3D printed insert and clamped at the
vertebrae rostral and caudal to the laminectomy. A small incision of the spinal cord to a depth of 0.3 mm was made with 2 mm Cutting
Edge Vannas Spring Scissors (Fine Science Tools; #15000-03). Immediately thereafter (15-60 min after injury), intravital imaging was
performed with a multiphoton microscope (LSM 7MP, Zeiss) using a 0.80 NA 16x objective to verify that axons were lesioned. At
3 days post-injury, the lesion site was re-exposed and intravital imaging repeated.

For live-cell imaging, cells were mounted on an Apotome.2 (Zeiss) microscope equipped with an Ibidi heating system to maintain
the cells at 37°C and 5% CO, incubation. Images were taken with a 10x objective lens using the microscope’s differential interference
contrast (DIC) function every 10 min for 36 h. For morphological analysis of DRG axon growth and branching, images were taken
using an LSM 700 confocal microscope (Zeiss) with a 10x objective lens. For whole mount tissue imaging analysis, spinal cords
were imaged with an LSM 7MP (Zeiss) mounted with a 16x objective lens as previously described (Hilton et al., 2019). For super-
resolution microscopy, images were taken with an LSM980 system (Zeiss) equipped with a 40x objective lens using the system’s
Airyscan 2 function.

Electrophysiology

Whole cell patch-clamp recordings were used to characterize the impact of clozapine dihydrochloride on hM4Di-mCherry+ or
tdTomato+ dissociated DRG neurons. Cells were electroporated as above with 4 ng of hSyn-hM4Di-mCherry or CMV-tdTomato ex-
pressing constructs and plated on PLL and laminin-coated coverslips in DMEM/F12 for 2-7 days, with media refreshed every 2 days
until endpoint. Whole-cell current-clamp recordings were performed with a Multi-Clamp 700B patch-clamp amplifier (Axon Instru-
ments) and an Axon Digidata 1550B (Axon Instruments) digitizer controlled by Multiclamp and Clampex (MolecularDevices) running
under Windows. The electrophysiological data were sampled at intervals of 100 us (10 kHz). The recordings were low pass filtered at 2
kHz with a 4-pole Bessel-Filter. The cells were transferred from the culture medium to a Ringer solution containing (mM) 145 NaCl, 3
KCl, 1 MgCl, 1.5 CaCl2, 10 HEPES, 10 D-glucose (adjusted to pH 7.3 with NaOH). Freshly pulled borosilicate glass pipettes (3-6 MQ)
were filled with an intracellular solution containing (mM) 135 K-gluconate, 10 KCI, 10 HEPES, 0.1 EGTA, 2 MgClI2, 3 K-ATP, 0.3 Na-
GTP (adjusted to pH 7.2 with KOH). Recordings were carried out at 31-32°C controlled by Temperature Controller VIl (Luigs-Nemann)
in flowing Ringer solution. Resting membrane potential was measured in current clamp mode. Membrane input resistance was calcu-
lated based on voltage deflection in response to negative current injections.

Whole-cell voltage-clamp recordings were used to characterize the impact of Baclofen on voltage-activated calcium currents of
dissociated adult mouse DRG neurons. Cells were plated on PLL and laminin-coated coverslips in DMEM/F12 as above. To isolate
the Ca®* currents, a combination of pharmacological blockers and ion substitution was used. Transient voltage-gated Na* currents
were blocked by tetrodotoxin (TTX) (10~7-10~* M; T-550; Alomone). 4-Aminopyridine (4-AP) (4 x 10~ M; A78403; Aldrich) was used
to block transient K* currents (IA) and tetraethylammonium (TEA) (2 x 10~2 M; T2265; Sigma-Aldrich) was used to block sustained K*
currents (Ik(V)) as well as Ca®*"activated outward currents (Io(Ca)). A test pulse to 0 mV every 10 s was executed to visualize the ampli-
tude over time, Baclofen (100 uM, Sigma) was applied, and test pulses were applied to assess Ca%* current amplitude. Calcium cur-
rent amplitudes were normalized to the average amplitude during the 10 s prior to Baclofen administration. The linear time dependent
rundown of the calcium current amplitudes was compensated by subtracting a linear fit from the amplitudes over time.

Protein extraction and immunoblotting

DRG were dissected, rinsed in ice-cold HBSS supplemented with 7 mM HEPES and snap frozen in liquid nitrogen. The samples were
ground with a micropistille in liquid nitrogen and lysed on ice in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris-HCI pH 8.0,
150 mM NaCl, 1% Triton X-100, 0.25% sodium deoxycholate, 0.1% sodium dodecyle sulfate) containing phosphatase (phosSTOP,
Roche) and protease inhibitors (Complete, Roche), then centrifuged. 5 pg of protein lysates were fractionated by 10%-12% SDS-
polyacrylamide gel electrophoresis (PAGE). The samples were then transferred to a polyvinylidene difluoride (PVDF, Millipore) mem-
brane and stained with Ponceau S (Sigma) to confirm loading mass consistency between samples. The samples were then blocked
with 5% non-fat milk and 5% normal goat serum in TBS-T or 3% BSA in TBS-T at RT for 40 min, probed with Rabbit anti-Munc13-1,
RIM1, RIM2, or Mouse anti-VAMP2 antibody as well as Rabbit anti-TUJ1 antibody at RT for 3 h, washed 3x in TBS-T and incubated
with horseradish peroxidase conjugated secondary antibodies (1:20000, GE Healthcare) for 40 min. For protein detection, the mem-
brane was incubated with SuperSignal West Pico PLUS Chemiluminescent Substrate or SuperSignal West Dura Extended Duration
Substrate solution. The following primary antibodies were used: anti-VAMP2 (1:1000, Synaptic Systems #104 211, mouse mono-
clonal), anti-Munc13-1 (1:2000, Synaptic Systems #126 103, rabbit polyclonal), anti-RIM1 (1:500; Synaptic Systems #140 003, rabbit
polyclonal), anti-RIM2 (1:500; Synaptic Systems #140 103, rabbit polyclonal), anti-tuj1 (1:10000, Sigma #T2200, rabbit polyclonal).
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Transcriptomic analysis

Transcriptomic analysis was performed on bulk RNA-Seq of the DRG using a previously published dataset (GEO: GSE66128) (Te-
deschi et al., 2016). Rank-rank hypergeometric overlap analysis was conducted with RRHO2 (Cahill et al., 2018) on the datasets
to compare gene expression patterns with conditioning (PNL versus Sham), embryonic development (E12.5 versus E17.5), and
time in culture (6 h versus 12 h, 24 h, 36 h). Genes encompassed in the Gene Ontology (G0):0045202 term “synapse” (n = 1459)
were quantified and triplicate experiments were statistically compared at 06h versus 36 h in culture. The normalization of original
expression matrix and differential gene expression analysis were conducted using DESeq2 (Love et al., 2014). Differentially ex-
pressed genes (n = 517) were screened with a cut-off of FDR-adjusted p < 1*10~° and a threshold of FDR = 0.001. To visualize expres-
sion changes in each of the three paradigms: 6 h, 12 h, 24 h, and 36 h in culture; PNL versus sham; and E12.5 versus E17.5, the
normalized expression matrix was processed with a regularized-logarithm transformation to stabilize variance across the mean
and the mean was subtracted from the transformed expression value. The associated heatmaps were generated with pheatmap
(Kolde, 2015). Gene ontology enrichment analysis was performed on the genes found to be upregulated at E17.5 versus E12.5
and downregulated at 36 h in culture versus 6 h in culture using clusterProfiler (Yu et al., 2012). p value cutoff was 0.01 and g-value
cutoff was 0.05. To reduce the redundancy of enriched GO terms, clusterProfiler::simplify was used with cutoff = 0.6. The above anal-
ysis and data visualization were conducted in R version 4.0.0 (https://www.r-project.org/). Gene ontology enrichment analysis was
also performed on synaptic genes upregulated and downregulated at 6 h versus 36 h in culture using SynGO (https://syngoportal.
org/) using brain expressed genes as background (Koopmans et al., 2019).

Imaging analysis

For live-cell imaging, the longest axon of each neuron was identified at t = 36 h and its growth rate analyzed by comparing the length
at each time point. Axon growth velocity was binned into 12 h increments for each neuron. For morphological analysis of DRG axon
growth and branching, the length of the longest axon and frequency of branches were calculated using ImagedJ (NIH) and the Simple
Neurite Tracer plugin (Longair et al., 2011). Puncta detection was performed using Imaris software (Bitplane, Zurich, Switzerland),
versions 8 or 9 similarly as to previously described in detail (Reitz et al., 2021). Super-resolution image stacks were imported into
Imaris and in the fluorescence channel corresponding to Munc13-1 immunolabeling, a spots detection function was applied with
an XY diameter of 0.2 pm and background subtraction selected. The volume of the cell was calculated by applying a surface function
in the fluorescence channel corresponding to Tuj1 immunolabelling, and the # of puncta / pm® was calculated by dividing the total
number of Munc13+ puncta by the Tuj1+ volume. For whole mount tissue imaging analysis, tiled z stack images were 3D rendered
using Imaris 9.1.2 (Bitplane). The injury site was identified as the middle of the GFAP negative area and axons were manually anno-
tated using the Imaris spot function. The number of regenerating axons at different distances from the lesion site was normalized to
the number of annotated axons 200 pm — 400 um caudal to the injury site. Mice with incomplete lesions based on axon morphology
and the absence of a GFAP- area were excluded from analysis. For in vivo imaging, axon branchpoints were established as
landmarks in the caudal spinal cord and used to verify the lesion epicenter to measure axon regeneration. For super-resolution
microscopy, Z stack images were 3D rendered using Imaris 9.1.2 (Bitplane). 3D cell volume was calculated by using Imaris’ Surface
function based on Tuj1 immunoreactivity.

Statistical analysis

Except when indicated, statistical tests were performed using GraphPad Prism version 8.0 software. Homogeneity of variance was
tested for using Bartlett’s test. Normality was tested for using the Shapiro-Wilk test. Statistical analysis was performed using one-
way analysis of variance (ANOVA) followed by Tukey’s post-test or by using a two-tailed unpaired Student’s t test or a Wilcoxon
matched-pairs signed rank test as indicated in the figure legends. For in vivo regeneration experiments, statistical analysis was per-
formed by permutation test using a custom script implemented in Python (2.7.3 version) (https://pypi.org/pypi/permutation_test).
Statistical significance was set at p < 0.05.
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