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Background: Axon regeneration following nerve injury depends on activation of mTOR.
Results: Nerve injury increases the expression of syntaxin13 in an mTOR-dependent manner.
Conclusion: Injury-induced synthesis of syntaxin13 is important for axon regeneration.
Significance: Learning which proteins are synthesized via mTOR in injured nerves is crucial to our understanding of regener-
ative mechanisms in peripheral neurons.

Injured peripheral neurons successfully activate intrinsic sig-
naling pathways to enable axon regeneration. We have previ-
ously shown that dorsal root ganglia (DRG) neurons activate the
mammalian target of rapamycin (mTOR) pathway following
injury and that this activity enhances their axon growth capac-
ity. mTOR plays a critical role in protein synthesis, but the
mTOR-dependent proteins enhancing the regenerative capacity
of DRG neurons remain unknown. To identify proteins whose
expression is regulated by injury in an mTOR-dependent man-
ner, we analyzed the protein composition of DRGs from mice in
which we genetically activated mTOR and from mice with or
without a prior nerve injury. Quantitative label-free mass spec-
trometry analyses revealed that the injury effects were corre-
lated with mTOR activation. We identified a member of the sol-
uble N-ethylmaleimide-sensitive factor attachment protein
receptor (SNARE) family of proteins, syntaxin13, whose expres-
sion was increased by injury in an mTOR-dependent manner.
Increased syntaxin13 levels in injured nerves resulted from local
protein synthesis and not axonal transport. Finally, knockdown
of syntaxin13 in cultured DRG neurons prevented axon growth
and regeneration. Together, these data suggest that syntaxin13
translation is regulated by mTOR in injured neurons to promote
axon regeneration.

Recovery from a peripheral nerve injury can be relatively suc-
cessful because the injured neurons activate intrinsic signaling
pathways to enable axon regeneration (1). Defining the signal-
ing pathways and protein ensembles that are up-regulated after
injury will not only provide new information on regenerative
growth but also support novel approaches to promote func-
tional recovery following nerve injury.

Initially described as chromatolysis or cell body reaction,
injury to peripheral nerves triggers a series of morphologic and
biochemical changes in neuronal cell bodies (2, 3), including
increases in RNA content and in the rate of protein synthesis (4,
5). The molecular mechanisms controlling the protein synthe-
sis machinery include the evolutionarily conserved mammalian
target of rapamycin (mTOR),5 which integrates upstream sig-
nals to control cellular growth and proliferation. Previously, we
showed that peripheral nerve injury robustly and transiently
activates mTOR and that blocking mTOR activity pharmaco-
logically reduces axon growth ability (6). Activating the mTOR
pathway by genetically silencing its negative regulators, such as
TSC2 in sensory neurons (6) or PTEN or TSC1 in adult CNS
neurons (7, 8), results in extensive axon regeneration. These
studies indicate that mTOR-dependent increase in protein syn-
thesis contributes to axon regeneration. Protein synthesis local-
ized in axons also plays a crucial role in promoting regenerative
growth by promoting growth cone formation and initiating the
retrograde transport of injury signals (9, 10). Together, these
studies demonstrate that increased protein synthesis is linked
to the ability of neurons to regenerate.

Given the importance of protein synthesis for axon regener-
ation, here we used a mass spectrometry approach to identify
proteins whose expression is regulated by injury in an mTOR-
dependent manner and to play a role in regenerative growth.
We analyzed the protein composition of dorsal root ganglia
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(DRG) neurons from mice in which we genetically activated
mTOR and from control mice with or without a prior injury.
Using semiquantitative proteomics, we show that the effect of
injury correlates with the effect of genetic mTOR activation.
We identified syntaxin13 as a protein whose expression is
increased by injury in an mTOR-dependent manner. Syn-
taxin13 is an integral membrane protein belonging to the
t-SNARE family, a group of proteins involved in membrane
fusion. Syntaxin13 plays a role in endosomal recycling of
plasma membrane constituents (11) and the formation of
lamellipodia during cell adhesion (12). Overexpression of syn-
taxin13 enhances neurite outgrowth in PC12 cells (13), suggest-
ing that a syntaxin13-dependent endocytic trafficking step
plays a role in neuronal development. We found that syn-
taxin13 levels were locally enhanced in the injured nerve via
local protein synthesis, and knockdown of syntaxin13 in cul-
tured DRG neurons markedly reduced axon growth and regen-
eration. Together, these data suggest that mTOR activity
enhances syntaxin13 expression in injured nerves to promote
axon regeneration.

EXPERIMENTAL PROCEDURES

Antibodies, Reagents, and Lentiviruses—The following anti-
bodies were used: anti-tuberin/TSC2 (C terminus, Santa Cruz
Biotechnology); anti-�-tubulin (Abcam); anti-syntaxin13 (Syn-
aptic Systems); anti-phosphorylated S6 ribosomal protein (ser-
ine 240/244, Cell Signaling), and anti-APP (N terminus, Milli-
pore). Syntaxin13 cDNA was received from H. Hirling (13) and
cloned into FUGW lentiviral vector to express the fusion pro-
tein GFP-syntaxin13. To knock down syntaxin13 without tar-
geting recombinant GFP-syntaxin13, we used a mouse shRNA
sequence targeting the syntaxin13 3�UTR (CCTGGCTTT-
GATGGCAAGATT). shRNA lentivirus was produced using
pLKO.1 constructs from The RNAi Consortium following the
manufacturer’s manual.

Animals—For experiments involving wild-type animals, C57B6
6 –9-month-old females were used. TSC2 conditional knock-
outs were obtained by crossing Tsc2flox/flox animals with Advil-
linCre/Cre, as described previously (6). Genotypes were con-
firmed by tail PCR at weaning age. Littermate controls were
used for all experiments.

Surgical Procedures, Drug Treatment, and Sample Prepa-
ration—All surgical procedures were approved by the Wash-
ington University in St. Louis, School of Medicine Animal Stud-
ies Committee. Sciatic nerve injury experiments were per-
formed as described previously (15). Briefly, the sciatic nerves
of mice were ligated unilaterally at the midpoint, and mice were
sacrificed at the indicated time after surgery. Rapamycin was
delivered by intraperitoneal injection at 5 mg/kg body weight.
Rapamycin was dissolved in 200 �l of DMEM from a 10 mg/ml
stock solution in dimethyl sulfoxide. An equivalent volume of
dimethyl sulfoxide was dissolved into 200 �l of DMEM for vehi-
cle control. Intraperitoneal injection was performed 1 h before
sciatic nerve ligation. Animals were sacrificed, and DRGs and
nerves were dissected 24 h following ligation. For other chem-
ical treatments, sciatic nerves were soaked with chemicals dis-
solved in DMSO in Surgifoam (Johnson & Johnson) 30 min
prior to injury as described (15). Drug concentrations were as

follows: cycloheximide, 1 mM, 100 �l; nocodazole, 0.33 mM,
100 �l.

For biochemical studies on DRG cell bodies, L4 and L5 DRGs
were dissected from both the injured side and the control con-
tralateral uninjured side. For biochemistry on the sciatic nerve,
equal lengths (3 mm) of the proximal and distal parts were
homogenized in lysis buffer (20 mM Tris-HCl, pH 7.5, 150 mM

NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton X-100, 2.5
mM sodium pyrophosphate, 1 mM �-glycerophosphate, 1 mM

Na3VO4, 1 �g/ml leupeptin) with phosphatase inhibitor mix-
tures 1 and 2 (Invitrogen). DRGs were also lysed in this buffer.
Equal protein amounts (10 �g) were loaded and analyzed by
SDS-PAGE and Western blot.

For immunohistochemistry, mouse sciatic nerves were dis-
sected, fixed in 4% paraformaldehyde in PBS for 1 h, incubated
overnight in 30% sucrose in PBS, embedded in OCT solution
(Tissue-Tek), and frozen in dry ice-cooled methylbutane. Lon-
gitudinal sections of fixed sciatic nerves were stained with syn-
taxin13 antibodies.

Mass Spectrometry Analysis—Protein samples (5 �g) of DRG
extracts were separated by SDS-PAGE and stained with Coo-
massie, and the gel lanes were then sliced into nine different
pieces. Each gel piece was digested with trypsin, and the result-
ing peptides were analyzed using the LC-MS/MS method on an
Orbitrap XL instrument (ThermoFisher Scientific, Bremen,
Germany), interfaced with a NanoAcquity LC system (Waters).
Survey scans were acquired in the Orbitrap MS using a mass
resolution of 60,000. Six MS/MS scans were acquired in the ion
trap for each survey scan.

Peptide identification was obtained by use of an in-house
Protein Prospector search engine (16, 17). The search parame-
ters included the following: enzyme specificity � trypsin;
allowed missed cleavages � 1; fixed modification � carbam-
idomethylation; variable modifications � acetylation on pro-
tein N terminus, glutamine on peptide N-terminal to glutamic
acid, methionine loss from protein N terminus, methionine loss
from protein N terminus and acetylation, methionine oxida-
tion, serine and threonine phosphorylation; maximal number
of variable modifications � 2; parent mass tolerance � 20 ppm;
fragment mass tolerance � 0.6 Da; peptide expectation cut-
off � 0.05. The match of the decoy database sequences indi-
cated that the false discovery rate for the expectation cutoff
value is about 0.09%.

Label-free quantification was performed using an extracted
ion chromatogram algorithm. We adapted a label-free quanti-
fication portion of a data processing pipeline developed for pro-
tein turnover studies (18). For particular peptides of interest,
manual extraction of ion chromatograms was performed using
the instrument software (Xcalibur from ThermoFisher Scien-
tific, San Jose, CA).

Proteomic Data Analysis and Clustering—Proteomic data
were further analyzed using hierarchic cluster analyses via
Euclidean metrics for distance assessment and Ward minimum
variance for linkage (19, 20). For subclustering reasons, we used
an average linkage algorithm. Amalgamation curves were
employed to estimate cluster number and to supervise reclus-
tering. At each step of the hierarchic clustering, the data were
validated using the root mean square deviation of the cluster,
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and pseudo-F ratio, pseudo T-square estimation, and Dunn’s
cluster separation maximum group assessment methods. For
gene ontology, we used the David bioinformatics server tool
with the following parameters: medium classification strin-
gency, � similarity � 3; final group membership of at least 3;
and enrichment threshold 1.0; out of 9 gene ontology clusters
revealed, four clusters satisfied the 1.0 enrichment threshold
(vesicle associate protein, score 3.19; nucleotide biosynthesis-
related cluster, score 1.66; endoplasmic reticulum-associated
proteins, score 1.16; nucleotide-binding proteins, score 1.09);
however, only the first cluster, vesicle associate protein, met the
false discovery rate threshold 5% requirement analysis.

DRG Culture, in Vitro Axotomy, and Regeneration Assays—
Mouse embryonic DRG spot cultures, in vitro axotomy, and
regeneration assays were performed as described previously
(15). Briefly, embryonic E13.5 DRGs were dissociated and
plated in a defined region with 104 cells/2.5 �l. Culture medium
was added 10 min after plating. DRG neurons were axotomized
using a blade (FST, 10035-10) at DIV7. For determination of
syntaxin13 levels in injured axons, vehicle or cycloheximide
was applied for 1 h prior to axotomy, and DRG neurons were
fixed and stained for �III-tubulin and syntaxin13 3 h after axo-
tomy. The ratio of fluorescence intensity between syntaxin13
and �III-tubulin was measured using ImageJ. For in vitro regen-
eration assay, DRG neurons were fixed 0 or 40 h after axotomy
and stained for �III-tubulin. Axons were visualized by fluores-
cence with a �10 objective (Nikon, TE2000E). A regeneration
index was calculated from the images acquired 40 h post axo-
tomy (15). Briefly, the fluorescence intensity of a square area
(2.7 � 0.1 mm) at 0.1 mm distal to the axotomy line was mea-
sured and normalized to the similar area 0.1 mm proximal to
the axotomy line. The number of regenerating axons crossing
the axotomy line was measured using ImageJ.

Statistics—Western blots were scanned and quantified by
ImageJ, and the t test was used for statistical analysis. For mul-
tiple comparisons, analysis of variance followed by Tukey tests
and t tests were used.

RESULTS

Changes in Protein Expression Induced by Nerve Injury Cor-
relate with Those Regulated by Genetic mTOR Activation—Pre-
viously, we showed that DRG neurons activate mTOR follow-
ing injury, and this activity enhances axon growth capacity (6).
Genetic up-regulation of mTOR activity by deletion of the neg-
ative regulator TSC2 in DRGs is sufficient to enhance axon
growth capacity (6). mTOR-dependent increase in protein syn-
thesis led to the up-regulation of the growth-associated protein
GAP-43 in injured sensory nerves (6). It seems likely that the
mTOR pathway regulates the translation of a number of other
proteins to maximize axon growth capacity. Hence, to identify
proteins associated with regenerative growth, we compared the
DRG proteome from mice in which we genetically activated
mTOR in DRG neurons or from mice that received a sciatic
nerve injury 4 days prior to DRG dissection. In theory, the
potential convergence of an injury-related signaling pathway
on mTOR activation should create similar protein expression
patterns in naive neurons lacking TSC2 and injured WT neu-
rons. To genetically activate mTOR in DRG neurons, we

deleted TSC2 in sensory neurons by crossing Tsc2flox/flox mice
to AdvillinCre/Cre, generating Tsc2flox/flox;AdvillinCre/� condi-
tional knock-out animals, hereafter referred to as TSC2KO (6).
Injury-induced activation of mTOR in wild-type (WT) mice
was achieved by performing a sciatic nerve ligation 4 days prior
to DRG dissection. We chose this time point because 4 days is
sufficient to promote the conditioning injury effect as well as to
enhance axon growth capacity (6). We then prepared DRG
extracts, separated proteins by SDS-PAGE, and performed in-
gel digest with trypsin. Peptides were analyzed by nanoLC-MS/
MS. Approximately 2700 proteins were identified in each sam-
ple. We performed automated label-free quantification by
using the mean peak area ratio as a measure of relative protein
abundance.

We then conducted correlative and cluster analyses between
protein expression patterns in TSC2KO versus noninjured WT
(WT�), as well as in injured WT (WT�) versus WT�. Because
mass spectrometry analysis identified different numbers of pro-
teins in WT�, TSC2KO, and WT� groups, we retained only
those proteins that were detected in both analytical groups for
evaluation, leading to 236 proteins for each group. Analysis of
the standard deviation distribution profile for each protein
indicated that there were less than 5% outliers beyond two
standard deviations for the proteins found in all groups. Pear-
son’s correlation analysis revealed a prominent all point posi-
tive correlation between the evaluated groups (r � 0.6) that was
reflected in an all point histogram and corresponding probabil-
ity density functions (Fig. 1A). Per point analyses revealed sig-
nificant deviations between protein expression patterns in
WT�/WT� and TSC2KO/WT� groups (Fig. 1B). Hierarchic
clustering analysis was then conducted to pinpoint the proteins
exhibiting the highest similarity in expression pattern between
WT�/WT� and TSC2KO/WT� (Fig. 1C). Using this strategy,
10 clusters were enriched, which passed validation algorithms
for the hierarchic clustering approach. Most of the clusters
revealed a similar behavior pattern, and the resemblance was
particularly prominent for clusters 1, 2, 4, 6, 7, and 9. To further
decrease the list of proteins being up- and down-regulated in a
similar fashion between WT�/WT� and TSC2KO/WT�
pairs, we set a threshold of �0.5-fold logarithmic scale change
(base of 2). This threshold corresponded to about 41% up-reg-
ulation and 29% down-regulation of protein expression in
WT�/WT� and TSC2KO/WT� pairs. These magnitudes of
change were found to be statistically significant using one sam-
ple one tail t test analysis. Thirty five down-regulated proteins
(clusters 1, 3, and 4; Table 1) and 23 up-regulated proteins (clus-
ters 6, 7, and 8; Table 2) passed the threshold of log2(protein
ratio) � �0.5. Further re-clustering of the down-regulated pro-
teins revealed four subclusters with a high similarity of behavior
in subclusters 1 and 3 (Fig. 1E). Re-clustering of the up-regu-
lated proteins revealed the existence of two uneven sized clus-
ters (Fig. 1D).

Although most clusters failed to be enriched to a specific
gene ontology category, one down-regulated protein subcluster
exhibited functional association with vesicle turnover impair-
ment. Furthermore, we found that the expression of RhoA, a
small GTPase known for its role in growth cone collapse and
outgrowth failure (21), was down-regulated in both WT�/
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WT� and TSC2KO/WT� comparison groups. Analysis of the
up-regulated proteins showed that the enhancement of protein
expression was very limited in both WT�/WT� and TSC2KO/
WT� comparison groups. This relatively limited enhancement
in protein expression could result from the complexity of DRG
tissue, containing neurons and non-neuronal cells as well as
connective tissue, which decreases the sensitivity of our pro-
teomics analysis and thus limit the identification of low abun-
dant neuronal protein. Nevertheless, a close analysis of two
enriched clusters in the up-regulated proteins groups revealed

that two proteins, the SNARE protein syntaxin13 and superox-
ide dismutase, were increased in both WT�/WT� and
TSC2KO/WT� comparison groups. This analysis indicates
that genetic activation of mTOR leads to changes in protein
expression in DRG that partially overlap with those induced by
a prior nerve injury.

Genetic mTOR Activation in Sensory Neurons Increases Syn-
taxin13 Levels—We decided to focus our study on syntaxin13
because this protein plays a role in neurite outgrowth in PC12
cells (13). Furthermore, syntaxin13 localizes to the recycling

FIGURE 1. Protein expression pattern induced by nerve injury correlates with those regulated by genetic mTOR activation. A, correlation of protein
expression pattern changes between noninjured WT (WT�) and injured WT (WT�) and TSC2KO/WT� pairs. Left panel, all point histogram of protein expression
level changes for WT�/WT�. Middle panel, Pearson’s pairwise correlation analysis. Right panel, all point histogram of protein expression level changes for
TSC2KO/WT�. r denotes correlation coefficient. All point color distribution and symbol assignment correspond to their subcluster as shown on C. B, protein
level fold change analysis of TSC2KO/WT� (red dots) versus WT�/WT� (black dots). The distribution shows the changes of a particular protein between two
pairs. C, hierarchic cluster analysis of protein expression pattern change in WT�/WT� and TSC2KO/WT� pairs. D, hierarchic cluster analysis applied to enriched
up- and down-regulated clusters (see in text) in WT�/WT� and TSC2KO/WT� pairs. The upper and lower panels depict differentially up- and down-regulated
clusters, respectively.
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endosome, a vesicular compartment that has been shown to
contribute to neurite outgrowth and axon regeneration (22–
24). In addition, the gene ontology cluster analysis revealed that
the vesicle associate protein group was enriched and met the
false discovery rate threshold 5% requirement analysis. Syn-
taxin13 (molecular mass of �37 kDa), also known as syntaxin12
(accession number Q9ER00, gene name stx12) (Fig. 1D), was
identified based on two peptides (LM(oxidation)NDFSSALN-
NFQVVQR m/z � 999.9886 z � 2, and its charged state z � 3,
and ISQATAQIK m/z � 480.280 z � 2) derived from tryptic
digestion of proteins extracted from gel slices corresponding to
25–37 kDa. The peptide quantification used for the data anal-
ysis described above revealed a peak area ratio of 2.34 in
KO/WT� pair, suggesting an �2-fold increase in syntaxin13
levels in KO mice compared with WT. To validate the pro-
teomic quantification, we analyzed syntaxin13 expression lev-
els in neurons lacking TSC2 using a biochemical approach. We
probed for syntaxin13 levels in DRG cell bodies from WT and
TSC2KO mice by Western blot. The level of syntaxin13 was
normalized to total �-tubulin (Fig. 2A). Extracts were also ana-
lyzed for TSC2 to test for the absence of TSC2 in TSC2KO DRG
cell bodies (Fig. 2A). In TSC2KO mice, DRG cell bodies dis-
played about a 2-fold increase in syntaxin13 levels compared
with WT (Fig. 2, A and B), consistent with our mass spectrom-
etry analysis. We also analyzed extracts of sciatic nerve, in
which DRG neurons project their axons. A residual level of
TSC2 can be observed in the nerve (Fig. 2C), probably due to the
presence of other cells, including Schwann cells. Similarly to the
DRG cell bodies, we observed an �2-fold increase in syntaxin13
levels. Because mTOR is genetically activated specifically in
sensory neurons (6), these results suggest that the observed
increase in syntaxin13 levels occurs in sensory axons.

Injury Increases Syntaxin13 Levels in the DRG Axons—Using
the same biochemical approach, we then validated whether
nerve injury increases syntaxin13 levels in WT DRG neurons.
In contrast to the mass spectrometry data, which suggested an
�2-fold increase in syntaxin13 levels in injured WT compared
with uninjured WT, we observed no significant change in syn-
taxin13 levels in WT DRG cell bodies following sciatic nerve
injury at the four time points tested (Fig. 3, A and B). This
apparent discrepancy could result from a proteomic quanti-
fication based on two peptides only. However, we observed
that syntaxin13 levels increased in the sciatic nerve 24 h after
injury on both the proximal and distal side (Fig. 3, C–E). This
increase in syntaxin13 levels on the proximal side persists up
to 4 days after injury (Fig. 3, D and E). We did not determine
the levels of syntaxin13 4 days after injury on the distal side
because the Wallerian degeneration process has started by
that time point, and hence overall protein levels are
down-regulated.

To determine whether the increase in syntaxin13 in injured
nerves occurs in axons or surrounding Schwann cells, we deter-
mined the localization of syntaxin13 in longitudinal sciatic
nerve sections. Immunofluorescence imaging revealed that fol-
lowing a 24-h crush injury, syntaxin13 localized partially with
�III-tubulin-positive axons (Fig. 4A). The ratio of syntaxin13 to
�III-tubulin levels was calculated and revealed a significant
injury-induced increase in syntaxin13 levels proximal to theT
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injury site (Fig. 4B). To further confirm that injury increases
syntaxin13 levels in axons, we used an in vitro DRG culture
model, in which DRG neurons were seeded within a defined

area, allowing their axons to extend in a nearly parallel manner
(“spot culture”), as described previously (Fig. 4C) (15, 25). DRGs
were immunostained 3 h following axotomy for �III-tubulin

FIGURE 2. Genetic mTOR activation increases syntaxin13 levels in DRG cell bodies and in sciatic nerve. A, DRGs from WT or TSC2KO mice were analyzed
by Western blot with the indicated antibodies. Duplicate samples are shown. Molecular weight is indicated on the right side of the Western blot panels. B,
quantification of syntaxin13 levels normalized to �-tubulin from A (n � 6 for each genotype, mean � S.D., **, p 	 0.01). C, sciatic nerves from WT or TSC2KO mice
were analyzed by Western blot with the indicated antibodies. Duplicate samples are shown. The low levels of TSC2 observed in TSC2KO sciatic nerve results
from the presence of Schwann cells in the nerve. Molecular weight is indicated. D, quantification of syntaxin13 level normalized to �-tubulin from C (n � 6 for
each genotype, mean � S.D., **, p 	 0.01).

FIGURE 3. Injury increases syntaxin13 levels in sciatic nerves. A, DRGs were dissected 1.5 h or 4 days following a sciatic nerve ligation (L) and analyzed by Western
blot with the indicated antibodies. The contralateral nerve was left unligated (UL) and served as a control. Molecular weight is indicated. B, quantification of syntaxin13
level normalized to �-tubulin from A (n � 6 for each condition, mean � S.D.). C, schematic illustration of the proximal (P) and distal (D) nerve segments analyzed. D,
proximal (P) and distal (D) segments of sciatic nerve were analyzed by Western blot with the indicated antibodies 1.5 or 24 h following a sciatic nerve ligation. The
contralateral nerve was left unligated (UL) and served as a control. Molecular weight is indicated. E, quantification of syntaxin13 level normalized to �-tubulin from C
(n � 6 for each condition, mean � S.D., **, p 	 0.01). The syntaxin13/tubulin ratio was set to 1 in the unligated samples.
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and syntaxin13 (Fig. 4D). The ratio of �III-tubulin and syn-
taxin13 was calculated (Fig. 4E). Axotomy increased the levels of
syntaxin13 proximal to the axotomy site compare with uninjured
control axons. We also tested whether this increase in syntaxin13
required protein synthesis, and we observed that in the presence of
the protein synthesis inhibitor cycloheximide the level of syn-
taxin13 in axons was similar to nonaxotomized neurons (Fig. 4, D
and E). These experiments suggest that the accumulation of syn-
taxin13 in injured nerve segments proximal to the injury site
occurs in axons and requires protein synthesis.

Local Protein Synthesis Increases Syntaxin13 Levels in Injured
Nerves—The observed increase in syntaxin13 levels in the
nerve, but not in DRG cell bodies, may result from either local
axonal protein synthesis at the site of injury or anterograde
axonal transport of newly synthesized protein from the cell
body to the site of injury. To distinguish between these two
possibilities, we first tested whether inhibiting mTOR activity
affected the changes in syntaxin13 levels following nerve injury.
Intraperitoneal injection of rapamycin, an mTOR inhibitor, 1 h

prior to injury blocked the increase in syntaxin13 levels in nerve
segments proximal to the injury site and decreased syntaxin13
levels in uninjured nerves (Fig. 5, A and B). As a control for the
effectiveness of rapamycin, we observed the expected decrease
in phosphorylation levels of the ribosomal protein S6 (p-S6), a
known downstream target of mTOR activity required for pro-
tein synthesis (Fig. 5A). Similarly, in the presence of the protein
synthesis inhibitor cycloheximide, delivered locally to the
nerve, we observed reduced levels of syntaxin13 in the unli-
gated nerve, and injury failed to increased syntaxin13 levels
(Fig. 5, C and D). We then tested whether blocking axonal
transport by destabilizing microtubules with nocodazole affects
syntaxin13 levels. Nocodazole treatment had no significant
effect on syntaxin13 levels in injured nerves (Fig. 5, E and F),
whereas it decreased the levels of APP, a known anterogradely
transported protein (26), used a positive control for the
effectiveness of nocodazole treatment. Together with the
observation that syntaxin13 mRNA is present in adult DRG
axons (27), these experiments suggest that the accumulation of

FIGURE 4. Injury increases syntaxin13 levels in DRG axons. A, longitudinal sections of sciatic nerves from WT mice without (top panel) or with a 24-h crush
injury (bottom panel) were stained for syntaxin13 and �III-tubulin (TUJ1). Arrows point to �III-tubulin axons containing syntaxin13 on the proximal side of the
crush. Scale bar, 200 �m. B, ratio of syntaxin13 to �III-tubulin levels was calculated and revealed a significant injury-induced increase in syntaxin13 levels (n �
9 for each condition, mean � S.D., *, p 	 0.05). C, schematic illustration of the DRG spot culture system and the axon area analyzed. D, DIV7 DRG neurons were
treated with cycloheximide (CHX, 1 mM) or vehicle (DMSO) for 1 h prior to axotomy (Ax), fixed, and stained for syntaxin13 and �III-tubulin. Scale bar, 100
�meters. Yellow arrows indicate the axotomy line. E, quantification of D. The ratio of �III-tubulin to syntaxin13 was calculated (n � 5 for each condition. **, p 	
0.01, mean � S.D.).
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syntaxin13 in injured nerve segments proximal to the injury site
results from local protein translation.

Syntaxin13 Is Required for Axon Growth and Regeneration—
The role of local protein synthesis in axon regeneration has
been well established (9), and our data suggest that syntaxin13
is expressed in axons following injury. To further study the role
of syntaxin13 in response to nerve injury, we first tested
whether reducing syntaxin13 levels affects DRG axon growth
ability. Embryonic DRG neurons were cultured and infected
with lentivirus encoding scrambled shRNA control (con-
trol), syntaxin13 shRNA (KD), or syntaxin13 shRNA and
GFP-syntaxin13 (KD/OE) 3 days after plating and analyzed
by Western blot 4 days after infection. The levels of syn-
taxin13 were significantly reduced following infection with
shRNA targeting syntaxin13; GFP-syntaxin13 was expressed
at levels similar to that of endogenous syntaxin13 (Fig. 6A).
To monitor axon growth, DRG spot cultures (15, 25) were
infected with syntaxin13 shRNA or scrambled control, fixed,
and stained for �III-tubulin. When syntaxin13 was knocked

down at DIV1, axon growth was severely impaired (Fig. 6, B
and C), consistent with the role of syntaxin13 in neurite
elongation in PC12 cells (13).

To be able to study the role of syntaxin13 in axon regenera-
tion, we infected DRG neurons on DIV3, a time in which axons
have grown up to 500 �m away from the cell body, and we
performed axotomy at DIV7. We visualized axon re-growth by
staining DRG neurons with �III-tubulin after in vitro axotomy
(Fig. 6D). In these conditions, axon growth at the time of axo-
tomy was similar in control, syntaxin13 shRNA (KD), and syn-
taxin13 shRNA plus GFP-syntaxin13 (KD/OE) (Fig. 6D, upper
panel, 0 h). To assess the regenerative capacity of injured axons,
a regeneration index was calculated from the images acquired
40 h post axotomy. Axotomized axons displayed robust regen-
eration, whereas syntaxin13 knockdown suppressed axon
regeneration (Fig. 6, D and E). GFP-syntaxin13 expression res-
cued the axon regeneration defects (Fig. 6, D and E). These
results suggest that syntaxin13 is required to promote axon
growth and regeneration in DRG neurons.

FIGURE 5. Local protein synthesis increases syntaxin13 levels in injured nerves. A, sciatic nerves were ligated in the presence of vehicle or rapamycin, and
the proximal nerve segment was analyzed by Western blot 24 h later. Molecular weight is indicated. Phosphorylated ribosomal protein S6 (p-S6) is used as a
control for the inhibitory effect of rapamycin. B, quantification of syntaxin13 levels normalized to �-tubulin from A (n � 6 for unligated (UL) and ligated (L) with
vehicle, n � 4 for ligated with rapamycin, mean � S.D., *, p 	 0.05). C, sciatic nerves were ligated in the presence of vehicle or cycloheximide (CHX, 1 mM), and
the proximal nerve segment was analyzed by Western blot 24 h later. APP is used as control for anterogradely transported molecule. Molecular weight is
indicated. D, quantification of syntaxin13 levels normalized to �-tubulin from C (n � 4 for each condition, mean � S.D., **, p 	 0.01). E, sciatic nerves were
ligated in the presence of vehicle or nocodazole, and the proximal nerve segment was analyzed by Western blot 24 h later. APP is used as control for
anterogradely transported molecule. Molecular weight is indicated. F, quantification of syntaxin13 levels normalized to �-tubulin from E (n � 4 for each
condition, mean � S.D., ns, not significant).
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DISCUSSION

Although mTOR has been linked to axon regeneration (6 – 8,
28), its downstream translational targets functioning in injured
neurons have not been examined in detail. Moreover, whether
mTOR plays a role locally at the injury site or distantly in the
cell body remains unclear. Using a semiquantitative proteomic
approach to identify proteins whose expression is regulated by
injury, we show that the effect of injury correlates with the
effect of genetic mTOR activation. In addition, we found that
syntaxin13 expression increased in injured nerves in an mTOR-
dependent manner, likely via local protein translation. Syn-
taxin13 is required for axon regeneration, because knockdown
of syntaxin13 in cultured DRG neurons markedly reduced axon
growth and regeneration, and expression of recombinant syn-
taxin13 rescued the axon regeneration defects. Together, these
data suggest that syntaxin13 translation is regulated by mTOR
in injured axons to promote axon regeneration.

Cell Body and Axonal Roles for mTOR in Axon Growth and
Regeneration—The mTOR pathway has been implicated in the
control of growth cone dynamics and guidance during develop-
ment (29 –31), axon specification, and neuronal polarity (32,
33) and axon regeneration (6 – 8, 28). Our previous studies

showed that peripheral neurons activate mTOR in DRG cell
bodies in response to injury and that this increased mTOR
activity enhanced axon regeneration (6). Because mTOR and its
downstream components of the translational machinery, such
as P-S6K, PS6, P-4E-BP1, ribosomal-P0 and phospho-eIF-4E,
are also present in axons (28, 34), mTOR activity may also con-
tribute to the regulation of protein synthesis in adult axons.

We previously revealed that the increased level of the
growth-associated protein GAP-43 following injury is depen-
dent on mTOR activity (6). Interestingly, although GAP43
mRNA and proteins were shown to increase after nerve injury
in both DRG cell body and nerve (35, 36), we found that GAP43
levels were mainly increased in the nerve. Recent work showing
that only axonally targeted GAP-43 mRNA, but not cell body
restricted GAP-43 mRNA, is linked to elongated axonal growth
(37, 38) suggests that GAP43 axonal translation is controlled by
mTOR. Similar to GAP-43, we report here that increased syn-
taxin13 levels in injured nerves are mediated by mTOR activity.
Interestingly, syntaxin13 mRNA was recently identified as
a translational target of mTOR activity (39). This study found
that syntaxin13 mRNA is among the 100 transcripts whose
translation is most suppressed by mTOR inhibition (39).

FIGURE 6. Knockdown of syntaxin13 impairs axon growth and regeneration. A, DRG neurons were infected with scramble shRNA (control), syntaxin13
shRNA (KD), or syntaxin13 shRNA and GFP-syntaxin13 (KD/OE) 3 days after plating and analyzed by Western blot 4 days after infection. Molecular weight is
indicated. B, spot cultured embryonic DRG neurons were infected at DIV1 with control shRNA (control) or syntaxin13 shRNA (KD), fixed, and stained for
�III-tubulin at DIV7. Axon radial length was calculated. Scale bar, 500 �m. C, average radial length of B (n � 11 for each condition, mean � S.D., ***, p 	 0.001).
D, to measure in vitro axon regeneration, DRG were infected as in D but at DIV3 to allow axon growth prior to in vitro axotomy performed at DIV7. Control, control
shRNA; KD, syntaxin13 shRNA; KD/OE, syntaxin13 shRNA and GFP-syntaxin13. DRG were fixed and stained for �III-tubulin 0 or 40 h after axotomy. Yellow arrows
indicate the axotomy line. E, regeneration index was calculated 40 h after axotomy (n � 8 for each condition, mean � S.E., **, p 	 0.01). ns, not significant Scale
bar, 100 �m.
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Together with the fact that syntaxin13 mRNA is present in
adult DRG axons (27), these studies suggest that syntaxin13 is
locally translated in injured axons by mTOR-dependent mech-
anisms to promote axon regeneration. Interestingly, the
mRNAs for other members of the syntaxin family are also pres-
ent in adult DRG axons (27), including syntaxin4, which is
involved in lysosomal exocytosis and neurite outgrowth (40,
41). Multiple SNARE proteins may thus be locally translated
following axon injury. The recent finding that localized mTOR-
dependent translation of the small GTPase TC10 promotes
axon growth (42) further reveals the importance of mTOR-de-
pendent local protein synthesis in axon growth.

Axonal Protein Synthesis and Membrane Targeting—The
absence of ultrastructural evidence of ribosomes in axons has
raised the question as to how newly synthesized transmem-
brane proteins and resident endoplasmic reticulum proteins
can be properly targeted to organelles and axonal membranes.
Nonetheless, previous work has shown that axonally synthe-
sized protein can successfully be targeted to membranes (43,
44). Recent work showed that after injury the neural membrane
protein 35 (NMP35) is synthesized locally to increase axonal
outgrowth (45). Furthermore, the NF-protocadherin, a single
transmembrane protein, is translationally regulated in retinal
growth cones (46). The presence of vesicular endoplasmic
reticulum proteins suggests that a functional equivalent of the
rough endoplasmic reticulum and Golgi complex exists in
axonal compartments (47) and may account for targeting newly
synthesized protein to membranes. Indeed, axons possess com-
ponents of endoplasmic reticulum and Golgi and are capable of
local protein (48) and lipid synthesis (49). Merianda et al. (48)
also report that inhibition of Golgi function in isolated adult
DRG axons attenuates translation-dependent axon growth
responses and that the capacity for secreting locally synthesized
proteins in axons appears to be increased by injury. Similarly to
the local translation of NMP35, our results suggest that local
translation of syntaxin13 following injury is required for axon
growth.

Syntaxin 13 and the Recycling Endosome in Axon Growth and
Regeneration—Membrane trafficking pathways and especially
endocytosis are important for neurite outgrowth and guidance
during development (22–24, 50, 51). Syntaxin13 localizes to
recycling endosomes where it functions to recycle plasma
membrane constituents (11, 13, 52). Conceivably, injury-in-
duced increase of syntaxin13 levels may promote more efficient
recycling of integrins, which enhance sensory axon regenera-
tion by being transported in distinct recycling endosomal car-
goes (53–55). Because syntaxin13 was shown to localize to bi-
directionally moving recycling endosomes in hippocampal
axons (56) and peripheral sensory axons (57), it will be interest-
ing to determine whether integrin recycling requires syn-
taxin13 function.

Syntaxin13 could also play a role in resealing cut axons fol-
lowing axotomy, a process that requires both exo- and endo-
cytic events (23). Resealing requires vesicle fusion with the
plasma membrane, a process supported by an interaction
between the calcium-sensing synaptotagmin and the SNARE
machinery. As an endosomal SNARE, syntaxin13 may have a
role in this process as well.

Injury signaling is another important regulator of the neuro-
nal response to injury (10). Syntaxin13 localizes to bi-direc-
tional endosomes carrying the scaffolding protein JIP3 on their
surface (57), and JIP3 retrograde transport has been implicated
in the regenerative response (58, 59).

Finally, syntaxin13 may play a role in controlling local
signaling pathways induced by injury. Given that endocytic
organelles can play an active role in signal propagation and
amplification (60), perturbation of the endocytic pathway by
syntaxin13 levels may lead to decreased growth ability via the
alteration of essential signaling pathways. Further studies will
be needed to determine the molecular mechanisms that syn-
taxin13 utilizes to promote growth and regeneration of axons.
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