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Spinal cord injury (SCI) remains a devastating condition with poor prognosis and very limited treatment options. Affected
patients are severely restricted in their daily activities. Shock wave therapy (SWT) has shown potent regenerative
properties in bone fractures, wounds, and ischemic myocardium via activation of the innate immune receptor TLR3. Here,
we report on the efficacy of SWT for regeneration of SCI. SWT improved motor function and decreased lesion size in WT
but not Tlr3–/– mice via inhibition of neuronal degeneration and IL6-dependent recruitment and differentiation of neuronal
progenitor cells. Both SWT and TLR3 stimulation enhanced neuronal sprouting and improved neuronal survival, even in
human spinal cord cultures. We identified tlr3 as crucial enhancer of spinal cord regeneration in zebrafish. Our findings
indicate that TLR3 signaling is involved in neuroprotection and spinal cord repair and suggest that TLR3 stimulation via
SWT could become a potent regenerative treatment option.
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Introduction
In a recent study, we showed improvement of  locomotor function, a reduction of  degenerating neurons, 
and improved survival upon shock wave therapy (SWT) in a model of  spinal cord ischemia (1). How-
ever, spinal cord ischemia with sudden disruption of  spinal blood supply accounts for only a very small 
fraction of  spinal cord injuries (SCIs). In contrast, traumatic SCI represents a severe socioeconomic 
health burden, accounting for >90% of  all SCIs (2, 3). Traumatic SCI after severe impaction causes 
serious damage of  the spinal cord with (a) contusion injury and necrotic or apoptotic death of  neuronal 
cells; (b) release of  cytokines and toxins from injured glial cells, causing secondary damage in neigh-
boring cells and eliciting an inflammatory response, leading to (c) activation of  resident astrocytes and 
pericytes and recruitment of  peripheral immune cells and fibroblasts; and, (d) eventually, the formation 
of  glial and fibrotic scars at the damage site (4). TLRs are a part of  the innate immune system that 
mainly bind highly conserved sequences of  microorganisms. However, as ligand selectivity is relatively 
low, TLRs can recognize endogenous molecules released during inflammation and tissue damage (5). 
In particular, TLR3 has recently been characterized as a receptor activated by endogenous danger sig-
nals — mainly RNA — released upon tissue damage or cellular stress (5, 6). Sensing of  tissue damage 
and subsequent orchestration of  the inflammatory response via TLR3 might thus represent an innate 
mechanism of  tissue regeneration (7).

SWT has been described to induce tissue regeneration through stimulation of  the innate immune 
receptor TLR3 in skin, bone, tendons, and cardiac tissue (8–10). Here, we aimed to substantiate (a) the 
physiological role of  TLR3 in spinal cord repair after injury and (b) the efficacy of  TLR3 stimulation via 
SWT in traumatic SCI.

Spinal cord injury (SCI) remains a devastating condition with poor prognosis and very limited 
treatment options. Affected patients are severely restricted in their daily activities. Shock wave 
therapy (SWT) has shown potent regenerative properties in bone fractures, wounds, and ischemic 
myocardium via activation of the innate immune receptor TLR3. Here, we report on the efficacy 
of SWT for regeneration of SCI. SWT improved motor function and decreased lesion size in WT 
but not Tlr3–/– mice via inhibition of neuronal degeneration and IL6-dependent recruitment and 
differentiation of neuronal progenitor cells. Both SWT and TLR3 stimulation enhanced neuronal 
sprouting and improved neuronal survival, even in human spinal cord cultures. We identified tlr3 as 
crucial enhancer of spinal cord regeneration in zebrafish. Our findings indicate that TLR3 signaling 
is involved in neuroprotection and spinal cord repair and suggest that TLR3 stimulation via SWT 
could become a potent regenerative treatment option.
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Results
Improved locomotor function and decreased lesion size after treatment. To investigate the effect of  SWT on spinal 
regeneration, we used a model of  chronic spinal cord contusion injury in WT and Tlr3–/– mice and applied 
SWT 2 weeks after injury (Figure 1A). SWT markedly improved locomotor function in WT animals in 
comparison with untreated control animals, whereas SWT had no effect in Tlr3-deficient mice (Figure 1B). 
Analogously, SWT markedly extended the distance covered in WT but not in Tlr3–/– animals, as measured 
via automated open-field analysis (Figure 1C).

Previously, our group showed that SWT reduces scarring after myocardial infarction (10). To analyze 
whether SWT may decrease lesion size after SCI, we performed MRI of  the spinal cord (Figure 1D). MRI 
revealed a significant reduction of  lesion size 10 weeks after injury in SWT-treated WT mice compared with 
that in untreated controls (Figure 1E). SWT had no regenerative effect on the spinal cords in Tlr3-deficient 
animals. A finely tuned interplay between parasympathetic efferents from the sacral micturition center, pro-
viding excitatory signals for detrusor contraction, and somatic efferents from the pudendal nerve, inhibiting 
the external urethral sphincter, guarantees micturition. However, after SCI detrusor sphincter dyssynergia 
can cause neurogenic bladder dysfunction (11). As an incidental finding, we observed increased bladder 
volumes, reflecting a detrusor sphincter dyssynergia in control and Tlr3–/– animals, whereas SWT-treated 
animals had reduced bladder volumes (Figure 1F). In line with MRI findings, spinal cord sections revealed 
decreased lesion size in SWT-treated mice (Figure 2, A and B). Secondary damage upon SCI is character-
ized by a biochemical cascade resulting in neuronal degeneration and further loss of  function (12). SWT 
reduced the number of  degenerating neurons 72 hours and 10 weeks after treatment (Figure 2C). No benefi-
cial effect of  SWT on the number of  degenerating neurons was observed in Tlr3–/– mice (Figure 2, D and E).

TLR3 is neuroprotective in a model of  SCI in zebrafish. Zebrafish are characterized by a remarkable regen-
erative capacity, with robust axonal growth and, as a consequence, extensive restoration of  locomotor 
function; therefore, they represent a well-established model to investigate spinal cord regeneration (13–
15). As regeneration involves signaling processes conserved between mammals and fish (16), we aimed 
to further substantiate the importance of  TLR3 signaling for spinal cord protection in zebrafish. After 
a lesion was created on the spinal cord, larvae were left untreated (controls), exposed to an inhibitor of  
TLR3 signaling, or exposed to TLR3 agonist poly(I:C) (Figure 3A). We found evidence for enhanced 
neuroprotection after TLR3 stimulation: poly(I:C)–treated fish exhibited increased neuron volume with-
in the lesion area, whereas inhibition of  TLR3 signaling resulted in decreased neuroprotection (Figure 
3, B and C). In accordance, TLR3 stimulation improved locomotor activity after spinal cord lesion, 
whereas TLR3 inhibition resulted in impaired locomotion (Figure 3, D and E). These findings suggest 
TLR3-mediated neuroprotection after SCI in zebrafish.

SWT regulates IL-6 expression and promotes differentiation of  neuronal progenitor cells. To substantiate the under-
lying mechanisms of SWT for spinal cord repair, we treated cultured human neurons with SWT and performed 
RNA-Seq analysis thereafter. Genes with most significant regulation are depicted in Figure 4A: importantly, 
RNA-Seq analysis revealed induction of both IL-6 signaling as well as of neuronal differentiation. Thus, we 
hypothesized that SWT might promote recruitment and differentiation of neuronal progenitor cells (NPCs), 
possibly via IL-6. NPCs are a crucial source for newly forming neurons after injury, and IL-6 is pivotal for 
both postnatal recruitment and differentiation of NPCs (17). Moreover, IL-6 is upregulated upon TLR3 acti-
vation via TIR domain–containing adapter-inducing IFN-β (TRIF) and nuclear translocation of NF-κB (18) 
(Supplemental Figure 1; supplemental material available online with this article; https://doi.org/10.1172/jci.
insight.134552DS1). Indeed, SWT resulted in increased TLR3 expression (Figure 4B), with associated upreg-
ulation of TRIF (Figure 4C), IL-6 (Figure 4D), and IL-6 receptor (Figure 4E). To prove recruitment of NPCs 
in vivo, next we quantified cells positive for the neuroectodermal stem cell marker nestin in spinal cord sections 
after SWT (Figure 5A). We detected a significant increase of nestin-positive cells in SWT-treated animals, 
which by far exceeded those in sham-treated animals or controls (Figure 5B), indicative of either increased 
recruitment or possibly enhanced local proliferation of NPCs. To further substantiate a putative direct effect of  
SWT on progenitors, we isolated NPCs from spinal cords obtained from WT or Tlr3–/– mice for further in vitro 
testings. Isolated NPCs were positive both for nestin and Tlr3 (Figure 5, C and D). SWT as well as poly(I:C) 
treatment did not affect proliferation in both NPCs derived from WT and from Tlr3–/– mice (Figure 5E). How-
ever, both SWT and poly(I:C) exposure significantly enhanced NPC differentiation, profoundly increasing the 
number of cells that expressed the neuronal cell marker β III tubulin (Figure 5F). Importantly, the positive 
effect on neuronal differentiation of either poly(I:C) or SWT was TLR3 dependent (Figure 5G).

https://doi.org/10.1172/jci.insight.134552
https://insight.jci.org/articles/view/134552#sd
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SWT enhances neuronal sprouting, reduces apoptosis, and inhibits neuronal degeneration. We finally set out to 
determine which effects SWT may exert on primary murine neurons, as opposed to NPCs, that could bene-
ficially affect the reestablishment of  motoneuron and ultimately locomotor function after SCI. For this pur-
pose, we isolated dorsal root ganglia (DRG) neurons obtained from WT and Tlr3-deficient mice and exposed 
them to SWT or poly(I:C) treatment, respectively (Figure 6A). SWT improved viability of  WT but not 
Tlr3–/– neurons in an XTT assay, whereas poly(I:C) showed no effect (Figure 6B). Primary damage of  the spi-
nal cord upon injury is followed by a secondary damage. Release of  neurotoxic mediators triggers neuronal 
apoptosis and contributes to further extension of  the damage. Thus, limitation of  secondary damage exerts 
a benefit on spinal cord function after injury (19). Upon FCS starvation, SWT protected WT neurons from 
apoptotic cell death. Poly(I:C) treatment reduced neuronal apoptosis after starvation; however, the reduction 
was not significant (Figure 6C). Axonal sprouting is crucial for restoration of  spinal cord function after inju-
ry (20). SWT stimulated neuronal sprouting in WT cells, whereas it had no effect in Tlr3–/– cells. Poly(I:C) 
stimulation showed no effect on neuronal sprouting neither in WT or Tlr3–/– cells (Figure 6, D and E).

To confirm the neuroprotective SWT effects in tissue, we performed a murine spinal slice culture 
(Figure 7A). Consistently, both SWT and poly(I:C) significantly reduced the number of  degenerating 
neurons compared with untreated controls (Figure 7B). However, the protective effects were missing 
in cultures obtained from Tlr3–/– mice. To extend our investigation to a human model, we examined 
the effect of  SWT in human spinal slice cultures obtained from the middle or lower cervical segments 
of  the spinal cord (Figure 7C). SWT indeed reduced the number of  degenerating neurons in human 
tissue. In addition, a significant, albeit less pronounced effect was also observed upon addition of  the 

Figure 1. Improved locomotor function and decreased lesion size after treatment. (A) Mice were treated 2 weeks after spinal cord injury, and analy-
ses were performed 10 weeks after treatment. (B) Gait analysis revealed improved motor scores in SWT-treated WT animals compared with controls, 
whereas SWT had no effect in Tlr3-deficient mice. *P < 0.05. n = 4 (WT CTR), n = 6 (WT SWT), n = 7 (Tlr3–/– CTR), n = 5 (Tlr3–/– SWT). (C) Covered 
distance in automated open-field analysis was significantly increased by SWT of WT animals. SWT had no beneficial effect in Tlr3–/– mice.  
*P < 0.05, *** P < 0.001. n = 4 (WT CTR), n = 7 (WT SWT), n = 7 (Tlr3–/– CTR), n = 5 (Tlr3–/– SWT). (D) For quantification of lesion size, we performed 
MRI analysis of the spinal cord (original magnification, ×3.5, insets). (E) SWT resulted in a significant reduction of spinal cord lesion size 10 weeks 
after injury. There was no effect of SWT on lesion size in Tlr3–/– mice. **P < 0.01. n = 7 (WT CTR), n = 11 (WT SWT), n = 5 (Tlr3–/– CTR), n = 6 (Tlr3–/– 
SWT). (F) SWT resulted in decreased bladder volumes in WT but not Tlr3–/– mice. ***P < 0.001. n = 7 (WT CTR), n = 11 (WT SWT), n = 5 (Tlr3–/– CTR), 
 n = 6 (Tlr3–/– SWT). One-way ANOVA with Tukey’s post hoc analysis (B, C, E, and F). CTR, control; SWT, shock wave therapy.

https://doi.org/10.1172/jci.insight.134552
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TLR3 agonist poly(I:C) (Figure 7D). In summary, SWT markedly reduced neuronal degeneration in 
vitro, both in murine and in human tissue culture.

Discussion
The present study provides evidence that SWT holds significant potential as therapeutic approach for the 
treatment of  chronic SCI and presents mechanistic insight into its mode of  regeneration. SWT caused 
a significant improvement of  locomotor function compared with untreated controls. Here, we show 
for the first time to our knowledge a dramatic effect on the restoration of  motor function in a chronic 
model of  SCI. The beneficial effect of  SWT on locomotor function was reflected by, and presumably  

Figure 2. SWT reduces spinal cord damage and neuronal degeneration. (A and B) Histological sections of the lesion revealed decreased lesion 
size compared with untreated controls in H&E-stained sections. *P < 0.05. n = 7 (WT CTR), n = 11 (WT SWT), n = 5 (Tlr3–/– CTR), n = 6 (Tlr3–/– SWT). 
Scale bar: 100 μm. (C) Fluoro-Jade B staining of spinal cord sections obtained 72 hours or 10 weeks after treatment of WT or Tlr3-knockout mice. 
Scale bar: 25 μm. (D) SWT exerted a neuroprotective effect resulting in decreased neuronal degeneration 72 hours after treatment in WT mice. The 
beneficial effect was missing in Tlr3–/– mice. *P < 0.05. n = 7 (WT CTR), n = 11 (WT SWT), n = 5 (Tlr3–/– CTR), n = 6 (Tlr3–/– SWT). (E) WT mice exhibit-
ed significantly reduced numbers of degenerating neurons after treatment compared with untreated controls. Tlr3–/– animals did not benefit from 
SWT. n = 7 (WT CTR), n = 11 (WT SWT), n = 5 (Tlr3–/– CTR), n = 6 (Tlr3–/– SWT). One-way ANOVA with Tukey’s post hoc analysis (B, D, and E). CTR, 
control; SWT, shock wave therapy; FJB, Fluor-Jade B.

https://doi.org/10.1172/jci.insight.134552
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functionally linked to, decreased spinal lesion size after treatment. Reduction of  secondary damage 
has been proposed as a key approach for spinal cord regeneration (20). At least to some extent, this 
may be the result of  a reduction of  degenerating neurons, an effect seen as early as 72 hours after treat-
ment and persisting for 10 weeks. Importantly, we have the first evidence to our knowledge for a neuro-
protective effect in human spinal cord tissue. As an incidental finding, we observed decreased bladder 
volumes after SWT, indicating alleviation of  detrusor sphincter dyssynergia. Underlying mechanisms 
for the observed phenomenon remain unclear and should be addressed in future studies.

We also report some genuine cell-intrinsic alterations, such as enhanced differentiation in cultures 
of  mouse NPCs and enhanced neuronal sprouting, diminished apoptosis, and stimulated proliferation 
in cultures of  mouse primary neurons. Most of  these effects could not be mimicked by poly(I:C) expo-
sure but were strictly dependent on TLR3. Both TLR3 stimulation as well as SWT have been described 
to induce release of  growth factors, including VEGF, FGF, and NGF (10, 21). Consistently, we observed 
upregulation of  VEGF and its receptor VEGFR2 (Supplemental Figure 2). We therefore presume that 
at least some of  the regenerative effects might be due to the induction of  angiogenesis.

Both in vitro as well as in vivo data strongly suggest the involvement of  TLR3 signaling in spinal 
cord regeneration, in line with previous findings on cardiac regeneration (22, 23). TLR3 is expressed 

Figure 3. TLR3 is neuroprotective in a zebrafish spinal cord injury model. (A) After spinal cord injury zebrafish were treated with TLR3 agonist 
poly(I:C) or TLR3 inhibitor. (B) Representative images showing a neuroprotective effect of TLR3 stimulation after spinal cord injury. Scale bar: 50 μm 
(bottom); 500 μm (top). (C) We found significantly increased neuron volumes in poly(I:C)–treated fish, whereas pharmacological inhibition of TLR3 
resulted in decreased neuroprotection. ****P < 0.0001. n = 117 (CTR), n = 127 (poly(I:C)), n = 98 (TLR3-INH). (D) Swimming distance of the zebrafish 
after TLR3 stimulation or inhibition was quantified. Scale bar: 1 cm. (E) TLR3 stimulation improved locomotor activity after spinal cord lesion, and 
TLR3 inhibition resulted in impaired locomotion in zebrafish. ****P < 0.0001. n = 64 (CTR), n = 67 (poly(I:C)), n = 73 (TLR3-INH). One-way ANOVA with 
Tukey’s post hoc analysis (C and E). CTR, control; TLR3-INH, TLR3 inhibitor.

https://doi.org/10.1172/jci.insight.134552
https://insight.jci.org/articles/view/134552#sd
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throughout the entire spinal cord tissue, including microglia, astrocytes, oligodendrocytes, and neu-
rons (24). TLR3 stimulation releases neuroprotective mediators on astrocytes (21). Further studies are 
needed to elucidate whether TLR3-mediated SWT effects are mainly attributed to one specific cell 
type within the spinal cord or whether they represent an interplay of  different cell types.

DAMPs, including RNA, proteins, or lipids, are released upon cellular injury and can activate TLR 
(25). SWT causes the release of  specific exosomes mediating angiogenesis and repair (26). Exosomes can 
activate TLRs either by activating membrane proteins or their cargo (27). Whether the released exosomes 
are indeed the TLR3 ligands following SWT has to be addressed in the future.

The modified inflammation after SWT was also reflected by the downregulation of  TLR4 expres-
sion, the activation of  which has been repeatedly associated with tissue damage following SCI (28). 
Human tissue slices showed significantly diminished TLR4 expression after SWT (Supplemental Fig-
ure 3). In addition, we found upregulation of  IL-6 and consecutive NPC recruitment and differentia-
tion. Thereby, we found rapid upregulation of  IL-6 with a delayed transcription of  TLR3 and TRIF 
upon SWT. IL-6 promotes regeneration and repair in SCI (29). It is transcribed rapidly upon TLR3 
activation via recruitment of  TRIF and TRAF6, with subsequent nuclear translocation of  NF-κB (30). 
TLR3 and TRIF are upregulated in an autocrine manner upon activation, possibly explaining the 
delayed regulation upon SWT in comparison with IL-6.

This study has the following limitations. As the described mouse model represents a model of  chronic 
SCI and the zebrafish model represents an acute model of  injury, results cannot be directly translated. 
Due to the invasive animal model, sample size was low in the animal experiments. The main purpose 
behind the MRI analysis was the quantification of  spinal cord lesion size. While analyzing the images, 
we incidentally discovered differences in bladder volumes. Therefore, we did not standardize the voiding 
protocol before MRI measurements.

Figure 4. SWT regulates IL-6 expression. (A) RNA-Seq revealed a different gene expression profile in SH-SY5Y cells treated with SWT compared with 
untreated controls. (B) TLR3 regulation after SWT. **P < 0.01. n = 4–6. (C) TRIF regulation after SWT. *P < 0.05. n = 4–6. (D) IL-6 regulation after SWT. 
****P < 0.0001. n = 6. (E) IL-6 receptor regulation after SWT. **P < 0.01. n = 6. One-way ANOVA with Tukey’s post hoc analysis (B–E). CTR, control; SWT, 
shock wave therapy; TRIF, TIR domain–containing adapter-inducing IFN-β; IL6R, IL-6 receptor.

https://doi.org/10.1172/jci.insight.134552
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In conclusion, we show a crucial mechanism of  neuroprotection and spinal cord repair via TLR3, 
revealing SWT as a potent future treatment option for SCI. SWT is currently in routine clinical use for 
other indications and could therefore efficiently be directly translated to the treatment of  traumatic SCI.

Methods

Animals
In this study, male 12-week-old C57BL/6 mice (Charles River) and TLR3-knockout mice (provided by 
Shizuo Akira, Laboratory of  Host Defense, Research Institute for Microbial Disease, Osaka Univer-
sity, Osaka, Japan) weighing 18–25 g were used. They were randomly assigned to 1 of  the following 
4 groups: CTR 72 hours, CTR 10 weeks, SWT 72 hours, and SWT 10 weeks. The sample size of  each 

Figure 5. SWT promotes differentiation of neuronal progenitor cells. (A) To investigate possible involvement of NPCs, we quantified nestin-pos-
itive cells in spinal cord sections obtained from SWT-treated WT mice. Scale bar: 100 μm. (B) We found a significant increase of nestin-positive 
cells after treatment, suggesting involvement of NPCs in SWT-induced spinal regeneration. ****P < 0.0001. n = 9 (Sham), n = 9 (CTR), n = 9 (SWT). 
(C and D) NPCs were isolated from WT and Tlr3–/– mice. We found abundant expression of Tlr3 and nestin in NPCs. Treatment of NPCs with SWT or 
poly(I:C) increased Tlr3 expression. Scale bar: 20 μm. (E) SWT and poly(I:C) treatment did not affect NPC proliferation, neither in NPCs derived from 
WT mice nor in those from Tlr3-knockout mice. NPCs obtained from Tlr3-deficient mice showed significantly increased proliferation rates compared 
with WT NPCs. ****P < 0.0001. n = 6–7. (F) NPCs were treated with SWT or poly(I:C), respectively, and analyzed for the expression of the neuronal 
cell marker β III tubulin subsequently. Scale bar: 20 μm. (G) Both SWT and poly(I:C) exposure significantly enhanced NPC differentiation in WT but 
not Tlr3–/– cells, increasing the number of cells expressing β III tubulin. ***P < 0.001, ****P < 0.0001. n = 5. One-way ANOVA with Tukey’s post hoc 
analysis (B, E, and G). CTR, control; SWT, shock wave therapy; HPF, high-powered field.

https://doi.org/10.1172/jci.insight.134552
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group at each time point was at least 4. During the experiment, animals were housed under standard-
ized conditions with water and commercial diet (ssniff, V1124-300) available ad libitum and a 12-hour 
light/dark cycle. Water and commercial mouse diet were available ad libitum.

Murine clip contusion model
For induction of  SCI, a clip contusion model was used as described previously (31). Briefly, animals 
were anesthetized via intraperitoneal injection of  10% ketamine, 20% xylazine, and 70% NaCl (0.01 
μl/kg body weight). After shaving and positioning, skin was incised along the dorsal midline, and 
paravertebral muscles between thoracic levels 7 and 10 were dissected. Under visual guidance, using a 
microscope (Carl Zeiss), T9 laminae were removed to reveal the spinal cord, leaving the dura intact. 
In order to cause a compression injury, a vascular clip (Aesculap) was applied to the exposed spinal 
cord for 60 seconds. Subsequently, muscles, fascia, and skin were adapted. After surgery, animals were 
placed under a heat lamp and supplied with oxygen until an alert state was reestablished. Manual blad-
der expression was performed twice daily for 1 week as described previously (7). Tissue samples were 
harvested either 72 hours or 10 weeks after SWT.

Figure 6. SWT reduces apoptosis and enhances neuronal sprouting. (A) Murine DRGs were isolated from WT and Tlr3–/– mice and assessed with in 
vitro assays for characterization of neuronal sprouting, metabolic activity, and apoptosis after SWT or poly(I:C) treatment. (B) XTT assay revealed 
improved viability of DRGs after SWT in WT but not Tlr3–/– cells. Again, poly(I:C) had no effect on DRG cultures analyzed for viability. *P < 0.05. n = 
7–12. (C) DRGs were subjected to FCS starvation. SWT resulted in a significant reduction of apoptotic neurons, but only in WT cells. *P < 0.05. n = 
12–15. (D) Representative images of neuronal sprouting after SWT. Scale bar: 100 μm. (E) SWT stimulated neuronal sprouting in DRGs derived from 
WT mice. Sprouting was not stimulated in DRGs derived from Tlr3–/– mice. Poly(I:C) stimulation showed no effect on neuronal sprouting in either 
WT or Tlr3–/– cells. ***P < 0.001. n = 26. One-way ANOVA with Tukey’s post hoc analysis (B, C, and E). CTR, control; SWT, shock wave therapy; XTT, 
(sodium 3′-[1-(phenylaminocarbonyl)-3,4-tetrazolium]-bis (4-methoxy6-nitro) benzene sulfonic acid hydrate).

https://doi.org/10.1172/jci.insight.134552
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SWT
After contusion injury, animals were left untreated for 14 days to obtain a state of  chronic SCI. After 14 
days, animals were randomly assigned to therapy or control groups. Animals in the treatment group under-
went SWT. For this purpose, animals were anesthetized as described above. Ultrasound gel was used for 
coupling of  the shock wave applicator. Subsequently, we applied 500 impulses at an energy flux density 
of  0.1 mJ/mm2 and a frequency of  5 Hz using the Orthogold device with applicator CG050-P (Tissue 
Regeneration Technologies LLC) as described previously (1). The parameters of  SWT were chosen due to 
previous experiments (1).

All in vitro SWTs were performed under standardized conditions as described previously (32) (300 
impulses with an energy flux density of  0.08 mJ/mm2 at a frequency of  3 Hz).

Assessment of motor function
Behavioral tests were performed only after ethical approval. If  animals were not willing or able to perform 
the behavioral test after 3 attempts, they were excluded from the analysis. The following methods were used 
for the assessment.

Gait analysis. Gait analysis was performed 10 weeks after treatment, as described previously (33). 
Briefly, a DigiGait Analysis System (Mouse Specifics) was used. Mice were placed upon a motorized 
transparent treadmill at the speed of  25 cm/s from underneath. Processing of  the data was performed 

Figure 7. Reduction of neuronal degeneration in murine and human spinal slice cultures. (A) We performed a murine spinal slice culture to investigate 
the effect of SWT or poly(I:C) in tissue cultivating spinal slices from both WT and Tlr3–/– mice. Scale bar: 25 μm. (B) Both SWT and poly(I:C) reduced the 
numbers of degenerating neurons significantly in WT but not Tlr3–/– mice. *P < 0.05, ***P < 0.001. n = 5–6 animals. (C) To extend our investigation to a 
human model, we examined the effect of SWT in human spinal slice cultures obtained from the upper cervical segments of the spinal cord. Scale bar: 
100 μm. (D) Consistent with our previous results, both SWT and poly(I:C) reduced the number of degenerating neurons. **P < 0.01. n = 6 slices. One-way 
ANOVA with Tukey’s post hoc analysis (B and D). CTR, control; SWT, shock wave therapy; FJB, Fluoro-Jade B.

https://doi.org/10.1172/jci.insight.134552


1 0insight.jci.org   https://doi.org/10.1172/jci.insight.134552

R E S E A R C H  A R T I C L E

using the specific DigiGait Software 9.0 (Mouse Specifics). As motor function of  hind limbs was severely 
compromised after contusion injury, automated measurement of  gait was not possible. However, we per-
formed blinded semiquantitative analysis of  gait videos as described previously (34).

Open-field activity. Locomotor activity was tested using the open-field analysis 10 weeks after treatment 
as described previously (35). Briefly, animals were placed at the center of  an open field (40.5 × 40.5 × 36.5 
cm) and analyzed for 15 minutes in a dark room isolated from noise and light. A Flex Field Activity System 
(San Diego Instruments) was used to quantify horizontal and vertical locomotor activity and rearing.

MRI imaging
High resolution 3D MRI was performed on a 3 Tesla whole-body scanner (Magnetom Skyra) with a 45 
mT/m gradient system. Mice were positioned prone within a combination of  2 small loop coils with an 
inner diameter of  3 cm (standard finger coils). Sagittal proton density–weighted images with fat suppres-
sion were acquired using a driven equilibrium 3D SPACE sequence with the following parameters: TR, 
1000 ms; TE, 49 ms; echo train length, 18; field of  view (FOV), 68 × 99 mm; acquisition matrix, 175 × 256; 
number of  images, 40 (no gap); voxel size, 0.387 × 0.387 × 0.4 mm; number of  averages, 2; acquisition time, 
9.11 minutes. In addition T2-weighted images, also in sagittal orientation and with fat saturation, were 
acquired using a fast spin-echo sequence with TR, 5080 ms; TE, 70 ms; echo train length, 14; FOV, 70 × 70 
mm; acquisition matrix, 320 × 240; number of  images, 13; slice thickness, 0.7 mm; spacing between slices, 
0.77 mm; voxel size, 0.219 × 0.219 × 7 mm; number of  averages, 4; acquisition time, 6.00 minutes. During 
the acquisition, mice were sedated via intraperitoneal injection of  10% ketamine, 20% xylazine, and 70% 
NaCl, with a dosage of  0.01 proton density–weighted μL/kg bodyweight. ROI segmentation was used to 
generate both spinal scar and bladder volumes as described previously (36). Volumes were quantified there-
after using Osirix Software for Mac (version 9.5).

Immunohistochemistry
Immunohistochemistry of  samples was performed as described previously (1). Briefly, tissue samples were 
fixed in 4% PFA, embedded in paraffin, and cut into 5 μm sections.

After heat-mediated antigen retrieval (Vector antigen unmasking solution; Vector Laboratories), samples 
were blocked with 1% BSA for 30 minutes at room temperature. Subsequently, slides were incubated with 
polyclonal rabbit anti-TLR3 (MilliporeSigma) or monoclonal mouse anti-nestin (Abcam) antibodies overnight 
at 4°C. For signal detection, secondary antibodies (Alexa Fluor 568/488; Life Technologies) were incubated 
for 1 hour at room temperature. Nuclear staining was performed using DAPI (Life Technologies) according 
to the manufacturer’s protocols. For Fluoro-Jade B staining, a commercially available staining kit (AG310-
30MG, Merck Millipore) was used as recommended by the manufacturer. H&E staining was performed as 
described previously for histological quantification of  spinal cord damage (37). Analysis of  5 slides per animal 
was performed in a blinded fashion. For each slide, 5 randomly chosen fields (high-power fields) were pho-
tographed. An Olympus IX70 microscope (Olympus) or a broadband Confocal Leica TCS SP5 microscope 
(lens: HCX PL APO CS 63 × 1.2 [glycerine]) (Leica) was used. Quantification was performed using ImageJ 
(NIH). Images were analyzed independently by 2 blinded researchers for anti-nestin–immunopositive cells. 
Images without concordance were excluded. Severity scores in transversal histopathological sections were 
quantified as follows: 0, no lesion; 1, mild lesion (focal disruption of  myelin sheaths and axons); 2, moderate 
lesion; 3, severe lesion (diffuse disruption of  myelin sheath and axons), as described previously (38).

Primary neuron culture
DRG from 8- to 10-week-old mice were isolated as described previously (39). Briefly, after removal of  
connective tissue ganglia were incubated in liberase blendzyme 1 (9 mg/100 mL DMEM, Roche) for 60 
minutes. Trypsin-EDTA was added for 15 minutes after a rinse in PBS (Life Technologies). Subsequently, 
DRGs were washed with TNB 100 medium (Biochrom) supplemented with L-glutamine (Life Technolo-
gies), penicillin G sodium, streptomycin-sulfate (Life Technologies), and protein-lipid complex (Biochrom).

Dissociation of  the ganglia was performed using a fire-polished Pasteur pipette. To minimize contam-
ination with nonneural cells, centrifugation at low speed (10 minutes, 47 g) through a 3.5% BSA gradient 
(MilliporeSigma) was performed. Thereafter, neurons were plated at a density of  50–80 per glass coverslip 
coated with poly-L-lysine/laminin (MilliporeSigma) and cultivated in TNB medium at 37°C in 5% CO2. 
Cells were treated with SWT or poly(I:C) (MilliporeSigma) under standardized conditions, as described 

https://doi.org/10.1172/jci.insight.134552


1 1insight.jci.org   https://doi.org/10.1172/jci.insight.134552

R E S E A R C H  A R T I C L E

previously (22). Functional assays, including neuronal sprouting assay, XTT assay, and TUNEL assay, 
were performed 24 hours after treatment as described elsewhere (40–42).

Neuroblastoma cell culture
A neuroblastoma cell line was used to investigate the effect of  SWT on neuronal function in vitro. There-
fore, SH-SY5Y cells (ATCC) were cultivated in DMEM with 4.5 g/L Glucose (PAN Biotech) with 10% 
(vol/vol) FCS and 1% penicillin-streptomycin solution (both from MilliporeSigma). Cells were harvested 
for gene expression analysis at 2, 4, 6, 12, and 24 hours upon SWT.

Spinal slice culture
Spinal slice culture was performed as described previously (1). Briefly, spinal cords from 12-week-old 
C57BL/6 WT mice (Charles River) and from Tlr3–/– mice (provided by Shizuo Akira) were harvested and 
dissected into 1 cm slices. Spinal cord slices (including human samples) were cultured in DMEM high 
glucose (Life Technologies) containing 10% (vol/vol) FCS and 1% penicillin-streptomycin solution (both 
from MilliporeSigma) and 5 ng/mL mouse nerve growth factor (Alomone Laboratories). The SWT group 
received SWT (300 impulses with an energy flux density of  0.08 mJ/mm2 at a frequency of  3 Hz) as 
described previously (1). After 24 hours, samples were embedded in Tissue-Tek (Sakura), and microsection 
for immunofluorescence was performed.

Human samples
This study used a nonembalmed cadaver with a postmortem time of  2 hours as described previously (1). 
The human cadaver (male) was donated to the Division of  Clinical and Functional Anatomy, Depart-
ment for Anatomy, Histology, and Embryology of  the Medical University of  Innsbruck. Sampling was 
performed from the upper cervical segments of  the spinal cord.

Zebrafish model
The zebrafish model was performed as described previously (13) with some minor modifications.

Lesions. 96 hpf  larvae were anesthetized in E3 medium containing 0.02% tricaine (MS222; Milli-
poreSigma). Larva were transferred to a plastic Petri dish, and following aspiration of  excess water, the 
tip of  a 26 gauge syringe needle was used to inflict a lesion in the dorsal trunk at the level of  the anal 
pore. After the lesion was performed, larvae were washed briefly in E3 medium to remove tricaine. For 
recovery 15–20 larva were pooled per 6 well pate and incubated over night at 28°C in 4 ml E3 medium 
containing 0.1% DMSO and different compounds. Final concentration of  compounds was 5 mg/mL 
for TLR3 inhibitor (TLR3/dsRNA complex inhibitor, Merck) and 100 μg/mL for poly(I:C) (Milli-
poreSigma). The next day 120 hpf  larva (>93% survival) were inspected by light microscopy to detect 
and exclude larva showing extensive damage to the notochord (~10%). Remaining larva were either 
further analyzed for mobility, or they were fixed overnight in 4% PFA. After fixation larva were briefly 
washed in PBT (PBS containing 0.1% Tween-20) and stepwise dehydration by successive incubation 
in 25% MeOH-PBT, 50% MeOH-PBT, 75% MeOH-PBT, and 100% MeOH for 5 minutes each. Larva 
were stored at −20°C until needed.

Immunolabeling. Whole-mount immunolabeling of  120 hpf  larva for acetylated Tubulin/GFAP (T7451, 
MilliporeSigma) and A-11030, Thermo Fisher, both 1:1000) was performed as described previously (13).

Confocal image analyses. A Zeiss LSM Exciter 5 was used to image immunostained sites, using a 
40×/0.80W ACHROPLAN objective (Carl Zeiss). Lesion sites were documented as confocal image stacks 
using standardized settings. In order to evaluate neuronal volume, acetylated tubulin signals at the lesion 
site were quantified using the ImageJ plugin “color pixel counter.” In the first step, signal intensities were 
normalized to motoaxon signals (spinal cord exit points) to compensate for experiment to experiment vari-
ation. Next, a 313 × 215 pixel ROI containing the lesion site and spanning the entire spinal cord was select-
ed to determine number of  voxels with signal intensities above 8% of  maximum intensity.

Mobility assay. Provoked larva mobility was stimulated at the tail fin with a hair attached to a prepara-
tion needle. Two larva at a time were transferred to a Petri dish with shallow water to restrict movement to 
the x-y plane. Movement was documented with 10 Hz over an interval of  8 seconds using a Ipevo ZIGGI 
HD+ document camera. Fish were tracked by hand using the “Manual Tracking” ImageJ plugin (NIH). 
The end of  the movement was defined when the fish remained in the same position for at least 300 ms.
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NPC isolation
NPCs were isolated from spinal cords from 12-week-old C57BL/6 WT mice (Charles River) and from 
Tlr3–/– mice (provided by Shizuo Akira) as described previously (43). Briefly, after euthanization spinal 
cords were minced and incubated in trypsin for 30 minutes at 37°C. Cells were filtered (400 nm filter, Corn-
ing) and centrifuged in sucrose for 30 minutes at 750 g, and the myelin layer was removed upon seeding in 
gelatin-coated flasks. NPCs were cultured as described previously (44). The presence of  nestin was verified 
using immunofluorescence staining (monoclonal mouse anti-nestin, abcam).

Differentiation assay
For assessment of  differentiation properties, NPCs isolated from WT or TLR3–/– mice were treated with 
either SWT as described above or poly(I:C), seeded in laminin-precoated 24 wells, and cultured in differen-
tiation medium (DMEM/F12 medium, Life Technologies) containing 5% (vol/vol) fetal bovine serum, 1% 
(vol/vol) N2 supplement (Life Technologies) and penicillin-streptomycin solution for 5 days as described 
previously (44). Subsequently, cells were labeled with monoclonal mouse anti–β III tubulin antibody (R&D 
Systems) for identification of  neurons as described previously (45).

Western blotting
Western blotting was performed as described previously (22). Primary antibodies used for analysis are 
described in Table 1.

RT-PCR
RT-PCR was performed as described previously (22). Primers used in the experiments are described in Table 2.

Proliferation
A chemiluminescent BrdU assay kit (abcam) was used as recommended by the manufacturer. Briefly, 4000 
cells were seeded in gelatin-precoated 96 well plates. Eleven hours after therapy, cells were labeled with 
BrdU for another 11 hours and analyzed subsequently.

Gene expression profiling
Total RNA was isolated from 4 samples of  SH-SY5Y cells and was submitted to transcriptome analy-
sis for the purpose of  gene-expression profiling. The 2100 Bioanalyzer and RNA 6000 Nano LabChip 

Table 1. Antibodies

Antibody Source; catalog no.
TLR3 abcam; ab62566

Nestin abcam; ab11306
GAPDH (6C5) Invitrogen; AM4300

Table 2. Primers

Human TLR3
5′-AGGAAAGGCTAGCAGTCATCC-3′
5′-TAACAGTGCACTTGGTGGTG-3′

Human TRIF
5′-CGGGCAACTCCGCAGAAG-3′

5′-CATTCACTGTTCCAGGTTCTGC-3′

Human IL-6
5′-AGCCACTCACCTCTTCAGAAC-3′

5′-AGTGCCTCTTTGCTGCTTTC-3′

Human IL-6-receptor
5′-GTAGCCGAGGAGGAAGCATG-3′
5′-TCTCCTGGCAGACTGGTCAG-3′

Human GAPDH
5′-GGTGGTCTCCTCTGACTTCAACA-3′

5′-GTGGTCGTTGAGGGCAATG-3′
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kits (Agilent Technologies) were used to check for RNA integrity (all RINs >9). The TruSeq Stranded 
mRNA HT technology was used for library preparation according to manufacturer’s protocols and Illu-
mina NextSeq 500 1 × 75 bp single-end sequencing was performed at the IMGM laboratories. Adapters 
from single-end reads (FASTQ files) were removed, and reads were cropped at a length of  73 bp using 
Trimmomatic (0.36) (46). Sequencing quality was checked using FastQC (0.11.5). Reads were mapped 
using STAR aligner (2.5.3a) (47) on human genome version hg38 (UCSC) with RefGene annotation 
and indexed with 100 bp splice junction overhang. HTSeq (48) served to quantify gene raw counts. 
DESeq2 (49) within the R environment (3.4.1) was used to identify differentially expressed genes using 
negative binomial distribution filtered for genes with normalized mean counts >20 across the compared 
samples. Overrepresentation analysis for gene ontology and pathways on differentially expressed genes 
was performed using DAVID (6.8) (50) and ConsensusPathDB (51). Heatmaps were generated using 
Genesis version 1.8.1 on gene-wise Z score transformed data (52). Raw data were deposited in a public 
repository (GEO accession GSE149446).

Statistics
All results are expressed as mean ± SEM. Statistical comparisons between 2 groups were performed by 
2-tailed Student’s t or Mann-Whitney test as appropriate. Multiple groups were analyzed by 1-way ANOVA 
with Tukey’s post hoc analysis to determine statistical significance. Probability values of  P < 0.05 were 
considered statistically significant.

Study approval
Experiments were approved by the Austria animal care and use committee (BMWFW 
66.011/0108-WF/V/3b/2016) and conformed to the Guide for the Care and Use of  Laboratory Animals 
(National Academies Press, 2011). Informed consent was given for use of  the cadaver for scientific and 
educational purposes.
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