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Abstract: One of the changes brought about by Wallerian degeneration distal to nerve injury is
disintegration of axonal mitochondria and consequent leakage of mitochondrial DNA (mtDNA)—the
natural ligand for the toll-like receptor 9 (TLR9). RT-PCR and immunohistochemical or Western blot
analyses were used to detect TLR9 mRNA and protein respectively in the lumbar (L4-L5) and cervical
(C7-C8) dorsal root ganglia (DRG) ipsilateral and contralateral to a sterile unilateral sciatic nerve
compression or transection. The unilateral sciatic nerve lesions led to bilateral increases in levels of
both TLR9 mRNA and protein not only in the lumbar but also in the remote cervical DRG compared
with naive or sham-operated controls. This upregulation of TLR9 was linked to activation of the
Nuclear Factor kappa B (NFκB) and nuclear translocation of the Signal Transducer and Activator of
Transcription 3 (STAT3), implying innate neuronal immune reaction and a pro-regenerative state in
uninjured primary sensory neurons of the cervical DRG. The relationship of TLR9 to the induction
of a pro-regenerative state in the cervical DRG neurons was confirmed by the shorter lengths of
regenerated axons distal to ulnar nerve crush following a previous sciatic nerve lesion and intrathecal
chloroquine injection compared with control rats. The results suggest that a systemic innate immune
reaction not only triggers the regenerative state of axotomized DRG neurons but also induces a
pro-regenerative state further along the neural axis after unilateral nerve injury.

Keywords: sciatic nerve; compression; transection; mitochondrial DNA; the endoplasmic reticulum;
early endosomes; axon regeneration

1. Introduction

The primary sensory neurons of dorsal root ganglia (DRG) sendoff afferent axons,
whose peripheral branches extend through peripheral nerves to the target tissue. The cen-
tral branches run predominantly through the dorsal roots into the spinal cord. DRG neurons
are a useful model to study mechanisms regulating the neuronal regeneration program
following axotomy. Injury to peripheral axonal branches induces transcription-dependent
changes of regeneration-associated genes and proteins, enhancing the regeneration poten-
tial of DRG neurons and thus promoting regeneration of the damaged axons [1,2]. This
conditioning lesion of peripheral axons also allows regeneration of central axonal branches,
but prior injury to these branches is insufficient to activate the same neuronal regeneration
program [3–5].

Wallerian degeneration (WD) is a cascade of cellular and molecular events distal to a
nerve injury that releases a large spectrum of molecules originating from the disintegration
of axons and their myelin sheaths and the extracellular matrix of the endoneurium [6–9].
The peripheral branches of afferent axons and their terminals contain abundant mitochon-
dria that disintegrate in locations distal to a nerve injury [10–12], releasing mitochondrial
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proteins and DNA (mtDNA). These factors are collectively termed mitochondrial damage-
associated molecular patterns (mtDAMPs) [13,14]. mtDNA acts as a ligand for the toll-like
receptor 9 (TLR9) that is one of key participants in innate immune responses [15].

One of the early consequences of the neuronal innate immune reaction to axotomy
results in the production of a specific collection of immune mediators, such as cytokines
and chemokines that are different from injury-induced axon degeneration [16]. The bodies
of primary sensory neurons react to peripheral nerve injury together with their satellite glial
cells (SGCs) and upregulate cytokines or chemokines. We demonstrated that a unilateral
nerve injury not only affects associated DRG but also affects DRG non-associated with
the injured nerve, implying a systemic response to WD. We also found that upregulated
Interleukin 6 (IL-6) and its transforming factor STAT3 are involved in activating a pro-
regenerative state in DRG neurons non-associated with the injured sciatic nerve [17–19].

We hypothesize that mtDNAs released from injured axons could likely induce neu-
roinflammatory reactions in DRG non-associated with the injured nerve, and therefore the
levels of the corresponding receptor should be regulated in the DRG. Therefore, we set out
to investigate mRNA and protein levels of TLR9 in DRG associated and non-associated
with partial or complete sciatic nerve injury. In addition, we investigated a possible role for
TLR9 in the neuronal innate immune reaction, which is linked to the induction of a pro-
regenerative state in DRG neurons non-associated with nerve lesion. For this purpose, we
analyzed NFκB that is an integral component of signal transduction of TLR9 and activation
of STAT3 as a marker of neuronal regeneration program.

2. Results
2.1. Increased Levels of TLR9 Protein and mRNA in DRG Following Sciatic Nerve Lesion
2.1.1. Immunofluorescence Staining

DRG sections incubated under the same conditions showed very low intensity of
TLR9 immunofluorescence in the neuronal cytoplasm of small- and medium-sized neurons
in the lumbar and cervical DRG removed from naive and sham-operated rats (Figure 1a,b).
The proportion of TLR9 immunopositive neurons was 32.5 ± 6.6% in the lumbar and
23.1 ± 6.2% in the cervical DRG of naive rats. Sham operation induced a slightly increased
proportion of immunopositive small- and medium-sized neurons to 35.4 ± 5.6% and
24.8 ± 5.7% in the lumbar and cervical DRG, respectively. Sciatic nerve lesion (both SNC
and CSNT) resulted in a significantly increased intensity of TLR9 immunofluorescence in
DRG neurons of all size types in both the lumbar and cervical DRG (Figure 1c–j, Table 1).
Apart from neurons, increased immunostaining was also found in the satellite glial-like
cells enveloping neuronal bodies of ipsilateral DRG-L4 after SNC (Figure 1c) and bilaterally
in DRG-L4 after CSNT (Figure 1g,h).

Table 1. Results from image analysis of TLR9 immunofluorescence intensity in the dorsal root
ganglia (DRG) of cervical (C6-C8) and lumbar (L4-L5) spinal segments. The DRG were removed
from naive rats (Naive) as well as those subjected to Sham, SNC and CSNT operation (n = 6 for each
group). The DRG of operated rats were removed from both ipsilateral (Ipsi) and contralateral (Contra)
side to unilateral sciatic nerve lesions. The immunofluorescence intensity of TLR9 is expressed as
mean ± SD.

Naive
Cervical DRG Lumbar DRG

117.2 ± 20.7 127.9 + 18.2

Ipsi Contra Ipsi Contra

Sham 128.3 ± 16.8 125.3 ± 12.6 139.5 ± 16.2 134.5 ± 17.9
SNC 205.8 ± 14.6 ** 197.2 ± 20.3 ** 209.3 ± 19.3 ** 199.7 ± 15.4 **

CSNT 206.5 ± 20.2 ** 198.6 ± 21.3 ** 207.9 ± 20.4 ** 190.6 ± 17.4 **
** Significant difference (p < 0.01) compared with naive or sham-operated rats in a Kruskal–Wallis ANOVA test.
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Figure 1. Representative sections of DRG from naive rat (a) and rats with sterile sham- (b), SNC-
(c–f) or CSNT- (g–j) interventions for 7 days. The DRG sections of lumbar (DRG-L4) and cervical
(DRG-C7) segments of both ipsilateral (i) and contralateral (c) sides were immunostained for TLR9
using a rabbit polyclonal antibody and donkey TRITC-conjugated anti-rabbit secondary antibody
under the same conditions. Besides neuronal bodies, increased TLR9 immunofluorescence was found
in satellite glial cells enveloping the neuronal bodies of ipsilateral DRG-L4 after SNC (arrow in
Figure 1c) and bilaterally in DRG-L4 after CSNT (arrows in Figure 1g,h). Scale bars = 40 µm.

2.1.2. Double Immunostaining

Results of immunostaining with antibodies against both TLR9 and glutamine syn-
thetase (GS) as a marker of activated SGCs confirmed a slight increase in TLR9 immunoflu-
orescence in activated SGCs surrounding mainly large neuronal bodies of lumbar DRG
following sciatic nerve lesion when compared with sham-operated control (Figure 2a–f).
The granular pattern of increased TLR9 immunofluorescence in the neuronal bodies of
both cervical and lumbar DRG after SNC and CSNT was due to TLR9 localization in the
endoplasmic reticulum, as shown by double immunostaining with ER-located GRP78
(Figure 3). Alongside the granular distribution, some large neuronal bodies of DRG from
sham-, SNC- and CSNT-operated rats also showed a vesicular pattern of TLR9 immunos-
taining corresponding with its location in early endosomes, as shown by colocalization
of TLR9 and EEA1 (Figure 4). Nevertheless, double immunostaining of TLR9 and Rab7
did not demonstrate localization of TLR9 protein in late endosomes (data not shown). The
vesicular localization of TLR9 immunostaining was not observed in naive DRG.
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Figure 2. Double immunofluorescence staining for TLR9 and GS as a marker of satellite glial cells
(SGCs). Sections of lumbar DRG ipsilateral (DRGL4i) to sham operation (Sham) and CSNT were
immunostained with a mixture of rabbit polyclonal anti-TLR9 (a,d) and mouse monoclonal anti-GS
(b,e) antibodies. Immunostaining was visualized with TRITC-conjugated donkey anti-rabbit and
FITC-conjugated donkey anti-mouse secondary antibodies. Cell nuclei were detected with Hoechst
33342. Merged pictures (c,f) show no TLR9 immunostaining in SGCs of DRG from sham-operated
rat (arrows in Figure 2c), while SGCs enveloping large-sized neuronal bodies in DRG from CSNT-
operated rat displayed clear TLR9 immunofluorescence (arrows in Figure 2f). Scale bars = 20 µm.

Figure 3. Double immunofluorescence staining for TLR9 and GRP78 as a marker of the endoplasmic
reticulum (ER). Sections of lumbar DRG ipsilateral (DRGL4i) to sham operation (Sham) as well
as DRGL4i and cervical DRG ipsilateral (DRGC7i) to CSNT were immunostained with mouse
monoclonal anti-TLR9 (a,d,g) and rabbit polyclonal anti-GRP78 (b,e,h) antibodies and were visualized
using donkey TRITC-conjugated anti-mouse and FITC-conjugated anti-rabbit secondary antibodies,
respectively. Cell nuclei were stained with Hoechst 33342. Merged pictures (c,f,i) detected no or very
weak TLR9 immunostaining in the ER of DRG neurons from the sham-operated animal (c), while
most increased TLR9 immunofluorescence was co-localized with GRP89 in the ER of DRGL4i (f) and
DRGC7i (i) from CSNT-operated rats. Scale bars = 20 µm.
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Figure 4. Double immunofluorescence staining for TLR9 and early endosomal antigen 1 (EEA1) as a
marker of early endosomes. Sections of cervical DRG ipsilateral (DRGC7i) to sham operation (a–c)
and CSNT, (d–f) were immunostained with rabbit polyclonal anti-TLR9 (a,d) and mouse monoclonal
anti-EEA1 (b,e) antibodies. TLR9 and EEA1 were visualized with TRITC-conjugated donkey anti-
rabbit and FITC-conjugated donkey anti-mouse secondary antibodies, respectively. Cell nuclei were
detected with Hoechst 33342. A limited number of punctate TLR9 and EEA1 co-immunostaining
demonstrated TLR9 protein in early endosomes of cervical DRG neurons of sham-operated rat
(arrows in Figure 4a–c). More such punctate double immunostaining was found in the neurons of
DRGC7i from CSNT-operated rat (arrows in Figure 4d–f). Scale bars = 10 µm.

2.1.3. Western Blot Analysis

To verify the immunohistochemical results showing a bilateral increase in TLR9
protein levels in DRG of both lumbar and cervical segments after unilateral sciatic nerve
injury, protein levels were analyzed in a Western blot. TLR9 protein levels were significantly
increased in both lumbar and cervical DRG of both sides after unilateral SNC and CSNT,
compared with controls from naive or sham-operated rats. Lumbar DRG ipsilateral to SNC
showed a significantly higher TLR9 protein level than those contralateral to SNC, while
the TLR9 protein accumulation was similar on both sides in cervical DRG. Although not
statistically significant, a similar tendency of TLR9 protein accumulation was found in
lumbar DRG following CSNT (Figure 5).

Figure 5. Results of Western blot analysis of TLR9 protein levels. TLR9 protein levels were analyzed
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in intact lumbar (L) and cervical (C) DRG of naive rats as well as in ipsi- and contralateral lumbar
(Li, Lc) and cervical (Ci, Cc) DRG from SNC-, CSNT- and sham-operated rats (n = 6 for each group).
Upper panels illustrate representative Western blot bands of TLR9 and actin used to confirm equal
loading of proteins. The lower panel shows densitometry of TLR9 protein bands (mean density ±
SD) after normalization to actin; the intensities of the TLR9 bands from naive DRG were taken as
1. ** Significant difference (p < 0.01) compared with naive or sham controls, + significant difference
(p < 0.05) compared ipsi- and contralateral DRG in a Kruskal–Wallis ANOVA test.

2.1.4. Real-Time RT-PCR

RT-PCR was used to determine the levels of TLR9 mRNA in cervical and lumbar
DRG 7 days after unilateral sciatic nerve injury by SNC or CSNT. Samples of cervical
and lumbar DRG from sham-operated animals displayed no significant changes in TLR9
mRNA levels compared with naive controls. Levels of TLR9 mRNA were significantly
increased bilaterally in both cervical and lumbar DRG one week after the sciatic nerve
lesion by SNC or CSNT compared with naive or sham-operated controls. We found no
statistically significant difference between ipsilateral and contralateral cervical or lumbar
DRG (Figure 6).

Figure 6. Results of real-time PCR (RT-PCR) of relative TLR9 mRNA levels in DRG of lumbar (L)
and cervical (C) spinal segments from ipsilateral (i) and contralateral (c) sides of naive as well as
sham-, SNC- and CSNT-operated rats for 7 days (n = 6 for each group). Relative expressions were
determined using actin as the housekeeping gene and normalized to naive controls. ** Significant
difference (p < 0.01) compared with naive or sham-operated rats in a Kruskal–Wallis ANOVA test.

2.2. TLR9 and Neuronal Innate Immune Reactions Associated with Pro-Regenerative State of
DRG Neurons

We observe a bilateral increase of TLR9 protein and mRNA following unilateral sciatic
nerve lesion similar to IL6 and activation of STAT3 [17–19]. We therefore tested whether
increased TLR9 is also associated with the pro-regenerative state of cervical DRG. For this
we used an in vivo model of sciatic nerve injury followed by measuring the length of the
regenerated afferent axons distal to the ulnar nerve crush [19]. We found that the axon
regeneration index expressed as SCG10 positive axon extension from the point of ulnar
nerve crush was significantly reduced in CSNT-operated rats treated with chloroquine (CQ)
compared with intrathecal application of artificial cerebrospinal fluid (ACSF) (Figure 7).
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Figure 7. The top panels illustrate representative longitudinal sections through ulnar nerves distal
to the crush site (solid line) showing SCG10 immunopositive regenerated axons. Arrows indicate
the tip of the longest SCG10 immunopositive axons regenerated 1 day after the ulnar nerve crush in
rats with prior CSNT for 7 days and intrathecal application of artificial cerebrospinal fluid (ACSF)
or chloroquine (CQ). Scale bars = 280 µm. The bottom panel illustrates mean length of regenerated
SCG10 immunopositive axons ± SD in the ulnar nerve 1 day after crush and 7 days from intrathecal
application of artificial cerebrospinal fluid (ACSF) or CQ; n = 6 for each group. * Significant difference
(p < 0.05) compared with ACSF in a Kruskal–Wallis ANOVA test.

Given the shorter lengths of regenerating axons following intrathecal CQ application,
we also tested changes in pNFκB and nuclear translocation of activated STAT3 in the
cervical DRG neurons in the same experimental model. Immunostaining of TLR9 and
pNFκB under the same conditions showed decreased intensities of both TLR9 and pNFκB
immunofluorescence in the lumbar as well as cervical DRG neurons following intrathecal
CQ application compared with ACSF controls. These results were verified by Western
blot analysis (Figure 8). Moreover, the pro-regenerative state of cervical DRG neurons
induced by sciatic nerve lesion was associated with nuclear translocation of STAT3 [17].
Intrathecal CQ application not only reduced TLR9 and pNFκB levels but also reduced
nuclear translocation of STAT3 (Y705) in both the lumbar and cervical DRG after CSNT
and ulnar nerve crush (Figure 9).
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Figure 8. Immunostaining for TLR9 (a–d) and pNFκB (f–i) in the lumbar (DRGL4i) and cervical DRG
(DRGC7i) ipsilateral to the crushed ulnar nerve in rat with prior CSNT for 7 days and intrathecal
application of artificial cerebrospinal fluid (ACSF) or chloroquine (CQ). Sections were immunos-
tained with rabbit polyclonal anti-TLR9 or rabbit monoclonal anti-pNFκB(p65) antibodies and were
visualized using TRITC- or FITC-conjugated donkey anti-rabbit secondary antibodies, respectively.
Immunostaining demonstrated intense immunofluorescence of both TLR9 and pNFκB in the DRG
neurons of rat treated with ACSF (a,c,f,h), but intrathecal application of CQ reduced the intensity of
both TLR9 and pNFκB immunofluorescence (b,d,g,i). All sections were processed under the same
conditions. Scale bars = 40 µm. Decreased protein levels of both TLR9 and pNFκB in the DRGL4i
and DRGC7i after CQ application was verified by Western blotting (e,j).

Figure 9. Representative sections of the lumbar (DRGL4i) and cervical DRG (DRGC7i) ipsilateral to
the crushed ulnar nerve in rat with prior CSNT for 7 days and intrathecal application of artificial
cerebrospinal fluid (ACSF, (a,c)) or chloroquine (CQ, (b,d)). Sections were immunostained with rabbit
polyclonal anti-STAT3(Y705) and TRITC-conjugated donkey anti-rabbit antibodies under the same
conditions to demonstrate nuclear translocation of activated STAT3. Scale bars = 40 µm. The graph
(e) shows decreased intensity of STAT3 immunofluorescence in the DRG neuronal nuclei after CQ
application. ** Significant difference (p < 0.01) compared with ACSF in a Kruskal–Wallis ANOVA test.

3. Discussion

Wallerian degeneration distal to nerve injury releases a large spectrum of DAMPs
produced by cleavage of the endoneurial extracellular matrix and disintegration of axonal
plasma membrane and mitochondria [8,20]. Motor and afferent axons in peripheral nerves
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contain large numbers of mitochondria, which then become a potent source of mtDNA
following their disintegration during WD. The mtDNAs produced by WD, as in any other
tissue injury, can be released into the bloodstream and induce inflammatory reactions
in tissue remote from the site of primary trauma [21]. mtDNA get into the bloodstream
because the blood–nerve barrier is interrupted in distal segments of the injured nerve [22].
Moreover, DRG are free of the blood–nerve barrier [23,24] and so presumably mtDNA from
disintegrated axonal mitochondria enter the bloodstream, are transported by circulating
blood, and diffuse into remote cervical DRG. Thus, while mtDAMPs can penetrate DRG,
the question arises as to whether the primary sensory neurons express TLR9, the receptor
for mtDNA [25,26]. However, current information about TLR9 expression in primary
sensory neurons following nerve injury is very limited and controversial. When isolated
from DRG of mouse embryos and cultivated in vitro, primary sensory neurons did not
express TLR9 mRNA or protein [27]. In contrast, Qi and coworkers [28] demonstrated
TLR9 in primary culture of mouse DRG neurons isolated from E13 embryos and increased
TLR9 level following treatment with a corresponding ligand.

Our results of immunofluorescence detection and Western blot analysis show in-
creased levels of TLR9 protein bilaterally in DRG neurons both associated and non-
associated with unilateral sciatic nerve lesion caused by SNC and CSNT. This bilateral
increase in TLR9 synthesis in lumbar and cervical DRG following unilateral sciatic nerve
lesions was confirmed by RT-PCR.

3.1. Intracellular Localization of TLR9 in DRG Neurons

In contrast to membrane-bound TLRs (TLR2, TLR4), it is generally accepted that TLR9
is initially located in the endoplasmic reticulum and is translocated to endosomes upon
stimulation by CpG DNA [29]. Double immunostaining with TLR9 and GRP78 antibodies
showed that the increased TLR9 immunofluorescence was predominantly in the endoplas-
mic reticulum of DRG neurons of SNC- or CSNT-operated rats. GRP78/BiP is a major
protein chaperone critical for protein quality control in the endoplasmic reticulum [30], and
GRP78 immunostaining is used as a reliable marker of the endoplasmic reticulum in the
DRG neurons [31].

TLR9, while initially located in the endoplasmic reticulum, is translocated to TLR9
ligand-containing endosomes, which also accumulate MyD88 [29,32]. Double immunos-
taining revealed colocalization of TLR9 and EEA1 immunofluorescence, indicating that a
portion of TLR9 is translocated into early endosomes of DRG neurons after sham operation
and sciatic nerve lesion, which corresponds to the results obtained in immune cells [29].
However, most TLR9 immunostaining remained in the endoplasmic reticulum of DRG
neurons.

3.2. Neuronal Innate Immune Reaction and the Pro-Regenerative State of DRG Neurons

But what is the role of increased TLR9 level in DRG neurons associated and non-
associated with sciatic nerve lesions? It has been demonstrated recently that primary sen-
sory neurons have an intrinsic innate immune capacity in response to traumatic axonal in-
juries associated with upregulation of a specific collection of cytokines and chemokines [16].
Further, it is generally accepted that TLR9 activation by mtDNA can regulate innate im-
mune responses [26]. The results we show here of bilateral upregulation of TLR9 are
similar to our previous observations that unilateral sciatic nerve injury induced bilateral
upregulation of the cytokine IL6 and its signaling pathway, including activation of STAT3,
as well as the chemokine CXCL12 and its receptor CXCR4, not only in lumbar but also
in cervical DRG neurons [17,33,34]. These upregulations correlate well with our current
results on activated NFκB, the key transcription factor in the regulation of cytokines and
chemokines acting downstream of TLR9 [25]. The results here, taken together with our
previous observations, suggest that mtDNA released during WD following unilateral
sciatic nerve lesion is able to activate the TLR9 signaling cascade, including NFκB in DRG
neurons, to regulate neuronal cytokines and chemokines.
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It was demonstrated that IL6-activated STAT3 initiates the neuronal regeneration
program [5,35–37]. We also found that upregulation of IL6 in cervical DRG induced
activation of STAT3, indicating a pro-regenerative state of the primary sensory neurons
non-associated with unilateral sciatic nerve lesion. This was detected by measuring the
length of SCG10 immunopositive regenerated axons distal to the ulnar nerve crush after
a prior sciatic nerve lesion [17–19]. The same rat model, when used here with intrathecal
CQ application, showed that shorter SCG10 immunopositive axons regenerated distal to
the ulnar nerve crush compared with control rats. This inhibitory effect of CQ on ligand
binding with the activated form of TLR9 [38,39] was accompanied by a decrease in TLR9
and pNFκB protein levels, as well as by a reduced intensity of nuclear translocated STAT3
in cervical DRG neurons. We cannot assess the direct effect of CQ to STAT3 or NFkB in
our in vivo experiments. However, it was demonstrated that CQ treatment may reduce
STAT3 in cancer stem cells cultivated in vitro [40]. Although cancer and cancer stem cells
express a high level of TLR9 [41,42], whether a decrease of STAT3 can occur via reduction of
TLR9-mediated signaling by CQ application was not investigated in this paper. In contrast,
CQ treatment increased activation of NFκB in squamous cell carcinoma and melanoma
tumor cells through the accumulation of autophagosomes [43]. On the contrary, CQ
inhibited MGC803 gastric cancer cell migration via the TLR9/NFκB signaling pathway [44],
supporting our results of decreased NFκB in the DRG neurons after intrathecal application
of CQ.

TLR9 was also detected in the growth cones, indicating that these critical structures of
regenerated axons can also react to mtDNA distal to nerve injury [45]. A role for TLR9 in
axonal regeneration has been suggested [46], but direct evidence for this TLR9 function is
not yet available. Intrathecal application of CQ can affect the growth of regenerated axons
either via local inhibition of ligand binding with the activated form of TLR9 on growth
cones or directly by attenuating the TLR9-mediated neuronal innate immune reaction and
thereby reducing regeneration capacity.

In conclusion, our results indicate that a unilateral sciatic nerve lesion activates the
neuronal innate immune reaction via TLR9 and NFκB not only in DRG associated with the
injured nerve but also in remote DRG. The neuronal innate immune reaction can induce
a regenerative state in DRG neurons associated with the injury and a pro-regenerative
state in neurons non-associated with the injured nerve. Nevertheless, what has not so far
been elucidated is the purpose of conditioning primary sensory neurons of remote DRG in
reaction to a unilateral sciatic nerve lesion.

4. Materials and Methods
4.1. Animals and Surgical Treatment

The investigation was performed in 96 adult male rats (Wistar, 250–280 g, Anlab, Brno,
Czech Republic) housed in 12 h light/dark cycles at a temperature of 22–24 ◦C under
specific pathogen-free conditions in the animal housing facility of Masaryk University.
Sterilized standard rodent food and water were available ad libitum. All experimental
procedures were carried out under sterile conditions by the same person according to
protocols approved by the Animal Investigation Committee of the Faculty of Medicine,
Brno, Czech Republic. All surgical procedures were performed under anesthesia using a
mixture of ketamine (40 mg/mL) and xylazine (4 mg/mL) administered intraperitoneally
(0.2 mL/100 g body weight).

The right sciatic nerve was exposed in the mid-thigh, ligated using 2 ligatures and
cut with a pair of sharp scissors (complete sciatic nerve transection, CSNT, n = 18). The
proximal nerve stump was fixed in muscles to shield the distal stump from reinnervation.
A 2 mm long silicone tube of 1 mm internal diameter was slit longitudinally and placed
around the right sciatic nerve to reduce nerve diameter (sciatic nerve constriction, SNC,
n = 18) [47]. The tube was tied with a sterile thread to prevent opening. The muscles and
skin were closed with 5/0 sutures. The right sciatic nerve of sham-operated rats (n = 18)
was carefully exposed without any lesion. All operated rats (CSNT, SNC, sham) were
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allowed to survive for 7 days, a period of time where WD has fully developed distal to
the nerve injury and when peak expression of regeneration-associated proteins in DRG
neurons has occurred [19]. Eighteen other rats without any surgical treatment were used as
naive control. DRG from rats belonging to naive, sham-, CSNT- and SNC-groups were used
for simple or double immunohistochemical staining as well as Western blot and RT-PCR
analysis.

4.2. Tissue Processing and Immunofluorescence Staining

Naive, sham-, SNC- and CSNT-operated rats (n = 6 for each group) were deeply
anesthetized with a lethal dose of sodium pentobarbital (70 mg/kg body weight, i.p.) and
perfused transcardially with 400 mL phosphate-buffered saline (PBS, pH 7.4) followed by
400 mL of Zamboni’s fixative [48]. We demonstrated the phenomenon of a pro-regenerative
state in the DRG neurons of cervical (C6-C8) spinal segments that are non-associated with
unilateral injury of the sciatic nerve [18,19]. Therefore, we used the DRG of the same
cervical segments for the current analysis. Rat lumbar DRG of L4-L5 segments contain
nearly 98–99% of the primary sensory neurons that contribute to the rat sciatic nerve [49].
The L4-L5 DRG associated with the sciatic nerve were used for comparison with remote
DRG (C6-C8). The L4-L5 and C6-C8 DRG from both sides were detected inside their
intervertebral foramina following total laminectomy and foraminotomy. The DRG were
removed, immersed separately in Zamboni’s fixative at 4 ◦C overnight and then divided
into samples of ipsilateral (L-DRGi) and contralateral (L-DRGc) lumbar DRG as well as
ipsilateral (C-DRGi) and contralateral (C-DRGc) cervical DRG separately for each group
of rats (naive, sham-, SNC- and CSNT-operated). The DRG samples were washed in
20% phosphate-buffered sucrose for 12 h, blocked in Tissue-Tek® OCT compound (Miles,
Elkhart, IN, USA), and serial longitudinal cryostat sections (12 µm) were prepared. The
sections were then mounted on chrome-alum covered slides and processed for indirect
immunofluorescence staining.

Briefly, DRG sections of lumbar and cervical segments of naive, sham-, SNC- and
CSNT-operated rats were immunostained simultaneously under the same conditions.
Sections were washed with PBS containing 0.05% Tween 20 (PBS-T) and 1% bovine serum
albumin (BSA) for 10 min and were treated with 5% normal donkey serum in PBS-T for
30 min. They were then incubated with 25 µL of a polyclonal rabbit antibody against TLR9
(1:500; AP05241PU-N, Acris, Herford, Germany) in a humid chamber at room temperature
(21 to 23 ◦C) for 12 h. The immunostaining was visualized using TRITC-conjugated and
affinity-purified donkey anti-rabbit secondary antibody (1:100; AP182R, EMD Millipore,
Tamecula, CA, USA) for 90 min at room temperature. Control sections were incubated
without primary antibodies, with preabsorbed antibody (20 µg/mL, TLR9 blocking peptide,
MBS-152758, MyBioSource, San Diego, CA, USA) or by substituting the primary antibodies
with the donkey IgG isotype. The sections were stained with Hoechst 33,342 to detect
cell nuclei, mounted in aqueous mounting medium (Vectashield; Vector Laboratories,
Burlingame, CA, USA) and analyzed using an epifluorescence microscope (Nikon Eclipse)
equipped with a Nikon DS-Ri1 camera (Nikon, Prague, Czech Republic) and a stabilized
power supply for the lamp housing. The TLR9 immunofluorescence intensities were
measured using a NIS-Elements image analysis system (Nikon, Prague, Czech Republic)
according to our previously published protocol [19]. Briefly, TLR9 immunofluorescence
intensities were measured in digital pictures of the RGB mode captured under the same
magnification (Plan Fluor objective 40 × 0.75; Nikon) with a Nikon DS-Ri1 camera. After
subtraction of background, the DRG neurons were detected by the interactive thresholding
technique (HSI: hue, saturation and intensity) and transformed to binary mode. The binary
foreground was monitored at every step of thresholding and manually edited if needed.
The original RGB true color images were converted to gray and overlaid with the binary
map. At least 100 neuronal profiles containing nuclei were measured for each animal
group. The DRG neurons were categorized as small (<25 µm), medium (25–40 µm) or large
(>40 µm).



Int. J. Mol. Sci. 2021, 22, 7446 12 of 17

Measurement of immunofluorescence intensities on digitized images from an epifluo-
rescence microscope is a simple and rapid method providing reliable information on the
cellular distribution and comparison of protein levels between control and experimental
tissue samples, for example in DRG neurons [19,33,34].

4.3. Double Immunostaining

To detect cellular and intracellular TLR9 localization, we performed double immunos-
taining of TLR9 with antibodies against glutamine synthetase (GS) as a marker of activated
SGCs [50] and against early endosomal antigen-1 (EEA1) or Rab7 to detect early or late
endosomes, respectively [51,52]. Further we used a polyclonal antibody against glucose-
regulated protein 78 (GRP78) in double immunostaining to monitor TLR9 localization to
the endoplasmic reticulum [53].

Briefly, one portion of the DRG sections was incubated with a mixture (1:1) of rab-
bit polyclonal anti-TLR9 and mouse monoclonal anti-GS (1:100; LS-B2579/67910 LS Bio,
Seattle, WA, USA) or anti-EEA1 (1:50; sc-53939, Santa Cruz, CA, USA) antibodies. An-
other portion was incubated with mouse monoclonal anti-TLR9 (1:100; sc-52966, Santa
Cruz Biotechnology, Heidelberg, Germany) and one of either rabbit monoclonal anti–Rab7
(1:100; #9367, Cell Signaling Technology, The Netherlands) or rabbit polyclonal anti-GRP78
(1:500; ab53068, Abcam, Cambridge, UK) antibodies. A mixture (1:1) of affinity purified
TRITC-conjugated donkey anti-rabbit and FITC-conjugated donkey anti-mouse secondary
antibodies (1:100; AP182R and AP192F, EMD Millipore, Tamecula, CA, USA) was applied
at room temperature for 90 min. Control sections were incubated without the primary
antibodies, with preabsorbed polyclonal TLR9 antibody (20 µg/mL, TLR9 blocking peptide,
MBS-152758, MyBioSource, San Diego, CA, USA), preabsorbed monoclonal antibody using
recombinant human TLR9 protein (10 µg/mL, TLR9-48H, Creative-Biomart, Shirley, NY,
USA) or with a reverse combination of primary and secondary antibodies. The control
sections displayed no immunostaining. The sections were stained with Hoechst 33,342
to detect cell nuclei, mounted in aqueous mounting medium (Vectashield; Vector Labo-
ratories, Burlingame, CA, USA) and analyzed using appropriate epifluorescence optics
with fluorescent filter cubes for TRITC, FITC and UV (TRITC: excitation filter 554 nm,
barrier filter 609 nm; FITC: excitation filter 466 nm, barrier filter 525 nm; UV: excitation
filter 378 nm, barrier filter 447 nm) on a Nikon Eclipse microscope equipped with a Nikon
DS-Ri1 camera (Nikon, Prague, Czech Republic).

4.4. Western Blot Analysis

Naive, sham-, SNC- and CSNT-operated rats (n = 6 for each experimental group) were
deeply anesthetized with a lethal dose of sodium pentobarbital (70 mg/kg body weight,
i.p.). DRG of both sides were then detected following total laminectomy and foraminotomy,
removed under aseptic conditions, washed in protease and phosphatase inhibitor cocktails
(Roche, Germany), flash frozen in liquid nitrogen and stored at −80 ◦C until further analysis.
The DRG of lumbar (L4-L5) and cervical (C6-C8) segments were separated into samples of
ipsilateral (L-DRGi) and contralateral (L-DRGc) lumbar DRG as well as ipsilateral (C-DRGi)
and contralateral (C-DRGc) cervical DRG for each group of rats. For triplicate Western
blotting analysis of TLR9, samples of DRG were collected from two rats in each sample
group. The DRG samples were homogenized in TRIS-buffered saline (pH 7.2) containing
0.1% Triton X-100 and protease and phosphatase inhibitors and centrifuged at 10,000× g
for 5 min at 4 ◦C. The total protein concentration was measured in the tissue supernatant
(Nanodrop ND-1000; Thermo Fisher Scientific) and normalized to the same levels. Proteins
were separated by SDS-polyacrylamide gel electrophoresis and transferred to nitrocellulose
membranes by electroblotting (BioRad, Hercules, CA, USA). Blots were blocked using 1%
BSA in PBS-T (pH 7.4) for 1 h and incubated with rabbit polyclonal anti-TLR9 (1:1000;
AP05241PU-N, Acris, Germany) or rabbit monoclonal anti-pNFκB(p65) (1:1000, #3033,
Cell Signaling Technology, Danvers, MA, USA) antibodies overnight. After washing in
PBS-T, blots were incubated with peroxidase-conjugated anti-rabbit IgG (1:1000; A2074,
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Sigma-Aldrich, Saint Louis, MO, USA) at room temperature for 1 h. Equal loading of
proteins was confirmed by actin staining. Protein bands were visualized using the ECL
detection kit (Cytiva, Marlborough, MA, USA) on a chemiluminometer reader (LAS-3000;
Fuji, Japan) and analyzed using image densitometry software. The levels of proteins were
normalized to β-actin and to the value of naive lumbar and cervical DRG, which were
arbitrarily set to one.

4.5. Real Time RT-PCR

The expression of TLR9 mRNAs in DRG was analyzed by real time PCR (RT-PCR).
Whole DRG were removed under aseptic conditions from lumbar (L4-L5) and cervical
(C6-C8) segments of both sides from naive, sham-, SNC-, CSNT-operated rats (n = 6 for each
group). The samples were collected from ipsilateral and contralateral lumbar DRG (L-DRGi,
L-DRGc) as well as ipsilateral and contralateral cervical DRG (C-DRGi, C-DRGc) for each
group of rats and stored in RNA later (Thermo Fisher Scientific, Waltham, MA, USA) at 4 ◦C.
First-strand cDNA synthesis was performed using TaqMan® High-Capacity RNA-to-cDNA
Kit (Thermo Fisher Scientific, Waltham, MA, USA), and their quality and concentrations
were evaluated by optical density using NanoDrop (Labtech France, Palaiseau, France).
PCR amplification, in triplicate for each sample, was performed using ABI Prism 7300,
TaqMan® Gene Expression Master Mix and TaqMan® Gene Expression Assay Probes
FAM™ (Thermo Fisher Scientific, Waltham, MA, USA) for the target gene TLR9 (assay ID-
Rn01640054_m1). Determinations were made with reference to a reporter gene encoding
Rat Actin (actin, beta-Rn00667869_m1) Endogenous Control (VIC®). The polymerase
activation step at 95 ◦C for 15 min was followed by 40 cycles of 15 s at 95 ◦C and 60 s at
60 ◦C. The validity of the results was checked by running appropriate negative controls
(replacing cDNA with water for PCR amplification; omitting reverse transcriptase for
cDNA synthesis). Specific mRNA levels were calculated after normalizing to actin mRNA
in each sample. Relative expression was determined using the Comparative Ct Model
(∆∆Ct) with actin as the housekeeping gene. Data were presented as relative mRNA units
compared with control values (expressed as fold multiples of the appropriate sham control).

4.6. Intrathecal Administration of Chloroquine, In Vivo Axon Regeneration Assay and Evaluation
of Transforming Factors

To test in vivo the role of TLR9 in sciatic nerve injury triggering the pro-regenerative
capacity of cervical DRG neurons, we used the rat ulnar nerve crush model with prior
CSNT for 7 days [19]. The right ulnar nerves of 12 rats surviving 7 days with CSNT were
exposed for a short segment and crushed using a clamp with a defined force of 1.9 N for
1 min twice [54] under a stereoscopic microscope. The distal margin of the crush injury
was indicated with Indian ink, and the skin wound was closed with 5/0 sutures.

The animals were randomly divided into a control group (n = 12) intrathecally injected
with artificial cerebrospinal fluid (ACSF) [55] and an experimental group (n = 12) who
were administered quinoline (CQ) intrathecally. The procedure comprised injecting 10 µL
of ACSF or freshly prepared quinoline (InvivoGen, Toulouse, France) in ACSF (5 mg/kg)
and a further 10 µL ACSF via a micro syringe into the subarachnoid space of the cisterna
magna [17]. Rats with intrathecal administration of ACSF or CQ were left to survive for
1 day.

4.6.1. Axon Regeneration Assay and Immunohistochemical Analysis

Rats with intrathecal administration of ACSF or CQ (n = 6 for each group) were deeply
anesthetized and perfused transcardially with PBS and Zamboni’s fixative. The lumbar
(L4-L5) and cervical DRG (C6-C8) and the ulnar nerve segment distal to the crush point
were removed, fixed with Zamboni’s fixative overnight and washed in 10% sucrose in
PBS. Serial longitudinal cryostat sections (thickness 10 µm) through ulnar nerve segments
were cut and immunostained with rabbit polyclonal antibody against SCG10 (1:1000; LS-
C143454/76191, LSBio, Seattle, WA, USA) in a humid chamber at room temperature (21 to
23 ◦C) for 12 h. The immunoreaction was visualized by treatment with FITC-conjugated
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and affinity-purified donkey anti-rabbit secondary antibody (1:100; AP192F, EMD Millipore,
Tamecula, CA, USA) for 90 min at room temperature. SCG10 fluorescence intensity was
analyzed along the length of the nerve distal to the crush site [56]. The length of SCG10
immunopositive axons was measured by a person blind to the experimental conditions in
every third section using a NIS-Elements image analysis system (Nikon, Prague, Czech
Republic). The results were expressed as mean maximal length ± SD of regenerated axons.

The lumbar and cervical DRG samples of ACSF and CQ treated rats were cut to
prepare serial longitudinal cryostat sections (thickness 12 µm). One portion of the sections
of ACSF and CQ groups were double immunostained under the same conditions as above
using rabbit polyclonal anti-TLR9 (1:500; AP05241PU-N, Acris, Herford, Germany) and
rabbit monoclonal anti-pNFκB(p65) (1:100; #3033, Cell Signaling Technology, Danvers,
MA, USA) antibodies and the immunoreaction visualized using TRITC-conjugated donkey
anti-mouse and FITC-conjugated donkey anti-rabbit secondary antibodies, respectively.
Another portion of sections was immunostained with rabbit polyclonal antibody against
STAT3(Y705) (1:100; sc-7993, Santa Cruz Biotechnology, Heidelberg, Germany), and the im-
munohistochemical reaction was visualized using TRITC-conjugated and affinity-purified
donkey anti-rabbit secondary antibody (1:100; AP182R, EMD Millipore, Tamecula, CA,
USA) for 90 min at room temperature. The sections were stained with Hoechst 33,342 to
detect cell nuclei and analyzed using an epifluorescence microscope (Nikon Eclipse, Nikon,
Prague, Czech Republic). The STAT3(Y705) immunofluorescence intensities in the nuclei
of DRG neurons were measured using the NIS-Elements image analysis system (Nikon,
Prague, Czech Republic) according to a protocol we published previously [17]. At least
200 nuclei with visible nucleoli of DRG neurons were measured for each group (ACSF and
CQ). The immunofluorescence intensities were expressed as mean intensities ± SD.

4.6.2. Western Blot Analysis

A second group of rats with intrathecal injection of ACSF or CQ (n = 6 for each group)
were deeply anesthetized with a lethal dose of sodium pentobarbital. The lumbar (L4-L5)
and cervical DRG (C6-C8) ipsilateral to CSNT and the ulnar nerve crush were removed
under aseptic conditions, washed in protease and phosphatase inhibitor cocktails (both
Roche, Mannheim, Germany), flash frozen in liquid nitrogen, and stored at −80 ◦C until
analyzed by Western blot as described above.

4.7. Statistical Analyses

All data were expressed as mean ± SD and tested for normal distribution. Statistical
differences were tested using a Kruskal–Wallis ANOVA test for comparisons between
data of immunofluorescence intensities, Western blot analysis and RT-PCR of naive DRG
neurons and DRG neurons of sham-operated rats or rats with SNC and CSNT (* p < 0.05;
** p < 0.01). The same statistical analysis was used to compare the length of regenerated
axons distal to the ulnar nerve crush after intrathecal application of ACSF and CQ. All
statistical analyses were performed using STATISTICA 9.0 software (StatSoft, Inc., Tulsa,
OK, USA).
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and Lumír Trenčanský for their skillful technical assistance.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Dubovy, P.; Klusakova, I.; Hradilova-Svizenska, I.; Joukal, M. Expression of regeneration-associated proteins in primary sensory

neurons and regenerating axons after nerve injury—An overview. Anat. Rec. 2018, 301, 1618–1627. [CrossRef] [PubMed]
2. Liu, H.-H.; Jan, Y.-N. Mechanisms of neurite repair. Curr. Opin. Neurobiol. 2020, 63, 53–58. [CrossRef] [PubMed]
3. Neumann, S.; Woolf, C.J. Regeneration of dorsal column fibers into and beyond the lesion site following adult spinal cord injury.

Neuron 1999, 23, 83–91. [CrossRef]
4. Schwaiger, F.W.; Hager, G.; Schmitt, A.B.; Horvat, A.; Hager, G.; Streif, R.; Spitzer, C.; Gamal, S.; Breuer, S.; Brook, G.A.; et al.

Peripheral but not central axotomy induces changes in janus kinases (JAK) and signal transducers and activators of transcription
(STAT). Eur. J. Neurosci. 2000, 12, 1165–1176. [CrossRef]

5. Qiu, J.; Cafferty, W.B.J.; McMahon, S.B.; Thompson, S.W.N. Conditioning injury-induced spinal axon regeneration requires signal
transducer and activator of transcription 3 activation. J. Neurosci. 2005, 25, 1645–1653. [CrossRef] [PubMed]

6. Dubový, P. Wallerian degeneration and peripheral nerve conditions for both axonal regeneration and neuropathic pain induction.
Ann. Anat. 2011, 193, 267–275. [CrossRef] [PubMed]

7. Court, F.A.; Coleman, M.P. Mitochondria as a central sensor for axonal degenerative stimuli. TINS 2012, 35, 364–372. [CrossRef]
8. Coleman, M. Axon degeneration mechanisms: Commonality amid diversity. Nat. Rev. Neurosci. 2005, 6, 889–898. [CrossRef]
9. Gaudet, A.D.; Popovich, P.G.; Ramer, M.S. Wallerian degeneration: Gaining perspective on inflammatory events after peripheral

nerve injury. J. Neuroinflamm. 2011, 8, 110. [CrossRef]
10. Barrientos, S.A.; Martinez, N.W.; Yoo, S.; Jara, J.S.; Zamorano, S.; Hetz, C.; Twiss, J.L.; Alvarez, J.; Court, F.A. Axonal degeneration

is mediated by the mitochondrial permeability transition pore. J. Neurosci. 2011, 31, 966–978. [CrossRef]
11. Freeman, M.R. Signaling mechanisms regulating Wallerian degeneration. Curr. Opin. Neurobiol. 2014, 27, 224–231. [CrossRef]

[PubMed]
12. Catenaccio, A.; Hurtado, M.L.; Diaz, P.; Lamont, D.J.; Wishart, T.M.; Court, F.A. Molecular analysis of axonal-intrinsic and

glial-associated co-regulation of axon degeneration. Cell Death Dis. 2017, 8, e3166. [CrossRef] [PubMed]
13. Zindel, J.; Kubes, P. DAMPs, PAMPs, and LAMPs in immunity and sterile inflammation. Annu. Rev. Pathol. Mech. Dis. 2020, 15,

493–518. [CrossRef]
14. Riley, J.S.; Tait, S.W. Mitochondrial DNA in inflammation and immunity. EMBO Rep. 2020, 21. [CrossRef] [PubMed]
15. Arancibia, S.A.; Beltrán, C.J.; Aguirre, I.M.; Silva, P.; Peralta, A.L.; Malinarich, F.; Hermoso, M.A. Toll-like receptors are key

participants in innate immune responses. Biol. Res. 2007, 40. [CrossRef]
16. Wang, Q.; Zhang, S.; Liu, T.; Wang, H.; Liu, K.; Wang, Q.; Zeng, W. Sarm1/Myd88-5 regulates neuronal intrinsic immune response

to traumatic axonal injuries. Cell Rep. 2018, 23, 716–724. [CrossRef]
17. Dubový, P.; Hradilová-Svíženská, I.; Klusáková, I.; Kokošová, V.; Brázda, V.; Joukal, M. Bilateral activation of STAT3 by

phosphorylation at the tyrosine-705 (Y705) and serine-727 (S727) positions and its nuclear translocation in primary sensory
neurons following unilateral sciatic nerve injury. Histochem. Cell Biol. 2018, 150, 37–47. [CrossRef]

18. Dubový, P.; Hradilová-Svíženská, I.; Klusáková, I.; Brázda, V.; Joukal, M. Interleukin-6 contributes to initiation of neuronal
regeneration program in the remote dorsal root ganglia neurons after sciatic nerve injury. Histochem. Cell Biol. 2019, 152, 109–117.
[CrossRef]

19. Dubovy, P.; Klusakova, I.; Hradilova-Svizenska, I.; Brazda, V.; Kohoutkova, M.; Joukal, M. A conditioning sciatic nerve lesion
triggers a pro-regenerative state in primary sensory neurons also of dorsal root ganglia non-associated with the damaged nerve.
Front. Cell. Neurosci. 2019, 13, 11. [CrossRef]

20. Boivin, A.; Pineau, I.; Barrette, B.; Filali, M.; Vallières, N.; Rivest, S.; Lacroix, S. Toll-like receptor signaling is critical for Wallerian
degeneration and functional recovery after peripheral nerve injury. J. Neurosci. 2007, 27, 12565–12576. [CrossRef] [PubMed]

21. Zhang, Q.; Raoof, M.; Chen, Y.; Sumi, Y.; Sursal, T.; Junger, W.; Brohi, K.; Itagaki, K.; Hauser, C.J. Circulating mitochondrial
DAMPs cause inflammatory responses to injury. Nature 2010, 464, 104–107. [CrossRef]

22. Weerasuriya, A.; Mizisin, A.P. The blood-nerve barrier: Structure and functional significance. In Blood-Brain and Other Neural
Barriers: Reviews and Protocols; Nag, S., Ed.; Humana Press Inc.: Totowa, NJ, USA, 2011; Volume 686, pp. 149–173, ISBN
9781607619376.

23. Arvidson, B. Distribution of intravenously injected protein tracers in peripheral ganglia of adult mice. Exp. Neurol. 1979, 63,
388–410. [CrossRef]

24. Jacobs, J.M.; Macfarlane, R.M.; Cavanagh, J.B. Vascular leakage in the dorsal root ganglia of the rat, studied with horseradish
peroxidase. J. Neurol. Sci. 1976, 29, 95–107. [CrossRef]

http://doi.org/10.1002/ar.23843
http://www.ncbi.nlm.nih.gov/pubmed/29740961
http://doi.org/10.1016/j.conb.2020.02.010
http://www.ncbi.nlm.nih.gov/pubmed/32278210
http://doi.org/10.1016/S0896-6273(00)80755-2
http://doi.org/10.1046/j.1460-9568.2000.00005.x
http://doi.org/10.1523/JNEUROSCI.3269-04.2005
http://www.ncbi.nlm.nih.gov/pubmed/15716400
http://doi.org/10.1016/j.aanat.2011.02.011
http://www.ncbi.nlm.nih.gov/pubmed/21458249
http://doi.org/10.1016/j.tins.2012.04.001
http://doi.org/10.1038/nrn1788
http://doi.org/10.1186/1742-2094-8-110
http://doi.org/10.1523/JNEUROSCI.4065-10.2011
http://doi.org/10.1016/j.conb.2014.05.001
http://www.ncbi.nlm.nih.gov/pubmed/24907513
http://doi.org/10.1038/cddis.2017.489
http://www.ncbi.nlm.nih.gov/pubmed/29120410
http://doi.org/10.1146/annurev-pathmechdis-012419-032847
http://doi.org/10.15252/embr.201949799
http://www.ncbi.nlm.nih.gov/pubmed/32202065
http://doi.org/10.4067/S0716-97602007000200001
http://doi.org/10.1016/j.celrep.2018.03.071
http://doi.org/10.1007/s00418-018-1656-y
http://doi.org/10.1007/s00418-019-01779-3
http://doi.org/10.3389/fncel.2019.00011
http://doi.org/10.1523/JNEUROSCI.3027-07.2007
http://www.ncbi.nlm.nih.gov/pubmed/18003835
http://doi.org/10.1038/nature08780
http://doi.org/10.1016/0014-4886(79)90134-1
http://doi.org/10.1016/0022-510X(76)90083-6


Int. J. Mol. Sci. 2021, 22, 7446 16 of 17

25. Zhang, J.-Z.; Liu, Z.; Liu, J.; Ren, J.-X.; Sun, T.-S. Mitochondrial DNA induces inflammation and increases TLR9/NF-kB expression
in lung tissue. Int. J. Mol. Med. 2014, 33, 817–824. [CrossRef] [PubMed]

26. Fang, C.; Wei, X.; Wei, Y. Mitochondrial DNA in the regulation of innate immune responses. Protein Cell 2016, 7, 11–16. [CrossRef]
[PubMed]

27. Goethals, S.; Ydens, E.; Timmerman, V.; Janssens, S. Toll-like receptor expression in the peripheral nerve. Glia 2010, 58, 1701–1709.
[CrossRef] [PubMed]

28. Qi, J.; Buzas, K.; Fan, H.; Cohen, J.I.; Wang, K.; Mont, E.; Klinman, D.; Oppenheim, J.J.; Howard, O.M.Z. Painful pathways
induced by Toll-like receptor stimulation of dorsal root ganglion neurons. J. Immunol. 2011, 186, 6417–6426. [CrossRef]

29. Latz, E.; Schoenemeyer, A.; Visintin, A.; Fitzgerald, K.A.; Monks, B.G.; Knetter, C.F.; Lien, E.; Nilsen, N.J.; Espevik, T.; Golenbock,
D.T. TLR9 signals after translocating from the ER to CpG DNA in the lysosome. Nat. Immunol. 2004, 5, 190–198. [CrossRef]

30. Wang, M.; Ye, R.; Barron, E.; Baumeister, P.; Mao, C.; Luo, S.; Fu, Y.; Luo, B.; Dubeau, L.; Hinton, D.R.; et al. Essential role of
the unfolded protein response regulator GRP78/BiP in protection from neuronal apoptosis. Cell Death Differ. 2010, 17, 488–498.
[CrossRef]

31. Dong, L.; Odeleye, A.O.; Jordan-Sciutto, K.L.; Winkelstein, B.A. Painful facet joint injury induces neuronal stress activation in the
drg: Implications for cellular mechanisms of pain. Neurosci. Lett. 2008, 443, 90–94. [CrossRef]

32. Chockalingam, A.; Brooks, J.C.; Cameron, J.L.; Blum, L.K.; Leifer, C.A. TLR9 traffics through the golgi complex to localize to
endolysosomes and respond to CpG DNA. Immunol. Cell Biol. 2009, 87, 209–217. [CrossRef]

33. Dubový, P.; Klusáková, I.; Svíženská, I.; Brázda, V. Spatio-temporal changes of sdf1 and its CXCR4 receptor in the dorsal root
ganglia following unilateral sciatic nerve injury as a model of neuropathic pain. Histochem. Cell Biol. 2010, 133, 323–337. [CrossRef]

34. Dubový, P.; Brázda, V.; Klusáková, I.; Hradilová-Svíženská, I. Bilateral elevation of interleukin-6 protein and mRNA in both
lumbar and cervical dorsal root ganglia following unilateral chronic compression injury of the sciatic nerve. J. Neuroinflamm.
2013, 10, 824. [CrossRef]

35. Dziennis, S.; Alkayed, N.J. Role of signal transducer and activator of transcription 3 in neuronal survival and regeneration. Rev.
Neurosci. 2008, 19, 341–361. [CrossRef] [PubMed]

36. Bareyre, F.M.; Garzorz, N.; Lang, C.; Misgeld, T.; Büning, H.; Kerschensteiner, M. In vivo imaging reveals a phase-specific role
of STAT3 during central and peripheral nervous system axon regeneration. Proc. Natl. Acad. Sci. USA 2011, 108, 6282–6287.
[CrossRef] [PubMed]

37. Zigmond, R.E. Gp130 cytokines are positive signals triggering changes in gene expression and axon outgrowth in peripheral
neurons following injury. Front. Mol. Neurosci. 2012, 4, 62. [CrossRef] [PubMed]

38. Sanjuan, M.A.; Rao, N.; Lai, K.T.; Gu, Y.; Sun, S.; Fuchs, A.; Fung-Leung, W.P.; Colonna, M.; Karlsson, L. CpG-induced tyrosine
phosphorylation occurs via a TLR9-independent mechanism and is required for cytokine secretion. J. Cell Biol. 2006, 172,
1057–1068. [CrossRef] [PubMed]

39. Rutz, M.; Metzger, J.; Gellert, T.; Luppa, P.; Lipford, G.B.; Wagner, H.; Bauer, S. Toll-like receptor 9 binds single-stranded
CpG-DNA in a sequence- and pH-dependent manner. Eur. J. Immunol. 2004, 34, 2541–2550. [CrossRef]

40. Yue, D.; Zhang, D.; Shi, X.; Liu, S.; Li, A.; Wang, D.; Qin, G.; Ping, Y.; Qiao, Y.; Chen, X.; et al. Chloroquine inhibits stemness of
esophageal squamous cell carcinoma cells through targeting CXCR4-STAT3 pathway. Front. Oncol. 2020, 10. [CrossRef] [PubMed]

41. Merrell, M.A.; Ilvesaro, J.M.; Lehtonen, N.; Sorsa, T.; Gehrs, B.; Rosenthal, E.; Chen, D.; Shackley, B.; Harris, K.W.; Selander, K.S.
Toll-like receptor 9 agonists promote cellular invasion by increasing matrix metalloproteinase activity. Mol. Cancer Res. 2006, 4,
437–447. [CrossRef]

42. Herrmann, A.; Cherryholmes, G.; Schroeder, A.; Phallen, J.; Alizadeh, D.; Xin, H.; Wang, T.; Lee, H.; Lahtz, C.; Swiderski, P.; et al.
TLR9 is critical for glioma stem cell maintenance and targeting. Cancer Res. 2014, 74, 5218–5228. [CrossRef]

43. Yang, S.; Qiang, L.; Sample, A.; Shah, P.; He, Y.-Y. NF-KB signaling activation induced by chloroquine requires autophagosome,
P62 protein, and c-jun N-terminal kinase (JNK) signaling and promotes tumor cell resistance. J. Biol. Chem. 2017, 292, 3379–3388.
[CrossRef]

44. Zhang, Y.; Li, Y.; Li, Y.; Li, R.; Ma, Y.; Wang, H.; Wang, Y. Chloroquine inhibits MGC803 gastric cancer cell migration via the
Toll-like Receptor 9/Nuclear Factor Kappa B signaling pathway. Mol. Med. Rep. 2015, 11, 1366–1371. [CrossRef] [PubMed]

45. Korimová, A.; Klusáková, I.; Hradilová-Svíženská, I.; Kohoutková, M.; Joukal, M.; Dubový, P. Mitochondrial damage-associated
molecular patterns of injured axons induce outgrowth of Schwann cell processes. Front. Cell. Neurosci. 2018, 12. [CrossRef]
[PubMed]

46. Kaul, D.; Habbel, P.; Derkow, K.; Krüger, C.; Franzoni, E.; Wulczyn, F.G.; Bereswill, S.; Nitsch, R.; Schott, E.; Veh, R.; et al.
Expression of Toll-like receptors in the developing brain. PLoS ONE 2012, 7, e37767. [CrossRef]

47. Schmid, A.B.; Coppieters, M.W.; Ruitenberg, M.J.; McLachlan, E.M. Local and remote immune-mediated inflammation after mild
peripheral nerve compression in rats. J. Neuropathol. Exp. Neurol. 2013, 72, 662–680. [CrossRef]

48. Zamboni, L.; Demartin, C. Buffered picric acid-formaldehyde—A new rapid fixative for electron microscopy. J. Cell. Biol. 1967, 35,
A148.

49. Swett, J.E.; Torigoe, Y.; Elie, V.R.; Bourassa, C.M.; Miller, P.G. Sensory neurons of the rat sciatic nerve. Exp. Neurol. 1991, 114,
82–103. [CrossRef]

50. Hanani, M. Satellite glial cells in sensory ganglia: From form to function. Brain Res. Rev. 2005, 48, 457–476. [CrossRef]

http://doi.org/10.3892/ijmm.2014.1650
http://www.ncbi.nlm.nih.gov/pubmed/24535292
http://doi.org/10.1007/s13238-015-0222-9
http://www.ncbi.nlm.nih.gov/pubmed/26498951
http://doi.org/10.1002/glia.21041
http://www.ncbi.nlm.nih.gov/pubmed/20578041
http://doi.org/10.4049/jimmunol.1001241
http://doi.org/10.1038/ni1028
http://doi.org/10.1038/cdd.2009.144
http://doi.org/10.1016/j.neulet.2008.07.059
http://doi.org/10.1038/icb.2008.101
http://doi.org/10.1007/s00418-010-0675-0
http://doi.org/10.1186/1742-2094-10-55
http://doi.org/10.1515/REVNEURO.2008.19.4-5.341
http://www.ncbi.nlm.nih.gov/pubmed/19145989
http://doi.org/10.1073/pnas.1015239108
http://www.ncbi.nlm.nih.gov/pubmed/21447717
http://doi.org/10.3389/fnmol.2011.00062
http://www.ncbi.nlm.nih.gov/pubmed/22319466
http://doi.org/10.1083/jcb.200508058
http://www.ncbi.nlm.nih.gov/pubmed/16567503
http://doi.org/10.1002/eji.200425218
http://doi.org/10.3389/fonc.2020.00311
http://www.ncbi.nlm.nih.gov/pubmed/32232002
http://doi.org/10.1158/1541-7786.MCR-06-0007
http://doi.org/10.1158/0008-5472.CAN-14-1151
http://doi.org/10.1074/jbc.M116.756536
http://doi.org/10.3892/mmr.2014.2839
http://www.ncbi.nlm.nih.gov/pubmed/25369757
http://doi.org/10.3389/fncel.2018.00457
http://www.ncbi.nlm.nih.gov/pubmed/30542268
http://doi.org/10.1371/journal.pone.0037767
http://doi.org/10.1097/NEN.0b013e318298de5b
http://doi.org/10.1016/0014-4886(91)90087-S
http://doi.org/10.1016/j.brainresrev.2004.09.001


Int. J. Mol. Sci. 2021, 22, 7446 17 of 17

51. Poteryaev, D.; Datta, S.; Ackema, K.; Zerial, M.; Spang, A. Identification of the switch in early-to-late endosome transition. Cell
2010, 141, 497–508. [CrossRef]

52. Girard, E.; Chmiest, D.; Fournier, N.; Johannes, L.; Paul, J.-L.; Vedie, B.; Lamaze, C. Rab7 is functionally required for selective
cargo sorting at the early endosome. Traffic 2014, 15, 309–326. [CrossRef]

53. Lee, A.S. The ER chaperone and signaling regulator GRP78/BiP as a monitor of endoplasmic reticulum stress. Methods 2005, 35,
373–381. [CrossRef] [PubMed]

54. Ronchi, G.; Nicolino, S.; Raimondo, S.; Tos, P.; Battiston, B.; Papalia, I.; Varejão, A.S.P.; Giacobini-Robecchi, M.G.; Perroteau, I.;
Geuna, S. Functional and morphological assessment of a standardized crush injury of the rat median nerve. J. Neurosci. Meth.
2009, 179, 51–57. [CrossRef]

55. Hylden, J.L.K.; Wilcox, G.L. Intrathecal morphine in mice: A new technique. Eur. J. Pharmacol. 1980, 67, 313–316. [CrossRef]
56. Abe, N.; Borson, S.H.; Gambello, M.J.; Wang, F.; Cavalli, V. Mammalian Target of rapamycin (mTOR) activation increases axonal

growth capacity of injured peripheral nerves. J. Biol. Chem. 2010, 285, 28034–28043. [CrossRef]

http://doi.org/10.1016/j.cell.2010.03.011
http://doi.org/10.1111/tra.12143
http://doi.org/10.1016/j.ymeth.2004.10.010
http://www.ncbi.nlm.nih.gov/pubmed/15804610
http://doi.org/10.1016/j.jneumeth.2009.01.011
http://doi.org/10.1016/0014-2999(80)90515-4
http://doi.org/10.1074/jbc.M110.125336

	Introduction 
	Results 
	Increased Levels of TLR9 Protein and mRNA in DRG Following Sciatic Nerve Lesion 
	Immunofluorescence Staining 
	Double Immunostaining 
	Western Blot Analysis 
	Real-Time RT-PCR 

	TLR9 and Neuronal Innate Immune Reactions Associated with Pro-Regenerative State of DRG Neurons 

	Discussion 
	Intracellular Localization of TLR9 in DRG Neurons 
	Neuronal Innate Immune Reaction and the Pro-Regenerative State of DRG Neurons 

	Materials and Methods 
	Animals and Surgical Treatment 
	Tissue Processing and Immunofluorescence Staining 
	Double Immunostaining 
	Western Blot Analysis 
	Real Time RT-PCR 
	Intrathecal Administration of Chloroquine, In Vivo Axon Regeneration Assay and Evaluation of Transforming Factors 
	Axon Regeneration Assay and Immunohistochemical Analysis 
	Western Blot Analysis 

	Statistical Analyses 

	References

