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Abstract: Thymic stromal lymphopoietin (TSLP) is a well-known cytokine for T helper 2 inflamma-
tory responses. A nerve injury activates the neuroinflammation cascade and neuron—glia interaction
in dorsal root ganglions (DRG)s, leading to neuropathic pain. Therefore, this study was to investigate
the role of TSLP after nerve injury. Male Sprague-Dawley rats were divided as an experimental group
with chronic constriction injury (CCI) to the sciatic nerve and a control group. The mechanical pain
threshold response was determined by calibration forceps. After assessment of mechanical allodynia,
the ipsilateral spinal cord, DRG, sciatic nerve and skin were harvested. Inmunofluorescence staining
was performed to identify cell types with various markers. Western blot analyses were performed
to evaluate protein expressions. Mechanical allodynia developed after CCI and persisted for the
next 14 days. Astrocyte reactions occurred and continued until day 14, too. After CCI, DRG and the
sciatic nerve also had significantly increased expressions of TSLP/TSLP-R/STAT5. The TSLPR was
localized to sensory neuronal endings innervating the skin. This study is the first to demonstrate that
the TSLP complex and the STAT5 pathway in nerve are potential therapeutic targets because of their
roles in pain regulation after nerve injury.

Keywords: thymic stromal lymphopoietin (TSLP); dorsal root ganglions (DRG); neuropathic pain;
chronic constriction injury (CCI)

1. Introduction

Sciatica, a common medical complaint, is characterized by radicular leg pain radiating
along the sciatic distribution [1-3]. Arising from nerve injury in somatosensory system
lesions, sciatica is an exemplary cause of neuropathic pain [4-6] which may compromise
quality of life to an extreme degree. Neuropathic pain develops not only in the area supplied
with the injured nerve, but also in near areas innervated with other intact nerves; nerve
sprouting can induce persistent tactile evoked allodynia [7,8]. Dorsal root ganglion (DRG)
neurons can connect transmission between peripheral and central sensitization, which
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serve as a bridge between stimulus and spinal cord. Primary neurons in DRG may release
abnormal activity, enhance peripheral sensitization and affect expression of nociceptors,
ion channels or enzymes, which is associated with pain induced by nerve injury [9].
Neuroinflammation plays vital roles in the course of chronic sciatica; inflammatory factors
induce excess glial cells activation to cause neuropathic pain in damaged nerves [10-12].
Previous studies also indicate that intervertebral disc cells lead mononuclear cells or
macrophages to invade into intervertebral disc nerves, and then induce inflammatory cell
oversecretion [13-16].

Thymic stromal lymphopoietin (TSLP), a well-known cytokine and proinflammatory
factor, is important for the generation and maintenance of T helper 2 (Th2) inflammatory
responses through a ternary complex comprising TSLP, the TSLP receptor (TSLPR) and
interleukin-7 receptor (IL-7R) « chain [17]. In patients with middle cerebral artery occlusion,
elevated TSLP expression is identified in neurons and glial cells [18]. Although a few
reports have discussed the relevance of TSLP to the nervous system, none have discussed
its relevance to neuropathic pain. Only the TSLP-positive rate has been reported as
positively associated with Visual Analog Scale (VAS) pain score in patients with lumbar
disc degeneration [19].

Currently, the complex mechanisms in neuropathic pain remain largely unknown;
specifically, no studies have investigated whether TSLP is associated with neuropathic pain.
Therefore, this study aimed to investigate the role of TSLP in neuropathic pain though
chronic constriction injury (CCI) of sciatic nerve in a rat model.

2. Results
2.1. Expression of TSLP in DRG Was Increased After CCI

After the rat model of CCI was established, calibrated forceps testing was applied
to measure the mechanical threshold for pain. The control group received no sciatic
nerve ligation. Paw withdrawal (pain) thresholds (PWT) in the control group did not
vary from baseline (d0). In the experimental group, CCI resulted in a large decrease in
the PWT at 3 d post CCI, and the decrease last for 14 d post CCI (Figure 1A). Astrocyte
reaction (upregulation and astrogliosis of glial fibrillary acidic protein (GFAP)) has also
been observed in various injury conditions associated with enhanced pain states. Figure 1B
shows the results of GFAP staining performed to detect reactive astrocytes. According to
the staining results, CCI induced significant increases in astrocyte reaction at 7 d and 14 d
post CCI (Figure 1C). Western blot analysis performed in triplicate also showed significant
increases in protein expressions of TSLP in the ipsilateral DRG after CCI; the increases
were detectable at 7 d and persisted until 14 d post CCI (Figure 1D).
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Figure 1. CCI induced mechanical allodynia and increased TSLP levels in L4/5 DRGs. (A) Behavioral
data demonstrating the reduction of PWT though calibrated forceps test after CCIL The control group
received no sciatic nerve ligation. N = 12 for each group. *** p < 0.001 vs. control group analyzed
by ANOVA test. (B) Imnmunofluorescence staining showing increased astrocyte reaction in the L4/5
dorsal spinal cord of rats after CCI. Scale bar, 100 pm. (C) Relative fluorescence intensity of GFAP.
(D) Western blot analysis showing increased TSLP protein expression in L4/5 DRGs of rats after
CCI. Each band density was quantitated, normalized with its own -actin. Values are presented as
mean + SEM. N = 6 for each group. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. control group analyzed
by ANOVA test.

2.2. Expression of TSLPR in Damaged Neurons with TSLP After CCI

By inducing signaling changes in the sciatic nerve, DRG, spinal cord dorsal horn and
brain, a sciatic nerve injury can influence both the central and peripheral nervous systems.
Signaling of TSLP requires a distinctive TSLPR, a heterodimer consisting of IL-7Rx and a
common Y receptor-like chain [17]; TSLP expression is positively proportional to TSLPR
expression [20,21]. Therefore, immunofluorescence staining was performed to label TSLPR.
Figure 2A shows that TSLPR was co-expressed with TSLP. Activated transcription factor-3
(ATF-3), a marker of injured or hyperactivated peripheral neurons, was co-localized with
TSLPR and increased compared with control group (Figure 2B), which suggested that
TSLPR was expressed in damaged DRG neurons following nerve injury [22].
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Figure 2. TSLP receptor expressed in injured DRG neurons. Double-labeled immunofluorescence imaging was performed in
L4/5 DRGs of rats at 7 days and 14 days after CCI. (A) Representative double immunofluorescence labelling for TSLP (green)
with TSLPR (red). Scale bar, 50 um. (B) Representative double immunofluorescence labelling results for TSLPR (red) with
ATEF-3 (green). Scale bar, 50 um. Pairs of images are merged. White arrows indicate double-labeled cells. N = 6 per group.
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2.3. Expression of TSLP in DRGs with Neuron—Glia Interaction after CCI

Additionally, neurons, satellite-glia cells and macrophages were labeled NeuN, GFAP
and ibal, respectively. Figure 3 shows that there were neither TSLP-expressing neurons
(Figure 3A), satellite-glia cells (Figure 3B), nor TSLPR-expressing macrophages (Figure 3C)
in the control group. After CCI, TSLP increased mainly in the cytoplasm and cell membrane
of neurons and satellite-glia cells when TSLPR increased on (activated) macrophages, which
suggested that TSLP expression had functional roles in neuron-glia cell interaction in DRGs.
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Figure 3. TSLP expressed in DRGs with neuron-glia interaction after CCI. Double-labeled im-
munofluorescence imaging was performed in L4/5 DRGs of rats at 7 days and 14 days after CCI.
(A) Representative double-labeled immunofluorescence images showing TSLP (green) with neuron
marker NeuN (red). Scale bar, 50 um. (B) Representative double-labeled immunofluorescence images
showing TSLP (green) with satellite glial-cell marker GFAP (red). Scale bar, 50 um. (C) Representative
double immunofluorescence labelling results for TSLPR (red) with ibal (green). Scale bar, 100 pm.
Pairs of images are merged. White arrows indicate doubled-labeled cells. N = 6 per group.

2.4. Expression of TSLPR in Sensory Terminals in Ipsilateral Skin After CCI

Skin nociceptors supplied by adjacent intact nerves become sensitized to mechanical
stimulus after nerve injury [23]. Sympathetic fibers can reportedly invade the upper dermis
of the skin, where they interact with sensory fibers. If TSLP/TSLPR complex mediate
sensory signal, they might confine to primary afferent nerve endings in the skin. We
further performed immunofluorescence staining for TSLPR and PGP9.5 (pan-neuronal
fiber marker) on the ipsilateral skin in CCl-rats. The TSLPR-expressing neurons increased
in the ipsilateral skin after CCI (Figure 4), which suggests that TSLPRs were expressed in a
subset of sensory neurons innervating the skin, possible mediating pain transduction.
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Control

CcCldia

Figure 4. Expression of TSLPR in sensory terminals in ipsilateral skin after CCI. Representative double immunofluorescence
labelling results for TSLPR (red) and PGP 9.5 (green) in the hind-paw skin. Scale bar, 50 um. Pairs of images are merged.
White arrows indicate doubled-labeled cells. N = 6 per group.

2.5. Signaling of STATS Involved in DRG Neurons and the Sciatic Nerve After CCI

Through binding with TSLPR, TSLP can activate STAT5 to induce an inflammatory
response [24-26]. Compared to the control group, the CCI group had significance at nearly
3-fold higher expressions of STATS5 in ipsilateral DRGs (Figure 5A,B). Additionally, the CCI
group had significance at nearly 3-fold, 3.5-fold, 4-fold greater expressions of TSLP, TSLPR
and STATS, respectively, in the sciatic nerve after CCI (Figure 5C-F).
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Figure 5. Expressions of STAT5 increased in sciatic nerve and DRGs in CCI rats. (A,B) Levels of
STATS5 in the L4/5 DRGs of rats increased at 7 days and 14 days after CCI. Representative Western blot
results. Each band density was quantitated, normalized with its own B-actin. (C-F) Levels of TSLP,
TSLPR, STATS in the sciatic nerve of rats increased at 7 days and 14 days after CCI. Representative
Western blot results. Each band density was quantitated, normalized with its own (-actin. Values are
presented as means £ SEM. N = 6 for each group. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs. control
group analyzed by ANOVA test.

3. Discussion

A CCl in the sciatic nerve causes persistent allodynia or hyperalgesia similar to those
in patients with neuropathic pain [27]. In the present study, CCI to the sciatic nerve
significantly reduced the pain thresholds of rats, and the reduced pain threshold persisted
until 14 d post CCI at least, which is in line with earlier reports [28]. Additionally, CCI
induced increased TSLP expression in L4/L5 DRGs where peripheral sensory neurons are
located. Expressions of downstream STATS5 increased in DRGs and sciatic nerves. TSLPRs
were confined to sensory neuronal terminals innervating the skin. Our findings suggest
that TSLP may contribute to regulate pain signals.

Although neuropathic pain has been studied intensively, the exact underlying mecha-
nism remains unclear, and no effective drug for mitigating neuropathic pain is currently
available [5]. In the CClI rats, mechanical allodynia developed at 3 days after injury, and
the allodynia continued until 14 days after injury. Expression of TSLP protein in DRGs also
increased and persisted for up to 14 days after CCI (coinciding with mechanical sensitivity).
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The TSLP was localized with TSLPR, which was observed in ATF3-immunoreactive DRG
neurons. Therefore, we hypothesize that DRGs produce TSLP protein in response to nerve
injury.

Both central and peripheral sensitization are pathological contributors to neuropathic
pain [6,29,30]. Through release of neurotransmitters in the primary nociceptor afferent
at the central terminal, the central nervous system is affected by retrograde sensitization
from damaged peripheral sensory neurons [31,32]. Glial activation is another well-known
contributor to the development and maintenance of neuropathic pain [33]. In particular,
nerve injury is a known cause of microglial activation resulting in cytokine or chemokine
production that increases the excitability of dorsal horn projection neurons [34]. Astrocyte
activation may be responsible for long-term maintenance of chronic pain [35]. The overall
signaling cascade spontaneously activate to modulate pain by sensitizing the dorsal horn.
Activity-dependent plasticity in spinal cord neurons induces central sensitization, thus
leading to pathological hyperalgesia. Our model revealed increased expression of GFAP in
the spinal cord (coinciding with mechanical sensitivity and expression of TSLP), which is
consistent with previous reports [29].

Increased excitability of DRG neurons is a major mechanism of neuropathic pain,
enhancing nociceptive inputs to the supraspinal sites [36]. Sensory neurons are encom-
passed by satellite glial cells (SGC) and other non-neuronal cells in DRGs. Peripheral
nerve injury can stimulate the release of inflammatory factors from neurons, conceivably
alter neuronal excitability [37], and then enhance communication between neurons and
SGCs in a persistent pain condition [38]. Therefore, injury initiates SGCs proliferation
or activation and neuronal death in DRGs [39-42]. In parallel with activation of dorsal
horn microglia, residual macrophages in DRGs rapidly proliferate, activate, increase their
organelle content, become hypertrophic, and release mediators to sensitize neurons after
injury, suggesting a neuron-glia interaction [43,44]. The macrophages in DRG are required
for initiation and maintenance of mechanical allodynia after nerve injury [45]. Moreover,
active macrophages act as neurosupportive cells by providing neuroprotection and by scav-
enging cellular debris resulting from injury [46]. Compared to small-C neurons, large-A
neurons are more likely to be influenced by macrophages [47]. Our study showed that
TSLP was expressed on neurons and satellite glial cells, whereas TSLPR was expressed on
activated macrophages. Therefore, the involvement of TSLP in neuron—glia interaction in
DRGs through TSLPR may be an underlying mechanism to increase mechanical sensitivity.

Through the ternary complex (TSLP/TSLPR/IL-7R«) and STATS5 activation, TSLP can
trigger differentiation of inflammatory Th2 cells in rats [26]. In the CNS, choroid plexus
epithelial cells and astrocytes can yield TSLP to regulate Th2 cells co-expressed with ternary
complex in the perivascular and meningeal dendritic cell network [48]. In human, the
ternary complex induces target genes expression by activating STAT3 or in a Janus kinase
(JAK)-independent manner [26]. In our study, higher levels of TSLP and TSLPR in the
DRGs and sciatic nerves of CCI group were observed compared with the control group.
Additionally, the increases were accompanied by increased STAT5. Further, we showed
that the TSLP/TSLPR was expressed in neuron—glia interaction. These data suggest that,
in CCI, the TSLP may regulate neuroinflammatory processes through STAT5 pathway.

The limitation in our study is that the CCI model was the only involved neuropathic
pain model. Different models of neuropathy could be performed in future studies to
validate our results.

4. Materials and Methods
4.1. Animal Model

Purchased from the National Animal Center (Taiwan), male Sprague-Dawley rats
(weight, 300-350 g) were housed in a room with a relative humidity of 70%, a temperature
of 22 +1°C, and a 12-h light-dark cycle. Throughout the experiment, the rats were given ad
libitum access to normal food and water. As described by Bennett and Xie, the CCI model
of neuropathic pain was established (1988) [27]. In brief, the sciatic nerve was exposed at
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the mid-thigh level proximal to the sciatic trifurcation after rats were anaesthetized with
Zolitil 50 (50 mg/kg) (Virbac, Carros, France; 06516) by intraperitoneal injection. Without
compromising the vascular supply, four chromic gut ligatures (4/0) (ETHICONNew Jersey,
USA; VE601) were loosely tied around the nerve at intervals of 1-2 mm. A CCI was induced
in the twelve rats in the experimental group. The control group received sciatic nerve
exposure without ligation (n = 12). The control group was run in parallel with experimental
group. After the study, the rats were euthanized by injection of Zolitil 50 (100 mg/kg)
and tissues were harvested. The protocol for use of the animals in this experiment was
approved by the Institutional Animal Care and Use Committee of Kaohsiung Medical
University; all procedures were performed based to ethical guidelines for the care and use
of laboratory animals.

4.2. Calibrated Forceps Testing

The mechanical threshold response was evaluated with calibrated forceps (Bioseb,
Vitrolles, France) and obtained from the same rats at different time points. Through this
algometer, quantifiable mechanical stimulation was induced in a linear scale. The effect of
the stimulation on each hind paw was measured three times using the mechanical threshold
test described in Luis-Delgado et al. [49], which has been validated as sensitive and reliable.
The maximum force utilized to the paw was defined as the grams (g) of force displayed on
the dynamometer at the time of withdrawal. Withdrawal threshold was expressed as the
mean £ SEM per group.

4.3. Immunofluorescence Staining

Tissue sections (thickness, 5 pm) of the 4th and 5th lumbar DRG, spinal dorsal horn
and innervated skin were dried and then incubated in blocking buffer containing 0.2%
Triton X-100 and 1.5% normal goat serum in PBS at room temperature. Theses sections were
washed twice with PBS, then incubated with the primary antibodies (TSLP (1:100; Sigma;
PRS4025), TSLPR (1:500; Sigma; WH0064109M3), GFAP (1:200; Sigma; G3893), NeuN (1:400;
Millipore; MAB377), ibal (1:100; proteintech; 10904-1-AP), ATF3 (1:500, Sigma; HPA001562),
PGP9.5 (1:200; proteintech; 14730-1-AP)) at 4 °C overnight, further washed three times with
PBS, and replaced in secondary antibodies at room temperature for 2 h. Negative controls
in which the primary antibody was omitted were conducted. All immunofluorescence
staining was obtained in a minimum of 4-6 serial sections for each rat. Theses sections
were photographed by using a fluorescence microscope (Olympus, Commonwealth of
Pennsylvania, USA, U-RFL-T). The fluorescence intensity of GFAP were captured from
5-6 randomly chosen fields in each section (the medial superficial dorsal horn laminae
I-1II) and measured with Image ] (National institutes of Health, Bethesda, MA, USA). The
background intensity was subtracted in each section and the intensity was presented as
fold increase compared to the control.

4.4. Western Blot

The DRG and sciatic nerve specimens were homogenized in protein lysis buffer
with protease inhibitors and then incubated at room temperature for 30 min. At 4 °C,
those samples were centrifuged for 30 min at 13,000x ¢ rpm. Protein concentration of
supernatants was determined by the BCA Protein Assay Kit. Further, equal amounts of
total proteins and 5x SDS sample buffer were mixed, boiled for 10 min, separated by
8-12% SDS-PAGE and then transferred to PVDF membranes. After blocking in TBST and
5% non-fat milk at room temperature for 1 h, the membranes were incubated overnight
at 4 °C with various primary antibodies (TSLP (1:200; Sigma; PRS4025), TSLPR (1:500;
Sigma; WH0064109M3), STATS5 (1:500; Abcam; ab230670), (3-actin (1:10,000; Millipore;
MAB1501R)). After six washes for 5 min each, an HRP-conjugated secondary antibody
was used at room temperature for 1.5 h. Peroxidase activity was identified through the
ECL Western Blotting Detection kit and the MiniChemi™ chemiluminescent imaging and
analysis system (Sage Creation Science, Beijing, China).
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4.5. Data Analyses

All outcome assessments were obtained by a trained technician who was blinded to
the study group. All data in the experiment were expressed as mean + SEM. Differences
among groups were analyzed by one-way ANOVA following normal distribution, in
which a p-value of less than 0.05 was considered statistically significant. All analyses were
repeated at least three times, with representative results being shown. All of the above
analyses were performed with SPSSstatistical software (V24.0, SPSS Inc., Chicago, IL, USA).

5. Conclusions

Our data demonstrated that sciatic nerve injury in rats lead to increased TSLP ex-
pression in DRG neurons. In primary sensory neurons, TSLP expression might have an
association with mechanical allodynia observed in the experimental animals with possible
neuron—glia interactions in DGRs. After nerve injury, expressions of TSLPR and STAT5
were increased in DRGs and in the sciatic nerve; the TSLPRs developed in sensory neuronal
terminals innervating the skin. This observational study is the first to demonstrate evidence
of the potential functional role of TSLP in regulating neuropathic pain.

Author Contributions: Conceptualization, C.-H.W. and Y.-Y.L.; methodology, C.-C.L., C.-L.H. and
M.-K.W,; validation, C.-H.W. and Y.-Y.L.; formal analysis, C.-C.L., C.-L.H. and M.-K.W.; investigation,
C.-H.W. and Y.-Y.L,; data curation, C.-C.L., C.-L.H. and M.-K.W.,; writing—original draft preparation,
C.-H.W.; writing—review and editing, Y.-Y.L.; visualization, C.-H.W., C.-C.L., C.-L. H., M.-K.W. and
Y.-Y.L.; supervision, Y.-Y.L.; project administration, C.-H.W. and Y.-Y.L.; funding acquisition, C.-H.W.
and Y.-Y.L. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by grants from the Taiwan Ministry of Science and Technology
(MOST-108-2314-B-075B-001-M Y3, MOST-110-2314-B-037-095), Kaohsiung Veterans General Hospital
(KSVGH 110-104), Kaohsiung Medical University Hospital (KMUH105-5M17, KMUH106-6T09,
KMUH108-8M23) and Kaohsiung Medical University (KMU-Q108029). The funders had no role in
the design of the study, in the collection, analyses, or interpretation of data, in the writing of the
manuscript, or in the decision to publish the results.

Institutional Review Board Statement: The Institutional Animal Care and Use Committee (IACUC)
of Kaohsiung Medical University approved the protocols of all experiments involving animals
(approval number: 108296).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data generated or analyzed during this study are included in this
published article.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References

1.

Lewis, R.A.; Williams, N.H.; Sutton, A.].; Burton, K.; Din, N.U.; Matar, H.E.; Hendry, M.; Phillips, C.J.; Nafees, S.; Fitzsimmons, D.;
et al. Comparative clinical effectiveness of management strategies for sciatica: Systematic review and network meta-analyses.
Spine J. 2015, 15, 1461-1477. [CrossRef] [PubMed]

Wu, CH,; Wu, MK,; Lu, C.C; Tsai, H.P; Lu, YY,; Lin, C.L. Impact of Hepatoma-Derived Growth Factor Blockade on
Resiniferatoxin-Induced Neuropathy. Neural Plast 2021, 2021, 8854461. [CrossRef] [PubMed]

Konstantinou, K.; Dunn, K.M. Sciatica: Review of epidemiological studies and prevalence estimates. Spine 2008, 33, 2464-2472.
[CrossRef] [PubMed]

Finnerup, N.B.; Haroutounian, S.; Kamerman, P.; Baron, R.; Bennett, D.L.H.; Bouhassira, D.; Cruccu, G.; Freeman, R.; Hansson, P;
Nurmikko, T.; et al. Neuropathic pain: An updated grading system for research and clinical practice. Pain 2016, 157, 1599-1606.
[CrossRef]

Baron, R. Mechanisms of disease: Neuropathic pain—A clinical perspective. Nat. Clin. Pract. Neurol 2006, 2, 95-106. [CrossRef]

Woolf, C.J.; Mannion, R.J. Neuropathic pain: Aetiology, symptoms, mechanisms, and management. Lancet 1999, 353, 1959-1964.
[CrossRef]


http://doi.org/10.1016/j.spinee.2013.08.049
http://www.ncbi.nlm.nih.gov/pubmed/24412033
http://doi.org/10.1155/2021/8854461
http://www.ncbi.nlm.nih.gov/pubmed/33727914
http://doi.org/10.1097/BRS.0b013e318183a4a2
http://www.ncbi.nlm.nih.gov/pubmed/18923325
http://doi.org/10.1097/j.pain.0000000000000492
http://doi.org/10.1038/ncpneuro0113
http://doi.org/10.1016/S0140-6736(99)01307-0

Int. J. Mol. Sci. 2021, 22, 7105 12 0f 13

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Lekan, H.A.; Carlton, S.M.; Coggeshall, R.E. Sprouting of A beta fibers into lamina II of the rat dorsal horn in peripheral
neuropathy. Neurosci. Lett. 1996, 208, 147-150. [CrossRef]

Woolf, C.J.; Shortland, P.; Coggeshall, R.E. Peripheral nerve injury triggers central sprouting of myelinated afferents. Nature 1992,
355,75-78. [CrossRef]

Baron, R.; Maier, C.; Attal, N.; Binder, A.; Bouhassira, D.; Cruccu, G.; Finnerup, N.B.; Haanpaa, M.; Hansson, P.; Hullemann, P.;
et al. Peripheral neuropathic pain: A mechanism-related organizing principle based on sensory profiles. Pain 2017, 158, 261-272.
[CrossRef]

Siniscalco, D.; Fuccio, C.; Giordano, C.; Ferraraccio, F,; Palazzo, E.; Luongo, L.; Rossi, F; Roth, K.A.; Maione, S.; de Novellis,
V. Role of reactive oxygen species and spinal cord apoptotic genes in the development of neuropathic pain. Pharm. Res. 2007,
55, 158-166. [CrossRef]

Saal, J.A.; Saal, J.S. Nonoperative treatment of herniated lumbar intervertebral disc with radiculopathy. An outcome study. Spine
1989, 14, 431-437. [CrossRef]

Ozaktay, A.C.; Kallakuri, S.; Takebayashi, T.; Cavanaugh, ].M.; Asik, I; DeLeo, J.A.; Weinstein, J.N. Effects of interleukin-1 beta,
interleukin-6, and tumor necrosis factor on sensitivity of dorsal root ganglion and peripheral receptive fields in rats. Eur. Spine J.
2006, 15, 1529-1537. [CrossRef]

Kokubo, Y.; Uchida, K.; Kobayashi, S.; Yayama, T.; Sato, R.; Nakajima, H.; Takamura, T.; Mwaka, E.; Orwotho, N.; Bangirana, A.;
et al. Herniated and spondylotic intervertebral discs of the human cervical spine: Histological and immunohistological findings
in 500 en bloc surgical samples. Laboratory investigation. J. Neurosurg. Spine 2008, 9, 285-295. [CrossRef]

Andrade, P; Hoogland, G.; Garcia, M.A.; Steinbusch, H.W.; Daemen, M.A.; Visser-Vandewalle, V. Elevated IL-1beta and IL-6
levels in lumbar herniated discs in patients with sciatic pain. Eur. Spine J. 2013, 22, 714-720. [CrossRef]

Liu, X.D.; Zeng, B.E; Xu, ].G.; Zhu, H.B.; Xia, Q.C. Proteomic analysis of the cerebrospinal fluid of patients with lumbar disk
herniation. Proteomics 2006, 6, 1019-1028. [CrossRef]

Shamji, M.E; Setton, L.A.; Jarvis, W.; So, S.; Chen, J.; Jing, L.; Bullock, R.; Isaacs, R.E.; Brown, C.; Richardson, W.]. Proinflammatory
cytokine expression profile in degenerated and herniated human intervertebral disc tissues. Arthritis Rheum. 2010, 62, 1974-1982.
Esnault, S.; Rosenthal, L.A.; Wang, D.S.; Malter, J.S. Thymic stromal lymphopoietin (TSLP) as a bridge between infection and
atopy. Int. J. Clin. Exp. Pathol. 2008, 1, 325-330.

Yu, X.; Zeng, K,; Liu, X,; Peng, Y.; Li, C.; Fu, K,; Liang, H. Increased expression of thymic stromal lymphopoietin receptor in a rat
model of middle cerebral artery occlusion. NeuroReport 2019, 30, 182-187. [CrossRef]

Wang, Y.; Yi, X.D.; Li, C.D. Role of thymic stromal lymphopoietin in the pathogenesis of lumbar disc degeneration. Medicine 2017,
96, €7516. [CrossRef]

Lo Kuan, E,; Ziegler, S.F. Thymic stromal lymphopoietin and cancer. J. Immunol. 2014, 193, 4283-4288. [CrossRef]

Tsilingiri, K.; Fornasa, G.; Rescigno, M. Thymic Stromal Lymphopoietin: To Cut a Long Story Short. Cell. Mol. Gastroenterol.
Hepatol. 2017, 3, 174-182. [CrossRef]

Tsujino, H.; Kondo, E.; Fukuoka, T.; Dai, Y.; Tokunaga, A.; Miki, K.; Yonenobu, K.; Ochi, T.; Noguchi, K. Activating transcription
factor 3 (ATF3) induction by axotomy in sensory and motoneurons: A novel neuronal marker of nerve injury. Mol. Cell. Neurosci.
2000, 15, 170-182. [CrossRef]

Shim, B.; Kim, D.W,; Kim, B.H.; Nam, T.S.; Leem, ].W.; Chung, ] M. Mechanical and heat sensitization of cutaneous nociceptors in
rats with experimental peripheral neuropathy. Neuroscience 2005, 132, 193-201. [CrossRef]

Reche, P.A.; Soumelis, V.; Gorman, D.M,; Clifford, T.; Liu, M.; Travis, M.; Zurawski, S.M.; Johnston, J.; Liu, Y.J.; Spits, H.; et al.
Human thymic stromal lymphopoietin preferentially stimulates myeloid cells. J. Immunol. 2001, 167, 336-343. [CrossRef]
Hazzan, T.; Eberle, J.; Worm, M.; Babina, M. Thymic Stromal Lymphopoietin Interferes with the Apoptosis of Human Skin Mast
Cells by a Dual Strategy Involving STAT5/Mcl-1 and JNK/Bcl-xL. Cells 2019, 8, 829. [CrossRef]

Isaksen, D.E.; Baumann, H.; Trobridge, P.A.; Farr, A.G.; Levin, S.D.; Ziegler, S.F. Requirement for stat5 in thymic stromal
lymphopoietin-mediated signal transduction. J. Immunol. 1999, 163, 5971-5977.

Bennett, G.J.; Xie, Y.K. A peripheral mononeuropathy in rat that produces disorders of pain sensation like those seen in man. Pain
1988, 33, 87-107. [CrossRef]

Zhu, X,; Li, Q.; Chang, R.; Yang, D.; Song, Z.; Guo, Q.; Huang, C. Curcumin alleviates neuropathic pain by inhibiting p300/CBP
histone acetyltransferase activity-regulated expression of BDNF and cox-2 in a rat model. PLoS ONE 2014, 9, €91303. [CrossRef]
Colburn, R:W.; Rickman, A.J.; DeLeo, J.A. The effect of site and type of nerve injury on spinal glial activation and neuropathic
pain behavior. Exp. Neurol. 1999, 157, 289-304. [CrossRef]

Nakagawa, T.; Kaneko, S. Spinal astrocytes as therapeutic targets for pathological pain. J. Pharm. Sci. 2010, 114, 347-353.
[CrossRef]

Tomiyama, M.; Furusawa, K.; Kamijo, M.; Kimura, T.; Matsunaga, M.; Baba, M. Upregulation of mRNAs coding for AMPA and
NMDA receptor subunits and metabotropic glutamate receptors in the dorsal horn of the spinal cord in a rat model of diabetes
mellitus. Brain Res. Mol. Brain Res. 2005, 136, 275-281. [CrossRef] [PubMed]

Sun, R.Q.; Tu, Y.J.; Yan, J.Y,; Willis, W.D. Activation of protein kinase B/ Akt signaling pathway contributes to mechanical
hypersensitivity induced by capsaicin. Pain 2006, 120, 86-96. [CrossRef] [PubMed]


http://doi.org/10.1016/0304-3940(96)12566-0
http://doi.org/10.1038/355075a0
http://doi.org/10.1097/j.pain.0000000000000753
http://doi.org/10.1016/j.phrs.2006.11.009
http://doi.org/10.1097/00007632-198904000-00018
http://doi.org/10.1007/s00586-005-0058-8
http://doi.org/10.3171/SPI/2008/9/9/285
http://doi.org/10.1007/s00586-012-2502-x
http://doi.org/10.1002/pmic.200500247
http://doi.org/10.1097/WNR.0000000000001181
http://doi.org/10.1097/MD.0000000000007516
http://doi.org/10.4049/jimmunol.1400864
http://doi.org/10.1016/j.jcmgh.2017.01.005
http://doi.org/10.1006/mcne.1999.0814
http://doi.org/10.1016/j.neuroscience.2004.12.036
http://doi.org/10.4049/jimmunol.167.1.336
http://doi.org/10.3390/cells8080829
http://doi.org/10.1016/0304-3959(88)90209-6
http://doi.org/10.1371/journal.pone.0091303
http://doi.org/10.1006/exnr.1999.7065
http://doi.org/10.1254/jphs.10R04CP
http://doi.org/10.1016/j.molbrainres.2005.02.003
http://www.ncbi.nlm.nih.gov/pubmed/15893611
http://doi.org/10.1016/j.pain.2005.10.017
http://www.ncbi.nlm.nih.gov/pubmed/16360265

Int. J. Mol. Sci. 2021, 22, 7105 13 0f 13

33.

34.
35.
36.
37.
38.

39.
40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Ji, X.T,; Qian, N.S.; Zhang, T.; Li, ].M.; Li, X.K.; Wang, P.; Zhao, D.S.; Huang, G.; Zhang, L.; Fei, Z.; et al. Spinal astrocytic
activation contributes to mechanical allodynia in a rat chemotherapy-induced neuropathic pain model. PLoS ONE 2013, 8, e60733.
[CrossRef] [PubMed]

Tsuda, M.; Shigemoto-Mogami, Y.; Koizumi, S.; Mizokoshi, A.; Kohsaka, S.; Salter, M.W.; Inoue, K. P2X4 receptors induced in
spinal microglia gate tactile allodynia after nerve injury. Nature 2003, 424, 778-783. [CrossRef]

Gosselin, R.D.; Suter, M.R; Ji, R.R.; Decosterd, I. Glial cells and chronic pain. Neuroscientist 2010, 16, 519-531. [CrossRef]

Trapp, L.D. Mechanisms of acute pain: An update. |. Calif. Dent. Assoc. 2006, 34, 955-958.

Watkins, L.R.; Maier, S.F. Beyond neurons: Evidence that immune and glial cells contribute to pathological pain states. Physiol.
Rev. 2002, 82, 981-1011. [CrossRef]

Hanani, M.; Huang, T.Y.; Cherkas, P.S.; Ledda, M.; Pannese, E. Glial cell plasticity in sensory ganglia induced by nerve damage.
Neuroscience 2002, 114, 279-283. [CrossRef]

Pannese, E. The satellite cells of the sensory ganglia. Adv. Anat. Embryol. Cell Biol. 1981, 65, 1-111.

Lekan, H.A.; Chung, K.; Yoon, Y.W.; Chung, ] M.; Coggeshall, R.E. Loss of dorsal root ganglion cells concomitant with dorsal root
axon sprouting following segmental nerve lesions. Neuroscience 1997, 81, 527-534. [CrossRef]

Ji, RR.; Berta, T.; Nedergaard, M. Glia and pain: Is chronic pain a gliopathy? Pain 2013, 154 (Suppl. S1), S10-528. [CrossRef]

Li, J.Y,; Xie, W,; Strong, ].A.; Guo, Q.L.; Zhang, ].M. Mechanical hypersensitivity, sympathetic sprouting, and glial activation are
attenuated by local injection of corticosteroid near the lumbar ganglion in a rat model of neuropathic pain. Reg. Anesth. Pain Med.
2011, 36, 56—62. [CrossRef]

Hu, P; McLachlan, E.M. Distinct functional types of macrophage in dorsal root ganglia and spinal nerves proximal to sciatic and
spinal nerve transections in the rat. Exp. Neurol. 2003, 184, 590-605. [CrossRef]

Vega-Avelaira, D.; Geranton, S.M.; Fitzgerald, M. Differential regulation of immune responses and macrophage/neuron interac-
tions in the dorsal root ganglion in young and adult rats following nerve injury. Mol. Pain 2009, 5, 70. [CrossRef]

Yu, X,; Liu, H.; Hamel, K.A; Morvan, M.G,; Yu, S.; Leff, ].; Guan, Z.; Braz, ].M.; Basbaum, A.I. Dorsal root ganglion macrophages
contribute to both the initiation and persistence of neuropathic pain. Nat. Commun. 2020, 11, 264. [CrossRef]

Patro, N.; Nagayach, A.; Patro, I.K. Ibal expressing microglia in the dorsal root ganglia become activated following peripheral
nerve injury in rats. Indian J. Exp. Biol. 2010, 48, 110-116.

Ton, B.H.; Chen, Q.; Gaina, G.; Tucureanu, C.; Georgescu, A.; Strungaru, C.; Flonta, M.L.; Sah, D.; Ristoiu, V. Activation profile of
dorsal root ganglia Iba-1 (+) macrophages varies with the type of lesion in rats. Acta Histochem. 2013, 115, 840-850. [CrossRef]
Kitic, M.; Wimmer, I.; Adzemovic, M.; Kogl, N.; Rudel, A.; Lassmann, H.; Bradl, M. Thymic stromal lymphopoietin is expressed
in the intact central nervous system and upregulated in the myelin-degenerative central nervous system. Glia 2014, 62, 1066-1074.
[CrossRef]

Luis-Delgado, O.E.; Barrot, M.; Rodeau, ].L.; Schott, G.; Benbouzid, M.; Poisbeau, P.; Freund-Mercier, M.].; Lasbennes, F. Calibrated
forceps: A sensitive and reliable tool for pain and analgesia studies. J. Pain 2006, 7, 32-39. [CrossRef]


http://doi.org/10.1371/journal.pone.0060733
http://www.ncbi.nlm.nih.gov/pubmed/23585846
http://doi.org/10.1038/nature01786
http://doi.org/10.1177/1073858409360822
http://doi.org/10.1152/physrev.00011.2002
http://doi.org/10.1016/S0306-4522(02)00279-8
http://doi.org/10.1016/S0306-4522(97)00173-5
http://doi.org/10.1016/j.pain.2013.06.022
http://doi.org/10.1097/AAP.0b013e318203087f
http://doi.org/10.1016/S0014-4886(03)00307-8
http://doi.org/10.1186/1744-8069-5-70
http://doi.org/10.1038/s41467-019-13839-2
http://doi.org/10.1016/j.acthis.2013.04.007
http://doi.org/10.1002/glia.22662
http://doi.org/10.1016/j.jpain.2005.07.011

	Introduction 
	Results 
	Expression of TSLP in DRG Was Increased After CCI 
	Expression of TSLPR in Damaged Neurons with TSLP After CCI 
	Expression of TSLP in DRGs with Neuron–Glia Interaction after CCI 
	Expression of TSLPR in Sensory Terminals in Ipsilateral Skin After CCI 
	Signaling of STAT5 Involved in DRG Neurons and the Sciatic Nerve After CCI 

	Discussion 
	Materials and Methods 
	Animal Model 
	Calibrated Forceps Testing 
	Immunofluorescence Staining 
	Western Blot 
	Data Analyses 

	Conclusions 
	References

