
Vol:.(1234567890)

Neurosci. Bull. April, 2024, 40(4):466–482
https://doi.org/10.1007/s12264-023-01152-4

1 3

ORIGINAL ARTICLE 

www.neurosci.cn
www.springer.com/12264

Tau Accumulation in the Spinal Cord Contributes to Chronic 
Inflammatory Pain by Upregulation of IL‑1β and BDNF

Shuxia Zhang1 · Yeru Chen1 · Yongjie Wang2,3 · 
Hongwei Wang1 · Dandan Yao1 · Gang Chen1 

Received: 9 February 2023 / Accepted: 9 July 2023 / Published online: 26 December 2023 
© The Author(s) 2023

Abstract Microtubule-associated protein Tau is respon-
sible for the stabilization of neuronal microtubules under 
normal physiological conditions. Much attention has been 
focused on Tau’s contribution to cognition, but little research 
has explored its role in emotions such as pain, anxiety, and 
depression. In the current study, we found a significant 
increase in the levels of p-Tau (Thr231), total Tau, IL-1β, 
and brain-derived neurotrophic factor (BDNF) on day 7 
after complete Freund’s adjuvant (CFA) injection; they 
were present in the vast majority of neurons in the spinal 
dorsal horn. Microinjection of Mapt-shRNA recombinant 
adeno-associated virus into the spinal dorsal cord alleviated 
CFA-induced inflammatory pain and inhibited CFA-induced 
IL-1β and BDNF upregulation. Importantly, Tau overexpres-
sion was sufficient to induce hyperalgesia by increasing the 
expression of IL-1β and BDNF. Furthermore, the activation 
of glycogen synthase kinase 3 beta partly contributed to Tau 
accumulation. These findings suggest that Tau in the dorsal 

horn could be a promising target for chronic inflammatory 
pain therapy.
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Introduction

Pain is the fifth vital sign following body temperature, 
pulse, respiration, and blood pressure [1]. Unlike acute pain, 
which serves as a “warning”, persistent pain such as chronic 
inflammatory pain degrades physical and mental health and 
quality of life. Depression is diagnosed in up to 66% and 
anxiety in up to 70% of rheumatoid arthritis patients with 
chronic inflammatory pain [2]. Inflammatory pain is usually 
triggered by peripheral tissue injury and inflammation and is 
commonly treated in the clinic with anti-inflammatory and 
analgesic drugs. However, drug treatment is often accompa-
nied by multiple adverse effects, including gastrointestinal 
discomfort and cardiovascular events [3, 4]. Thus, further 
research into the underlying mechanism of inflammatory 
pain is essential for the development of potential new drug 
treatments.

Tau is responsible for stabilizing neuronal microtubules 
under normal physiological conditions. In pathological situ-
ations, the accumulation of hyperphosphorylated Tau is a 
crucial cause of Alzheimer’s disease (AD), and hyperphos-
phorylated Tau also accumulates in the spinal cord of AD 
patients [5]. In addition, some AD patients have hyperal-
gesia, and chronic pain can also increase the incidence of 
AD [6–8]. A study reported that, compared with wild-type 
(Tau+/+) mice, the response of Tau knockout (KO) mice to 
acute noxious stimuli decreased, whereas their pain-related 
behaviors were augmented under tonic inflammatory pain 
stimulation [9, 10]. Another study found that an excessive 
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association of Tau protein with microtubules is capable of 
affecting neurogenesis, thereby impairing pain sensitivity 
[11]. All of these findings suggest that there might be a 
certain relationship between Tau and pain. However, it is 
unclear whether and how abnormal Tau expression mediates 
pain in a specific region.

Neuroinflammation is involved in the development of 
pain in the spinal dorsal horn by modulating neuronal excit-
ability and affecting synaptic plasticity [12, 13]. Inflamma-
tory stimuli in rodent hind paws are sufficient to activate 
peripheral Aδ and C nociceptors and cause primary neurons 
to release various molecular mediators into the spinal dor-
sal cord, such as glutamate, substance P, adenosine triphos-
phate (ATP), chemokine ligand 2 (CCL2), tumor necrosis 
factor-alpha (TNFα), colony-stimulating factor-1 (CSF-1), 
and brain-derived neurotrophic factor (BDNF) [14]. These 
mediators directly activate second-order neurons, microglia, 
and astrocytes, triggering neuroinflammation and second-
order neuron hyperexcitability. Studies have demonstrated 
that hyperphosphorylated pathological Tau induces micro-
glial/astrocytic activation and neuroinflammation [15–17]. 
Therefore, we hypothesized that excessive accumulation 
of Tau could promote chronic inflammatory pain through 
neuroinflammation.

In the present study, mouse paws were injected with Com-
plete Freund’s Adjuvant (CFA) to induce chronic inflamma-
tory pain. The phosphorylated proteomics technique revealed 
that the threonine site 231 of Tau was hyperphosphorylated 
in spinal L4–6 after CFA injection. In CFA-induced inflam-
matory pain, the accumulation of Tau was found to increase 
the inflammatory factors IL-1β and BDNF in the spinal cord, 
leading to pain hypersensitization. Furthermore, activation 
of glycogen synthase kinase 3 beta (GSK3B) was found to 
result in Tau upregulation and to mediate pain behaviors.

Materials and Methods

Animals

We used 6- to 8-week-old adult male C57BL/6 mice. All 
mice were housed at a comfortable temperature (22 °C–25 
°C) with ad libitum access to water and food under a 12-h 
light/dark cycle (lights on from 07:00 to 19:00). All animal 
protocols were approved by the Animal Care and Use Com-
mittee of Zhejiang University of China (No. ZJU20220441). 
Efforts were made to minimize the number of animals used.

Inflammatory Pain Model

To induce inflammation pain, 10 μL CFA (1:1 dilution with 
sterile saline, Sigma, F5881, Billerica, MA, USA) was 
injected into the left hind paw of mice using a 10-μL syringe 

under 3% isoflurane anesthesia [18]. The needle was held for 
5 s to avoid leakage. 10 μL sterile saline (0.9% NaCl) was 
injected as a control.

Tandem Mass Tag (TMT)‑Based Phosphoproteomics 
Sequencing

To obtain sufficient tissue samples, we used Sprague−Daw-
ley rats at 7 weeks old and injected 100 μL of CFA (1:1 
dilution with sterile saline) or saline into their footpads. 
The L4–6 segment on day 7 following CFA injection was 
harvested after anesthesia. The extracted tissue was homog-
enized with sonication in 200 μL of ice-cold RIPA lysis 
buffer containing protease and phosphoprotease inhibitors 
and then centrifuged at 10,000 r/min for 10 min at 4 °C. The 
supernatant was collected as a protein sample. Protein con-
centrations were determined with a BCA Protein Assay Kit 
(Thermo Fisher Scientific). 100 mmol/L triethylammonium 
bicarbonate (TEAB; Thermo Fisher Scientific) was added 
to 100 μg of protein sample to a final volume of 100 μL. 
Approximately 5 μL of 200 mmol/L tris-(2-carboxyethyl) 
phosphine (Thermo Fisher Scientific) was added to the sam-
ple and incubated at 55 °C for 1 h. About 9 mg of iodoaceta-
mide (IAA; Thermo Fisher Scientific) was dissolved with 
132 μL of 100 mmol/L TEAB to obtain 375 mmol/L IAA. 
Approximately 5 μL of 375 mM IAA was then added to the 
sample and incubated in the dark for 30 min at room temper-
ature. The proteins were precipitated by adding 6 volumes 
(~600 μL) of precooled (− 20 °C) acetone (Sigma-Aldrich) 
and stored at − 20 °C for at least 4 h. The sample was then 
centrifuged at 8,000 r/min for 10 min at 4 °C. The acetone 
was discarded, while the white precipitate was retained. The 
precipitate was allowed to dry for 2–3 min. The protein pre-
cipitate was resuspended in 100 μL of 50 mmol/L TEAB. 
2.5 μg trypsin (Promega) was added, and the sample was 
then digested at 37 °C overnight. The TMT reagent (iTRAQ 
Reagent-8Plex Multiplex Kit, AB Sciex) was dissolved in 41 
μL of anhydrous acetonitrile (Fisher Chemical). TMT labe-
ling was performed by transferring the digestion solution to 
the TMT reagent and incubating it at room temperature for 
1 h. About 8 μL of 5% hydroxylamine (Thermo Fisher Sci-
entific) was added to the sample and incubated for 15 min to 
quench the reaction. Each iTRAQ-labeled digestion solution 
was subjected to high pH fractionation with the Pierce™ 
High pH Reversed-Phase kit (Thermo Fisher Scientific). The 
phosphorylated peptides were enriched with High-Select™ 
Fe-NTA Phosphopeptide Enrichment Kit (Thermo Fisher 
Scientific). The enriched phosphorylated peptide fragments 
were dissolved in the sample solution (0.1% formic acid and 
2% acetonitrile), thoroughly shaken, and centrifuged (13,200 
r/min, 10 min, and 4 °C). The supernatant was subjected to 
liquid chromatography-tandem mass spectrometry (LC-MS) 
procedures. The mobile phase A comprised 0.1% formic 



468 Neurosci. Bull. April, 2024, 40(4):466–482

1 3

acid (FA; Sigma-Aldrich) and 2% acetonitrile (ACN; Fisher 
Chemical), and the mobile phase B comprised 0.1% FA and 
80% ACN. The liquid phase gradient settings are as follows: 
0 min to 5 min: 4% to 10% mobile phase B; 5 min to 85 
min: 10% to 22% mobile phase B; 85 min to 110 min: 22% 
to 40% mobile phase B; 110 min to 111 min: 40% to 95% 
mobile phase B; and 110 min to 111 min: 95% mobile phase 
B. The flow rate was maintained at 300 nL/min [19]. The 
separated peptide was introduced directly into the Orbitrap 
Fusion Lumos Tribrid Mass Spectrometer for online detec-
tion. The raw MaxQuant (1.6.2.10) mass spectrum files were 
searched against the UniProt database.

Intrathecal and Intraspinal Injection

Intrathecal Injection

Saikosaponin C (SSc), the active ingredient in Bupleurum, 
inhibits abnormal Tau phosphorylation [20]. The intrathecal 
injection was performed as described by Li et al. [21]. In 
short, mice were anesthetized with 5% isoflurane and anes-
thesia was maintained with 3% isoflurane during surgery. 
The mouse pelvic girdle was firmly fixed on a 15-mL centri-
fuge tube to fully expose the L5–6 intervertebral space. A 30 
G needle attached to a 25-µL Hamilton syringe was inserted 
into the L5–6 intervertebral space. A slight tail flick con-
firmed entry into the subarachnoid space. Approximately 5 
µL of SSc (36 mmol/L; MedChemExpres, Shanghai, China) 
or the adeno-associated virus carrying the phosphorylation-
mimicking variant  GSK3BY216D, AAV9-CAG-p-Gsk3b 
-EGFP (WZ Biosciences Inc. Jinan, China), and sterile 
saline (0.9% NaCl), or the control virus AAV9-CAG-EGFP 
(WZ Biosciences Inc., Jinan, China) was injected slowly, and 
the needle was left for 2 min before withdrawal. To ensure 
the infection rate of the virus, injections were administered 
daily for three consecutive days.

Intraspinal Injection

The mice were anesthetized with sodium pentobarbital (1%, 
100 mg/kg; IP), and erythromycin eye ointment was applied 
to each eye. After disinfection with iodophor, in the prone 
position, the back skin was cut open at the highest point 
of the dorsal eminences to expose the vertebrae. The spine 
was fixed on a stereotactic frame (RWD Life Science Inc., 
Shenzhen, China), and the muscles and dura covering the 
intervertebral space were removed with forceps to reveal 
the white spinal cord. About 500 nL of pAV-U6-RFP-Mapt-
shRNA or scrambled adeno-associated virus pAV-U6-RFP-
shRNA (WZ Biosciences Inc. Jinan, China), and 500 nL of 
pAV-CMV-Mapt-RFP or scrambled adeno-associated virus 
pAV-CMV- RFP (WZ Biosciences Inc. Jinan, China) were 
injected into the lumbar spinal cord with a glass micropipette. 

The insertion depth of the needle tip was 400 μm below the 
surface of the spinal cord and the speed was 50 nL/min. After 
the injection, the needle was left for 5 min before removal.

Behaviors

Mechanical Pain

Following the method described by Chaplan et al. [22], the 
50% mechanical pain threshold was quantified by meas-
uring the withdrawal response of the left hind paw to von 
Frey filament stimulation. The mice were acclimated to the 
observation chambers for ~1 h before the test. The method 
followed the up-down principle: “X” was recorded when the 
paw responded to ciliary stimulation, and “O” was recorded 
when there was no response. In the absence of a response, 
the filament of the next greater force was applied. Following 
a response, the filament of the next lower force was applied. 
The interval between each test was set to at least 1 min. The 
50% g threshold = (10 (xf+kδ))/10000, where xf = value (in 
log units) of the final von Frey hair used; k = tabular value 
for the pattern of positive/negative responses; and δ = mean 
difference (in log units) between stimuli (here 0.296).

Thermal Pain

The mice were placed in test chambers on a glass plate in 
advance until they were quiet. The light emitted by the anal-
gesic heating source passed through the glass plate to the paw 
surface. When the stimulated paw withdrew, the light turned 
off. To eliminate tissue damage, the stimulation disconnected 
automatically after 20 s. The test was conducted three times 
at 5-min intervals. The average of three paw withdrawal 
latencies was considered to be the thermal pain threshold.

Open Field

The open-filed chamber was a white plastic box (dimen-
sions: 45 cm × 45 cm × 45 cm). The mice were placed in 
one corner of the chamber and allowed to freely explore for 
5 min. The chamber was wiped with 75% alcohol after each 
test. The movement was recorded using ANY-maze software 
(Stoelting, Wood Dale, IL, USA). The total distance moved 
and time spent in the center were evaluated.

Elevated Plus Maze

The mice were adapted for 1 h in the behavioral testing room 
before the test. They were gently placed in the center of a 
cross with two open arms and two closed arms, with their 
heads facing the open arms. They were allowed to freely 
explore for 5 min. The elevated cross was wiped with 75% 
alcohol after each test. The movement was recorded using 
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ANY-maze software. Time in the open arm and entries into 
the open arm were recorded.

Immunofluorescence and Confocal Imaging

The mice were anesthetized with sodium pentobarbital 
(1%, 100 mg/kg; IP) and perfused transcardially first with 
phosphate-buffered saline (PBS) until all blood was washed 
out and second with 4% paraformaldehyde (PFA) for fixa-
tion. The L4–6 region of the spinal cord was dissected and 
immersed in 4% PFA overnight at 4 °C. The region was then 
placed in 15% sucrose for 1 day, followed by 30% sucrose for 
at least 2 more days. The region was cut into 25-μm-thick sec-
tions on a cryostat (Thermo Fisher Scientific). The sections 
were blocked in PBS containing 0.3% TritonX-100 and 5% 
normal donkey serum for 1 h at room temperature and stained 
with the primary antibodies, Tau (mouse, 1:200, Biofarm, 
OB-MMS033-01, Hangzhou, China), Tau (rabbit, 1:200, 
Biofarm, OB-PRB108-01), FITC-conjugated isolectin B4 
(FITC-IB4, mouse, 1:200, Sigma, L2895), calcitonin gene-
related peptide (CGRP, mouse, 1:200, Abcam, ab81887, 
Cambridge, MA, USA), MAP2 (rabbit, 1:200, Cell Signaling 
Technology, 4542S, Danvers, Massachusetts, USA), NeuN 
(mouse, 1:500, Abcam, ab104224), c-Fos (rabbit, 1:1000, 
Cell Signaling Technology, 2250), Iba1 (goat, 1:200, Abcam, 
ab5076), Iba1 (rabbit, 1:200, Cell Signaling Technology, 
17198), GFAP (mouse, 1:300, Cell Signaling Technology, 
3670), GFAP (rabbit, 1:200, Cell Signaling Technology, 
80788S), IL-1β (rabbit, 1:200, Abcam, ab9722), and BDNF 
(rabbit, 1:200, Abcam, ab108319) at 4 °C overnight. After 
three rinses with TPBS, the sections were incubated with the 
Alexa Fluor™ 488 donkey anti-mouse secondary antibody 
(Abcam, ab150105), Alexa Fluor™ 594 donkey anti-rabbit 
secondary (Abcam, ab150108), Alexa Fluor™ 488 donkey 
anti-goat secondary antibody (Thermo Fisher Scientific, 
A-11055, WA, USA), Cyanine5 goat anti-rabbit IgG sec-
ondary antibody (Thermo Fisher Scientific, A10523), and 
Alexa Fluor™ 594 goat anti-mouse IgG secondary antibody 

(Thermo Fisher Scientific, A-11005) for 1 h at room tem-
perature. After three gentle washes of 5 min with TPBS, the 
sections were mounted using Prolong gold antifade reagent 
with DAPI (Invitrogen, P36931, Carlsbad, CA, USA). Images 
were captured using confocal (Nikon A1R; Nikon, Japan) or 
standard (x-cite 120; Olympus, Japan) fluorescence micros-
copy. ImageJ software was used for statistical analysis.

Western Blot

The mice were sacrificed immediately after isoflurane anes-
thesia, and the L4–6 spinal cord was harvested. The extracted 
tissue was homogenized in lysis buffer containing protease and 
phosphoprotease inhibitors and centrifuged (12,000 r/min, 15 
min, at 4 °C), and the supernatant was collected as the protein 
sample. Protein concentrations were determined using a BCA 
Protein Assay Kit (Beyotime, P0009, Nantong, China). The 
protein sample was combined with 5× SDS and lysis buffer 
and boiled at 95 °C for 8 min. Proteins were isolated using 
SDS/PAGE and transferred to a PVDF membrane. The PVDF 
membranes were blocked with 5% nonfat milk (for nonphos-
phorylated protein) or 5% BSA (for phosphorylated protein) 
in TPBS for 1 h, then incubated with the primary antibodies, 
Tau (rabbit, 1:1000, Cell Signaling Technology, 46687), p-Tau 
(T231) (mouse, 1:200, Thermo Fisher Scientific, AT180), 
IL-1β (rabbit, 1:1000, Abclonal, A16288, Wuhan, China), 
BDNF (rabbit, 1:1000, Abcam, ab108319), GAPDH (rabbit, 
1:5000, Diagbio, db106), Actin (rabbit, 1:5000, Abclonal, 
AC026), GSK3B (mouse, 1:1000, Cell Signaling Technology, 
9832), p-GSK3B (Y216) (rabbit, 1:1000, Thermo Fisher Sci-
entific, 44-604G), p-GSK3B (Ser9) (rabbit, 1:1000, Cell Sign-
aling Technology, 14630), TNFa (rabbit, 1:1000, Abclonal, 
A11534), IL6 (rabbit, 1:1000, Abclonal, A2447), IL18 (rab-
bit, 1:1000, Abcam, ab191860), GFP (rabbit, 1:1000, Abcam, 
ab290), and Flag (rabbit, 1:1000, Abclonal, AE092), at 4 °C 
overnight. The blots were then incubated with HRP-conju-
gated goat anti-mouse or goat anti-rabbit secondary antibodies 
for 1 h at room temperature. The membranes were imaged 
using the ChemiDoc Touch Imaging System (BioRad, USA). 
Images were quantified using Gelpro32.

Statistical Analyses

We present the western blot and immunofluorescence data 
as the mean ± standard deviation (SD). The data from 
behavior tests, including mechanical pain, thermal pain, 
open field, and elevated plus maze, are expressed as the 
mean ± standard errors of the means (SEM). Compara-
tions between the two groups were performed using a 
two-tailed, unpaired t-test. One-way analysis of variance 
(ANOVA) with Tukey’s multiple comparison tests was 
used to determine differences between the three groups. 

Fig. 1  Tau is hyperphosphorylated in spinal L4–6 under CFA-
induced chronic inflammatory pain conditions. A Volcano plot of 
differentially-expressed phosphopeptides. B GO function of upregu-
lated/downregulated DEGs including biological process, cellular 
component, and molecular function. The images show the 10 most 
prominent GO nodes. C Heat map of selected differentially-expressed 
phosphopeptides; D Protein expression of p-Tau (T231) and total 
Tau in the spinal L4-6 as assessed in the CFA-treated group versus 
the sham group. Western blot analysis normalized to GAPDH (n = 8 
from 5 mice per group, *P <0.05, **P <0.01, ****P <0.0001, one-
way ANOVA). E Tau (red) immunostained with Neuronal Nuclei 
(NeuN; a neuronal marker, green; left), glial fibrillary acidic protein 
(GFAP; an astrocyte marker, green; middle), and ionized calcium 
binding adaptor molecule-1 (Iba-1; a microglia marker, green; right). 
Blue, DAPI staining. White arrowheads indicate the colocalization of 
Tau (red) and cell markers (green). Scale bars, 50 μm and 100 μm.

◂
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For behavioral tests for mechanical pain and thermal 
pain, two-way ANOVA with repeated measures following 
Sidak’s multiple comparisons tests was used to compare 
differences between two groups at different time points, 
and two-way ANOVA with repeated measures following 

Tukey’s multiple comparisons tests was used to compare 
differences among three groups at distinct time points. 
Statistical comparisons were performed with GraphPad 
Prism 8. Probability (P) values <0.05 were considered 
statistically significant.

Fig. 2  IL-1β and BDNF levels increase after CFA injection. A West-
ern blots and analysis of protein levels of IL-1β and BDNF of L4–6 
in the control group and on days 1 and 7 after CFA injection (n = 
4 per group, *P <0.05, **P <0.01, ***P <0.001, one-way ANOVA 
followed by Tukey’s multiple comparisons test). B Images showing 
the subcellular colocalization of BDNF in the spinal dorsal cord 7 
days after CFA injection. Immunofluorescence double stain shows 
that BDNF (red) mainly co-stains with neurons (NeuN, green) and 

astrocytes (GFAP, green), rarely with microglia (Iba1, green). C 
Images showing the subcellular colocalization of IL-1β in the spinal 
dorsal cord 7 days after CFA injection. Double immunofluorescence 
staining reveals that IL-1β (red) primarily co-stains with neurons 
(NeuN, green) across the spinal dorsal cord and astrocytes of layer 
I of the dorsal cord (GFAP, green), but rarely with microglia (Iba1, 
green). Scale bars, 10 μm and 100 μm.
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Results

Tau Hyperphosphorylated in Spinal L4–6 Under 
CFA‑induced Chronic Inflammatory Pain Conditions

According to a previous study, CFA successfully causes 
inflammatory pain, as manifested by a decrease in the 
threshold for mechanical pain and thermal pain after CFA 
injection (Fig. S1A). A significant increase of c-Fos-posi-
tive neurons in the L4–6 spinal dorsal horn was observed on 
days 1 and 7 after CFA injection (Fig. S1B), indicating that 
CFA-induced pain was indeed transmitted through the spi-
nal dorsal horns of L4–6. Notably, the 7-day inflammatory 
pain did not affect the mobility and anxiety-like behaviors 
(Fig. S1C, D). We then used quantitative TMT mass spectro-
metric sequencing to enrich phosphorylated peptide in the 
lumbar 4–6 of rats after CFA or saline injection. Approxi-
mately 16,700 peptides and 10,696 phosphorylated peptides 
were identified. We found 74 significantly downregulated 
phosphorylated peptides and 100 upregulated phosphoryl-
ated peptides through phosphorylation omics analysis of rat 
spinal L4–6 (Fig. 1A). Differentially-phosphorylated pep-
tides corresponded to 71 upregulated and 55 downregulated 
genes (Fig. S2A). We compiled some differential phospho-
rylated peptides into heat maps (Fig. 1C). Compared with 
the saline injection group, the phosphorylation of microtu-
bule-associated protein tau at Thr 548 was increased in the 
CFA 7-day group. The Thr548 site in rats corresponds to 
the mouse Thr231. GO function analysis, including biologi-
cal process (BP), cellular component (CC), and molecular 
function (MF) was applied to the differential genes (DEGs). 
The top 10 BP, CC, and MF are shown in Fig. 1B. In the CC 
category, the significantly enriched terms included “syn-
apse part” and “neuron part”. MFs mainly involved pro-
tein binding, such as microtubule binding. Notably, Tau is 
a microtubule-binding protein and is considered a neural 
marker. To verify whether Tau expression was increased 
after CFA injection, we assessed the protein expression of 
Tau on days 1 and 7 after CFA through western blotting. 
Consistently, total Tau was increased on days 1 and 7 after 
CFA, and Tau phosphorylation on Thr231 in the CFA group 
was significantly higher on day 7 than that in the saline 
group (Fig. 1D). Furthermore, we discovered a significant 
colocalization of Tau with CGRP- and IB4-labeled axon 
terminals in lamina I and outer lamina II (IIo) of the dorsal 
cord (Fig. S3A). This colocalization was also observed with 
another neuronal marker, microtubule-associated protein 2 
(MAP2) in the dorsal cord (Fig. S3B). On day 7 after CFA 
injection, Tau was indeed expressed in neurons, but not in 
astrocytes and microglia (Fig. 1E). These results suggest 
that Tau is hyperphosphorylated and accumulates in neu-
rons of L4–6 after CFA treatment.

IL‑1β and BDNF Levels are Increased After CFA 
Injection

We then assessed the expression change and examined the 
cell-type localization of the inflammatory cytokines IL-1β and 
BDNF in the spinal cord after CFA injection because of the 
evidence of their pro-nociceptive role [23, 24]. The western 
blot analysis revealed a clear increase of IL-1β and BDNF on 
days 1 and 7 after CFA (Fig. 2A). Double staining revealed 
that BDNF was expressed in neurons (NeuN) and astrocytes 
(GFAP), but rarely in microglia (Iba1) in the spinal dorsal 
cord on day 7 after CFA injection (Fig. 2B). On day 7 post-
CFA injection, IL-1β was predominantly expressed in neurons 
across the dorsal cord, and to a lesser extent in astrocytes 
within the superficial layers of the dorsal horn (Fig. 2C).

Tau is Required for Pain Hypersensitivity 
in CFA‑induced Inflammatory Pain

To determine whether Tau downregulation in L4–6 allevi-
ated CFA-induced pain hypersensitivity through upregula-
tion of IL-1β and BDNF, we used an adeno-associated virus 
carrying Mapt-shRNA to specifically knock down Tau in 
L4–6 (Fig. 3A). Scrambled shRNA was used as a negative 
control. Assays for Tau protein alteration and red fluorescent 
protein (RFP) fluorescence were applied to determine the 
effectiveness of viral knockdown. The western blot results 
revealed that Mapt-shRNA significantly down-regulated the 
increased Tau induced by CFA (Fig. 3C). Strong RFP fluo-
rescence was detected in spinal L4–6 (Fig. 3B). Moreover, 
the double fluorescent co-localization assay of RFP with 
neurons (NeuN), astrocytes (GFAP), and microglia (Iba1) 
revealed that the virus we constructed was predominantly 
expressed in neurons (Fig. 3B). To study the influence of 
Tau on IL-1β and BDNF, we used western blotting to detect 
the expression of these two factors after Mapt-shRNA treat-
ment. The results demonstrated that the protein expression 
of IL-1β and BDNF in the CFA + Mapt-shRNA group was 
lower than that in the CFA + shRNA (scrambled) group 
(Fig. 3C). Immunofluorescence staining of the astrocyte 
marker (GFAP) and microglia marker (Iba1) revealed that 
the injection of Mapt-shRNA after CFA did not activate 
or inhibit these two types of glia (Fig. 3D). Because Tau 
is basically expressed in neurons, and IL-1β and BDNF in 
the dorsal horn are largely expressed in neurons, we used 
immunofluorescence co-localization to explore whether 
Tau knockdown in neurons after CFA would reduce IL-1β 
and BDNF accumulation in neurons. Double immunofluo-
rescence staining revealed that spinal injection of Mapt - 
shRNA attenuated the CFA-induced production of IL-1β and 
BDNF in neurons of the dorsal cord (Fig. 3E). The statistical 
results are shown in Fig. 3F. Consistently, behavioral tests 
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of mechanical and thermal pain demonstrated that knocking 
down Tau in the spinal cord significantly alleviated CFA-
induced pain on day 7 (Fig. 3G). Collectively, these find-
ings suggest that Tau is required for pain hypersensitivity in 
CFA-induced inflammatory pain, and Mapt-shRNA reduced 
the elevated IL-1β and BDNF expression induced by CFA.

Pharmacological Inhibition of Tau Phosphorylation 
Relieves CFA‑induced Pain

To determine whether inhibiting hyperphosphorylated Tau 
(Thr231) could relieve pain, we injected SSc intrathecally 
into mice on days 5 to 7 after CFA injection. SSc is a drug 
thought to inhibit Tau phosphorylation at Thr 231 [20]. A 
flow chart is shown in Fig. 4A. The western blot results 
revealed that the hyperphosphorylation of p-Tau (Thr231) 
was markedly suppressed after intrathecal injection of SSc 
(Fig. 4B). The protein level of total Tau did not change 
(Fig. 4B). In addition, the results from western blot analysis 
indicated that SSc administration reduced the protein expres-
sion of IL-1β and BDNF (Fig. S5A). To better define the 
extent of pain signaling in the crucial regions of laminae I 
and IIo of the dorsal horn, we co-labelled c-Fos with CGRP 
and IB4. The immunofluorescence staining targeting c-Fos 
in both laminae I and IIo as well as across the entire dor-
sal horn layer demonstrated notably fewer c-Fos-positive 
cells in the SSc group than in the saline group (Figs. 4C 
and S5B). These results suggested that SSc restrained the 
increased neuronal activation induced by CFA. Moreover, 
pain-related behaviors indicated that intrathecal injection of 

SSc dramatically attenuated the CFA-induced pain hyper-
sensitization (Fig. 4D).

Tau Overexpression Induces Hyperalgesia Through 
Increased Levels of IL‑1β and BDNF

To further test whether Tau accumulation is sufficient to 
induce hyperalgesia, wild-type mice were injected with 
adeno-associated virus overexpressing Tau into the spi-
nal dorsal cord. The experimental scheme of intraspinal 
administration of the Tau overexpression virus is shown 
in Fig. 5A. The strong red fluorescence (Fig. 5B) and high 
expression of the fusion protein Flag (Fig. S6A) suggested 
that the virus was expressed in L4–6 of the spinal cord. 
Western blotting was applied to examine the overexpres-
sion efficiency of virus infection. The results revealed that 
the protein expression of Tau was increased after infection 
with the virus carrying the Mapt gene (Fig. 5C). We fur-
ther evaluated IL-1β and BDNF expressions in the spinal 
cord after Tau overexpression. The western blotting results 
revealed that Tau overexpression robustly upregulated the 
levels of IL-1β and BDNF (Fig. 5D). Notably, the pain-
related behavior results implied that Tau overexpression 
induced hyperalgesia (Fig. 5E).

Hyperphosphorylation of GSK3B (Tyr216) Induces Tau 
Accumulation in CFA‑Induced Pain

GSK-3B is a common serine/threonine kinase of Tau, 
so we suspected that the excessive accumulation of Tau 
might be mediated by GSK3B. First, we determined the 
protein expression level of total GSK3B after CFA mod-
eling through western blotting. The results manifested 
that the expression of GSK3B was upregulated on days 
1 and 7 after CFA injection (Fig. 6A). The phosphoryl-
ation of GSK3B at Ser9 deactivates GSK3B, whereas 
its phosphorylation at Tyr216 activates it [25, 26]. The 
western blot results also revealed that the phosphoryla-
tion of Ser9 of GSK3B in the CFA model group was 
decreased, whereas the phosphorylation of Tyr216 was 
increased compared with the saline group (Fig. 6A). To 
determine the causal relationship between GSK3B and 
Tau in the occurrence of pain, we constructed an adeno-
associated virus carrying the phosphorylation-mimicking 
variant  GSK3BY216D, which simulates the phosphoryla-
tion of Tyr216 and GSK3B activation. The experimental 
scheme involved intrathecal administration of the virus 
and then observation of the pain behavior (Fig.  6B). 
Strong green fluorescence (Fig. 6C), and high expression 
of the non-fusion green fluorescent protein (GFP) and the 
fusion protein Flag (Fig. 6D) indicated that the virus was 
expressed in L4-6. The western blot results demonstrated 

Fig. 3  Tau is required for pain hypersensitivity in CFA-induced 
inflammatory pain. A Timeline schematic of the experimental para-
digm. B Double immunofluorescence colocation shows that Mapt-
shRNA (red) is predominantly expressed in neurons (NeuN, green), 
but not in astrocytes (GFAP, green) and microglia (Iba1, green). C 
Tau, IL-1β and BDNF protein levels of L4–6 in the shRNA-saline, 
shRNA-CFA, and Mapt-shRNA-CFA groups (n = 8 per group, *P 
<0.05, **P <0.01, ***P <0.001, one-way ANOVA with Tukey’s 
multiple comparisons test). D Immunofluorescence staining of GFAP 
(upper) and Iba1 (lower) in the dorsal L4–6 between the shRNA-CFA 
group and the Mapt-shRNA-CFA group. Blue, DAPI staining (n = 4 
per group, unpaired t-test). E Upper images show the colocalization 
of IL-1β (red) and NeuN (green) in the dorsal cord in the shRNA-
CFA group and the Mapt-shRNA-CFA group. White arrowheads in 
the Mapt-shRNA-CFA group indicate that IL-1β (red) expression 
is not found in the neurons (green). Lower images show the colo-
calization of BDNF (red) and NeuN (green) in the dorsal cord in the 
shRNA-CFA group and the Mapt-shRNA-CFA group. White arrow-
heads in the Mapt-shRNA-CFA group indicate that BDNF (red) 
expression is not found in the neurons (green). F Statistical results of 
the E plot (n = 3 per group, *P <0.05, unpaired t-test). G Mechani-
cal and thermal pain measured before virus injection (day -21), CFA 
injection (day 0), and days 1 and 7 after CFA injection. (n = 7 each 
for the shRNA-saline and shRNA-CFA groups and n = 8 for the 
Mapt-shRNA-CFA group, *P <0.05, **P <0.01, two-way ANOVA 
with repeated measures followed by Tukey’s multiple comparisons 
tests). Scale bars, 10 μm, 50 μm, and 100 μm.
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that overexpression of the virus carrying the phospho-
rylation-mimicking variant  GSK3BY216D was capable of 
increasing the protein expression of total GSK3B and 
p-Tau (T231) (Fig. 6E). Moreover, GSK3B activation 
promoted the production of IL-1β and BDNF (Fig. 6F). 
The increased number of c-Fos-positive cells in both 
lamina I and IIo, as well as throughout the entire dorsal 
horn layer in the p-GSK3B (Y216) group compared to the 
control group, provided evidence that GSK3B activation 
enhances neuronal excitability (Fig. 6G). As expected, 
GSK3B activation induced a significant reduction in 
paw withdrawal threshold and paw withdrawal latency 
(Fig. 6H). Taken together, these results indicated that 
GSK3B activation contributes to the hyperphosphoryla-
tion and accumulation of Tau.

Discussion

Chronic inflammatory pain caused by tissue damage and 
persistent inflammation seriously affects the quality of a 
patient’s life and sleep, and even brings more serious emo-
tional disorders such as anxiety and depression. Unfor-
tunately, current intervention measures for treatment are 
inadequate for pain relief, and nonsteroidal anti-inflam-
matory and opioid analgesic drugs cause multiple adverse 
effects. Hence, a better understanding of the mechanisms 
involved in chronic inflammatory pain is very important. 
Much attention has been focused on the contribution of 
Tau to AD, and little research has explored the role of 
Tau in emotions such as pain, anxiety, and depression. In 
the current study, we found that the expression of p-Tau 
(Thr231) was upregulated only on day 7 but not on day 
1 after CFA. The protein expression of total Tau was 
increased on both CFA days 1 and 7 (Fig. 1D). For the 
first time, we demonstrated that overexpression of Tau in 
the spinal dorsal cord is sufficient and necessary to evoke 
nociceptive responses.

The microtubule-associated Tau protein is promi-
nently localized in axons and neuron cell bodies [27]. 

Tau has multiple physiological functions such as regu-
lating axonal transport and axonal elongation, modulat-
ing synaptic plasticity, and participating in neurogenesis 
[28]. Hugo et al. found that, compared with Tau+/+ mice, 
the response of Tau KO mice to acute noxious stimuli 
is decreased, whereas their pain-related behaviors are 
augmented under tonic inflammatory pain stimulation 
[9]. Later, they found that mice with spared nerve injury 
exhibit Tau hyperphosphorylation in the hippocampus 
owing to impaired autophagy, which in turn induces 
depressive-like behavior and cognitive impairment but 
not anxiety [10, 29]. In the von Frey test, Tau KO mice 
with spared nerve injury exhibit improved cognitive 
impairment but no pain relief. These studies suggested 
that the expression of Tau is altered after pain. How-
ever, these studies did not clearly explain the direct rela-
tionship between Tau hyperphosphorylation and pain, 
nor where these relationships occurred. Here, we first 
found that CFA-induced inflammatory pain triggered 
tau hyperphosphorylation and accumulation in the spinal 
L4-6 segments (Fig. 1). Remarkably, the Mapt - shRNA 
virus reversed CFA-induced pain behavior (Fig. 3G). 
Besides, reducing the phosphorylation at the threonine 
site 231 of Tau alleviated CFA-induced inflammatory 
pain (Fig. 4). Tau hyperphosphorylation leads to Tau 
aggregation and dysfunction, which is called tauopathy 
[30]. The imbalance between Tau kinase and phosphatase 
activities causes Tau hyperphosphorylation. The kinases 
that phosphorylate Tau comprise proline-directed protein 
kinases (PDPK), including GSK3B, cyclin-dependent 
kinase 5, and mitogen-activated protein kinases, non-
PDPK, and tyrosine protein kinases [31]. GSK3B phos-
phorylation at Tyr216 is the active form. By contrast, 
phosphorylation at Ser9 is the inactive form. Previous 
studies have indicated that the phosphorylation at ser9 of 
GSK3B is decreased in mice with neuropathic pain ver-
sus untreated mice, and the inhibition of GSK3B activity 
attenuates neuropathic pain [32–34]. Here, we confirmed 
that the expression of GSK3B and GSK3B phosphoryla-
tion at Tyr216 (the active form) were up-regulated on 
days 1 and 7 after CFA injection (Fig. 6A). Moreover, 
we mutated the tyrosine at site 216 of GSK3B to aspartic 
acid (an acidic residue) to mimic persistent phospho-
rylation of Tyr216 and found that the GSK3B activation 
indeed promoted Tau accumulation in wild-type mice 
(Fig.  6E). Thus, the hyperphosphorylation and accu-
mulation of Tau is partly mediated by GSK3B activa-
tion. Besides the abnormal activation of phosphokinases 
leading to Tau hyperphosphorylation, research has also 
shown that irregularities in the mTOR signaling pathway 
and autophagy regulation - as identified through KEGG 
enrichment analysis - can also contribute to abnormal 
Tau phosphorylation (Fig. S2B, C) [35, 36].

Fig. 4  Pharmacological inhibition of tau phosphorylation relieves 
CFA-induced pain. A Timeline of the experimental paradigm. B 
Western blots and analysis of protein expression of p-Tau (T231) and 
total Tau in L4–6 in the CFA + saline and CFA+ SSc groups, nor-
malized to GAPDH (n = 6 for CFA + saline group, n = 5 for CFA + 
SSc group, *P <0.05, unpaired t-test,). C Representative immunoflu-
orescence images showing the colocalization of c-Fos and CGRP in 
the dorsal cord in the CFA + Saline and CFA+ SSc groups (n = 6 per 
group, *P <0.05, **P <0.01, unpaired t-test). D Mechanical and ther-
mal pain before (day 0), after CFA injection (day 3), and during SSc 
injection (days 5 and 7) (mechanical pain, n = 12 per group; thermal 
pain, n = 12 for saline group and n = 10 for SSc group, **P <0.01, 
***P <0.001, two-way ANOVA with repeated measures followed by 
Sidak’s multiple comparisons tests). Scale bars, 50 μm and 100 μm.
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Accumulating evidence suggests that the central sensi-
tization of the spinal cord contributes to the maintenance 
of chronic pain [37]. Inflammatory stimuli in rodent hind 
paws are sufficient to activate peripheral nociceptors and 
dorsal root ganglia, causing primary neurons to release 
various molecular mediators into the spinal dorsal cord 
including ATP, CCL2, TNFα, CSF-1, and BDNF [14]. 
These mediators activate microglia and astrocytes, leading 
to neuroinflammation, which drives the central sensitiza-
tion of the spinal cord. Previous studies have found that 
the inflammatory factors TNFα and IL-6 in spinal L4–6 
increase significantly on the third day after CFA treatment 
[38], whereas our results suggested that the inflammatory 
factors TNFα, IL-6, and IL18 did not increase significantly 
on days 1 and 7 after CFA injection (Fig. S4A-C). The 
expression levels of TNFα and IL6 may fluctuate with 
time [39]. IL-1β is widely acknowledged to significantly 
influence the development of CFA-induced inflammatory 
pain, whereas the role and regulation of IL18 in CFA-
induced pain are less well understood [40, 41]. It is pos-
sible that IL18 is not significantly upregulated in this 
particular model, or the timing of its expression may be 
different from IL-1β, and its peak may occur at a different 
time point that was not evaluated in this study. Emerging 
research has demonstrated that increased TNFα and IL6 
levels are predominantly localized in spinal and dorsal 
root ganglia neurons [38, 42]. Notably, our double immu-
nofluorescence staining results indicated that IL-1β was 
also mainly localized in spinal neurons on post-injection 
day 7 (Fig. 2C), whereas previous studies have reported 
spinal astrocytes as a dominant source of IL-1β in the dor-
sal cord on day 3 post-CFA injection [43]. Such a discrep-
ancy may be due to different pain states caused at distinct 
time points after CFA injection and mediated by diverse 
mechanisms. Notably, increasing numbers of studies have 
also reported caspase 1 activation, IL-1β cleavage, and 
the expression of inflammasome-forming NOD-like recep-
tors in neurons [44–46]. Thus, the accumulation of Tau in 
neurons may directly activate caspase1 to increase mature 
IL-1β. Moreover, type 1 interleukin receptor (IL-1R1) is 
especially overexpressed within dorsal cord neurons but 

not glia in chronic inflammatory pain conditions [47]. 
Therefore, IL-1β in spinal neurons may directly bind to 
IL-1R1 to modulate synaptic transmission in spinal pain 
processing. Extensive evidence suggests that increased 
BDNF in spinal neurons regulates N-methyl-D-aspartate 
glutamate receptor-dependent synaptic plasticity, lead-
ing to central sensitization of the spinal cord [48, 49]. 
Consistently, we found that BDNF was significantly up-
regulated on days 1 and 7 post-CFA injection. Central 
nervous system inflammatory responses may contribute to 
Tau aggregation [50, 51], whereas a pathological Tau load 
also triggers pro-inflammatory responses [52]. Although 
cell-to-cell transmission of pathological Tau activates glial 
cells, our results demonstrated that knocking down Tau in 
the spinal dorsal cord did not inhibit CFA-induced glial 
cell activation (Figs S4D–E, 3D) [53]. However, knock-
ing down tau in neurons of the dorsal cord downregulated 
IL-1β and BDNF in spinal neurons (Fig. 3E). Notably, 
our results suggested that Tau accumulation upregulated 
mature BDNF appears contradictory to the reports which 
describe how hyperphosphorylation of Tau downregulates 
BDNF expression in AD [54, 55]. The following reasons 
may partly explain this inconsistency. First, the reported 
BDNF downregulation in the literature on Tauopathies 
and Tau transgenic mouse models is rather a direct con-
sequence of amyloid pathology with the long-term accu-
mulation of Tau [56]. However, the accumulation of Tau 
in our pain model was short-term, and only short-term 
viral intervention for Tau was given. Second, the increased 
BDNF promoted by Tau accumulation could represent a 
compensatory mechanism for neuronal impairment and 
synaptic deficits. Finally, Tau accumulation may activate 
the enzyme that cleaves pro-BDNF into mature BDNF 
[56].

In addition to neuroinflammation, synaptic loss and dys-
function are other major characteristics of Tauopathies. 
Pathogenic Tau in spinal neurons may directly cause synap-
tic plasticity changes and then cause pain [57]. Furthermore, 
the long-term accumulation of Tau in the central nervous 
system may explain why patients with chronic pain are more 
susceptible to suffering from AD [7, 8, 29]. Thus, the hyper-
phosphorylation of Tau in the spinal cord of AD patients 
may mediate their hyperalgesia clinically, based on the find-
ing that over-expression of Tau in the spinal cord increases 
pain sensitivity. Additional studies are required to address 
these issues.

Taken together, the present study indicated that Tau 
accumulation in spinal neurons was a close participant in 
CFA-induced inflammatory pain through increased levels of 
IL-1β and BDNF in neurons (Fig. 7). These findings suggest 
that Tau in the dorsal horn could be a promising target for 
chronic inflammatory pain therapy.

Fig. 5  Tau overexpression induces hyperalgesia through increased 
levels of IL-1β and BDNF. A Timeline of the experimental paradigm. 
B Fluorescence image of RFP in the dorsal cord after AAV-CMV-
Mapt-RFP virus injection. C Western blots and analysis of the protein 
expression of Tau in L4–6 in the RFP and Mapt-RFP groups, normal-
ized to GAPDH (n = 3 per group, *P <0.05, unpaired t-test. D West-
ern blots and analysis of the protein expression of IL-1β and BDNF 
in L4–6 in the RFP and Mapt-RFP groups normalized to GAPDH (n 
= 3 per group, *P <0.05, ***P <0.001, unpaired t-test). E Mechani-
cal and thermal pain measured before virus injection (day 0) and on 
days 7, 14, 21, and 28 after the injection (n = 7 per group, *P <0.05, 
**P <0.01, two-way ANOVA with repeated measures followed by 
Sidak’s multiple comparisons tests). Scale bar, 100 μm.

◂



479S. Zhang et al.: Tau and Inflammatory Pain

1 3



480 Neurosci. Bull. April, 2024, 40(4):466–482

1 3

Acknowledgments Thanks for the technical support by the Core 
Facilities, Zhejiang University School of Medicine. Tandem mass tag-
based phosphoproteomics sequencing and bioinformatics analysis were 
supported by Beijing Biotech-pack Technology Co., Ltd. This work 
was supported by the National Natural Science Foundation of China 
(82171176 and 82001424), the Key Program of the Natural Science 
Foundation of Zhejiang, China (LZ19H090003), and the Health Inno-
vation Talent Program of Zhejiang, China (wscx202306).

Conflict of interest The authors declare that there are no competing 
interests.

Open Access  This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Yang J, Weng L, Chen Z, Cai H, Lin X, Hu Z. Development 
and testing of a mobile app for pain management among cancer 
patients discharged from hospital treatment: Randomized con-
trolled trial. JMIR Mhealth Uhealth 2019, 7: e12542.

 2. Fiest KM, Hitchon CA, Bernstein CN, Peschken CA, Walker JR, 
Graff LA, et al. Systematic review and meta-analysis of inter-
ventions for depression and anxiety in persons with rheumatoid 
arthritis. JCR J Clin Rheumatol 2017, 23: 425–434.

 3. Marret E, Kurdi O, Zufferey P, Bonnet F. Effects of nonsteroidal 
antiinflammatory drugs on patient-controlled analgesia morphine 
side effects: Meta-analysis of randomized controlled trials. Anes-
thesiology 2005, 102: 1249–1260.

 4. Bindu S, Mazumder S, Bandyopadhyay U. Non-steroidal anti-
inflammatory drugs (NSAIDs) and organ damage: A current per-
spective. Biochem Pharmacol 2020, 180: 114147.

 5. Dugger BN, Hidalgo JA, Chiarolanza G, Mariner M, Henry-
Watson J, Sue LI, et al. The distribution of phosphorylated tau in 
spinal cords of Alzheimer’s disease and non-demented individu-
als. J Alzheimers Dis 2013, 34: 529–536.

 6. Fletcher PD, Downey LE, Golden HL, Clark CN, Slattery CF, 
Paterson RW, et al. Pain and temperature processing in demen-
tia: A clinical and neuroanatomical analysis. Brain 2015, 138: 
3360–3372.

 7. Gong WY, Wang R, Liu Y, Jin H, Zhao ZW, Wang YL, et al. 
Chronic monoarthritis pain accelerates the processes of cognitive 
impairment and increases the NMDAR subunits NR2B in CA3 of 
hippocampus from 5-month-old transgenic APP/PS1 mice. Front 
Aging Neurosci 2017, 9: 123.

 8. Cao S, Fisher DW, Yu T, Dong H. The link between chronic pain 
and Alzheimer’s disease. J Neuroinflammation 2019, 16: 204.

 9. Sotiropoulos I, Lopes AT, Pinto V, Lopes S, Carlos S, Duarte-
Silva S, et al. Selective impact of Tau loss on nociceptive primary 
afferents and pain sensation. Exp Neurol 2014, 261: 486–493.

 10. Guerreiro S, Sotiropoulos I, Leite-Almeida H. A novel role 
for tau protein in the mechanisms of brain damage caused by 
peripheral neuropathy. Eur Neuropsychopharmacol 2018, 28: 
S53–S54.

 11. Valencia RG, Mihailovska E, Winter L, Bauer K, Fischer I, 
Walko G, et al. Plectin dysfunction in neurons leads to tau accu-
mulation on microtubules affecting neuritogenesis, organelle 
trafficking, pain sensitivity and memory. Neuropathol Appl 
Neurobiol 2021, 47: 73–95.

 12. Kawasaki Y, Zhang L, Cheng JK, Ji RR. Cytokine mecha-
nisms of central sensitization: Distinct and overlapping role of 

Fig. 6  Hyperphosphorylation of GSK3B (Tyr216) induces Tau 
accumulation in CFA-induced pain. A Western blots and analysis 
of the protein levels of GSK3B, p- GSK3B (Ser9), and p- GSK3B 
(Tyr216) of L4–6 in the control group and on days 1 and 7 after CFA 
injection normalized to GAPDH (n = 4 per group, *P <0.05, **P 
<0.01, ***P <0.001, one-way ANOVA followed by Tukey’s multi-
ple comparisons tests). B Timeline of the experimental paradigm. C 
Fluorescence image of EGFP in the dorsal cord after AAV-CMV-p-
GSK3B(Y216)-EGFP virus injection. D Western blots of protein 
expression of the non-fusion protein GFP and the fusion protein Flag 
in the EGFP group and the p-GSK3B (Y216)-EGFP group. E West-
ern blots and analysis of protein levels of GSK3B and p-Tau (T231) 
of L4-6 in the EGFP and p-GSK3B (Y216)-EGFP groups normalized 
to GAPDH (n = 5 for the EGFP group and n = 6 for the p-GSK3B 
(Y216)-EGFP group, *P <0.05, ***P <0.001, unpaired t-test). F 
Western blots and analysis of the protein levels of IL-1β and BDNF 
of L4–6 in the EGFP and p-GSK3B (Y216)-EGFP groups (IL-1β is 
normalized to Actin and BDNF is normalized to GAPDH) (n = 5 for 
the EGFP group and n = 6 for the p-GSK3B (Y216)-EGFP group, 
*P <0.05, unpaired t-test). G Representative immunofluorescence 
images showing the colocalization of c-Fos and CGRP in the dorsal 
cord in the EGFP and p-GSK3B(Y216)-EGFP groups (n = 8 from 
4 mice per group, *P <0.05, ***P <0.001, unpaired t-test, 2-tailed). 
H Mechanical and thermal pain before virus injection (day 0) and on 
days 14, 21, and 28 after the injection (n = 6 per group, *P <0.05, 
***P <0.001, two-way ANOVA with repeated measures followed by 
Sidak’s multiple comparisons tests). Scale bars, 50 μm and 100 μm.

◂

Fig. 7  Schematic of Tau accumulation in the spinal cord contributing 
to chronic inflammatory pain through IL-1β and BDNF. GSK3B acti-
vation induces the hyperphosphorylation of Tau.

http://creativecommons.org/licenses/by/4.0/


481S. Zhang et al.: Tau and Inflammatory Pain

1 3

interleukin-1beta, interleukin-6, and tumor necrosis factor-alpha 
in regulating synaptic and neuronal activity in the superficial 
spinal cord. J Neurosci 2008, 28: 5189–5194.

 13. Ma Y, Bao Y, Wang S, Li T, Chang X, Yang G, et al. Anti-
inflammation effects and potential mechanism of saikosaponins 
by regulating nicotinate and nicotinamide metabolism and ara-
chidonic acid metabolism. Inflammation 2016, 39: 1453–1461.

 14. Pinho-Ribeiro FA, Verri WA Jr, Chiu IM. Nociceptor sensory 
neuron-immune interactions in pain and inflammation. Trends 
Immunol 2017, 38: 5–19.

 15. Kovac A, Zilka N, Kazmerova Z, Cente M, Zilkova M, Novak 
M. Misfolded truncated protein τ induces innate immune 
response via MAPK pathway. J Immunol 2011, 187: 2732–2739.

 16. Heneka MT, Kummer MP, Stutz A, Delekate A, Schwartz S, 
Vieira-Saecker A, et al. NLRP3 is activated in Alzheimer’s 
disease and contributes to pathology in APP/PS1 mice. Nature 
2013, 493: 674–678.

 17. Jiang S, Maphis NM, Binder J, Chisholm D, Weston L, Duran 
W, et al. Proteopathic tau primes and activates interleukin-1β 
via myeloid-cell-specific MyD88- and NLRP3-ASC-inflamma-
some pathway. Cell Rep 2021, 36: 109720.

 18. Zhang W, Lyu J, Xu J, Zhang P, Zhang S, Chen Y, et al. The 
related mechanism of complete Freund’s adjuvant-induced 
chronic inflammation pain based on metabolomics analysis. 
Biomed Chromatogr 2021, 35: e5020.

 19. Chen Y, He D, Li Y, Luo F, Zhang M, Wang J, et al. A study of 
the phosphorylation proteomic skin characteristics of Tan sheep 
during the newborn and er-Mao stages. Trop Anim Health Prod 
2021, 54: 30.

 20. Lee TH, Park S, You MH, Lim JH, Min SH, Kim BM. A poten-
tial therapeutic effect of saikosaponin C as a novel dual-target 
anti-Alzheimer agent. J Neurochem 2016, 136: 1232–1245.

 21. Li D, Li Y, Tian Y, Xu Z, Guo Y. Direct intrathecal injection of 
recombinant adeno-associated viruses in adult mice. J Vis Exp 
2019, 144: e58565.

 22. Chaplan SR, Bach FW, Pogrel JW, Chung JM, Yaksh TL. Quan-
titative assessment of tactile allodynia in the rat paw. J Neurosci 
Methods 1994, 53: 55–63.

 23. Merighi A, Salio C, Ghirri A, Lossi L, Ferrini F, Betelli C, et al. 
BDNF as a pain modulator. Prog Neurobiol 2008, 85: 297–317.

 24. Ren K, Torres R. Role of interleukin-1beta during pain and inflam-
mation. Brain Res Rev 2009, 60: 57–64.

 25. Cross DAE, Alessi DR, Cohen P, Andjelkovich M, Hemmings BA. 
Inhibition of glycogen synthase kinase-3 by insulin mediated by 
protein kinase B. Nature 1995, 378: 785–789.

 26. Hughes K, Nikolakaki E, Plyte SE, Totty NF, Woodgett JR. Modu-
lation of the glycogen synthase kinase-3 family by tyrosine phos-
phorylation. EMBO J 1993, 12: 803–808.

 27. Migheli A, Butler M, Brown K, Shelanski ML. Light and electron 
microscope localization of the microtubule-associated tau protein 
in rat brain. J Neurosci 1988, 8: 1846–1851.

 28. Didonna A. Tau at the interface between neurodegeneration and 
neuroinflammation. Genes Immun 2020, 21: 288–300.

 29. Guerreiro SR, Guimarães MR, Silva JM, Dioli C, Vamvaka-Iak-
ovou A, Sousa R, et al. Chronic pain causes Tau-mediated hip-
pocampal pathology and memory deficits. Mol Psychiatry 2022, 
27: 4385–4393.

 30. Alquezar C, Arya S, Kao AW. Tau post-translational modifica-
tions: Dynamic transformers of tau function, degradation, and 
aggregation. Front Neurol 2021, 11: 595532.

 31. Martin L, Latypova X, Wilson CM, Magnaudeix A, Perrin ML, 
Yardin C, et al. Tau protein kinases: involvement in Alzheimer’s 
disease. Ageing Res Rev 2013, 12: 289–309.

 32. Peng Z, Zha L, Yang M, Li Y, Guo X, Feng Z. Effects of ghre-
lin on pGSK-3β and β-catenin expression when protects against 

neuropathic pain behavior in rats challenged with chronic con-
striction injury. Sci Rep 2019, 9: 14664.

 33. Gao M, Yan X, Weng HR. Inhibition of glycogen synthase kinase 
3β activity with lithium prevents and attenuates paclitaxel-induced 
neuropathic pain. Neuroscience 2013, 254: 301–311.

 34. Abdel-Dayem SIA, Khalil MNA, Abdelrahman EH, El-Gohary 
HM, Kamel AS. Sesquiterpene lactones; Damsin and neoambro-
sin suppress cytokine-mediated inflammation in complete Fre-
und’s adjuvant rat model via shutting Akt/ERK1/2/STAT3 signal-
ing. J Ethnopharmacol 2021, 266: 113407.

 35. Caccamo A, Magrì A, Medina DX, Wisely EV, López-Aranda MF, 
Silva AJ, et al. mTOR regulates tau phosphorylation and degrada-
tion: Implications for Alzheimer’s disease and other tauopathies. 
Aging Cell 2013, 12: 370–380.

 36. Hamano T, Enomoto S, Shirafuji N, Ikawa M, Yamamura O, Yen 
SH, et al. Autophagy and tau protein. Int J Mol Sci 2021, 22: 
7475.

 37. Ji RR, Nackley A, Huh Y, Terrando N, Maixner W. Neuroinflam-
mation and central sensitization in chronic and widespread pain. 
Anesthesiology 2018, 129: 343–366.

 38. Yang Y, Zhao J, Li Y, Li X, Chen X, Feng Z. Fragile X mental 
retardation protein-regulated proinflammatory cytokine expres-
sion in the spinal cord contributes to the pathogenesis of inflam-
matory pain induced by complete Freund’s adjuvant. J Neurochem 
2021, 159: 512–524.

 39. Echeverry S, Shi XQ, Zhang J. Characterization of cell prolifera-
tion in rat spinal cord following peripheral nerve injury and the 
relationship with neuropathic pain. Pain 2008, 135: 37–47.

 40. Chen R, Yin C, Fang J, Liu B. The NLRP3 inflammasome: An 
emerging therapeutic target for chronic pain. J Neuroinflammation 
2021, 18: 84.

 41. Schaible HG, König C, Ebersberger A. Spinal pain processing 
in arthritis: Neuron and glia (inter)actions. J Neurochem 2022, 
https:// doi. org/ 10. 1111/ jnc. 15742.

 42. Hu Z, Deng N, Liu K, Zhou N, Sun Y, Zeng W. CNTF-STAT3-
IL-6 axis mediates neuroinflammatory cascade across schwann 
cell-neuron-microglia. Cell Rep 2020, 31: 107657.

 43. Ducza L, Szücs P, Hegedűs K, Bakk E, Gajtkó A, Wéber I, et 
al. NLRP2 is overexpressed in spinal astrocytes at the peak of 
mechanical pain sensitivity during complete Freund adjuvant-
induced persistent pain. Int J Mol Sci 2021, 22: 11408.

 44. Zhang WH, Wang X, Narayanan M, Zhang Y, Huo C, Reed JC, et 
al. Fundamental role of the Rip2/caspase-1 pathway in hypoxia 
and ischemia-induced neuronal cell death. Proc Natl Acad Sci 
USA 2003, 100: 16012–16017.

 45. Compan V, Baroja-Mazo A, López-Castejón G, Gomez AI, Mar-
tínez CM, Angosto D, et al. Cell volume regulation modulates 
NLRP3 inflammasome activation. Immunity 2012, 37: 487–500.

 46. Walsh JG, Muruve DA, Power C. Inflammasomes in the CNS. Nat 
Rev Neurosci 2014, 15: 84–97.

 47. Holló K, Ducza L, Hegyi Z, Dócs K, Hegedűs K, Bakk E, et al. 
Interleukin-1 receptor type 1 is overexpressed in neurons but not 
in glial cells within the rat superficial spinal dorsal horn in com-
plete Freund adjuvant-induced inflammatory pain. J Neuroinflam-
mation 2017, 14: 125.

 48. Kerr BJ, Bradbury EJ, Bennett DL, Trivedi PM, Dassan P, French 
J, et al. Brain-derived neurotrophic factor modulates nociceptive 
sensory inputs and NMDA-evoked responses in the rat spinal 
cord. J Neurosci 1999, 19: 5138–5148.

 49. Cao T, Matyas JJ, Renn CL, Faden AI, Dorsey SG, Wu J. Func-
tion and mechanisms of truncated BDNF receptor TrkB.T1 in 
neuropathic pain. Cells 2020, 9: 1194.

 50. Maphis N, Xu G, Kokiko-Cochran ON, Jiang S, Cardona A, 
Ransohoff RM, et al. Reactive microglia drive tau pathology and 
contribute to the spreading of pathological tau in the brain. Brain 
2015, 138: 1738–1755.

https://doi.org/10.1111/jnc.15742


482 Neurosci. Bull. April, 2024, 40(4):466–482

1 3

 51. Ising C, Venegas C, Zhang S, Scheiblich H, Schmidt SV, Vieira-
Saecker A, et al. NLRP3 inflammasome activation drives tau 
pathology. Nature 2019, 575: 669–673.

 52. Leng F, Edison P. Neuroinflammation and microglial activation in 
Alzheimer disease: Where do we go from here? Nat Rev Neurol 
2021, 17: 157–172.

 53. Uemura N, Uemura MT, Luk KC, Lee VMY, Trojanowski JQ. 
Cell-to-cell transmission of tau and α-synuclein. Trends Mol Med 
2020, 26: 936–952.

 54. Wang ZH, Xiang J, Liu X, Yu SP, Manfredsson FP, Sandoval IM, 
et al. Deficiency in BDNF/TrkB neurotrophic activity stimulates 
δ-secretase by upregulating C/EBPβ in alzheimer’s disease. Cell 
Rep 2019, 28: 655-669.e5.

 55. Rosa E, Mahendram S, Ke YD, Ittner LM, Ginsberg SD, Fah-
nestock M. Tau downregulates BDNF expression in animal and 
cellular models of Alzheimer’s disease. Neurobiol Aging 2016, 
48: 135–142.

 56. Burnouf S, Belarbi K, Troquier L, Derisbourg M, Demeyer D, 
Leboucher A, et al. Hippocampal BDNF expression in a tau trans-
genic mouse model. Curr Alzheimer Res 2012, 9: 406–410.

 57. Largo-Barrientos P, Apóstolo N, Creemers E, Callaerts-Vegh Z, 
Swerts J, Davies C, et al. Lowering Synaptogyrin-3 expression 
rescues Tau-induced memory defects and synaptic loss in the pres-
ence of microglial activation. Neuron 2021, 109: 767-777.e5.


	Tau Accumulation in the Spinal Cord Contributes to Chronic Inflammatory Pain by Upregulation of IL-1β and BDNF
	Abstract 
	Introduction
	Materials and Methods
	Animals
	Inflammatory Pain Model
	Tandem Mass Tag (TMT)-Based Phosphoproteomics Sequencing
	Intrathecal and Intraspinal Injection
	Intrathecal Injection
	Intraspinal Injection

	Behaviors
	Mechanical Pain
	Thermal Pain
	Open Field
	Elevated Plus Maze

	Immunofluorescence and Confocal Imaging
	Western Blot
	Statistical Analyses

	Results
	Tau Hyperphosphorylated in Spinal L4–6 Under CFA-induced Chronic Inflammatory Pain Conditions
	IL-1β and BDNF Levels are Increased After CFA Injection
	Tau is Required for Pain Hypersensitivity in CFA-induced Inflammatory Pain
	Pharmacological Inhibition of Tau Phosphorylation Relieves CFA-induced Pain
	Tau Overexpression Induces Hyperalgesia Through Increased Levels of IL-1β and BDNF
	Hyperphosphorylation of GSK3B (Tyr216) Induces Tau Accumulation in CFA-Induced Pain

	Discussion
	Acknowledgments 
	References




