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Perineurial network (PNN) is a special extracellular matrix structure in the central nervous system, 
and its alterations are associated with the pain hypersensitivity. Recent studies have suggested a 
potential interaction between abnormal activation of spinal microglia and PNN. This study investigates 
whether S-ketamine mitigates neuropathic pain via inhibiting degradation of PNNs by spinal microglia. 
C57BL/6 mice were utilized for CCI modeling to induce neuropathic pain. Subsequent to modeling, 
we assessed the expression changes of spinal microglia, PNN and inflammatory factors. Microglia 
colocalization with PNN was evaluated via 3D reconstruction to quantify spatial overlap. Minocycline 
was administered to target microglia. S-ketamine was subsequently administered to CCI mice, 
and its effects on pain behavior, microglial activation, and PNN were investigated. Microglia–PNN 
colocalization was evaluated via 3D reconstruction to quantify spatial overlap. CCI mice exhibited 
significant neuropathic pain, accompanied by increased microglia-mediated phagocytosis of PNN. 
Minocycline and S-ketamine treatment of CCI mice led to improved pain thresholds, suppression of 
neuroinflammation, and reduction in microglia-mediated phagocytosis of PNN. Increased microglial 
phagocytosis leading to PNNs degradation in the spinal dorsal horn plays a critical role in neuropathic 
pain pathogenesis. The analgesic effects of S-ketamine may be attributed to its modulation of this 
mechanism.
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Neuropathic pain arises from primary lesions or dysfunction within the central or peripheral nervous systems, 
encompassing intricate pathophysiological mechanisms1,2. Epidemiological data indicate that approximately 
7–10% of the global population report experiencing this form of pain3. Currently, there are limited therapeutic 
options available for neuropathic pain, which is characterized as an unpleasant emotional experience4,5. 
Consequently, elucidating the mechanisms underlying neuropathic pain is of paramount importance.

The spinal cord is widely recognized as a critical component in the transmission of pain sensations6. Research 
has demonstrated that neuropathic pain is associated with substantial activation of spinal cord microglia, 
and these activated microglia can interact with neurons to facilitate the progression of pain7,8. Furthermore, 
studies have shown that spinal microglia enhance pain signaling through the phagocytosis of perineuronal 
nets (PNNs)9. Specifically, PNNs degradation increases the excitability of spinal cord nociceptive circuits by 
reducing inhibitory synaptic input, thereby augmenting the activity of projection neurons9,10. S-ketamine, an 
N-methyl-D-aspartate (NMDA) receptor antagonist, is widely utilized in the treatment of depression, acute 
pain, and chronic pain11. Previous research has demonstrated that S-ketamine exerts its analgesic effects through 
the suppression of inflammation and microglial activity12,13. However, the therapeutic impact of S-ketamine on 
neuropathic pain remains unclear. To address this knowledge gap, we developed a chronic constriction injury of 
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the sciatic nerve (CCI) model to investigate the role of microglia and perineuronal nets, as well as the effects of 
S-ketamine in this context.

Materials and methods
Experimental animals
Adult male C57BL/6 mice (purchased in Beijing Vital River Laboratory Animal Technology Co., Ltd) were used 
for research. Mice were housed in a standardized barrier facility, where ambient temperature was stabilized 
at 22 ± 2 °C, relative humidity regulated to 55 ± 5%, and 12 h light/12 h dark cycle. Animal experiments were 
performed in accordance with the ARRIVE guidelines and performed in accordance with the local ethics 
authority responsible for animal experimentation. Experimental procedures were approved by the Animal 
Ethics Committee of Nanjing Drum Tower Hospital.

Establishment of mouse model
Isoflurane concentrations of 3% and 2% were used for anesthetic induction (3%) and maintenance (2%) in mice. 
The CCI model was established in Male C57BL/6 mice as previously described14. Under microscopic guidance, 
the right sciatic nerve of mice was bluntly dissected and loosely ligated with three 1-mm-spaced sutures to 
elicit mild twitching in the ipsilateral hindpaw. The sham procedure involved identical nerve exposure without 
ligation. The incision was then sutured layer by layer.

Pharmacological treatment
According to the previous study, on the first day post-surgery, mice received daily intraperitoneal injections of 
minocycline (50 mg/kg; Sigma, USA, cat. no. M9511) for seven consecutive days15. Similarly, mice that had been 
modeled were given a low dose of S-ketamine (5 mg/kg) and a high dose (10 mg/kg) for seven days16.

Paw withdrawal mechanical threshold (PWMT)
Following a 30-min acclimation period, mechanical sensitivity was assessed by applying graded Von Frey 
filaments to perpendicularly stimulate the right hind paw. The paw withdrawal mechanical threshold (PWMT) 
was defined as the minimal force required to elicit a rapid withdrawal or flinching reflex when a von Frey filament 
was applied perpendicularly to the plantar surface. Different Von Frey filament strengths were tested five times, 
with the threshold defined as the lowest force eliciting at least three positive responses.

Paw withdraw thermal latency (PWTL)
The mice were allowed to habituate 30 min. Thermal nociception was assessed using the Hargreaves test. The 
hind paw plantar surface was exposed to a radiant heat source (55 IR intensity), and paw withdrawal latency 
(PWTL) was automatically measured. A positive nociceptive response was defined as either hind paw withdrawal 
(lifting) or licking behavior, with paw withdrawal thermal latency (PWTL) automatically recorded by the testing 
system. Three experiments were done per mouse, with a 5-min break between each.

Immunofluorescence (IF)
Following anesthesia, mice underwent transcardial perfusion with 40 mL of ice-cold 0.9% saline, followed by 
40 mL of 4% paraformaldehyde (PFA) for tissue fixation. The lumbar spinal cord segments (L3-L5) were carefully 
isolated for further processing. To facilitate extraction, a 20 mL syringe containing physiological 0.9% saline was 
prepared. The needle was meticulously advanced into the vertebral canal through the transected lumbar region, 
followed by rapid infusion of 0.9% saline to achieve complete spinal cord expulsion. The lumbar enlargements 
were immersion-fixed in 4% paraformaldehyde for 24  h. The mouse spinal cord was gradually dehydrated 
using 15% and 30% sucrose solutions. The mouse spinal cord was embedded in OCT compound, sectioned 
into 20 μm thick slices with a cryostat, rinsed in PBS, then blocked with 10% BSA and permeabilized with 3% 
Triton X-100. Subsequently, spinal cord sections were incubated with the following primary antibodies at 4 °C 
overnight: Lonized calcium binding adapter molecule 1(IBA1): 1:500, Wako, Japan (IBA1 for microglia), cluster 
of differentiation 68 (CD68): 1:1000, Abcam, USA) (CD68 for macrophage), Wisteria floribunda agglutinin 
(WFA): 1:500, Novus, USA) (WFA for PNNs), aggrecan (Agg): 1:500, Abcam, USA) (Agg for PNNs) , Neuronal 
Nuclei (NeuN): 1:1000, Abcam, USA (NeuN for neuronal nuclear protein). After one hour of incubation with 
the matching secondary antibody, the slices were once more cleaned with PBS. Ultimately, the spinal cord 
was moved on slides and given DAPI staining. The fluorescence intensity was measured by ImageJ (National 
Institutes of Health, Bethesda, MD).

Images were acquired with confocal microscope using a 63 × /1.4 NA oil-immersion objective. Twenty optical 
sections were collected at 1  µm z-step intervals to encompass the entire soma depth. Laser power and gain 
settings were rigorously matched across all groups to preclude overexposure. 3D surface reconstructions were 
performed with Imaris software under the under the following parameters: a uniform signal inclusion threshold 
of 50% was applied to all channels; histogram thresholds were set to 500–5000 for Cy2 and Cy3, and 500–4000 
for Cy5. Isosurface rendering was executed with ambient occlusion set to 0%, and both glossiness and brightness 
fixed at 100%.

Western blotting (WB)
Following euthanasia via isoflurane overdose, mice were isolated for subsequent tissue processing. Spinal cord 
lumbar enlargements protein tissue was extracted with lysis buffer. Total protein concentrations were measured 
using the bicinchoninic acid (BCA) assay. Proteins were separated with 10–12.5% SDS-PAGE gels and transferred 
to PDVF membrane. The protein brands were incubated overnight with the following antibodies after blocked 
with 5% skim milk: rabbit anti-lnterleukin-6 (IL-6, 1:1000, Abcam, USA) or rabbit anti-Interleukin-1β (IL-1β, 
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1:1000, Abcam, USA) or β-actin (β-actin, 1:10000, Proteintech, China). Tris-buffer saline and tween 20 (TBST) 
rinsed the bands three times for ten minutes each. After 1 h of incubation with the relevant secondary antibody, 
brands were rinsed with TBST for another 3 × 10 min. Finally, ECL solution was used for proteins visualization.

Statistical analysis
SPSS 24.0 was used for statistical analysis. Data were evaluated using the normality test and expressed as 
means ± SD. To evaluate differences between and within groups across various time points, a two-way repeated-
measures ANOVA with Bonferroni post-hoc test was performed. For between-group comparisons, one-way 
ANOVA with Bonferroni post-hoc testing was conducted. Differences in dosing were analyzed with two-way 
ANOVA with Bonferroni post hoc test. Graphs were created using GraphPad Prism 8.0, with a significance level 
of p < 0.05.

Results
Changes of pain behavior in CCI mice
PWMT and PWTL were utilized to assess nociceptive responses in mice following modeling. Compared to the 
control group, the PWMT of mice in the sham and CCI groups decreased significantly on the first and third days 
post-surgery, indicating acute postoperative pain. In the sham group, mice’s PWMT and PWTL levels gradually 
returned to baseline over time (Fig. 1A,B). The PWMT and PWTL scores of mice in the CCI group steadily 

Fig. 1.  Changes of pain behavior in CCI mice. (A) The results of PWMT on preoperative and postoperative 
days 1, 3, 5, 7, 10, 14, 21, and 28 (N = 8). (B) The results of PWTL on preoperative and postoperative days 1, 
3, 5, 7, 10, 14, 21, and 28 (N = 8). #P < 0.05, ##P < 0.01 and ###P < 0.001 for comparisons between the CCI and 
control group; *P < 0.05, **P < 0.01 and ***P < 0.001 for comparisons between the Sham and control group; A 
two-way repeated-measures ANOVA with Bonferroni post-hoc test was performed.
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declined and stabilized from day 5 to day 28, demonstrating that CCI induced mechanical hyperalgesia and 
thermal hyperalgesia.

CCI-induced neuroinflammation and microglial reaction
Pain and neuroinflammation are closely related, and aberrant microglial reactions are frequently a contributing 
factor in neuroinflammation17. To determine the presence of a neuroinflammatory milieu in CCI, we examined 
spinal cord neuroinflammation and microglia reactivity using western blotting and immunofluorescence 
techniques. On the third postoperative day, CCI mice exhibited significantly higher levels of IL-6 and IL-1β 
proteins compared to the sham group, and this trend persisted until day 28 (Fig. 2A,B). Furthermore, microglia 
in the spinal cord demonstrated a marked proliferation accompanied by heightened reactivity (Fig.  2C,D). 
This suggests that CCI induced neuropathic pain via triggering microglia activation and the release of pro-
inflammatory factors.

CCI-induced degradation of perineuronal nets
According to studies, PNNs are crucial for neuroplasticity in nociceptive information inputs9,18. To investigate 
whether neuroinflammation in CCI affects the structural function of PNNs, we employed immunofluorescence 
detection. The density of PNNs labeled by Wisteria floribunda agglutinin (WFA) was significantly reduced on 
the third day following CCI. Another crucial PNN element, Agg, exhibited no noticeable change (Fig. 3A,B). 
Furthermore, CD68 is used as a microglial activation marker. Through immunofluorescence 3D reconstruction, 
we observed that the expression of CD68 in microglia was significantly enhanced on the third postoperative day, 
and microglial phagocytosis of WFA was considerably enhanced (Fig. 3C,D). This finding may represent a key 
mechanism for the reduction of WFA.

Inhibition of microglia reduced pain behavior in CCI mice
To investigate the role of microglia on pain behavior in CCI mice, we suppressed microglia with a continuous 
intraperitoneal infusion of minocycline after modeling. In comparison to the CCI model, the PWMT and PWTL 
values significantly increased in the minocycline intervention group (Fig. 4A,B). This indicated that intervention 
in microglia can alleviate CCI-induced pain.

Inhibition of microglia alleviated the degradation of perineuronal nets
Following microglia treatment with minocycline, we observed a significant decrease in both the number of 
microglia and the levels of the inflammatory cytokines IL-1β and IL-6 in the CCI group (Fig. 4C–F). Furthermore, 

Fig. 2.  CCI-induced neuroinflammation and microglial reaction. (A) Representative WB pictures of 
inflammatory factors at preoperative and postoperative days 3, 7, 14, 21, and 28 (N = 6). (B) Quantification 
of inflammatory factors IL-1β and IL-6 (N = 6). (C) Representative fluorescence images of spinal dorsal horn 
IBA1(microglia marker) (N = 6). (D) Number of IBA1 positive cells (N = 6). *P < 0.05, **P < 0.01 and ***P < 0.001 
compared with D0 (day 0); One-way ANOVA with Bonferroni post-hoc testing was conducted.
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Fig. 3.  CCI-induced degradation of perineuronal nets. (A) The immunofluorescence images of components 
of the perineuronal nets (N = 6). (B) Quantitative results of WFA and Agg (N = 6). (C) Immunofluorescence 
images and 3D reconstruction images of microglia, lysosomes and PNNs (N = 6). (D) Volume quantification 
results of IBA1, CD68 and engulfed WFA (N = 6, two spinal cord sections were selected from each mouse for 
statistical analysis). *P < 0.05, **P < 0.01 and ***P < 0.001 compared with D0 (day 0); One-way ANOVA with 
Bonferroni post-hoc testing was conducted.
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following minocycline administration, WFA significantly increased in the CCI group (Fig. 4G,H). Through 3D 
reconstruction, we determined that minocycline might restore WFA in the CCI group by reducing microglia 
phagocytosis of WFA (Fig. 4I,J).

S-ketamine treatment alleviated pain behavior in CCI mice
S-ketamine’s mechanism of action in the treatment of pain has been extensively investigated due to its utilization 
in clinical practice. Following 7 days of intraperitoneal S-ketamine administration, it was observed that 5 mg/kg 
S-ketamine improved PWMT and PWTL values in CCI mice on the initial day but demonstrated no effect on 
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subsequent days. In contrast, 10 mg/kg S-ketamine significantly elevated the PWMT and PWTL values of CCI 
mice and maintained efficacy until day 14 (Fig. 5A,B).

S-ketamine preserved the perineuronal nets through inhibition of microglial phagocytosis
Intraperitoneal administration of 10 mg/kg S-ketamine significantly attenuated microglial reactivity in CCI mice 
as well as the inflammatory cytokines IL-1β and IL-6 (Fig. 6A–D). In comparison to the CCI group, the number 
of WFA was significantly increased in the 10  mg/kg S-ketamine group (Fig. 6E,F). Immunofluorescence 3D 

Fig. 4.  Inhibition of microglia reduced pain behavior in CCI mice. (A) PWMT results after 10 days of 
minocycline treatment (N = 8). (B) PWTL results after 10 days of minocycline treatment (N = 8). (C) 
Immunofluorescence results of spinal dorsal horn microglia after treatment with minocycline (N = 6). (D) 
Quantitative results of IBA1 after treatment (N = 6). (E) Picture of inflammatory factor after treatment 
with minocycline (N = 6). (F) Quantification of inflammatory factors IL-1β and IL-6 (N = 6). (G) 
Immunofluorescence results of perineuronal nets after treatment with minocycline (N = 6). (H) Quantitative 
results of WFA after treatment (N = 6). (I). Fluorescence and 3D reconstruction of microglia phagocytosis 
PNNs after treatment with minocycline (N = 6). (J). Volume quantification results of IBA1, CD68 and engulfed 
WFA (N = 6). #P < 0.05, ##P < 0.01 and ###P < 0.001 compared with CCI + Vehicle group, *P < 0.05, **P < 0.01 
and ***P < 0.001 compared with CCI + Vehicle group, two-way ANOVA with Bonferroni post hoc test was 
conducted.

◂

Fig. 5.  S-ketamine treatment alleviated pain behavior in CCI mice. (A) The results of PWMT after 7 days 
of intraperitoneal injection of low- and high-dose S-ketamine (N = 8). (B) The results of PWTL after 7 days 
of intraperitoneal injection of low- and high-dose S-ketamine (N = 8). #P < 0.05, ##P < 0.01 and ###P < 0.001 
for comparisons between the CCI + S-ketamine 10 mg/kg and CCI + Vehicle group; *P < 0.05, **P < 0.01 and 
***P < 0.001 for comparisons between the CCI + S-ketamine 5 mg/kg and CCI + Vehicle group; A two-way 
repeated-measures ANOVA with Bonferroni post-hoc test was performed.
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reconstruction revealed that 10 mg/kg S-ketamine reduced the quantity of spinal cord microglia and lysosomes 
in CCI mice while concurrently inhibiting microglial phagocytosis of WFA (Fig. 6G,H).

Discussion
This study demonstrated that the CCI model exhibited microglia phagocytosis of the perineuronal nets and that 
minocycline intervention could alleviate pain and preserve perineuronal nets. A 10 mg/kg dose of S-ketamine 
relieved pain in CCI mice, likely by reducing microglial activation and preventing perineural net destruction.
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Microglia, as central nervous system macrophages, play crucial roles in nerve development, homeostasis, and 
disease19. While their activation is a hallmark of many CNS disorders20, including neuralgia, the mechanisms 
by which they mediate neuropathic pain are unclear, hindering effective clinical treatment. Research suggests 
microglia may facilitate the upward transfer of injury-related information by phagocytosing the perineural 
network9. This study observed increased inflammatory cytokines and microglia, along with notable pain 
behaviors following CCI modeling. WFA, the primary constituent of the perineural reticulum21, significantly 
decreased by the third postoperative day. 3D modeling showed increased in the phagocytosis of WFA by 
microglia (Fig.  3C,D). Current studies indicate that minocycline administration significantly attenuates 
microglial activation and proliferation, downregulates lysosomal activation markers (particularly CD68), and 
suppresses the secretion of pro-inflammatory cytokines such as IL-1β and IL-622,23. Therefore, we inhibited 
microglia by intraperitoneal injection of minocyclin to investigate if the aforementioned phenomena mediated 
by microglia, revealing that it could rescue the perineural network and reduce pain behaviors in CCI animals. 
This supports the SNI model findings that microglia-mediated perineural net breakdown may be a major pain 
source in CCI mice9.

S-ketamine, a prescription medication and anesthetic, is an ionic glutamatergic NMDA receptor antagonist 
utilized for chronic pain relief12,24. Accumulating evidence suggests that S-ketamine may inhibit microglial 
activation and exert anti-inflammatory effects by preventing immune cells in the central nervous system 
from releasing pro-inflammatory substances12,25. In this study, we found that a subanesthetic dose of 5  mg/
kg S-ketamine had no effect on the pain behavior of CCI mice, whereas 10  mg/kg S-ketamine ameliorated 
the pain behavior of CCI mice, supporting Jiang’s findings16. Furthermore, we demonstrated that S-ketamine 
administration significantly reduced inflammatory cytokines and microglial activation, as well as microglia-
mediated perineuronal net disintegration. These findings suggest that S-ketamine mediates analgesia through 
PNN restoration, consistent with prior reports of ketamine-induced PNN rescue in adolescent depression 
models26. Although our immunofluorescence 3D reconstruction data suggest a potential inhibitory effect of 
S-ketamine on microglial phagocytosis, this phenomenological association requires further functional assays.

There are several limitations to our study. First, microglia and pain exhibit gender differentiation26. This study 
exclusively employed male mice, with limited investigation on female mice. Second, the study lacks investigation 
into the further processing of damage information and the projection of neurons surrounding the perineuronal 
nets27. Third, while microglia play a dominant role in phagocytosing perineuronal nets (PNNs), contributions 
from alternative mechanisms should also be considered. Notably, astrocytes promote PNN degradation not only 
via MMP-9 secretion but also through active engulfment processes28. Lastly, the precise mechanism underlying 
the suppression of microglia by S-ketamine is not addressed in this work, warranting further research in this 
area.

In conclusion, we hypothesize that S-ketamine may alleviate neuropathic pain by blocking microglia 
phagocytosis of the perineuronal nets. Pain in patients can be reduced by targeting microglia. Our findings may 
offer a fresh viewpoint on the treatment of neuropathic pain.

Data availability
Data availability statement The data that support the conclusions of this study are available from the correspond-
ing author on reasonable request and will be made available via The Center for Open Science after publication.
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