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Abstract

Background context: Macrophages play important roles in the progression of intervertebral 

disc herniation and radiculopathy.

Purpose: To better understand the roles of macrophages in this process, we developed a new 

mouse model that mimics human radiculopathy.

Study Design/Setting: A preclinical randomized animal study.

Methods: Three types of surgeries were performed in randomly assigned Balb/c mice. These 

were spinal nerve exposure, traditional anterior disc puncture, and lateral disc puncture with 

nerve exposure (n=16/group). For the nerve exposure group, the left L5 spinal nerve was exposed 

without disc injury. For the traditional anterior puncture, L5/6 disc was punctured by an anterior 

approach as previously established. For lateral puncture with nerve exposure, the left L5 spinal 

nerve was exposed by removing the psoas major muscle fibers, and the L5/6 disc was punctured 

laterally on the left side with a 30G needle, allowing the nucleus to protrude toward the L5 
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spinal nerve. Mechanical hyperalgesia (pain sensitivity) of hind paws was assessed with electronic 

von Frey assay on alternative day for up to 2 weeks. MRI, histology, and immunostaining were 

performed to confirm disc herniation and inflammation.

Results: Ipsilateral pain in the lateral puncture with nerve exposure group was significantly 

greater than the other groups. Pro-inflammatory cytokines IL-1β and IL-6 were markedly elevated 

at the hernia sites of both puncture groups and the spinal nerve of lateral puncture with never 

exposure group on postoperative day 7. Heterogeneous populations of macrophages were detected 

in the infiltration tissue of this mouse model and in tissue from patients undergone discectomy.

Conclusions: We have established a new mouse model that mimics human radiculopathy and 

demonstrates that a mixed phenotype of macrophages contribute to the pathogenesis of acute 

discogenic radiculopathy.

Clinical significance: This study provides a clinically relevant in vivo animal model to 

elucidate complex interactions of disc herniation and radicular pain, which may present 

opportunities for the development of macrophage-anchored therapeutics to manage radiculopathy.
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Introduction

Low back and radicular pain are the leading causes of disability worldwide with a lifetime 

prevalence of 80% and expenditures greater than $100 billion in the US [1–3]. Intervertebral 

disc (IVD) herniation is the most common cause of back and radicular pain [4,5]. The 

herniated disc tissue protrudes toward the adjacent nerve and stimulates inflammatory 

responses that cause neurologic symptoms. Despite tremendous progress in disc research, 

the pathophysiology and the underlying cellular mechanisms are still elusive because of the 

complex nature of the disease.

Cervical radiculopathy and lumbar radiculopathy are traditionally thought to be due to the 

nerve root compression aroused by the herniated disc. However, the severity of clinical 

symptoms, such as paresis, muscle weakness, impaired reflexes, and sensory deficits, do not 

always correlate with the size of disc hernia [6], suggesting nerve pinching is not the only 

cause of pain. Indeed, recent experimental findings suggested that inflammatory mediators 

play critical roles in disease pathogenesis [7–9]. The normal IVD is an immune-privileged 

organ composed of the inner nucleus pulposus (NP) and the outer annulus fibrosus (AF). 

The jelly-like NP is composed of NP cells, type II collagen and proteoglycans. The AF 

region is composed of AF cells, type I and type II collagen fibers arranged in concentric 

layers. When discs wear out, the AF cracks and the NP herniates out, which is recognized 

as a foreign body by our immune system. Immune cells infiltrate the disc hernia and evoke 

a cascade of events, such as cytokine production by both disc cells and immune cells, 

exacerbating the inflammation and pain [7,8,10,11].

Macrophages are highly plastic phagocytic cells that mediate both the initiation and 

resolution of inflammation, and they exhibit various phenotypes reflecting a spectrum of 
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activation states in response to local environment. Macrophages are traditionally designated 

as classically activated (M1-like) and alternatively activated (M2-like) macrophages [12,13]. 

M1-like macrophages have anti-microbial and anti- tumor activities and mediate ROS- 

induced tissue damage, which impair tissue regeneration and wound healing. M2-like 

macrophages (M2a, M2b, M2c, M2d) protect against such tissue damage and inhibit the 

chronic inflammatory response, given their capacity in phagocytosis, scavenging debris and 

apoptotic cells, and promoting tissue repair and wound healing [14,15]. Several studies 

suggested that proinflammatory macrophages increase following disc herniation [16–19]. 

Using a bone marrow GFP chimera mouse model, Kawakubo et al showed that the 

proportion of GFP+ macrophages and CD86+ GFP+ macrophages increased following disc 

herniation and its proportion was significantly higher than that in GFP− macrophages, 

suggesting the recruitment of macrophages in the hernia sites polarized to proinflammatory 

macrophages following disc herniation [20]. Using immunohistochemistry, Nakazawa et al 

showed that CCR7+ and CD163+ macrophages significantly increased in severe degenerative 

human cadaveric disc tissues. Abundant infiltration of CD68+ CD33− cells, with variable 

levels of CD11b, CD11c, and CD40, was also observed in herniated discs of human samples 

[10]. A recent study of canine disc herniation samples also showed a mixed phenotype of 

macrophages, both proinflammatory and anti-inflammatory phenotypes [21]. These findings 

suggest the importance of understanding the immunophenotype of inflammatory responses 

and cellular mechanisms in uncovering the pathology of disc herniation. However, the roles 

and phenotypes of macrophages in the pathogenesis of disc herniation and radiculopathy 

remain unclear.

To address this problem, establishing an animal model that simulates the pathology of 

human radiculopathy is a prerequisite. In patients suffering from disc herniation, the dorsal 

root ganglion (DRG) or nerve roots are typically exposed to the ruptured disc tissues, 

which induced radicular pain and cascades of inflammation [22,23]. To this end, we aim to 

establish a mouse model of radiculopathy mimicking human conditions and to characterize 

phenotypes and roles of macrophages at disc hernia sites. Results from this study will 

provide a clinically relevant in vivo model to elucidate complex interactions in the niche of 

disc herniation and radicular pain, which may present opportunities for the development of 

macrophage-anchored therapeutics to manage radiculopathy.

Materials and Methods

Animals

The use of animals was approved by our Institutional Animal Care and Use Committee. 

Balb/c mice (10–12 week, male, 20–25g, Envigo) were socially housed at the centralized 

animal experiments facility. The rooms were fitted with a 12-hour light/dark cycle and 

temperature of 25 °C. Food and water were provided ad libitum. A total of 48 mice 

were randomly assigned into three groups (n=16/group): spinal nerve exposure, traditional 

anterior disc puncture, and lateral disc puncture with spinal nerve exposure. An additional 

10 mice were used randomly for sham surgery (n=4, same surgical procedure without disc 

puncture) or anterior disc puncture at L5/6 (n=6), and inflammatory infiltration tissues (~ 
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1–2 mm granular yellowish tissue) were dissected on postoperative day (POD) 6 to analyze 

macrophage phenotypes.

Surgical procedures to model disc herniation induced radiculopathy

General anesthesia was performed by intraperitoneal injection of Ketamine/Xylazine (60–

80/5–10mg/kg). The anatomic relationship of lumbar spinal nerve to IVD is shown in Fig. 

1a–1b. Using aseptic techniques and a surgical microscope, mouse spines were exposed 

through an anterior midline trans-peritoneal approach. For all groups, after separating the 

peritoneum, L5 vertebral bodies were first identified. For the nerve exposure group, the left 

psoas major muscle fibers superficial to the L5 spinal nerve were removed without exposure 

of discs. For the traditional anterior disc puncture group, L5/6 disc was punctured with a 

30G needle (Becton Dickinson, NJ) to ensure herniation of NP material in the mid-sagittal 

plane as we previously established [24]. For the lateral disc puncture with nerve exposure 

group, the left psoas major muscle fibers superficial to the L5 spinal nerve were first 

removed, then both left L5 nerve and L5/6 disc were exposed (Fig. 1b–1d), followed by 

lateral puncture of L5/6 disc at the left side using a 30 G needle to enable NP protrusion 

towards the exposed adjacent spinal nerves, as shown in the X-ray image (Fig 1e, red 

arrow indicates needle entry at the L5/6 disc). The granular inflammatory disc tissues were 

visualized in the disc puncture with nerve exposure group under a surgical microscope (Fig. 

1f).

Magnetic Resonance Imaging (MRI)

MRI was performed at 2 weeks after surgery as previously described [25]. Under anesthesia, 

imaging was acquired using a 7T ClinScan Bruker MRI scanner. T2-weighted sections in the 

sagittal plane were obtained as a series of multiple two-dimensional slices.

Mechanical hyperalgesia (pain sensitivity)

Mechanical hyperalgesia was measured on both hind paws every other day post-surgery 

for up to 16 days. Paw withdrawal threshold was determined using an electronic Von Frey 

Anesthesiometer (IITC Life science, CA) per our established protocol [26–28]. Baseline 

data were collected for three consecutive days prior to surgery. Animals were acclimated to 

noise and temperature-controlled environments for at least one hour prior to testing. A rigid 

instrument tip was slowly raised to stimulate the middle of the hind paw until a nociceptive 

reaction was observed. Each hind paw was tested 5 times with a 1-minute interval, and 

the average of the 3 values deviating least from the median was calculated. Mechanical 

thresholds were presented as mean ± SEM at each time point. A single experienced operator 

performed all testing at the same time frame of a day.

Safranin-O staining of mouse spine sections

Mice were euthanized using CO2 asphyxiation, followed by cervical dislocation on POD 3 

and 7 (n=3 per time point per group). Lumbar spines were fixed with 10% neutral formalin, 

followed by decalcification in 0.25M EDTA for one week. Axial sections (5 μm thickness) 

were stained with Safranin-O and Fast Green to evaluate the severity of disc herniation, 
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such as cellularity, collagen fiber alignment, and loss of glycosaminoglycan as described 

previously [29–31].

Human surgical samples

With IRB approval, human inflammatory disc tissues were collected from surgical wastes 

during discectomy on four patients. Inflamed disc tissues were surgically dissected from 

the patients 3–6 month after disease onset. Samples were transported on ice and fixed 

in periodate-lysine- p-formaldehyde (PLP) fixture and processed for immunofluorescence 

staining.

Immunohistochemistry and analysis

Immunohistochemistry was performed as described previously [24,26]. Spine axial tissue 

sections (5 μm) were stained with antibodies for IL1-β (H-133, Santa Cruz Biotechnology 

1:100), IL-6 (ab6672, Abcam 1:800), Ionized calcium binding adaptor molecule 1 (Iba-1, 

NB100–1028, Novus Biologicals; 1:200), or glial fibrillary acidic protein (GFAP, NB300–

141, Novus Biologicals, 1:5000). Rabbit IgG was used as a negative control following 

identical procedures but excluding the primary antibody (Supplementary Figure. 1). Images 

were captured using a Nikon Eclipse E600 microscope. The same color hue settings were 

used throughout quantification using NIS element BR imaging software. Several square 

ROIs (region of interest), with a linear length of 150 μm that adequately represent the entire 

quantifiable cell area, were used and analyzed individually. A previously optimized object 

count threshold was loaded and maintained throughout the procedure for quantification of 

intensity. The average signal intensity was obtained by combing data from three mice with 

three to five sections each.

Immunofluorescence staining and analysis

For immunofluorescence staining, dissected inflammatory tissues were fixed in PLP fixative 

for 3h [32] After equilibration in 5% sucrose in 50 mM phosphate buffer (pH7 4) overnight, 

2h in 15% sucrose, and 4h in 30% sucrose, the tissues were embedded in Optimal Cutting 

Temperature compound. Frozen tissue sections (5 μm) were permeabilized with 0.3% triton 

X-100, blocked with anti-FcγRII/FcγRIII mAb (clone 2 4G2) and serum, and stained 

with fluorochrome-conjugated antibodies [33,34]. Monoclonal antibodies from Biolegend 

were: A647-conjugated anti-CD11b (M1/70); A647-conjugated anti-F4/80 (BM8); FITC-

anti-CD80 (W17149D), and anti-NOS2 (5C1B52). Rabbit-anti-CD68 (2449D), goat-anti 

MMR antibody (AF2535), and goat-anti CD163 antibody (AF1607) were from R&D 

system. Anti-MMR antibody was conjugated with an AlexaFluor antibody labeling kits 

(Invitrogen, Grand Island, NY) before cell staining. Anti-CD68 and anti-NOS2 antibodies 

were detected by a A633-goat anti-rabbit IgG and a A488-goat anti-mouse IgG, respectively. 

Confocal microscopy was performed on a Zeiss LSM700 assembly with 405, 488, 543, and 

633nm excitation lines. Data were compiled using ZEN software (Zeiss, Thornton, NY). 

Quantification of macrophage infiltration was performed in confocal images of infiltrated 

tissues captured at a magnification of ×600. The cell counts for each condition was obtained 

by combing data from three mice with three to six sections each.
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All cell counting and image processing were performed with ImageJ software. Total 

DAPI/cell counts in each ROI was automatically obtained using a customized Macro (see 

Supplementary Materials). For each macrophage marker, the mean count per unit area 

(~0.028 mm2, the entire area of an image at ×600 magnification) was obtained in 10–15 

ROIs per tissue section, 3 tissue sections per mouse (n=4 for sham group, n=6 for anterior 

puncture group). For human surgical discarded tissues, the dense AF region was excluded 

from the analysis based on its high autofluorescence and fibrous structure.

Statistical analysis

Statistical analysis was performed using Prism software (GraphPad Software, La Jolla, 

CA). Statistical analysis of immunohistochemistry results among three groups at each time 

point was assessed by one-way ANOVA followed by a Tukey multiple comparison test. 

Analysis of immunofluorescence results between two groups was performed using t-test. 

For behavior assay, statistical significance was determined using 2-way ANOVA followed 

by Bonferroni’s multiple comparisons test. A p value <0.05 was considered statistically 

significant. Data are presented as mean ± standard error of mean (SEM).

Results

Lateral disc puncture with spinal nerve exposure induced mechanical hyperalgesia

Mechanical hyperalgesia was assessed in both hind paws of mice for up to 16 days after 

surgery. For ipsilateral (left) sides, significant and sustained declines in mechanical threshold 

were detected in the lateral puncture with nerve exposure group from POD 6 (*p<0.05 

vs nerve exposure group, #p<0.05 vs anterior puncture group). Neither nerve exposure nor 

anterior puncture group exhibited changes in paw withdrawal threshold at the same time 

period compared to their respective baseline levels (Fig. 2a). For contralateral (right) sides, 

the three groups demonstrated no statistical difference (Fig. 2b). Transient reductions of 

mechanical thresholds at early time points, such as POD 2 and POD 4, might be attributed to 

acute response after surgeries (Fig. 2a, 2b).

Histology and MRI confirmed needle puncture induced disc herniation

The discs of nerve exposure group exhibited normal structure and cellularity with abundant 

proteoglycan in the NP region, well-organized and concentrically aligned collagen lamellae 

in the AF region, and a clear boundary between NP and AF (Fig. 3 top row). As 

expected, on POD 7, discs in both anterior puncture and lateral puncture + nerve 

exposure groups demonstrated typical signs of disc degeneration, such as diminished NP 

cellularity, destroyed AF/NP boundary, enlarged chondrocytes, ruptured AF lamina (black 

arrows, needle puncture sites) and herniated NP tissue (chondrocyte-like cells, red arrows) 

surrounded by massively cellular infiltration (Fig. 3). Histology of disc puncture groups 

showed a similar degenerative trend with some cell infiltration observed at hernia sites on 

POD 3 (red arrows, Supplementary Figure 2).

Degenerative change in discs was also confirmed by MRI. Mid-sagittal T2 weighted MRI 

demonstrated a decrease in disc signal intensity at 16 days after disc puncture surgery 

(red arrowheads) in both anterior puncture and the lateral puncture with nerve exposure 
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groups while the nerve exposure group showed that signal was retained (white arrowhead) 

(Supplementary Figure 3)

Disc herniation elicited abundant macrophages infiltration and elevation of pro-
inflammatory cytokines

Iba-1, a microglia/macrophage-specific marker, was used to assess the infiltration of 

macrophages on POD 3 and POD 7. By immunohistochemistry, on POD 7, we detected 

very few Iba-1+ macrophages in the nerve exposure group (upper row, Fig 4a) and abundant 

macrophages in both punctured groups (middle and lower rows, Fig 4a) at the disc hernia 

sites (black arrows). In the lateral puncture + nerve exposure group, Iba-1+ brown signals 

were also detected abundantly surrounding the spinal nerves (Fig. 4). On POD 3, Iba-1+ 

cells in all three groups appeared less than in POD 7 (Supplementary Figure 4).

As macrophages exert their function through inflammatory mediators, we also analyzed 

cytokine expression in this newly developed murine radiculopathy model. Production 

of IL-1β and IL-6 elevated at disc hernia sites of both disc punctured groups (Fig. 4, 

Supplementary Figure 4), compared to the nerve exposure group at both time points. The 

elevated cytokine expression was also observed in the area surrounding nerves of lateral 

puncture with nerve exposure group but not in the traditional anterior puncture group. 

Quantification of positive signals is shown in Fig. 4b–d, Supplementary Figure 4b–d).

Mixed phenotypes of macrophages infiltrate at hernia sites

Due to the abundance of infiltrated macrophages at hernia sites as we described in our 

prior research [24] and in the current study, phenotypic characterization of these infiltrated 

macrophages is particularly important to understand the roles of macrophages in disease 

progression. Since the anterior puncture elicited similar abundant macrophage infiltration at 

disc hernia sites to the lateral puncture + nerve exposure group, anterior puncture model was 

employed to study sub-phenotypes of infiltrated macrophages on POD 7 by immunostaining. 

Significantly more total infiltrating cells (DAPI counts) were consistently detected in disc 

puncture group compared to the sham group (**p<0.01, > 4 folds, Fig. 5a–5b). Additionally, 

CD68+, F4/80+, and CD11b+ macrophages were abundantly detected in the inflammatory 

tissue of the punctured group compared to shams (by ~8–40 folds, Fig. 5). Both iNOS+ (M1 

marker, ~7 folds) and MMR+ (M2 marker, ~23 folds) macrophages were detected in the 

puncture group with a few iNOS+MMR+ cells found in some regions (white arrow, Fig. 6a). 

Quantitative analysis showed ~10% iNOS+ and ~30% MMR+ macrophages in the puncture 

group (Fig. 6d, 6e). IgG control exhibited no comparable signals (Supplementary Figure 5).

As shown in Fig. 7, we also detected abundant macrophages (75 ± 3.4%) in inflammatory 

disc tissues from 4 patients that had undergone discectomy surgery while AF regions were 

excluded from this (Supplementary Figure 6). The majority of these cells were CD68+ (pan 

marker) and CD163+ (M2 marker) with small populations of macrophages were CD80+ (M1 

marker) and CD80+CD163+ (M1/M2, white arrow, Fig. 7).
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Increased Iba1+ macrophages but unaltered GFAP+ astrocytes in injured nerves

Immunohistochemistry on POD 7 showed markedly increased Iba1+ signal in the ipsilateral 

nerve of lateral puncture + nerve exposure group (Fig. 8). However, expression of GFAP, an 

astrocyte and glial cell marker, showed no differences (Supplementary Figure 8).

Discussion

Since 1934, compression of the nerve root by disc herniation has been considered to be 

the cause of sciatica. Although a surgical procedure, such as laminectomy, has become 

the gold standard to alleviate pain, it may not be effective in some cases. Moreover, 

nerve compression has been observed in patients with asymptomatic disc herniation also. 

By contrast, in some patients with severe sciatica, nerve compression was not detected, 

therefore, the level of pain may often be disproportionate to the severity of disc herniation 

[35–37], which is a paradox in the field.

A mouse model is suitable for the study of disc herniation because it can be manipulated 

genetically in ways that represent human conditions [38], which a large animal models 

do not offer. To better understand the problem of disc herniation, a clinically relevant 

animal model is highly desirable since neither the existing anterior annulus puncture model 

nor the posterior model can reproduce the clinical scenario in humans. The widely used 

anterior annulus puncture model does not induce radiculopathy since the herniated disc 

tissue (anterior) is located anatomically distant from the nerve root or epidural space 

(posterior) and incapable of eliciting pain sensation [39]. In previously reported posterior 

annulus puncture models [40,41], one side of the facet joint was typically removed to expose 

the discs, which led to confounding attribution of pain. Specifically, radiculopathy and 

pain induced in the posterior puncture models can be caused by both biomechanical spine 

instability (due to facet joint damage) and biochemical responses (due to disc herniation), 

however, these two conditions rarely co-exist in the patient at the same time. By contrast, the 

NP autograft transplantation model was developed to simulate nerve compression-induced 

radiculopathy by implanting tail disc NP material proximal to the lumbar nerve roots 

[26,42]. Although this model might provide information regarding the nerve sensitization 

and potential molecular targets to address radicular pain, laminectomy is required to uncover 

the nerves, which also induces pain and is commonly complicated with iatrogenic neural 

injury. Additionally, in this NP implantation model, the lumbar discs remain intact, which is 

different from human disc herniation.

Considering the advantages and disadvantages of these animal models, we have developed 

a new radiculopathy mouse model involving both lateral disc puncture and spinal nerve 

exposure to enable direct interaction of herniated NP tissues with nearby nerves. As shown 

in Fig. 2, this new model induced sustained radiculopathy on the ipsilateral side compared 

to control groups, which supported our model design hypothesis. The transient decline 

in the mechanical threshold on POD 2 and POD4 might attribute to surgical procedure 

or nerve irritation. Elevated pain levels in the experimental group are corroborated by 

abundant infiltration of Iba1+ macrophages and expression of IL-1β and IL-6 detected at 

disc hernia sites and near exposed nerves (Fig. 4), which might collectively contribute 

to pain sensitivity. For the traditional anterior disc puncture group, despite a significant 
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increase in macrophage infiltration and proinflammatory cytokines production, ipsilateral 

mechanical threshold exhibited negligible changes compared to the baseline and nerve 

exposure group (Fig. 2) since herniation-induced inflammatory responses were spatially 

distant from nerves (Fig. 3, Fig. 4). Therefore, within the experimental setting of this study, 

our new animal model (lateral disc puncture with nerve exposure) could replicate the clinical 

symptoms of herniation induced radicular pain in humans. Moreover, this model can also be 

reproduced in most laboratories that are equipped with animal surgery.

Discogenic radiculopathy involves a complex array of biochemical and biomechanical 

factors, such as local inflammatory responses and nerve compression due to NP protrusion. 

Over the past two decades, research suggested that inflammatory responses, involving 

immune cell infiltration and various mediators, play a critical role in disc herniation 

induced pain. Literature reported upregulation of a variety of immune mediators in disc 

herniation, including pro-inflammatory cytokines (IL-1, TNF-α, IL-6), anti-inflammatory 

cytokines (TGF-β, IL-4, IL-10), and chemokines (MCP-1, MIP-1, IP-10) [43–45]. In 

addition, abundant macrophages have been detected in inflammatory disc tissues at 

hernia sites in both mice and humans. For example, our previously reported study using 

immunohistochemistry, in a mouse model of disc herniation, showed that neutrophils 

appeared on POD 1, remained visible on POD 3, but were not detectable on POD 7, 

while few macrophages were present on POD 1, significantly increased on POD 3, and 

infiltrated abundantly on POD 7 [24]. In autologous NP transplantation animal models, 

abundant macrophages and some leukocytes (T cells, B cells, and NK cells) were identified 

at transplanted disc sites [7,8]. Lymphocytes (T/B cells) were also detected in human 

herniated disc tissues [46,47]. In the newly established model, our results confirmed massive 

macrophage infiltration (Iba-1+ cells) and abundantly elevated proinflammatory cytokines 

IL-1β and IL-6, surrounding the herniated NP near the exposed nerve (Fig. 4). This data 

suggests that macrophages might be important immune players in the inflammatory and 

resorption processes of herniated discs.

Prior studies typically adopted immunohistochemistry to detect macrophages in murine and 

human samples. To avoid outcome variation due to long sample fixation and processing, we 

adopted a mild fixation procedure whereby antigen especially cell surface markers (CD11b, 

F4/80, MMR, etc.) can be well-preserved [48] and direct immunostaining to analyze 

dissected inflammatory tissues. Using this method, we detected a significant increase of 

CD68+ macrophages as well as CD11b+ and F4/80+ macrophages in the infiltrated tissue 

of punctured discs compared to sham discs (Fig. 5). Although the traditional macrophage 

classification (M1 vs M2) is a well-known and valuable concept, emerging evidence 

suggests that macrophage phenotypes may be more appropriately described as a continuum 

of functional states that are plastic and signal-dependent [49,50]. For example, MMR and 

iNOS were used for decades to assign M2- and M1-phenotypes, respectively. However, 

these markers were recently found to be co-expressed within the same cell clusters [51–

54]. Indeed, we detected a large number of MMR+ macrophages (~30%) and a small 

fraction of iNOS+ macrophages (~10%) in the acute phase of disc herniation on POD 7 

and a small cluster of iNOS+MMR+ population using immunofluorescence staining (Fig. 

6, Fig. 7). Such heterogeneous nature of macrophages was also detected in human samples 

of acute disc herniation, surgically dissected from patients with a 3–6 months’ duration 
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from disease onset to discectomy. Our findings aligned with the study by Nakawaki et 

al showing elevated mRNA expression of M1 and M2 macrophage markers from POD 1 

[55], suggesting that heterogeneous macrophage populations, including myeloid lineage and 

resident macrophages, as well as different sub-phenotypes, are involved in the pathology of 

disc herniation.

In addition to the impact of environmental cues at the disc hernia site, inflammatory 

responses in DRGs and nerve roots is also critical to the pathology of radiculopathy. 

For example, literature reported autograft model suggested that the disc itself served as 

an inflammatory material causing mechanical hyperalgesia and neuropathic pain [56]. 

Intra-discal injection of Complete Freund’s Adjuvant (water in oil emulsion contains 

inactivated mycobacteria) led to disc degeneration in rats with increased expression of 

pro-inflammatory prostaglandin E2, iNOS, and neuropeptide calcitonin gene-related peptide 

in both discs and DRGs that was responsible for allodynia and pain behavior [57]. Ohtori et 
al. also reported that epidural injection of TNF-α inhibitor etanercept (a TNF Receptor-IgG 

fusion protein) or IL-6 blocker tocilizumab (an anti-IL-6R monoclonal antibody) relieved 

radicular pain associated with lumbar stenosis [58]. In our study, markedly increased Iba1+ 

macrophages/microglial were also detected in the ipsilateral nerve of lateral puncture with 

nerve exposure group (Fig. 8), suggesting the infiltration and activation of macrophages/

microglia in nerves in the context of disc herniation induced radiculopathy. Despite the 

observation that the astrocyte and glial cell marker, GFAP did not show any differences 

among the groups (Supplementary Figure 8), the roles of astrocytes in pain transmission 

cannot be ruled out because astrogliosis may occur at different timeframes [59], and this 

warrants further investigation.

There are several limitations in the current study. First, the observation window is 

relatively short, an extended investigation (up to months) might help assess outcomes of 

long-term pathology. Second, this model stimulates radiculopathy caused by far-lateral disc 

herniation, which is located lateral to the foramen. A posterior approach with laminectomy 

and dura retraction needs to be adopted to access the small-sized lateral recess with 

microsurgical instruments, which would be challenging technically for those not equipped 

with microsurgery techniques. Third, further analysis on spinal nerves and DRGs is 

necessary to better elucidate the molecular crosstalk between the herniated disc and nerves. 

Future studies may include mechanisms of neuron excitation and neuropeptide release, 

comparison of this model with the NP autograft or local cytokine injection models would 

help elucidate the strengths of these experimental approaches. In addition, characterizing 

macrophage phenotypes at various disease stages of disc herniation is highly desirable and 

will be our focus for future investigation.

In summary, we established a new mouse model to mimic the human condition of 

acute radiculopathy, which induced significant and sustained ipsilateral pain and abundant 

macrophage infiltration and proinflammatory cytokine production in the niche of disc 

herniation. Our model may serve as a tool to investigate interactions among disc herniation, 

the immune system and neuropathic pain, and enable screening of novel therapies.
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Abbreviation

IVD intervertebral disc

NP nucleus pulposus

AF annulus fibrosus

DRG dorsal root ganglion

POD post-operative day

IL-1 interleukin-1

IL-6 interleukin-6

IL-4 interleukin-4

IL-10 interleukin-10 GFAP, glial fibrillary acidic protein

Iba-1 ionized calcium binding adaptor molecule 1

MMR macrophage mannose receptor

NK natural killer cells

TNF-α tumor necrosis factor – alpha

iNOS inducible nitric oxide synthase

TGF-β transforming growth factor – beta

MCP-1 monocyte chemoattractant protein-1

MIP-1 macrophage inflammatory protein

DAPI, 4′ 6-diamidino-2-phenylindole

GFP green fluorescence protein
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Highlights

A new mouse model mimicking human radiculopathy

Inflammation plays important role in disc herniation and pain

Heterogeneous macrophages contribute to the pathogenesis of disc herniation
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Figure 1. Images demonstrated surgical procedures to establish a mouse model of disc herniation 
induced radiculopathy (lateral disc puncture with nerve exposure).
(a) A cartoon illustrates the mechanism of disc herniation induced radiculopathy, in which 

herniated disc tissue protrudes towards the nearby nerves. (b) Macrograph showing the 

anatomic structure of IVDs and spinal nerves after surgical exposure. (c) Macrograph of 

exposed L5 and L6 discs prior to needle puncture. (d) Macrograph of exposed discs and 

adjacent nerves. (e) Sagittal X-ray indicating entry of a needle (red arrow) into the L5/6 disc. 

(f) Inflammatory tissue surrounding discs and nerves were visualized on POD 7. Images in 

b-e and f were captured with a Nikon digital camera under a dissecting microscope.
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Figure 2. Changes in ipsilateral (a) and contralateral (b) mechanical hyperalgesia of mice for up 
to 16 days after surgery, measured using an electronic von Frey Aesthesiometer.
Data are presented as mean ± SEM, n=9 per group for the spinal nerve exposure and anterior 

puncture groups, and n=10 for the lateral puncture with nerve exposure group. Intergroup 

differences were analyzed by ANOVA with Bonferroni’s multiple comparisons test. *p<0.05 

indicate differences between lateral puncture with nerve exposure vs nerve exposure group, 
#p<0.05 indicate differences between lateral puncture with nerve exposure vs anterior 

puncture group. n.s. indicates no difference in ipsilateral paw withdrawal threshold between 

nerve exposure and anterior puncture groups in (a) and no difference in contralateral paw 

withdrawal threshold among three groups in (b).
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Figure 3. Safranin-O staining shows disrupted structure and abundant cell infiltration in the disc 
punctured groups on POD 7.
Axial mouse spine sections were stained with Safranin-O. Images were taken at 40× (left) 

and 200× (right) magnification, respectively. Arrows indicate herniated nucleus pulposus 

tissue; asterisks indicate nerves. Scale bar=500 μm.

Jin et al. Page 19

Spine J. Author manuscript; available in PMC 2023 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Immunohistochemistry of mouse axial spine sections illustrated massive macrophage 
infiltration and production of pro-inflammatory cytokines IL-1 and IL-6 in disc punctured 
groups on POD 7.
(a) Abundant Iba-1+ macrophages (left), IL-1β (middle), and IL-6 (right) were detected 

at disc hernia sites of disc puncture groups, while few Iba-1+, IL-1β, and IL-6 signals 

were seen in the nerve exposure group. Blue * indicates nerves; Red arrows indicate 

herniated NP tissue with chondrocyte like morphology; Black arrows indicate positive 

staining. Images were taken at 200× magnification. Scale bar=500 μm. Quantification of 

positive immunostaining signal showed Iba1+ macrophages (b), levels of IL-1β (c) and IL-6 
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(d) among three groups. Data are presented as mean ± SEM, n=3–4 per group. *p<0.05, 

**p<0.01.
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Figure 5. Immunofluorescence staining demonstrated a mixed population of macrophages at disc 
hernia sites on POD 7 compared to the sham.
(a) Representative fluorescence images showed increased total, CD68+, F4/80+, and CD11b+ 

macrophages in dissected infiltration tissues of disc punctured mice. The disc puncture 

group showed significantly more total cells (b), CD68+ (c), F4/80+ (d), and CD11b+ (e) 
macrophages and a greater percentage of macrophage to total cells ( f, g, h). Data are 

presented as mean ± SEM. Cells were enumerated on 10–15 ROIs per section and 3 sections 

per sample (n=6 for the anterior puncture group and n=4 for the sham group). *, p<0.05, 

student t-test. Scale bar=50 μm.
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Figure 6. Both M1 and M2-like macrophages were detected in mouse inflammatory infiltration 
tissues at disc hernia on POD 7.
(a) Representative fluorescence images showed increased iNOS+ and MMR+ macrophages 

in dissected infiltration tissues of the puncture group compared to the sham. White 

arrow, iNOS+MMR+. Disc puncture groups showed more iNOS+ (b, d) and MMR+ (c, e) 
macrophages compared to the sham group. Data are presented as mean ± SEM. Cells were 

enumerated on 10–15 ROIs per section and 3 sections per sample (n=6 for anterior puncture 

group and n=4 for sham group). *, p<0.05, student t-test. Scale bar=50 μm.
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Figure 7. Macrophages were the most abundant cells in human inflammatory disc tissues from 
patients subjected to discectomy.
(a) Immunofluorescence staining detected abundant CD68+ macrophages with a large 

number of CD163+ and a small proportion of CD80+ macrophages. (b) Quantitative analysis 

revealed that macrophages accounted for 74.49% ± 3.39% (mean ± SEM, n=4) of total 

infiltrated cells. Note: the regions containing disc tissue were detectable by autofluorescence 

and excluded for analysis. Cells were enumerated on 3–5 ROIs per section and 3 sections 

per sample (n=4). Scale bar=25 μm.
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Figure 8. Lateral disc puncture with nerve exposure induced increased Iba1+ macrophages/
microglia in the ipsilateral spinal nerves.
(a) Immunostaining of axial spine sections showed abundant Iba1+ macrophages in the 

ipsilateral nervescompared to the contralateral nerve on POD 7. Black arrows point to 

nerves. Scale bar=50 μm. (b) Quantitative analysis showed more than a 2-fold increase 

in Iba1+ cells in the ipsilateral nerve vs. the contralateral side. **p<0.01, n=3 per group, 

unpaired t-test.
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