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Abstract: Degeneration of the intervertebral disc (IVD) is known to occur naturally over time, 

with the severity of pain varying widely. Other components of the degenerative environment, 

including structural disruption and inflammatory cytokine levels, and their correlation with pain 

severity have been studied. However, the role of the inflammatory environment in activating 

degenerative changes that manifest as a pain phenotype has not been elucidated. Previous studies 

have aimed to recreate the sustained inflammatory environment exhibited during human disc 

degeneration in a rat model. Most commonly, a puncture injury has been used causing structural 

damage and only initiating an acute inflammatory response. This study utilized injection of 

lipopolysaccharide (LPS), a pro-inflammatory stimulus, into the rat disc in vivo to create the 

desired sustained inflammatory environment independent of physical disruption. LPS injections 

resulted in upregulation of pro-inflammatory cytokines and an immunogenic response. The 

structural integrity of the IVD was also altered demonstrated by changes in histological score, disc 

height, and mechanical properties. Ultimately, a sustained inflammatory environment led to both 

local and radiating mechanical sensitivity, demonstrating that the pain phenotype experienced 

during disc degeneration can be initiated solely by a sustained inflammatory profile. Markers 

indicative of nerve ingrowth into the IVD were also expressed suggesting a potential mechanism 

for the pain exhibited by animals. This rat injury model will allow for future study of the direct 

relationship between inflammation and pain in the degenerative environment. 
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Introduction: 

 

 Low back pain is the leading cause of disability and is often associated with degeneration 

of the intervertebral disc (IVD)1. With aging, degeneration of the IVD occurs over time 

manifesting as extracellular matrix (ECM) disruption and ranging in pain severity from 

asymptomatic cases to severe pain2. Structural changes to the disc tissue are associated with pro-

inflammatory and immunogenic responses as well as pathological innervation3. The inflammatory 

profile in human disc degeneration is characterized by sustained, elevated levels of TNFα and IL-

1β. Alterations of the cytokine profile have been correlated with greater degrees of disc 

degeneration, with expression levels varying significantly between degenerated and herniated 

IVDs4–6. Interestingly, expression of cytokines TNFα and IL-1β have been shown to correlate with 

nerve growth factor (NGF) expression, a marker known to be expressed specifically in painful 

IVDs7,8. Additionally, degeneration grade and expression levels for markers indicative of 

innervation have also been correlated9. This suggests a causative relationship between 

inflammatory cytokines and the pain phenotype. 

 There is extensive evidence for the role of pro-inflammatory cytokines in certain types of 

disc disease. For example, herniated discs exhibit inflammatory cell infiltration, increased pro-

inflammatory cytokines, as well as radiating pain symptoms due to mechanical compression and 

chemical irritation caused by the herniated tissue10–13. However, the role of inflammation in 

triggering localized pain of discogenic origin due to a contained but degenerated disc is less 

understood. Needle puncture or disc lesion injuries are the most popular type of models used to 

simulate disc degeneration in vivo, and have previously been implemented in both lumbar and 

caudal regions of mice, rats, and rabbits14. These studies have demonstrated that puncture or lesion 

successfully reproduces morphological changes associated with disc degeneration and behavior 

attributed to the experience of pain in animals. Both mechanical and thermal sensitivity were 

exhibited peaking at 3-9 months and 9-12 months, respectively13,15–19. However, inflammatory 

changes in these models are thought to be acute and transient post-injury, which differs from the 

presence of sustained chronic inflammation seen in human disc degeneration20,21. To assess the 

potential of disc inflammatory cytokines at triggering pain behavior, Lai et al. performed an 

intradiscal injection of TNFα, or other growth factors (VEGF and NGF) during needle puncture 

injury, and found accelerated expression of hind paw pain behavior compared to disc puncture 

alone22. Similarly, injection of TNFα in rat and porcine models resulted in decreased degeneration 

grade, with rat intradiscal injection leading to decreased paw withdrawal thresholds as well23,24.  

However, it remains unknown whether discal activation of inflammatory signaling can trigger 

localized spinal pain of discogenic origin. 

 Recent studies have highlighted the role of innate immune activation, particularly that of 

toll-like receptors (TLRs), in the pathogenesis of disc degeneration25–27. TLRs are members of a 

receptor family activated by damage associated molecular patterns (DAMPs) resulting in persistent 

pro-inflammatory signaling28. DAMPS such as high mobility group box 1 protein (HMGB1) have 

been shown to have degenerative effects in disc cells by signaling through TLRs and causing 

increased expression of inflammatory cytokines and matrix degrading enzymes29. Activation of 

TLR4 by LPS has been shown to induce a pro-inflammatory cascade in IVD cells 30,31. Further, 

injection of LPS directly into the NP space of rat caudal IVDs has caused moderate degenerative 

changes in the IVD, with increases in tissue levels of IL-1β, TNF-α, HMGB1, and macrophage 

migration inhibitory factor (MIF)27. However, the extent to which inflammatory signaling 

triggered by LPS injection contributes to pain behavior is unknown. 
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 The goal of this study was to evaluate behavioral pain responses of rats after inflammatory 

activation of caudal IVDs by LPS injection in vivo. A range of LPS dosages were initially 

investigated to identify a dose causative of matrix integrity disruption. The behavior responses of 

rats to mechanical and thermal stimuli were evaluated locally in the spine and distally in the hind 

paw. Caudal IVDs, as opposed to lumbar, were selected to create an easily reproducible model 

with a simplified surgical procedure resulting in less complications. The objective of this study 

was to validate a new rat model of disc degeneration caused solely by inflammatory stimulation 

of the disc. Demonstration of structural changes, a sustained inflammatory profile, and the 

resultant local mechanical pain phenotype typical in human disc degeneration fills a critical gap in 

the area of animal models of disc degeneration. Additionally, this model will allow for future study 

of the mechanism of pain in the degenerating disc in relation to the inflammatory environment, 

independent of physical tissue disruption. 

 

Methods: 

 

Surgical procedures were performed separately without analgesia on 4 cohorts of animals, as 

described below. Institutional animal care and use committee approval was attained for each cohort 

prior to start of the experiments. 

 

Surgical Procedure – Part 1: Dose Response 

 Male Sprague Dawley rats (N=17) were anesthetized with isoflurane, and an incision was 

made exposing 4 caudal (C) motion segments, approximately C3-4 to C6-7. Phosphate buffered 

saline (PBS) or LPS was injected as previously described by Rajan et al27. Briefly, A 33G needle 

was used as it is <10% of average rat caudal disc height minimizing physical tissue disruption32. 

It was inserted 4mm into the center of the disc with clamp guidance. 2.5 μl of saline, as a sham 

control, or LPS at a single dose (either 1, 10, or 100 μg/mL) were injected slowly over 60 seconds 

into alternating discs using a microliter syringe. The incision was closed with 4-0 nylon sutures 

and animals were allowed unrestricted activity before being euthanized at 2, 7, or 28 days post-

injury.  

 

Surgical Procedure – Part 2 & 3 

 Male Sprague Dawley rats (Part 2: N=9, Part 3: N=10) were anesthetized with isoflurane, 

and an incision was made in the caudal spine to expose 3 caudal motion segments, approximately 

C4-5 to C6-7. A33G needle was inserted 4mm into the center of the disc with clamp guidance. 2.5 

μl of saline, as a sham control, or LPS (100 μg/mL) were injected slowly over 60 seconds into the 

caudal discs of each animal using a microliter syringe, with all discs in an animal receiving the 

same treatment. Animals were euthanized at 28 days after injury.  

 

Surgical Procedure – Part 4 

Male Sprague Dawley rats (N=12) were anesthetized with isoflurane. Using fluoroscopic 

guidance, caudal motion segments C5-6 to C8-9 were identified and exposed. Sutures were used 

to mark above and below the IVDs of interest. 2.5 μl of saline or LPS (100 μg/mL) was injected 

into all discs of each animal as described above. Animals were euthanized at 14 or 28 days post-

injury. 
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Dimensions and Biomechanical Testing – 

Bone-disc-bone motion segments were collected from part 1 and the surrounding 

connective tissue was removed. Motion segment height and diameter were measured with digital 

calipers. Using the measured values, cross sectional area (CSA) and aspect ratio were calculated 

using the following formulas: 

𝐶𝑆𝐴 = 𝜋 (
𝑑

2
)

2
    𝐴𝑠𝑝𝑒𝑐𝑡 𝑅𝑎𝑡𝑖𝑜 =

ℎ

𝑑
 

where d represents diameter and h represents sample height. Data was normalized to the 

corresponding sham from the same animal, and unpaired t-tests between LPS and sham were used 

to determine statistical significance. 

For mechanical testing, motion segments were subjected to unconfined compression 

between 2 stainless steel platens while submerged in PBS. Using the Instron testing frame (Instron 

5566) equipped with 10 and 100 N load cells, samples were first pre-loaded with a 0.1 N tare load 

followed by cyclic loading to 3 N applied at 0.1 Hz for 30 cycles. Disc segments were then 

subjected to a creep load of 3 N until equilibration. The resulting displacement was measured and 

creep strain was calculated. The creep modulus and dynamic modulus were then calculated using 

the following formulas: 

𝐷𝑦𝑛𝑎𝑚𝑖𝑐 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 =
𝐿𝑜𝑎𝑑

𝐶𝑆𝐴
𝐷𝑖𝑠𝑝𝑙𝑎𝑐𝑒𝑚𝑒𝑛𝑡

ℎ

  𝐸𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚 𝑀𝑜𝑑𝑢𝑙𝑢𝑠 =
𝐿𝑜𝑎𝑑

𝐶𝑆𝐴

𝐶𝑟𝑒𝑒𝑝 𝑆𝑡𝑟𝑎𝑖𝑛
 

Statistical significance between LPS and sham groups was determined using unpaired t-tests. 

Biomechanical differences between the 14 and 28 day time points were also investigated. 

 

Biochemical Content – 

Individual discs were dissected after biomechanical testing, and separated into annulus 

fibrosis (AF) and nucleus pulposus (NP) using a biopsy punch. Tissue wet weights were measured, 

samples were dried in vacuum desiccator, and then dry weights were measured. Water content was 

calculated based on percent difference in wet and dry weights. Samples were then digested 

overnight in papain (Sigma-Aldrich). Tissue digests were analyzed for DNA content using a 

Picogreen assay (Invitrogen), GAG content using the Blyscan assay (BioVendor), and collagen 

content using the orthohydroxyproline (OHP) assay33. Biochemical content was reported as sample 

concentration of biochemical compound normalized to wet weight. Statistical significance was 

calculated using one-way ANOVAs with a Fisher’s LSD post-hoc test for the comparison between 

LPS doses and sham groups. 

 

Behavioral Testing – 

Behavioral testing was performed on rats from part 2 and 3 described above. Animals in part 2 

studies underwent the Pressure Algometry Measurement (PAM) test in the dorsal tail, Von Frey 

test in the hind paw, and tail flick test in the distal tail. Animals in part 3 studies underwent the 

PAM test in the dorsal tail, Von Frey test in the ventral trail, Hargreaves tests in the tail base, and 

tail flick test in the distal tail. Behaviors were evaluated at day 0, as a baseline pre-injury 

measurement, and then at 1, 3, 7, 14, and 28 days post-injury. Testing was conducted in a quiet 

room and animals were acclimated to each test’s equipment and the experimenter. The group 

assignment of the animals was not known to the experimenter at the time of testing. 

Mechanical hyperalgesia was measured using the Von Frey and PAM tests. The Von Frey 

test was performed either in the hind paw or the ventral tail16. Rats were placed in individual 

cubicles on top of a suspended wire mesh surface. The animals were allowed to acclimate to the 
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testing space for 15-20 minutes. Von Frey filaments (Ugo Basile, Semmes-Weinstein set of 

monofilaments, cat. 37450) were presented perpendicularly to the plantar surface of the selected 

hind paw (part 2 studies) or ventrally to the base of the tail (part 3 studies), where they were held 

in position for approximately 2-3 seconds with enough force to cause a slight bend in the filament. 

Testing was started with a 2 gram (g) force filament and decreased or increased to a maximum 

force of 15 g based upon the response from the rat or lack thereof. Positive responses included an 

obvious withdrawal of the hind paw or tail from the filament and/or flinching behaviors and 

licking. Data was collected until three positive responses or the maximum force threshold was 

reached without achieving an observable response. The average of the forces resulting in a positive 

response of the maximum force value was recorded and normalized to the baseline average in each 

group. The PAM procedure was adapted from Kim et al. and was conducted using an Ugo Basile 

instrument (cat. 38500) accompanied by a large transducer (cat. 58500-2)34. The rat was manually 

restrained with a glove and/or wrapped in a towel, and allowed to acclimate to the holder until 

resistance ceased. The PAM transducer was placed on the testers thumb and slowly pressed on the 

base of the tail directly on the dorsal skin over the experimental discs. The force was slowly 

increased at 100 g/second until an audible vocalization or obvious physical response was observed. 

Following response, the associated force was recorded. A cut off of 1,500 g was set to avoid tissue 

damage. Recorded forces were normalized to the baseline average within group for each study. 

After normalization, part 2 and part 3 study data were plotted together. 

Thermal hyperalgesia was measured using the tail flick and Hargreaves tests according to 

the methods described by Mohd Isa et al16. The tail flick test was conducted using the Ugo Basile 

instrument (cat. 37360). Rats were previously acclimated to the handler with no immediate 

acclimation necessary. The rat was manually restrained by the holder and/or wrapped in a towel 

to hold the rat steady on the top of the instrument. Radiant heat was focused 4-7 cm from the distal 

end of the tail. Heat was applied until the rat responded by flicking the tail away from the heat 

source and the response time was recorded. The infrared (IR) intensity was set at 20 and a cut off 

time was set at 15 seconds to prevent tissue damage. For the Hargreaves test, rats were places in 

the Hargreaves arena (Ugo Basile) and allowed to acclimate for 15-20 minutes. Heat was applied 

ventrally at the base of the tail. Response time was recorded as the withdrawal time. A positive 

response was considered to be withdrawing, flinching, licking, or biting. IR intensity was set to 40 

with a cutoff time of 20 seconds. In all behavioral tests a two-way ANOVA was used with group 

(Sham vs. LPS) and time as variables. Between group differences at each time point and change 

in behavior relative to baseline within each group were evaluated using a Fisher’s LSD post-hoc 

test. 

 

Disc Height Measurement and Histological Analysis – 

Fluoroscopic disc height measurements and histological analysis were performed on disc 

segments from rats in part 4 studies. Fluoroscopic images were taken of all IVDs of interest pre-

injury, and 14 or 28 days post-injury. Three measurements of each disc height (D1-D3) and the 

adjacent vertebral body heights (V1-3, V4-6) were used to calculate the disc height index (DHI) 

for each disc level using the following formula: 

𝐷𝐻𝐼 =
2(𝐷1 + 𝐷2 + 𝐷3)

𝑉1 + 𝑉2 + 𝑉3 + 𝑉4 + 𝑉5 + 𝑉6
 

Post-injury DHI values were normalized to each disc’s pre-injury DHI to elucidate changes in disc 

height between groups and over time. Statistical significance was determined using a one-way 

ANOVA with a Tukey post-hoc test for all comparisons. 
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For histological analysis, 14 or 28 days post-procedure disc segments were dissected and 

submerged in 4% paraformaldehyde (PFA) for 48 hours. Following fixation with PFA, disc 

segments were washed 3 times with PBS and decalcified in 14% ethylenediaminetetraacetic acid 

(EDTA) at 4C for approximately 2 weeks. Discs were again washed with PBS and transferred to 

70% ethanol for transportation to the Molecular Pathology Shared Resource (MPSR) facility at 

the Columbia University Herbert Irving Comprehensive Cancer Center (HICCC) where paraffin 

embedding, sectioning, and Safranin O-Fast Green staining was performed. Sections were imaged 

and histological grading was conducted using a consensus grading scale for rat IVDs detailed by 

Lai et al35. Eight categories were scored from 0 to 2 by two graders with 0 being healthy and 2 

being degenerated, and average scores for each category were determined. Overall histological 

grade out of 16 was calculated for each disc with statistical significance determined using a two-

way ANOVA with a Šídák post-hoc test between conditions and time points. The distribution of 

histological grades in each subcategory was plotted and significance of average scores between 

sham and LPS groups was calculated using an unpaired t-test. 

 

Gene Expression Analysis – 

Gene expression analysis was completed on IVDs from part 4 rats 14 or 28 days after injury. Discs 

were isolated from the caudal spine with the AF and NP manually separated using a scalpel. Each 

region was individually snap frozen in cryogenic vials. Tissue was pulverized using a bead 

homogenizer and cells were lysed with TRIzol and chloroform prior to phase separation. A high 

salt solution in combination with isopropanol was utilized for precipitation of RNA before 

purification with the RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol. 

Expression of genes was measured using RT-qPCR to evaluate changes in macrophage markers 

(iNOS, Arg1), inflammatory cytokines (TNF, IL-1), and nociceptive markers (CGRP, NGF, 

BDNF). Primer sequences can be found in Table 1. 

 

Results: 

 

LPS Dose Response: Dimensions, Biomechanics, and Biochemical Composition (Part 1) – 

On Day 2 post injection, no significant differences were observed in the cross-sectional 

area and aspect ratio of samples injected with any of the LPS doses compared to those injected 

with saline. On day 7, a dose of 1 or 10 g/mL did not result in dimensional or biomechanical 

changes of motion segments compared to sham. However, there was a significant increase 

(p<0.05) in cross sectional area and a significant decrease (p<0.05) in aspect ratio in disc segments 

injected with 100 g/mL LPS vs. sham. The sham group was shown as a dashed line for graphical 

representation of the change in dimensional measurements (Figure 1A-B). There was also a trend 

for decreasing equilibrium modulus (p=0.07) and dynamic modulus (p=0.06) in 100 g/mL LPS 

group compared to sham at day 7. Similar decreases in both mechanical properties (equilibrium 

modulus: p=0.08; dynamic modulus p=0.07) were observed at day 28 post-injection. Additionally, 

time dependent decreases in equilibrium modulus were observed at day 28 compared to day 7 in 

the sham (p<0.05) and 10 g/mL LPS (p<0.05) groups (Figure 1C-D). 

In the AF, DNA content significantly increased (p<0.05) at day 7 post-injection with 10 

g/mL LPS in comparison to sham, while other LPS doses had comparable levels to sham. No 

significant differences were observed in the DNA content of the NP in all dose groups (Figure 

2A). AF collagen content was similar to sham 7 days post-LPS injection. However, in the NP, a 

significant increase in collagen content was observed in the 100 g/mL LPS group compared to 
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sham (p<0.01) (Figure 2B). At day 7, GAG content in the AF significantly increased (p<0.05) in 

the 100 g/mL LPS group compared to sham, but not in the 1 and 10 g/mL LPS groups (Figure 

2C). No significant differences in NP or AF GAG content were observed at day 28 (Figure 2E). 

Water content of AF and NP of all groups at day 7 and day 28 showed no significant differences 

(Figure 2D,F). 

 

Behavior Testing: Mechanical and Thermal Sensitivity (Part 2 & 3) –  

The PAM test in dorsal tail and Von Frey tests in ventral tail and hind paw were used to 

measure changes in mechanical sensitivity longitudinally over 28 days in comparison to baseline, 

and between the LPS and sham groups at each time point. After LPS injection, the PAM test 

resulted in a significantly lower withdrawal time at day 14 (p<0.05) and 28 (p<0.05) with a trend 

observed at day 21 (p=0.07) in comparison to sham. Withdrawal time for both sham and LPS 

decreased within 1 day of surgery, and then increased over time; however, magnitudes remained 

significantly different from baseline up to day 28 in both groups (Figure 3A). In the Von Frey test 

of the ventral tail, withdrawal force decreased significantly compared to baseline at day 1 through 

day 28 in the LPS group, but not in the sham group (Figure 3B). In the hind paw, withdrawal force 

was similar to baseline up to day 7 in both groups. In the LPS group, the withdrawal force at day 

7 was significantly decreased (p<0.05) compared to baseline, while in the sham group significance 

(p<0.0001) from baseline was observed at day 14 (Figure 3C). At day 21, the withdrawal force in 

the LPS group was significantly lower than in sham (p<0.05).  

The tail flick and Hargreaves behavioral tests were utilized for measurement of changes in 

thermal sensitivity after LPS injection. Neither thermal sensitivity test resulted in significant 

differences between the sham and LPS injection groups. In the tail flick test of the distal tail, 

significantly lower withdrawal time was measured at days 7 (p<0.05), 14 (p<0.01), and 28 

(p<0.05) after LPS injection in comparison to baseline. No differences compared to baseline were 

observed in the sham group. The Hargreaves test of the ventral tail resulted in a significant decrease 

in withdrawal time from day 7 to day 28 (all p<0.01) compared to baseline in the sham group. 

Differences in comparison to baseline were not observed in the LPS group. However, a trend 

(p=0.07) for higher withdrawal time in sham group compared to LPS at baseline was observed. 

 

Histology: Structural and Morphological Changes (Part 4) – 

At days 14 and 28 post-injection, fluoroscopic images of all injected IVDs were analyzed 

in comparison to pre-injection images. Disc height index normalized to pre-injection exhibited a 

significant decrease (p<0.001) in the LPS group over time from day 14 to day 28, and in 

comparison to sham at day 28 (p<0.01) (Figure 4B). Representative images of the most 

degenerated and least degenerated discs from each group and time point are presented to illustrate 

the heterogeneity in the histological changes (Figure 4A). Total histological score was significantly 

higher (p<0.05) in the LPS group compared to sham groups 28 days post-injection (Figure 4C). 

Of the 8 structural variables evaluated, 5 categories exhibited significantly different average scores 

between sham and LPS at day 28 including NP shape (p<0.01), NP area (p<0.05), NP-AF border 

appearance (p<0.01), AF lamellar organization (p<0.01), and AF tears/fissures/disruptions 

(p<0.05). A trend towards lower histological scores in the endplate of the LPS group was observed 

in comparison to sham (p=0.08). No significant differences in NP cell number and NP cell 

clustering and morphology were observed at day 28. Additionally, no significant differences were 

observed at day 14 in any category of the histological grading scale (Figures 4D-K). 
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Gene Expression: Macrophage, Inflammatory, and Nociceptive Markers (Part 4) – 

AF and NP tissue regions were analyzed separately at day 14 and day 28 for gene expression of 

markers related to macrophages, inflammatory cytokines, and nociception. Expression of the pro-

inflammatory macrophage marker, iNOS, was significantly upregulated in AF of LPS injected 

groups at day 14 (p<0.05) and day 28 (p<0.05). In the NP, iNOS expression also significantly 

increased in the LPS group compared to sham at day 14 (p<0.01). Expression of the anti-

inflammatory macrophage marker, Arg1, trended lower in the NP of the LPS group compared to 

sham at day 14 (p=0.08); however, this trend reversed 28 days post-injection showing a trend 

towards increased (p=0.09) expression in the NP (Figure 5B). No significant changes in Arg1 were 

found in the AF (Figure 5A). Expression of the pro-inflammatory cytokines, TNF and IL-1, 

were significantly upregulated in AF of the LPS group in comparison to sham at day 28 (TNFα: 

p<0.05; IL-1β: p<0.01), with a significant increase (p<0.05) in TNF over time from day 14 to 

day 28 (Figure 5C). In the NP, a significant increase in IL-1 was observed at day 14 in LPS vs. 

sham (p<0.01), but no difference in TNF expression was observed. Differences in expression for 

either inflammatory cytokine were not seen in the NP at day 28 (Figure 5D).The expression of the 

nociceptive markers CGRP, NGF, and BDNF increased in the LPS group in comparison to sham 

in both AF and NP at day 14 and day 28. In the AF, BDNF expression in the LPS group was 

trending higher at day 14 (p=0.07), while CGRP and NGF expression were similar to sham. In the 

NP at day 14, CGRP and BDNF expression significantly increased in the LPS group compared to 

sham (CGRP: p<0.05; BDNF: p<0.001), while NGF exhibited a trend for higher expression in 

LPS vs. sham (p=0.06). At day 28, all three nociceptive markers were significantly upregulated in 

the AF of the LPS group in comparison to sham (CGRP: p<0.01; NGF: p<0.01; BDNF: p<0.05), 

and expression of CGRP at day 28 was significantly greater (p<0.01) than at day 14 (Figure 5E). 

In the NP, only CGRP remained significantly increased (p<0.05) in comparison to sham at day 28 

(Figure 5F). 

 

Discussion: 

 

This study focused on the development of a disc degeneration model in rat caused solely 

by inflammatory stimulation of the IVD using LPS injection into the NP space. Injection of LPS 

triggered an inflammatory and immunogenic response indicated by increased expression of 

markers for macrophages and inflammatory cytokines. The inflammatory cascade caused 

structural and biomechanical changes in the disc, as well as biochemical alterations indicative of 

fibrosis. Rats that underwent LPS injection demonstrated a pain phenotype, correlating with the 

increase in nociceptive markers expressed by disc tissue. 

 

LPS Activation of TLRs Promotes Inflammatory Signaling – 

Recent studies have focused on the activation of TLRs during disc degeneration and their 

role in propagating the production of inflammatory cytokines. LPS is well-known for its role in 

the activation of TLR4, which is known to be expressed on the surface of IVD cells and correlate 

with degeneration grade25. When stimulated with LPS in vitro, NP cells have shown upregulation 

of gene and protein levels of TLR4 followed by the inflammatory cytokines, TNFα and IL-

1β26,27,30. This study supports these findings demonstrating increases in gene expression of TNFα 

and IL-1β after LPS injection (Figure 5C-D). 

Importantly, the increased expression for markers of inflammatory cytokines is sustained 

for up to 28 days, although the tissue location of the inflammatory upregulation varies over time. 
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Similar findings of variable timelines for expression of each gene were demonstrated by Rajan et 

al. showing an overall increase in inflammatory cytokine expression after in vivo LPS injection at 

day 1, followed by a decrease in TNFα at day 7 while IL-1β continued to increase27. Additionally, 

Ponnappan et al. showed an increase in IL-1 expression in the NP, but not in the AF 10 days after 

cytokine stimulation in an explant model, agreeing with our results36. The maintenance of the 

inflammatory environment over a long period of time is critical to validation of this injury model, 

as it is reflective of what is experienced during human disc degeneration. 

Other injury models, mostly utilizing the puncture injury method, have attempted to 

recreate this sustained inflammatory environment. Ulrich et al. utilized multiple puncture injuries 

over a period of 6 days, while Lai et al. incorporated an additional injection of TNF during 

puncture to produce the desired results21,22. The injury model used in this study is the first to 

demonstrate a sustained inflammatory profile resulting in a pain phenotype without additional 

physical disruption to the tissue. 

 

Degenerative Environment Leads to Matrix Breakdown Independent of Tissue Disruption –  

It is often thought that the structural integrity of the disc is only disrupted from frequent 

mechanical overloading or injury37. Previous studies have validated this method for promotion of 

degeneration demonstrating decreased disc height and increased histological score after puncture 

injury13,15,17,19. However, we demonstrated similar degenerative changes in the structural integrity 

of the disc stimulated only by exposure to an inflammatory stimulus. At 28 days post-LPS 

injection, a significant decrease in disc height as well as total histological score was recorded 

(Figure 4A-C). Interesting, when histological score is analyzed by subcategory, it suggests that the 

majority of degenerative changes involved the ECM of both the AF and NP, while the endplate as 

well as NP cell number and cell morphology remain unchanged (Figure 4D-K).  

Extracellular matrix disruption is a common measure of degeneration severity, with a 

general trend towards decreasing collagen with age2. It has also been demonstrated that human NP 

and AF cells treated with IL-1 express decreased levels of collagen and aggrecan4,38. These results 

are indicative of the imperative role that cytokines play in the process of ECM degradation during 

IVD degeneration. This process has been further investigated in vivo, showing increased 

aggrecanase expression after injection of LPS or IL-1 without physical disruption of the tissue 

structure27,31. Our findings do not agree with previous studies that demonstrated decreased collagen 

and aggrecan content after mechanical injury or inflammatory stimulation in a rat model. 

Although, biomechanical testing results did show a significant loss of compressive mechanical 

properties of the IVD in dynamic loading and at equilibrium after LPS injection, indicating the 

softer material that would result from the biochemical changes seen in previous literature (Figure 

1C-D). Contrarily, our results demonstrated minimal changes in GAG and water content and an 

increase in collagen content of the NP after LPS injection, instead agreeing with the common 

understanding that the IVD becomes fibrotic during aging and degeneration (Figure 2B)39. 

 

Cytokines Encourage Immune Cell Recruitment – 

The IVD is considered an immune-privileged structure due to its lack of both blood vessels 

and nerves, with these features existing only in the outer AF in the healthy state. When this 

structural integrity is compromised, blood vessel grow into the disc from adjacent vertebral bodies 

or the damaged AF allowing macrophages to enter3,40. Recruitment in this way is further motivated 

by production of cytokines and chemokines by NP cells38,41. Macrophages can be broadly 

categorized as either M1, pro-inflammatory macrophages, or M2, anti-inflammatory macrophages. 
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Each subtype plays a different role in the degenerative environment and is therefore recruited at 

differing times in the degenerative cascade. This behavior was demonstrated by Nakawaki et al. 

through increased expression of M1 macrophage markers in the IVD through day 14, followed by 

a delayed increase in M2 macrophage markers from day 7 to day 28 after injury42. These findings 

are in agreement with our study, that demonstrated a greater initial increase of the M1 marker, 

iNOS, at day 14 followed by an increase in the M2 marker, Arg1, at day 28 (Figure 5A-B). 

Additionally, other studies have shown that the increase in inflammatory cytokines, TNF and IL-

1, seen after injury, are decreased when macrophages are depleted43. This supports macrophages 

contribution to the production of cytokines and the critical role that they play in perpetuating the 

inflammatory environment during disc degeneration41. 

 

Pain Behavior Stimulated by the Degenerative Environment – 

Pain is a common occurrence during disc degeneration and is often related to the ingrowth 

of nerves into the disc. It is believed that nerves enter the disc through structural disruption where 

there are less proteoglycans present40. However, even when nerves are present, they do not always 

result in pain. Symptomatic disc degeneration is comprised of two important components: nerve 

ingrowth into the IVD and sensitization of those nerves44. Previous studies have looked at the 

progression of innervation in a mouse IVD after injury, and how this manifests as pain behavior. 

They demonstrated that mechanical sensitivity did not peak until 3-9 months after injury13. This 

behavior could explain why our model showed trends towards differences in the mechanical 

hyperalgesia tests, PAM and Von Frey, but resulted in inconsistent statistical significance (Figure 

3A-C). Additionally, an initial thermal sensitivity was predicted to be due to exposure of nerves to 

NP contents released during injury45. However, after this initial response, it did not reappear until 

9-12 months after puncture injury, with most innervation located in the dorsal aspect prior to 6 

months after injury13,40. Our results are in agreement with these previous studies, as the rats showed 

limited responsiveness to thermal stimuli up to 28 days after LPS injection, especially in the ventral 

tail (Figure 3D-E). Perhaps a longer timeframe may have better encompassed the entirety of 

inflammatory effects on pain. 

Nonetheless, inflammatory cytokines are known to play a critical role in the induction of 

pain, with greater cytokine levels being correlated with higher degrees of pain46,47. Indeed, an 

injection of the cytokine TNFα was shown to increase degeneration grade and promote a pain 

phenotype in comparison to an injection of PBS. However, when anti-TNFα was injected instead, 

both of these effects were mitigated23. These findings implicate cytokines in the sensitization of 

nerve fibers. It has also been demonstrated that treatment of IVD cells with TNF or IL-1 

stimulates production of NGF42. This supports the involvement of cytokines in nerve ingrowth 

independent of the pain phenotype as well. Our findings demonstrate a similar upregulation in the 

expression of NGF after inflammatory stimulation using LPS injection. Additionally, CGRP is 

known to be involved in sensitization of nerves with increased expression being shown after 

injury48. The results of this study confirm this finding, demonstrating increased expression of 

CGRP at day 28 in both the NP and AF (Figure 5E-F). Nerve ingrowth stimulated by NGF and 

sensitized by CGRP provides a possible mechanism for the pain phenotype demonstrated in this 

rat model after LPS injection. 

 

Limitations – 

The limitations of this study include the short timeframe of 28 days, the use of only male 

rats, and the lack of analysis of how gene expression translates to protein expression in this model. 
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The chosen timeframe of 28 days is an extension of those used in some previous studies; however, 

in long-term models over a period of 12 months, degeneration grade continued to change over time 

and some pain behaviors reemerged at later time points13,40. The use of only male rats is not ideal 

because gender specific pain behaviors and IVD biomechanics have been previously 

demonstrated17. Finally, gene expression results do not always directly translate to protein 

production so it will be important to validate that expression in future studies.  

 

Conclusion: 

This study demonstrated an immunogenic response, structural changes, and pain behavior 

as a result of direct inflammatory stimulation of the IVD in vivo. Taken together, these findings 

indicate that inflammation alone, in the absence of traumatic IVD disruption, triggers the 

degenerative cascade. Future studies will utilize this rat injury model to delineate the role that 

inflammation plays in the development of discogenic pain and the related mechanisms at play 

during disc degeneration. 

 

Acknowledgements: 

 The authors acknowledge Jansher Khan for assistance with studies and thank Dr. Huan 

Yang for assistance with training on the behavior tests. Histology services were provided by the 

Molecular Pathology Shared Resource (MPSR) facility at the Columbia University Herbert Irving 

Comprehensive Cancer Center (HICCC). This research was funded in part by NIH R01 AR069668 

and R01 AR077760. 

 

References: 

(1)  Buchbinder, R.; Blyth, F. M.; March, L. M.; Brooks, P.; Woolf, A. D.; Hoy, D. G. Placing 

the Global Burden of Low Back Pain in Context. Best Pract Res Clin Rheumatol 2013, 27 

(5), 575–589. https://doi.org/10.1016/j.berh.2013.10.007. 

(2)  Fontes, R. B. V.; Baptista, J. S.; Rabbani, S. R.; Traynelis, V. C.; Liberti, E. A. Normal 

Aging in Human Lumbar Discs: An Ultrastructural Comparison. PLOS ONE 2019, 14 (6), 

e0218121. https://doi.org/10.1371/journal.pone.0218121. 

(3)  Ohtori, S.; Miyagi, M.; Inoue, G. Sensory Nerve Ingrowth, Cytokines, and Instability of 

Discogenic Low Back Pain: A Review. Spine Surg Relat Res 2018, 2 (1), 11–17. 

https://doi.org/10.22603/ssrr.2016-0018. 

(4)  Le Maitre, C. L.; Freemont, A. J.; Hoyland, J. A. The Role of Interleukin-1 in the 

Pathogenesis of Human Intervertebral Disc Degeneration. Arthritis Res Ther 2005, 7 (4), 

R732-745. https://doi.org/10.1186/ar1732. 

(5)  Weiler, C.; Nerlich, A. G.; Bachmeier, B. E.; Boos, N. Expression and Distribution of 

Tumor Necrosis Factor Alpha in Human Lumbar Intervertebral Discs: A Study in Surgical 

Specimen and Autopsy Controls. Spine (Phila Pa 1976) 2005, 30 (1), 44–53; discussion 

54. https://doi.org/10.1097/01.brs.0000149186.63457.20. 

(6)  Lee, S.; Moon, C. S.; Sul, D.; Lee, J.; Bae, M.; Hong, Y.; Lee, M.; Choi, S.; Derby, R.; 

Kim, B.-J.; Kim, J.; Yoon, J.-S.; Wolfer, L.; Kim, J.; Wang, J.; Hwang, S.-W.; Lee, S.-H. 

Comparison of Growth Factor and Cytokine Expression in Patients with Degenerated Disc 

Disease and Herniated Nucleus Pulposus. Clin Biochem 2009, 42 (15), 1504–1511. 

https://doi.org/10.1016/j.clinbiochem.2009.06.017. 

(7)  Richardson, S. M.; Doyle, P.; Minogue, B. M.; Gnanalingham, K.; Hoyland, J. A. 

Increased Expression of Matrix Metalloproteinase-10, Nerve Growth Factor and 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.11.487751doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.11.487751


 12 

Substance P in the Painful Degenerate Intervertebral Disc. Arthritis Res Ther 2009, 11 (4), 

R126. https://doi.org/10.1186/ar2793. 

(8)  Freemont, A. J.; Watkins, A.; Le Maitre, C.; Baird, P.; Jeziorska, M.; Knight, M. T. N.; 

Ross, E. R. S.; O’Brien, J. P.; Hoyland, J. A. Nerve Growth Factor Expression and 

Innervation of the Painful Intervertebral Disc. J Pathol 2002, 197 (3), 286–292. 

https://doi.org/10.1002/path.1108. 

(9)  Lee, S.; Millecamps, M.; Foster, D. Z.; Stone, L. S. Long-Term Histological Analysis of 

Innervation and Macrophage Infiltration in a Mouse Model of Intervertebral Disc Injury–

Induced Low Back Pain. Journal of Orthopaedic Research 2020, 38 (6), 1238–1247. 

https://doi.org/10.1002/jor.24560. 

(10)  Doita, M.; Kanatani, T.; Harada, T.; Mizuno, K. Immunohistologic Study of the Ruptured 

Intervertebral Disc of the Lumbar Spine. Spine 1996, 21 (2), 235–241. 

(11)  Grönblad, M.; Virri, J.; Tolonen, J.; Seitsalo, S.; Kääpä, E.; Kankare, J.; Myllynen, P.; 

Karaharju, E. O. A Controlled Immunohistochemical Study of Inflammatory Cells in Disc 

Herniation Tissue. Spine 1994, 19 (24), 2744–2751. 

(12)  Ma, X.; Tian, P.; Wang, T.; Ma, J. A Study of the Relationship between Type of Lumbar 

Disc Herniation, Straight Leg Raising Test and Peripheral T Lymphocytes. Orthopaedic 

Surgery 2010, 2 (1), 52–57. https://doi.org/10.1111/j.1757-7861.2009.00065.x. 

(13)  Millecamps, M.; Stone, L. S. Delayed Onset of Persistent Discogenic Axial and Radiating 

Pain after a Single-Level Lumbar Intervertebral Disc Injury in Mice: PAIN 2018, 1. 

https://doi.org/10.1097/j.pain.0000000000001284. 

(14)  Leimer, E. M.; Gayoso, M. G.; Jing, L.; Tang, S. Y.; Gupta, M. C.; Setton, L. A. 

Behavioral Compensations and Neuronal Remodeling in a Rodent Model of Chronic 

Intervertebral Disc Degeneration. Sci Rep 2019, 9 (1), 3759. 

https://doi.org/10.1038/s41598-019-39657-6. 

(15)  Chan, A. K.; Tang, X.; Mummaneni, N. V.; Coughlin, D.; Liebenberg, E.; Ouyang, A.; 

Dudli, S.; Lauricella, M.; Zhang, N.; Waldorff, E. I.; Ryaby, J. T.; Lotz, J. C. Pulsed 

Electromagnetic Fields Reduce Acute Inflammation in the Injured Rat-Tail Intervertebral 

Disc. JOR SPINE 2019, 2 (4), e1069. https://doi.org/10.1002/jsp2.1069. 

(16)  Mohd Isa, I. L.; Abbah, S. A.; Kilcoyne, M.; Sakai, D.; Dockery, P.; Finn, D. P.; Pandit, 

A. Implantation of Hyaluronic Acid Hydrogel Prevents the Pain Phenotype in a Rat Model 

of Intervertebral Disc Injury. Sci Adv 2018, 4 (4), eaaq0597. 

https://doi.org/10.1126/sciadv.aaq0597. 

(17)  Mosley, G. E.; Wang, M.; Nasser, P.; Lai, A.; Charen, D. A.; Zhang, B.; Iatridis, J. C. 

Males and Females Exhibit Distinct Relationships between Intervertebral Disc 

Degeneration and Pain in a Rat Model. Sci Rep 2020, 10 (1), 15120. 

https://doi.org/10.1038/s41598-020-72081-9. 

(18)  Hu, M.-H.; Yang, K.-C.; Chen, Y.-J.; Sun, Y.-H.; Lin, F.-H.; Yang, S.-H. Optimization of 

Puncture Injury to Rat Caudal Disc for Mimicking Early Degeneration of Intervertebral 

Disc. J Orthop Res 2018, 36 (1), 202–211. https://doi.org/10.1002/jor.23628. 

(19)  Han, B.; Zhu, K.; Li, F.; Xiao, Y.; Feng, J.; Shi, Z.; Lin, M.; Wang, J.; Chen, Q. A Simple 

Disc Degeneration Model Induced by Percutaneous Needle Puncture in the Rat Tail. Spine 

2008, 33 (18), 1925–1934. https://doi.org/10.1097/BRS.0b013e31817c64a9. 

(20)  Sobajima, S.; Shimer, A. L.; Chadderdon, R. C.; Kompel, J. F.; Kim, J. S.; Gilbertson, L. 

G.; Kang, J. D. Quantitative Analysis of Gene Expression in a Rabbit Model of 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.11.487751doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.11.487751


 13 

Intervertebral Disc Degeneration by Real-Time Polymerase Chain Reaction. Spine J 2005, 

5 (1), 14–23. https://doi.org/10.1016/j.spinee.2004.05.251. 

(21)  Ulrich, J. A.; Liebenberg, E. C.; Thuillier, D. U.; Lotz, J. C. ISSLS Prize Winner: 

Repeated Disc Injury Causes Persistent Inflammation. Spine 2007, 32 (25), 2812–2819. 

https://doi.org/10.1097/BRS.0b013e31815b9850. 

(22)  Lai, A.; Moon, A.; Purmessur, D.; Skovrlj, B.; Laudier, D. M.; Winkelstein, B. A.; Cho, S. 

K.; Hecht, A. C.; Iatridis, J. C. Annular Puncture with Tumor Necrosis Factor-Alpha 

Injection Enhances Painful Behavior with Disc Degeneration in Vivo. Spine J 2016, 16 

(3), 420–431. https://doi.org/10.1016/j.spinee.2015.11.019. 

(23)  Evashwick-Rogler, T. W.; Lai, A.; Watanabe, H.; Salandra, J. M.; Winkelstein, B. A.; 

Cho, S. K.; Hecht, A. C.; Iatridis, J. C. Inhibiting Tumor Necrosis Factor-Alpha at Time of 

Induced Intervertebral Disc Injury Limits Long-Term Pain and Degeneration in a Rat 

Model. JOR Spine 2018, 1 (2), e1014. https://doi.org/10.1002/jsp2.1014. 

(24)  Kang, R.; Li, H.; Rickers, K.; Ringgaard, S.; Xie, L.; Bünger, C. Intervertebral Disc 

Degenerative Changes after Intradiscal Injection of TNF-α in a Porcine Model. Eur Spine 

J 2015, 24 (9), 2010–2016. https://doi.org/10.1007/s00586-015-3926-x. 

(25)  Klawitter, M.; Hakozaki, M.; Kobayashi, H.; Krupkova, O.; Quero, L.; Ospelt, C.; Gay, S.; 

Hausmann, O.; Liebscher, T.; Meier, U.; Sekiguchi, M.; Konno, S.; Boos, N.; Ferguson, S. 

J.; Wuertz, K. Expression and Regulation of Toll-like Receptors (TLRs) in Human 

Intervertebral Disc Cells. Eur Spine J 2014, 23 (9), 1878–1891. 

https://doi.org/10.1007/s00586-014-3442-4. 

(26)  Maidhof, R.; Jacobsen, T.; Papatheodorou, A.; Chahine, N. O. Inflammation Induces 

Irreversible Biophysical Changes in Isolated Nucleus Pulposus Cells. PLoS One 2014, 9 

(6), e99621. https://doi.org/10.1371/journal.pone.0099621. 

(27)  Rajan, N. E.; Bloom, O.; Maidhof, R.; Stetson, N.; Sherry, B.; Levine, M.; Chahine, N. O. 

Toll-Like Receptor 4 (TLR4) Expression and Stimulation in a Model of Intervertebral 

Disc Inflammation and Degeneration. Spine 2013, 38 (16), 1343–1351. 

https://doi.org/10.1097/BRS.0b013e31826b71f4. 

(28)  Lin, Q.; Li, M.; Fang, D.; Fang, J.; Su, S. B. The Essential Roles of Toll-like Receptor 

Signaling Pathways in Sterile Inflammatory Diseases. International Immunopharmacology 

2011, 11 (10), 1422–1432. https://doi.org/10.1016/j.intimp.2011.04.026. 

(29)  Fang, F.; Jiang, D. IL-1β/HMGB1 Signalling Promotes the Inflammatory Cytokines 

Release via TLR Signalling in Human Intervertebral Disc Cells. Bioscience Reports 2016, 

36 (5), e00379. https://doi.org/10.1042/BSR20160118. 

(30)  Qin, C.; Zhang, B.; Zhang, L.; Zhang, Z.; Wang, L.; Tang, L.; Li, S.; Yang, Y.; Yang, F.; 

Zhang, P.; Yang, B. MyD88-Dependent Toll-like Receptor 4 Signal Pathway in 

Intervertebral Disc Degeneration. Exp Ther Med 2016, 12 (2), 611–618. 

https://doi.org/10.3892/etm.2016.3425. 

(31)  Ellman, M. B.; Kim, J.-S.; An, H. S.; Chen, D.; KC, R.; An, J.; Dittakavi, T.; van Wijnen, 

A. J.; Cs-Szabo, G.; Li, X.; Xiao, G.; An, S.; Kim, S.-G.; Im, H.-J. Toll-like Receptor 

Adaptor Signaling Molecule MyD88 on Intervertebral Disk Homeostasis: , Ex Vivo 

Studies. Gene 2012, 505 (2), 283–290. https://doi.org/10.1016/j.gene.2012.06.004. 

(32)  Elliott, D. M.; Yerramalli, C. S.; Beckstein, J. C.; Boxberger, J. I.; Johannessen, W.; 

Vresilovic, E. J. The Effect of Relative Needle Diameter in Puncture and Sham Injection 

Animal Models of Degeneration. Spine (Phila Pa 1976) 2008, 33 (6), 588–596. 

https://doi.org/10.1097/BRS.0b013e318166e0a2. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.11.487751doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.11.487751


 14 

(33)  Stegemann, H.; Stalder, K. Determination of Hydroxyproline. Clinica Chimica Acta 1967, 

18 (2), 267–273. https://doi.org/10.1016/0009-8981(67)90167-2. 

(34)  Kim, J.-S.; Kroin, J. S.; Li, X.; An, H. S.; Buvanendran, A.; Yan, D.; Tuman, K. J.; van 

Wijnen, A. J.; Chen, D.; Im, H.-J. The Rat Intervertebral Disk Degeneration Pain Model: 

Relationships between Biological and Structural Alterations and Pain. Arthritis Research 

& Therapy 2011, 13 (5), R165. https://doi.org/10.1186/ar3485. 

(35)  Lai, A.; Gansau, J.; Gullbrand, S. E.; Crowley, J.; Cunha, C.; Dudli, S.; Engiles, J. B.; 

Fusellier, M.; Goncalves, R. M.; Nakashima, D.; Okewunmi, J.; Pelletier, M.; Presciutti, 

S. M.; Schol, J.; Takeoka, Y.; Yang, S.; Yurube, T.; Zhang, Y.; Iatridis, J. C. Development 

of a Standardized Histopathology Scoring System for Intervertebral Disc Degeneration in 

Rat Models: An Initiative of the ORS Spine Section. JOR Spine 2021, 4 (2), e1150. 

https://doi.org/10.1002/jsp2.1150. 

(36)  Ponnappan, R. K.; Markova, D. Z.; Antonio, P. J. D.; Murray, H. B.; Vaccaro, A. R.; 

Shapiro, I. M.; Anderson, D. G.; Albert, T. J.; Risbud, M. V. An Organ Culture System to 

Model Early Degenerative Changes of the Intervertebral Disc. Arthritis Res Ther 2011, 13 

(5), R171. https://doi.org/10.1186/ar3494. 

(37)  Stokes, I. A. F.; Iatridis, J. C. Mechanical Conditions That Accelerate Intervertebral Disc 

Degeneration: Overload Versus Immobilization. Spine (Phila Pa 1976) 2004, 29 (23), 

2724–2732. https://doi.org/10.1097/01.brs.0000146049.52152.da. 

(38)  Phillips, K. L. E.; Cullen, K.; Chiverton, N.; Michael, A. L. R.; Cole, A. A.; Breakwell, L. 

M.; Haddock, G.; Bunning, R. A. D.; Cross, A. K.; Le Maitre, C. L. Potential Roles of 

Cytokines and Chemokines in Human Intervertebral Disc Degeneration: Interleukin-1 Is a 

Master Regulator of Catabolic Processes. Osteoarthritis and Cartilage 2015, 23 (7), 1165–

1177. https://doi.org/10.1016/j.joca.2015.02.017. 

(39)  Wu, Q.; Huang, J. H. Intervertebral Disc Aging, Degeneration, and Associated Potential 

Molecular Mechanisms. J Head Neck Spine Surg 2017, 1 (4), 555569. 

https://doi.org/10.19080/JHNSS.2017.01.555569. 

(40)  Lee, S.; Millecamps, M.; Foster, D. Z.; Stone, L. S. Long-Term Histological Analysis of 

Innervation and Macrophage Infiltration in a Mouse Model of Intervertebral Disc Injury-

Induced Low Back Pain. J Orthop Res 2020, 38 (6), 1238–1247. 

https://doi.org/10.1002/jor.24560. 

(41)  Johnson, Z. I.; Schoepflin, Z. R.; Choi, H.; Shapiro, I. M.; Risbud, M. V. Disc in Flames: 

Roles of TNF-α and IL-1β in Intervertebral Disc Degeneration. Eur Cell Mater 2015, 30, 

104–116; discussion 116-117. https://doi.org/10.22203/ecm.v030a08. 

(42)  Nakawaki, M.; Uchida, K.; Miyagi, M.; Inoue, G.; Kawakubo, A.; Satoh, M.; Takaso, M. 

Changes in Nerve Growth Factor Expression and Macrophage Phenotype Following 

Intervertebral Disc Injury in Mice. J Orthop Res 2019, 37 (8), 1798–1804. 

https://doi.org/10.1002/jor.24308. 

(43)  Miyagi, M.; Uchida, K.; Takano, S.; Fujimaki, H.; Aikawa, J.; Sekiguchi, H.; Nagura, N.; 

Ohtori, S.; Inoue, G.; Takaso, M. Macrophage-Derived Inflammatory Cytokines Regulate 

Growth Factors and Pain-Related Molecules in Mice with Intervertebral Disc Injury. 

Journal of Orthopaedic Research 2018, 36 (8), 2274–2279. 

https://doi.org/10.1002/jor.23888. 

(44)  Lama, P.; Le Maitre, C. L.; Harding, I. J.; Dolan, P.; Adams, M. A. Nerves and Blood 

Vessels in Degenerated Intervertebral Discs Are Confined to Physically Disrupted Tissue. 

J Anat 2018, 233 (1), 86–97. https://doi.org/10.1111/joa.12817. 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.11.487751doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.11.487751


 15 

(45)  Norimoto, M.; Ohtori, S.; Yamashita, M.; Inoue, G.; Yamauchi, K.; Koshi, T.; Suzuki, M.; 

Orita, S.; Eguchi, Y.; Sugiura, A.; Ochiai, N.; Takaso, M.; Takahashi, K. Direct 

Application of the TNF-Alpha Inhibitor, Etanercept, Does Not Affect CGRP Expression 

and Phenotypic Change of DRG Neurons Following Application of Nucleus Pulposus 

onto Injured Sciatic Nerves in Rats. Spine (Phila Pa 1976) 2008, 33 (22), 2403–2408. 

https://doi.org/10.1097/BRS.0b013e31818441a2. 

(46)  Andrade, P.; Visser-Vandewalle, V.; Philippens, M.; Daemen, M. A.; Steinbusch, H. W. 

M.; Buurman, W. A.; Hoogland, G. Tumor Necrosis Factor-α Levels Correlate with 

Postoperative Pain Severity in Lumbar Disc Hernia Patients: Opposite Clinical Effects 

between Tumor Necrosis Factor Receptor 1 and 2. PAIN 2011, 152 (11), 2645–2652. 

https://doi.org/10.1016/j.pain.2011.08.012. 

(47)  Kepler, C. K.; Markova, D. Z.; Dibra, F.; Yadla, S.; Vaccaro, A. R.; Risbud, M. V.; 

Albert, T. J.; Anderson, D. G. Expression and Relationship of Proinflammatory 

Chemokine RANTES/CCL5 and Cytokine IL-1β in Painful Human Intervertebral Discs. 

Spine 2013, 38 (11), 873–880. https://doi.org/10.1097/BRS.0b013e318285ae08. 

(48)  Miyagi, M.; Ishikawa, T.; Orita, S.; Eguchi, Y.; Kamoda, H.; Arai, G.; Suzuki, M.; Inoue, 

G.; Aoki, Y.; Toyone, T.; Takahashi, K.; Ohtori, S. Disk Injury in Rats Produces 

Persistent Increases in Pain-Related Neuropeptides in Dorsal Root Ganglia and Spinal 

Cord Glia but Only Transient Increases in Inflammatory Mediators: Pathomechanism of 

Chronic Diskogenic Low Back Pain. Spine (Phila Pa 1976) 2011, 36 (26), 2260–2266. 

https://doi.org/10.1097/BRS.0b013e31820e68c7. 

 

was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (whichthis version posted April 12, 2022. ; https://doi.org/10.1101/2022.04.11.487751doi: bioRxiv preprint 

https://doi.org/10.1101/2022.04.11.487751


Table 1 – Primer Sequences

Gene Primer Sequence
GAPDH - FWD 5’ – GCA AGG ATA CTG AGA GCA AGA G – 3’

GAPDH - REV 5’ – GGA TGG AAT TGT GAG GGA GAT G – 3’

iNOS - FWD 5’ – AAC CCA AGG TCT ACG TTC AAG – 3’

iNOS - REV 5’ – GCA CAT CGC CAC AAA CAT AAA – 3’

Arg1 - FWD 5’ – CCA AGC CAA AGC CCA TAG A – 3’

Arg1 - REV 5’ – CCA GGC CAG CTT TCC TTA AT – 3’

TNFα - FWD 5’ – CCC AAT CTG TGT CCT TCT AAC T – 3’

TNFα - REV 5’ – CAG CGT CTC GTG TGT TTC T – 3’

IL-1β - FWD 5’ – TCT GAC AGG CAA CCA CTT AC – 3’

IL-1β - REV 5’ – CAT CCC ATA CAC ACG GAC AA – 3’

CGRP - FWD 5’ – CAC GTA CAC ACA AGA CCT CAA – 3’

CGRP - REV 5’ – CTC CAA GTC CTT GGC CAT ATC – 3’

NGF - FWD 5’ – CTC CAA GCA CTG GAA CTC ATA C – 3’

NGF - REV 5’ – CAC ACG CAG GCT GTA TCT ATC – 3’

BDNF - FWD 5’ – TGG CTC TCA TAC CCA CTA AGA – 3’

BDNF - REV 5’ – CGG AAA CAG AAC GAA CAG AAA C – 3’
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Figure 1 – Dose Response (Dimensions and Mechanical Testing)
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Figure 1. (A) Cross sectional area and (B) Aspect ratio of intervertebral discs after
injection of LPS normalized to sham. * p<0.05 LPS injection in comparison to
normalized sham value indicated by dashed line. (C) Equilibrium modulus and (D)
Dynamic modulus measurements for sham discs injected with saline or LPS. ^ p<0.05
day 28 in comparison to day 7, p-value for comparison between sham and 100 µg/mL.
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Figure 2 – Dose Response (Biochemistry)

Day 7

Sham 1 10 100
0.0

0.2

0.4

0.6

0.8

NP

Sham 1 10 100
0.00

0.05

0.10

0.15

0.20

0.25

D
N

A
/W

et
 W

ei
gh

t
[(n

g/
m

L)
/u

g]

AF

✱

DNA Content

Sham 1 10 100
0

20

40

60

C
ol

la
ge

n/
W

et
 W

ei
gh

t
[(

ng
/m

L
)/u

g]

AF

Sham 1 10 100
0.0

0.1

0.2

0.3

NP

✱

Collagen Content

Sham 1 10 100
0

5

10

15

20

25

G
A

G
/W

et
 W

ei
gh

t
[(n

g/
m

L)
/u

g]

AF

✱

Sham 1 10 100
0

20

40

60

80

NP

GAG Content

Sham 1 10 100
0

20

40

60

80

100

%
 W

at
er

 C
on

te
nt

AF

Sham 1 10 100
0

20

40

60

80

100

NP

Water Content

Day 28
GAG Content Water Content

Sham 1 10 100
0

2

4

6

8

10

G
A

G
/W

et
 W

ei
gh

t
[(n

g/
m

L)
/u

g]

AF

Sham 1 10 100
0

10

20

30

NP

Sham 1 10 100
0

20

40

60

80

100

%
 W

at
er

 C
on

te
nt

AF

Sham 1 10 100
0

50

100

150

NP

A B

C D

E F

Figure 2. (A) DNA content, (B) Collagen content, (C) GAG content, and (D) Water content of IVDs 7 days after
injection with saline or LPS. (E) GAG content and (F) Water content of discs 28 days after injection. * p<0.05 LPS
injection in comparison to sham.
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Figure 3 – Behavior Tests
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Figure 3. (A-C) Behavioral tests measuring mechanical sensitivity at baseline and longitudinally 1 to 28 days after
injection of saline or LPS. (D-E) Behavioral tests measuring thermal sensitivity at baseline and longitudinally 1 to 28
days after injection. * p<0.05 for LPS in comparison to sham (p-value shown for trends defined as 0.05<p<0.1), ^
p<0.05 LPS significantly different from baseline at indicated timepoint, + p<0.05 Sham significantly different from
baseline at indicated timepoint.
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Figure 4 – Histology

Figure 4. (A) Representative images of most and least degenerated IVDs from sham
and LPS injected groups at 14 and 28 days after injection with saline or LPS. (B)
Change in fluoroscopically measured disc height post-injection normalized to pre-
injection height. (C) Total histological score of sham and LPS injected discs. (D-K)
Histological score categorical breakdown and score distributions. * p<0.05 for LPS in
comparison to sham (p-value shown for trends defined as 0.05<p<0.1)
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Figure 5 – Gene Expression
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Figure 5. Gene expression for macrophage markers in (A) AF and (B) NP tissue. Measurement of
expression of inflammatory genes in (C) AF and (D) NP tissue. Expression of markers for
nociceptive genes in (E) AF and (F) NP tissue. * p<0.05 or p= listed value LPS in comparison to
sham, ^ p<0.05 Day 28 in comparison to day 14.
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