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Abstract

Objective: Inflammatory cytokine production and de novo neurovascularization have been identified in painful, degenerated interver-
tebral discs (IVDs). However, the progression of these key pathoanatomical features, including the cascade of inflammatory cytokines
and the infiltration of vessels and neurites remain undefined. The objective of this study is to define the progression of cytokine pro-
duction and neurovascular invasion during the [IVD degeneration. Methods: A needle-puncture injury model was applied to the caudal
IVDs of 3-month-old C57BL6/J female mice. The animals were euthanized after the IVDs were allowed to degenerate in vivo for 2-,
4-, and 12-weeks following the injury. A set of IVDs were extracted for immunostaining of infiltrating vessels (endomucin) and nerves
(protein-gene-product 9.5). Another set of [IVDs were placed in organ culture and forty-nine IVD-secreted cytokines and matrix metal-
loproteinases (MMPs) were measured from the media. Results: IVD injury resulted in severe degeneration by 2-weeks that remained
consistent up to 12-weeks post puncture. Injury increased the secretion of interleukin (IL)-6, tumor necrosis factor (TNF)a, C-C motif
ligand (CCL)4, CCL12, CCL17, CCL20, CCL21, CCL22, C-X-C motif ligand (CXCL)2 and MMP-2 proteins. Although the control
IVDs did not exhibit degeneration, they produced TNFa and CCL22. The centrality and structure of inflammatory networks in I[VDs
evolves over the 12-week time course following injury, highlighting distinct responses between the acute and chronic phases. Neurites
propagates rapidly within 2-weeks post-injury and remains constant until 12-weeks. Vascular length peaks at 4-weeks post-injury and re-
gresses by 12-weeks. These findings identify the temporal flux of inflammatory cytokines and pain-associated pathoanatomy in a model
of IVD degeneration of the mouse caudal spine. Conclusions: Caudal puncture provides a non-invasive alternative to lumbar puncture
allowing for injury to multiple IVDs providing a platform for more extensive studies while minimizing the number of mice needed.
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Introduction these essential functions and ultimately leading to low back
pain [6]. In addition to the structural collapse and the de-

Low back pain affects up to 85 % of the population  pletion of proteoglycan-rich matrix, other hallmarks of the
worldwide [1,2], and intervertebral disc (IVD) degeneration  degenerating IVD may be culprits to chronic pain, including

is a significant contributing factor [3,4]. TheIVD isacarti-  the production of inflammatory chemokines, expression of
laginous soft tissue and is considered avascular and aneural  catabolic enzymes [7,8], and the invasion of neurites and
[5]. Sandwiched between vertebral bodies, the IVD pro-  vessels [9-12]. Chemokines canonically recruit immune
vides resistance against compressive loads and shock ab- cells, which in turn secrete more chemokines that further

sorbance for the axial skeleton. With aging and injury, the  exacerbate the inflammatory state of the degenerating IVD
IVD degenerates with the compromised ability to perform
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[13] and accelerate the breakdown of the extracellular ma-
trix [14,15]. Chemokines produced by the IVD may also
contribute to neuron and vessel propagation around and
into the annulus fibrosus (AF) which may mediate disco-
genic low back pain [16]. The chronic presence of these
chemokines may sensitize nociceptive neurons to produce
more pain signals [17].

Animal models are a common tool for studying IVD
degeneration. Injury such as via mechanical overloading
[18-21] or needle puncture [22—-36] is used to provoke de-
generation of the IVD. Though the lumbar spine is more
clinically relevant as a site of pain generation, the surgical
exposure required to access the lumbar IVD is traumatic,
and the surrounding inflammation may confound the IVD-
specific responses. In contrast, puncture injury to the cau-
dal IVD can be implemented with relatively simple surgical
exposure, with or without radiographic guidance [36]. Fur-
thermore, the murine caudal spine consists of 27 interverte-
bral discs, compared to just 5 in the lumbar spine [37], and
thus a much greater availability of tissues for multiple as-
says. This also improves experimental robustness through
better control of variability by allowing comparisons of
IVDs, subjected to different treatment conditions, within
the same mouse. Therefore, the caudal spine may be more
experimentally efficient for investigating IVD-specific dis-
ease mechanisms.

To effectively leverage the advantages of the cau-
dal model, it is crucial to define the progression of the
inflammatory cascade and pain-related neurovascular fea-
tures over time. Both neurites and vessels have been ob-
served in aged mouse lumbar IVDs [38] and in human de-
generated IVDs [10], but the time course of how the caudal
IVD recapitulates these features is unclear. Therefore, the
objective of this study is to define the temporal progression
of neurites, vessels, and the local production of chemokines
during injury-induced degeneration of the mouse caudal
IVD.

Materials and Methods
Animal Model

Three-month-old C57BL6/J female mice (n = 35)
were used in this study. They were housed under standard
animal husbandry conditions (in a temperature-controlled
(21 £ 1 °C) room with normal 12-hour light/dark cycles).
Bilateral puncture with 30 G needle of caudal (Coccygeal
(Co)) intervertebral discs (IVDs) was performed and adja-
cent [VDs were used as internal controls (Fig. 1A). Pre-
and post-procedural X-ray (Faxitron UltraFocus 100, Fax-
itron Corporation, Tucson, AZ USA) was used to locate
the IVDs of interest to confirm puncture. Co4/5 and Co6/7
were injured with Co3/4 and Co7/8 acting as internal con-
trols. A group of animals (n = 5) underwent a sham proce-
dure to create a superficial injury where the only the skin
and surrounding soft tissue was punctured without injury
to the IVD. Longitudinal assessment of pain behavior and
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locomotive performance was performed on a subset of an-
imals (Supplementary Methods). The mice were euth-
anized in a COy chamber with 3 % CO5 for 5 minutes
followed by a 2-minute dwell time at 2, 4 and 12 weeks
(n = 9-10 per timepoint) after injury; all sham mice were
taken out to 12 weeks (Fig. 1B). Paired control and in-
jured IVDs from bilateral puncture mice were divided be-
tween optimal cutting temperature (OCT) compound em-
bedded histology (Co3/4 and Co4/5; n = 9-10 per time-
point), paraffin embedded histology (Co7/8 and Co6/7; n
= 5 per timepoint) and organ culture (Co7/8 and Co6/7; n
= 4-5 per timepoint). Sample size was determined from
preliminary data of innervation of the IVD following cau-
dal puncture. Sham control and punctured IVDs were di-
vided between immunohistochemistry (Co3/4 and Co4/5)
and paraffin embedded histology (Co7/8 and Co6/7). The
lumbar dorsal root ganglions (DRGs) were also extracted
from a subset of animals and underwent staining for tran-
sient receptor potential cation channel subfamily V member
1 (TRPV1) (Supplementary Methods). All samples for
histology were immediately fixed in 4 % paraformaldehyde
(PFA; Fisher Scientific 15710; Saint Louis, MO, USA) in
phosphate buffered saline (PBS) at time of sacrifice for 24—
48 hours.

Paraffin Embedded Histology

Functional Spine Units (FSUs) containing the Co6/7
and Co7/8 IVDs (n = 5 per timepoint) were used for quan-
tifying the degree of IVD degeneration. Following 24-48
hours in 4 % PFA, spinal segments were demineralized via
incubation in 14 % ethylenediaminetetraacetic acid (EDTA)
for 1014 days at room temperature and then dehydrated in
increasing concentrations of ethanol. Samples were then
embedded in paraffin and 10 pum thick sagittal sections and
stained with Safranin-O against FAST Green, applied 4X
in 30 second intervals followed by serially graded ethanol
(Fig. 1C). Stained slides were imaged with NanoZoomer at
20X magnification (Hamamatsu NanoZoomer HT model,
Hamamatsu, Japan). IVDs were graded using a standard-
ized 35-point histopathology scale [39]. Briefly, the Mel-
goza et al. [39] system uses a point-based ordinal scale
(0-3 for nucleus pulposus (NP) and AF; 0-2 for endplate
(EP) and interface) to separately grade NP, annulus fibro-
sus (AF), EP, and interface regions. Each region is assessed
based cellularity, matrix organization, fibrosis, fissures, and
boundary integrity between IVD components. The scor-
ing range is based on distinct structural and cellular fea-
tures, with higher scores reflecting more severe degenera-
tion. Key criteria include changes across different interver-
tebral disc components. All histological sections were first
graded independently by three blinded evaluators, and final
scores were determined by consensus.
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Fig. 1. Bilateral caudal puncture model in female C57BL6/J mice. (A) Puncture of Co4/5 and Co6/7 intervertebral discs (IVDs) were
confirmed via X-ray, and Co3/4 and Co7/8 IVDs were used as internal controls. The scale bar represents 1 mm. (B) Bilateral puncture
mice were sacrificed at 2-, 4- and 12-weeks post puncture while all Sham mice were sacrificed at 12 weeks. Sham was a superficial
injury limited to the skin and surrounding tissue. (C) Immunofluorescence for neurons (green: protein gene product 9.5; PGP9.5) and
vessels (red: endomucin (EMCN)) stained against DAPI (blue). The scale bar represents 500 pm. (D) Control (Co3/4 and 7/8) and
injured (Co4/5 and 6/7) IVDs were divided between Safranin-O against FAST Green staining for IVD degeneration and tissue culture
for IVD-specific cytokine and matrix metalloproteases (MMPs) production. Co, Coccygeal; DAPI, 4',6-diamidino-2-phenylindole. The

scale bar represents 500 pm (The illustrations in this figure were created using Microsoft PowerPoint 365).

Quantification of Secreted Factors

FSUs containing the Co6/7 and Co7/8 IVDs (n = 4—
5 per timepoint) were cleaned of surrounding soft tissue
and immediately placed in tissue culture media at time of
sacrifice. Culture media consisted of 1:1 Dulbecco’s modi-
fied Eagle’s medium: Nutrient mixture F-12 (DMEM: F12;
Gibco 11320082; Saint Louis, MO, USA) supplemented
with 20 % fetal bovine serum (Gibco A5670701) and 1 %
penicillin-streptomycin (Gibco 15070063). FSUs were cul-
tured for 6 days at 37 °C and 5 % CO5 with a complete
media change after 3 days. Day 6 media was collected and
stored at —80 °C. Aliquots of 200 L per sample were pack-
aged in dry ice and shipped to Eve Technology for cytokine
and matrix metalloproteinase (MMP) analyses (Fig. 1C).

The cytokines were measured using the Luminex™
200 system (Luminex, Austin, TX, USA) using two sep-
arate kits, a 32-plex and a Mouse Chemokine Panel 2 as-
says (MilliporeSigma, Saint Louis, MO, USA) to detect a
total of 44 markers. The 32-plex included Eotaxin (C-C mo-
tif ligand (CCL)11), granulocyte colony-stimulating factor
(GCSF), granulocyte-macrophage colony-stimulating fac-
tor (GMCSF), interferon (IFN)-+, interleukin (IL)-1c, IL-
18, IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-
12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, interferon-y
induced protein (IP)-10 (C-X-C motif ligand (CXCL)10),
keratinocyte chemoattractant (KC) (CXCLI1), leukemia
inhibitory factor (LIF), lipopolysaccharide-induced CXC
chemokine (LIX) (CXCLS5), macrophage chemoattractant
protein (MCP)-1 (CCL2), macrophage colony stimulat-
ing factor (MCSF), monokine induced by interferon-y
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(MIG) (CXCL9), macrophage inflammatory protein (MIP)-
la (CCL3), MIP-15 (CCL4), MIP-2 (CXCL2), regu-
lated on activation, normal T-cell expressed and secreted
(RANTES) (CCLS5), tumor necrosis factor (TNF)«, and
vascular endothelial growth factor A (VEGFA). Mouse
Chemokine Panel 2 assay measured 6Ckine/Exodus2
(CCL21), Erythropoietin (EPO), Fractalkine (C-X3-C
motif 1 (CX3CL1)), IFN-g1, IL-11, IL-16, IL-20,
MCP-5 (CCL12), macrophage-derived chemokine (MDC)
(CCL22), MIP-3cx (CCL20), MIP-33 (CCL19), thymus and
activation-regulated chemokine (TARC) (CCL17), and tis-
sue inhibitor of metalloproteinases (TIMP)-1. Assay sensi-
tivities of these markers range from 0.3-30.6 pg/mL. Ma-
trix metalloproteases (MMPs) were quantified using a sin-
gle 5-plex kit (MilliporeSigma). This kit measured MMP-2,
MMP-3, MMP-8, proMMP-9 and MMP-12. Assay sensi-
tivities of these markers range from 1.6-8.4 pg/mL. Indi-
vidual analyte sensitivity values for all kits are available in
the MilliporeSigma MILLIPLEX® Multiplex Assay Panel
protocol.

Cytokine Network Analysis

To further characterize the temporal variations in in-
flammatory signaling, networks of cytokine interactions
were constructed and visualized using built-in MATLAB
functions (Version: 9.13.0.2080170 R2022b, Mathworks,
Natick, MA, USA). Networks were generated by calculat-
ing a Pearson correlation matrix (corr function) for each
timepoint by ratioing each analyte’s concentration between
injured and uninjured discs for each animal. To focus only
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Fig. 2. IVD degeneration is quick and sustained following bilateral puncture of the caudal IVD. Representative Safranin-O-stained
sections of a control and the least and most degenerated injured IVD from (A) sham and (B) bilateral puncture mice at 2, 4 and 12 weeks.
Histopathological grading of IVD degeneration ranges from moderate to severe with collapse of the IVD following puncture. The scale
bar represents 200 pum. (C) Total degenerative grade was significantly increased at 2, 4 and 12 weeks after injury compared to internal
control which was not seen in sham. (D) Compartmentalized differences in degeneration between control and injured IVDs was seen in
the nucleus pulposus (NP), annulus fibrosus (AF) and at the interfaces while the cartilagenous endplates (CEPs) were only significantly
different between injury and control at 12 weeks (a indicates p < 0.05 compared to internal controls). No degeneration was observed to
the IVDs adjacent to the injury. Data (A,B) were statistically analyzed via paired two-way ANOVA with the post-hoc Turkey’s honest
significance test (HSD) for control vs. injured. ANOVA, analysis of variance; ECM, extracellular matrix. ***p < 0.001 and ****p <
0.0001. This figure was partially created using GraphPad Prism and assembled using Microsoft PowerPoint 365.

on strong protein correlations, a threshold (Jr|] >0.7) was ate undirected graphs, with nodes representing cytokines
applied to the correlation matrices and self-directed edges and edges representing correlations superseding our afore-
were removed. The filtered matrices were used to cre- mentioned threshold. Eigenvector centrality and between-
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Fig. 3. The injured IVD increased cytokine and MMP production. The measured chemokines can be broadly characterized into 2
categories: pro-inflammatory and immune cell recruitment. Immune cell recruitment chemokines are further labeled by their canonical
functions. Pro-inflammatory cytokines (A) IL-6 is increased with injury while (B) TNF« peaks at 2 weeks following injury. There
were also increases in chemokines associated with monocytes, (C) CCL4 and (D) CCL12. (E) CCL17 is associated with lymphocytes.
(F) CCL20 is and associated with neutrophils. (G) CCL21 is associated with T-cells. (H) CCL22 is associated with lymphocytes. (I)
CXCL2 is associated with neutrophils. (J) MMP-2 was the only of the five MMPs measured that was elevated with injury. Although the
control IVDs did not exhibit degeneration, they produced TNFa and CCL22. Post-hoc comparisons (Tukey’s HSD) where the p-value
is less than 0.05 and less than 0.01 are denoted by * and **, respectively. The p-values of the main effects and their interactions are
listed in tables below the corresponding graph when they are equal to or less than 0.05. IL, interleukin; TNF, tumor necrosis factor; CCL,
C-C motif ligand; CXCL, C-X-C motif ligand. This figure was partially created using GraphPad Prism and assembled using Microsoft
PowerPoint 365.

ness centrality were computed using the built-in central-  Evaluation of Intradiscal Vascularization and Innervation
ity function to determine important cytokines for each net-
work. High-ranking cytokines shared between timepoints
and unique to each timepoint were identified through set op-
erations (intersect and setdiff functions). Additionally, key
network characteristics were extracted to understand the
structure and function of the cytokine networks. The path
length was computed as an average of the shortest finite
paths between all pairs of nodes; modularity was computed
using the Louvain community algorithm [40]. The Jaccard
index calculated for all pairs of networks with 2-hop reach-
ability matrices to allow for quantifying similarity between
networks with a slight tolerance for indirect edge compar-
isons, all of which was done through matrix arithmetic and
set operations as previously mentioned. Finally, networks
were visualized using force-directed layouts (graph func-
tion) with nodes colored by eigenvector centrality and sized
by betweenness centrality.

The FSUs including Co3/4 and Co4/5 IVDs (n=9-10
per timepoint) were used for neurovascular staining. These
spinal segments following 24-48 hours incubation in 4 %
PFA at 4 °C were demineralized for 3 days in 14 % EDTA,
embedded in O.C.T. Tissue-Plus Compound (Fisher Scien-
tific 23-730-571; Saint Louis, MO, USA) and placed into
a —80 °C. Embedded samples were sectioned on a cryo-
stat at 50 pum thickness. Frozen sections were stained with
anti-protein gene product 9.5 (PGP9.5; abcam AB1761-I;
Waltham, MA, USA; 1:1000) and anti-endomucin (EMCN;
eBio 14-5841-85; San Diego, CA, USA; 1:500) against
4',6-diamidino-2-phenylindole (DAPI) (Invitrogen D1306;
Waltham, MA, USA; 1:1000). Hydrophobic pens were
used create boundaries for the antibodies. Primary antibod-
ies were left on for 4 hours in room temperature, while sec-
ondary antibodies were applied over night at 4 °C. PGP9.5
is a neuronal marker for sensory and autonomic nerve fibers
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Fig. 4. Evolution of cytokine network structure over time following injury highlights distinct acute and chronic inflammatory
phases. At 2 weeks post-injury, a diverse range of pro-inflammatory and immune-recruiting cytokines (IL-4, IFN-y, CCL2, CCLS)
showed high centrality, reflecting the peak up-regulation of cytokines during the acute inflammatory phase. By 4 weeks, while some
immune-recruiting cytokines (IFN-31, IL12p70, CXCL1) maintained central roles, additional chemotactic and immune-regulating fac-
tors (CX3CLI1, IL-16, LIF) emerged, indicating a transition in the network toward chronic inflammatory processes. At 12 weeks, cy-
tokines involved in angiogenesis and late-stage inflammation (CXCL2, CCL17, CCL20) became highly central, suggesting a latent
transition toward a chronic inflammatory microenvironment. Throughout all time points, CCL4 remained highly central, indicating its
potential role in both early and chronic inflammation, while IL-11 also consistently ranked highly. Increasing network modularity and
path length over time reflected a shift from parallel acute inflammatory pathways to more distinct and linear chronic regulatory relation-
ships, with week 12 being markedly different from earlier timepoints. EPO, Erythropoietin; IFN, interferon; LIF, leukemia inhibitory
factor; GCSF, granulocyte colony-stimulating factor; GMCSF, granulocyte-macrophage colony-stimulating factor; MIP, macrophage
inflammatory protein, MCSF, macrophage colony stimulating factor; CX3CL1, C-X3-C motif 1; VEGFA, vascular endothelial growth
factor A. This figure was created using MathWorks Matlab R2022b.
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Fig. 5. Representative images showing infiltration of neurites and vessels. (A) Maximum projection immunofluorescence images
stained with PGP9.5 (green) and EMCN (red) against DAPI (blue) from sham and bilateral puncture mice. Control and injured are paired
samples. Both the medial and lateral sides of the IVD are semi-automatically traced in ImageJ and used for further analysis. The scale
bar represents 500 pm. (B) Zoomed in regions from injured IVDs (sham and bilateral puncture). ROI, circled in white, includes the outer
annulus fibrous and surrounding disorganized tissue. The scale bar represents 100 um. PGP9.5, protein gene product 9.5; ROI, region
of interest. This figure was assembled using Microsoft PowerPoint 365.
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Fig. 6. Quantification of vessel and neurite lengths reveal divergent temporal progression of these features. All individual vessels
and neurites were semi-automatically traced and their lengths tabulated. The total length (sum of all individual lengths) of (A) vessels
and (B) nerves demonstrated the presence of both structures in the IVD as early as 2 weeks after injury. Infiltrating vessels peaked at 4
weeks and appeared to recede by 12 weeks after injury, compared to nerves which remain consistently present through all 12 weeks. The
violin plots of the bilateral punctured IVDs of (C) vessel and (D) nerve length demonstrated that the decreased total vessel length was
mainly due to a reduced number of longer vessels compared to both 2 and 4 weeks after injury. Number of vessels/nerves traced written
above violin plots. *p < 0.05, **p < 0.01 and ****p < 0.0001. p-values of main effects and interaction ("p > 0.05) listed in tables
below corresponding graph. This figure was partially created using GraphPad Prism and assembled using Microsoft PowerPoint 365.

and EMCN is an endothelial cell marker (Fig. 1D). Visu-
alization of PGP9.5 and EMCN was achieved with Alexa
Fluor 488 (green; Jackson Immuno Research 711-545-152;
West Grove, PA, USA; 1:500) and Alexa Fluor 647 (red,;
Jackson Immuno Research 712-605-153; West Grove, PA,
USA,; 1:500) antibodies, respectively.
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Three-dimensional image stacks were obtained via
confocal fluorescence microscopy (DMi8, Leica Microsys-
tems, Wetzlar, Germany) and a maximum intensity image
of each 50 um section was generated for analysis. Nerves
and vessels were semi-automatically traced using ImageJ
2.3.0 (National Institutes of Health, Bethesda, MD, USA)
simple neurite tracer (SNT) plugin [41]. Individual struc-
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ture lengths were tabulated and then total neurite and vessel
length was calculated from the posterior and anterior sides
of'the IVD. The outer annulus fibrosus and immediately ad-
jacent tissues were included as the region of interest (ROI)
for quantification.

Statistics

Because there is a control (uninjured) and an injured
spine segment within each animal, we utilized the paired
two-way analysis of variance (ANOVA) to test for an ef-
fect of IVD injury and duration of the injury on the outcome
measures. A paired two-way ANOVA was used to test for
an effect of injury and week post-injury between the ex-
perimental and control segments, at a significance level of
0.05 with a post hoc Tukey honest significance test (HSD)
(Prism 10.2.2, GraphPad, San Diego, CA, USA). A paired
t-test was used to test for an effect of the superficial injury
on experimental levels vs. control segments in the sham-
injured group only (12 weeks).

Results

Direct Injury to the Intervertebral Disc Causes Rapid and
Sustained Degeneration

Bilateral puncture of the caudal intervertebral disc
(IVD) resulted in mild to severe histopathologic degener-
ation (Fig. 2A). Complete collapse of the IVD was ob-
served in the most severe cases. Co6/7 and Co7/8 IVDs
from sham and bilateral puncture mice were graded on a
histopathologic scale for IVD degeneration and total IVD
grade was significantly increased in punctured [IVDs com-
pared to internal controls of injured (p < 0.05, ANOVA)
but no differences were detected in these levels in the sham
mice (p = 0.1, t-test; Fig. 2B). Multiple compartments of
the IVD showed degenerative changes, including the nu-
cleus pulposus, annulus fibrosus and the interfaces at all
timepoints after injury while cartilaginous endplates (CEPs)
were only significantly degenerated at 12 weeks following
injury (Fig. 2C,D). No degeneration appears to have oc-
curred in the adjacent control IVDs. No effect of injury
was observed in any pain behavior or locomotive assess-
ments (Supplementary Fig. 1).

Cytokine Production Peaked at 2 Weeks after Injury

Forty-four distinct cytokines and five MMPs were
measured from the culture media of control and punctured
functional spinal units from injured mice. An effect of in-
jury was seen in both pro-inflammatory cytokines (IL-6 and
TNFa) and immune cell recruitment chemokines (CCL4,
CCL12, CCL17, CCL20, CCL21, CCL22 and CXCL2)
(Fig. 3). The greatest difference between injured and con-
trol IVDs in chemokine production occurred 2 weeks af-
ter injury where significantly higher expression of CCL12,
CCL17, CCL20, CCL22 and TNF« with all but CCL20 re-
turning to control levels by 4 weeks post injury and CCL20
by 12 weeks post injury (Fig. 3A-E). CCL21 was elevated
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at 12 weeks after injury (Fig. 3G). MMP-2 was detected
as being affected by injury with the peak at 12 weeks post
injury (Fig. 3J). Two cytokines were not detectable in most
samples, while 32 cytokines were not different with injury
(Supplementary Table 1).

Correlative Network Analysis Reveals Key Molecular
Hubs Central to the Chemokine Flux

There were several novel findings in identifying in-
fluential cytokines in the networks across the 3 timepoints
in this study (Fig. 4). At 2 weeks post injury, pro-
inflammatory (IL-4) and immune-cell recruiting (IFN-,
CCL2, CCL5) cytokines high ranked in centrality. By
week 4, these were no longer highly central, but IFN-
B1, 1L12p70, and CXCL1 (which are immune-cell recruit-
ing cytokines also highly central in the week-2 network)
were still high-ranking nodes in centrality measures. Ad-
ditional chemotactic and immune-cell regulating cytokines
(CX3CL1, IL-16, and LIF) were highly influential in the
network at week 4. In moving to week 12, a unique set
of cytokines and pleiotropic factors (IL9, CXCL2, CXCL9,
CCL17, CCL20, and vascular endothelial growth factor A
(VEGFA)) were central to network activity. Throughout
all time points, IL-11 and CCL4 were consistently highly
ranked in both centrality measures. In analyzing the net-
work characteristics, modularity greatly increases as time
progresses after injury (0.269, 0.368, 0.466 for week 2, 4,
12 respectively). These findings were corroborated by the
increase in path length as time progresses (1.41, 1.69, and
1.80), wherein regulatory relationships became more dis-
tinct and linear while being less interactive and autoregu-
latory at later timepoints. In comparing network intersec-
tions, week 2 and week 4 are the most similar (0.327 Jac-
card Index) while week 2 vs. week 12 and week 4 vs. week
12 are equally dissimilar (0.238 and 0.237 Jaccard Index
respectively).

Innervation and Vascularization Propagate at Different
Temporal Trajectories

PGP9.5+ neurite and EMCN+ vasculature structures
were manually segmented on a maximum projection image
(Fig. 5A). The region of interest (ROI) contained the an-
terior and posterior outer annulus fibrosus and surrounding
tissue. High magnification ROIs showed innervation and
vascularization that colocalized in these areas (Fig. 5B).
Nerve and vessel structures were semi-automatically traced
and lengths were tabulated in each IVD.

Sham mice showed negligible amounts of innerva-
tion and vascularization within their IVDs. Total length of
each feature in each IVD was measured and an increased
presence of both structures was observed as ecarly as 2
weeks after injury (Fig. 6A,B). PGP9.5+ neurite structures
were observed 2 weeks following injury and remain consis-
tently increased through the 12 week period; in comparison,
EMCN+ vessels peaked at 4 weeks and appeared to recede
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by 12 weeks after injury. The violin plots showed the tab-
ulation of individual nerve and vessel lengths and the total
above each group (Fig. 6C,D). The distribution of nerves
remained consistent through all 12 weeks while the num-
ber of vessels in the 150-300 um range was dramatically
reduced at 12 weeks compared to 4 weeks post injury.

Discussion

IVD injury models are a commonly utilized tool for
studying the progression of IVD degeneration, and in the
model here we observed the increased expression of TNFa
consistent with prior reports [42,43]. Injury to the lum-
bar IVD also evokes changes in pain behavior [35,44—46].
However, we did not observe notable behavioral changes
following injury in the caudal spine (Supplementary Fig.
1). Yet, the accessibility caudal [VDs means that multi-
ple levels can easily be injured in a single mouse, allowing
for more extensive studies on IVD injury response, while
promoting the reduction in the number of research animals
used in accordance to the 3R principle [47]. The use of the
caudal spine also minimizes the interference due to the dis-
ruption and inflammation of surrounding tissues compared
to the complex surgical access to the lumbar spine. While
there have been extensive studies showing the structural
and compositional degenerative changes following caudal
puncture [27,28,36,48,49], limited data exists on these ad-
ditional aspects of IVD degeneration including innervation
[25,26] and vascularization and IVD-specific cytokine se-
cretion [50,51]. Our results here show that the caudal IVD
produces diverse cytokines, and it is susceptible to devel-
oping pain-associated features after injury.

Bilateral puncture of the caudal IVD resulted in quick
and sustained IVD degeneration. Both pro-inflammatory
cytokines (IL-6 and TNFa and chemokines (CCL4,
CCL12, CCL17, CCL20, CCL21, CCL22 and CXCL2)
were elevated with injury, with the highest number of pro-
duced chemokines at 2 weeks following injury compared to
controls. Of note, these cytokines are specifically produced
by the IVD during organ culture, and there may have been
other systemically elevated cytokines evoked by the injury
not expressed by the IVD. The chemokines detected here
are canonically known to recruit monocytes, T-cells, and
lymphocytes [52]. Yet many chemokines are also known
to be pleiotropic and can further instigate IVD degenera-
tion, pain, neurite growth and angiogenesis, either directly
within the IVD cells, or indirectly by exerting actions on
neurons, endothelial cells, and immune cells [8,17,53]. For
example, CCL4 has been shown to be elevated in degen-
erated human IVDs and associated with pain behavioral
changes in a rat model of IVD degeneration [8,54,55].
TNFa injected into rat lumbar IVDs has been shown to en-
hance pain behavior changes, possibly through irritation of
nerve endings [31]. CCL21 induced dorsal root ganglion
(DRG) axonal growth [56,57] and CXCL2 is a known me-
diator of angiogenesis [57,58]. CCL17 and CCL22, act-
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ing through the receptor CCR4, play a role in pain develop-
ment, while CCL22 can activate neurons through increas-
ing excitability [59]. Chemokines production of the IVD
following injury may help provide further insights into the
pathoanatomy of innervation and vascularization as well as
provide possible pathways for [VD degeneration associated
low back pain. More work is required to define the cell-
specific actions as well as to disentangle the crosstalk be-
tween disparate cell types.

Correlative network analysis of the cytokine produc-
tion revealed several central factors in both the acute and
chronic phases of injury. CCL4, a factor significantly up-
regulated in the IVD within this injury model, is highly
central in the cytokine network at all time points. Thus
the CCLs may be a crucial hub protein that plays a critical
role the progressive inflammation. This highlights two dis-
tinct regimes of chronic inflammatory degeneration within
the IVD. The correlative network analysis also reveals that
CCL4 may be a target for early intervention given its con-
sistent influence on the expression of other cytokines, el-
evated expression during injury, and its suggested role in
IVD degeneration and pain development previously men-
tioned. On the other hand, CXCL2, CCL17, and CCL20
may be more appropriate as targets of late-stage interven-
tion in chronic painful degeneration of the disc, given their
aforementioned roles in angiogenesis, pain development,
immune cell recruitment. Network comparison revealed
that both modularity and path length increase greatly with
time after injury. This suggests that earlier timepoints are
characterized by a broad variety of inflammatory pathways
functioning in parallel (a notion supported by the peak up-
regulation of cytokines at 2 weeks post injury). In contrast,
later timepoints are characterized by a more specific and
linear set of chronic cytokine relationships. This is further
supported by the network similarity scores, with week 12
being highly dissimilar from week 2 and week 4. This ul-
timately suggests that the microenvironment of the injured
IVD switches from promoting acute inflammation to pro-
moting chronic inflammation between week 4 and week 12,
which could serve as the critical window for the mechanis-
tic underpinnings of chronic inflammatory signaling to de-
velop.

Innervation of the IVD may be the potentiator of low
back pain observed with lumbar puncture models and this
feature is recapitulated here in the caudal spine. Studies
have previously illustrated innervation of the IVD follow-
ing injury with detection of PGP9.5+ or CGRP+ staining in-
jured IVDs, but without any quantification of the structures
[22,24,26]. Further, the coincidence of vascularization with
neo-innervation has been previously observed [38], but the
time course of vessel propagation into the IVD following
injury has not been documented. To overcome these lim-
itations, we semi-automatically traced neurite and vascu-
lar structures on maximum projection images of PGP9.5
and EMCN stained thick sections using a software toolbox
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for quantifying neuroanatomy [41]. While this analysis ex-
pands on previous studies mentioned above, future work
can further assess the three-dimensional (3D) morphology
and the spatial orientation of these structures. This allowed
for the tabulation of neurites and vessels present in the re-
gion of interest and their lengths for comparison. We ob-
served a time-dependent vessel infiltration of the outer an-
nulus fibrosus and surrounding tissue. In contrast, neurites
quickly infiltrated within two weeks of injury and remained
at similar levels in the subsequent weeks. It is likely that the
penetration of the IVD by vessels would be considered pre-
requisite to infiltration by circulating cells, including mono-
cytes and other immune cells that might be responsible for
secretion of the cytokines.

Behavioral assays can be used following lumbar punc-
ture to quantify pain [23,24,34,35]. A caveat of the cau-
dal puncture model is that it does not produce axial low
back pain. Correspondingly, we observed no differences
in behavioral measures between sham and bilateral punc-
ture mice. Although not measured here, there may have
been localized measures of pain including sensitization of
the tail to mechanical and thermal stimuli (e.g., the Harg-
reaves test or the tail-flick test) [26,60]. Another surrogate
of pain-related change is to quantify molecular expression
of neurotrophic factors in the innervating lumbar dorsal root
ganglion (DRG). The DRG has been linked to chronic pain,
and the increase in the expression of pain-related neuropep-
tides as well as neuronal excitability may be the mediators
of discogenic pain [61]. Transient receptor potential cation
channel subfamily V member 1 (TRPV1) is elevated in the
DRGs taken from mice with caudal IVD injuries, confirm-
ing that there may be a chronically pain-inducing stimuli in
the upstream DRGs (Supplementary Fig. 2).

The method for quantifying innervation and vascular-
ization of the IVD enabled measuring these features with
enhanced fidelity. Protein analysis of the IVD secreted
chemokines revealed potential molecular mediators of IVD
degeneration, innervation and vascularization relevant to
inflammation and pain. Many of the secreted chemokines
are associated with increased presence of infiltrating mono-
cytes that may include macrophages, B-cells or T-cells
[62,63]. In this study, we intentionally measured locally
produced cytokines which will remove the effects of sys-
temic changes in the animal. Recent work shows that the
chronic nuclear factor kappa B (NFxB) activation in the
caudal IVD produces a secretome that promote macrophage
migration [64]. The IVD injury also recruits multiple im-
mune cell types in this model [62], consistent with con-
comitant increased chemokine production and neurovascu-
lar features of the IVD observed in this study. Future stud-
ies quantifying the presence of these immune cells would
advance our understanding of a role for local vs. systemic
changes in modulating chemokine secretion, as well as key
factors that govern the infiltration of these pain-associated
features.
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Conclusions

Caudal puncture provides a non-invasive alternative
to lumbar puncture to study the injury response of the IVD.
Here, we quantified the neurovascular response and eval-
uated a cytokine signature of the injured IVD. Our results
demonstrated time dependent infiltration of neurovascular
structures and excreted cytokines. While standard mea-
sures to quantify pain are not useful in this model, alter-
native techniques can be utilized in future studies. In addi-
tion, future work investigated the function of the excreted
chemokines and immune response may provide insight into
potential mechanisms of discogenic low back.
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