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Abstract

BACKGROUND CONTEXT: Endplate (EP) injury plays critical roles in painful IVD
degeneration since Modic changes (MCs) are highly associated with pain. Models of
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Supplementary Figure 1: 1VD height measured from Faxitron images showing effects of level. L2-3 and L3-4 were uninjured while
L4-5 and L5-6 were injured levels. * and **** indicate significant differences with p<0.05 and p<0.0001 respectively.

Supplementary Figure 2: Hematoxylin and Eosin staining of I1VVDs showing disruption of VD structure and inflammatory cell
invasion into the IVD in both EP+PBS and EP+TNF injury groups.

Supplemental Figure 3: Surgically-induced EP microfracture resulted marrow changes that were hypointense on T1w and
hyperintense on T2w MRI and exhibited secondary damage to the EP. A) Sham, B) EP+PBs, and C) EP+TNFa groups with T1w for
1) sagittal and 2) coronal view and T2w for 3) sagittal and 4) coronal view. EP injuries were apparent on sagittal view on T1w and
T2w MRI (blue arrows). EP injuries were also observed as a single lesion location close to middle line on the coronal view (yellow
arrow) in both EP injury groups. In the EP+TNFa group, coronal images also showed secondary damage to the cartilage EP regions
on coronal (C2) T1w, (C4) T2w in two peripheral lesion locations (white arrow).
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EP microfracture that progress to painful conditions are needed to better understand
pathophysiological mechanisms and screen therapeutics.

PURPOSE: Establish in vivo rat lumbar EP microfracture model and assess crosstalk between
IVD, vertebra and spinal cord.

STUDY DESIGN/SETTING: In vivo rat EP microfracture injury model with characterization
of IVD degeneration, vertebral remodeling, spinal cord substance P (SubP), and pain-related
behaviors.

METHODS: EP-injury was induced in 5 month-old male Sprague-Dawley rats L4-5 and L5-6
IVDs by puncturing through the cephalad vertebral body and EP into the NP of the IVDs followed
by intradiscal injections of TNFa (n=7) or PBS (n=6), compared to Sham (surgery without
EP-injury, n=6). The EP-injury model was assessed for 1VVD height, histological degeneration,
pain-like behaviors (hindpaw von Frey and forepaw grip test), lumbar spine MRI and uCT, and
spinal cord SubP.

RESULTS: Surgically-induced EP microfracture with PBS and TNFa injection induced IVD
degeneration with decreased IVD height and MRI T2 signal, vertebral remodeling, and secondary
damage to cartilage EP adjacent to the injury. Both EP injury groups showed MC-like changes
around defects with hypointensity on T1-weighted and hyperintensity on T2-weighted MR,
suggestive of MC type 1. EP injuries caused significantly decreased paw withdrawal threshold,
reduced axial grip, and increased spinal cord SubP, suggesting axial spinal discomfort and
mechanical hypersensitivity and with spinal cord sensitization.

CONCLUSIONS: Surgically-induced EP microfracture can cause crosstalk between 1VD,
vertebra, and spinal cord with chronic pain-like conditions.

Graphical abstract:
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Surgically-induced endplate (EP) microfracture increased 1D degeneration, spinal cord substance
P (subP), vertebral remodeling, pain-like behaviors, and resulted in Modic-like EP changes.
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Introduction

Chronic back pain is a prevalent musculoskeletal disorder and a major cause of disability
with enormous socioeconomic burdens worldwide [1-4]. Back pain is highly associated
with endplate (EP) defects in relation to Modic changes (MCs) and intervertebral disc

(IVD) degeneration [5-7]. MCs are magnetic resonance imaging (MRI) evidence of
inflammatory and fibrotic vertebral bone marrow lesions that associate with adjacent VD
degeneration and EP defects [5, 8-11]. EP defects can involve vertebral body burst fracture
or accumulating microfractures at peripheral or central vertebral EP [12]. Many clinical
studies identify strong associations between EP defect changes as seen on spinal imaging
and pain presence, indicating the importance of these clinically-relevant spinal changes [8, 9,
11, 13]. It is possible that pain from MCs may result from EP microfracture that accumulates
into larger EP defects with bone marrow involvement and an autoimmune response due to
interactions of 1\VVD with surrounding bone marrow and nervous system tissues [1, 14—20].
A longitudinal investigation of such progressive changes motivates the need for an in vivo
model on EP injury.

Animal models are required to identify the causes and to screen potential treatments for pain
sources involving EP-driven and annulus fibrosus (AF)-driven IVD degeneration models that
are often mixed and interacting in clinical back pain patients [1, 21, 22]. Vertebral EPs and
outer annulus fibrosus (AF) are innervated with an abundance of nociceptive neurons that
connect to dorsal root ganglion (DRG) and spinal cord. EP defects (or microfracture injury)
and elevated pro-inflammatory cytokines from 1\VD degeneration may irritate nerves in the
IVD, vertebrae, or surrounding DRG and spinal cord [23-28]. Clinical MC phenotypes
involve pathological changes to 1VVD and vertebrae, and the relationship of MCs with pain
motivates a strong need to develop animal models of EP injury. There are many potential
pathophysiological explanations for MC etiology, yet an EP injury model is required to
determine if EP microfracture is sufficient to trigger MCs, IVD degeneration and pain [17,
19, 29, 30]. An animal model of EP injury is also needed to identify therapeutic targets that
may improve treatments for EP-driven back pain.

Animal models for studying EP injuries have been limited to large animals (i.e. porcine and
ovine), with outcome measurements restricted to VD degeneration, and the effects of EP
defects on MCs [31-33]. Large animal models involve a high cost of breeding and housing,
and assays to characterize pain-related behaviors are not well-established. Rat models are
commonly used to study painful spine conditions because they are relatively inexpensive,
have fast healing times, exhibit anatomical and biomechanical similarities to the human
spine, and have well-characterized behavioral assays to characterize pain-like conditions [24,
28, 34-42]. Rat models are also sufficiently large to enable spine surgical procedures to

be accurately performed. EP defect injuries caused variations in VD degeneration severity
even in large animal models [31-33], suggesting a need for additional models with precisely
performed EP injury.

There is a need to determine if an in vivo EP injury model to investigate if EP microfracture
is sufficient to cause crosstalk and degenerative remodeling of VD, vertebrae and spinal
cord, and result in pain-like conditions. Therefore, the objectives of this study were to
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i) establish and characterize a rat in vivo lumbar EP microfracture injury model, ii)

evaluate pain-related behaviors and microstructural characteristics of 1\VD degeneration and
vertebral remodeling from the surgically-induced EP microfracture injury using histology,
MRI and pCT, iii) investigate the changes in spinal cord following EP microfracture,

and iv) establish associations for EP injury between MRI NP T2 relation time with

IVVD degeneration, spinal cord SubP and pain-related behaviors. This is the first study to
determine if surgically-induced EP microfracture can progress to MCs, 1VD degeneration,
and spinal cord sensitization with pain-like conditions, and provides an animal model that
may be useful to better understand MC-like conditions, their dynamic changes, and potential
therapies.

Materials and methods

Study design

All experimental procedures were approved by the Institutional Animal Care and Use
Committee. Nineteen 5 month old male Sprague-Dawley rats (Charles River Laboratory,
Wilmington, MA) were randomly divided into 3 groups: Sham (n=6), EP+PBS (n=6),
EP+TNFa (n=7). EP+PBS and EP+TNFa groups had EP microfracture injury followed by
an intradiscal injection of PBS and TNFa., respectively (Figure 1). Surgery was performed
for EP injury (n=8 for group) and sham (n=6) with 2 surgical complications on the first

EP injury procedures and 1 isoflurane overdose complication at the final sample size that
exceeded n=6 required to detect effect sizes as large as our prior AF puncture studies [24].
For the sham group, vertebral bodies between L4-L6 as well as VD levels L4-5 and L5-6
were exposed without any injury. This study was not designed to distinguish specific roles of
IVD and vertebrae in causing these changes but rather to develop an EP microfracture model
that resulted in 1\VVD, vertebral, and spinal cord changes with pain-like behaviors. Animals
were evaluated for pain-related behaviors throughout the 8 week experimental duration
(Figure 2), and were otherwise allowed unrestricted movement in cages. The lumbar spine
and spinal cord were then assessed using faxitron for VD height, histology and 1IVD
degeneration scoring, MRI, UCT, and spinal cord SubP.

Surgical procedure and EP microfracture injury

Surgical procedures were performed under aseptic conditions and general anesthesia via
2% isoflurane (Baxter, Deerfield, IL) [24]. An anterior abdominal incision was used to
expose L4~L6 lumbar spine. IVD level was preliminarily identified using preoperative
anterior-posterior X-ray images, and confirmed by intraoperative C-arm. Rats underwent
either a sham surgical procedure or EP puncture surgery of the L4-5 and L5-6 IVVDs. For
the EP injury groups, the cephalad EPs of L4-5 and L5-6 1\VVDs were punctured obliquely
from the vertebral body at 1.5 mm cephalad to the edge of IVDs using a 0.6 mm K-wire,
which was controlled by a 3 mm depth stopper (Figure 1). All intradiscal injections were
performed following the EP injury using a 26-gauge needle with a 3 mm depth stopper. A
total of 2.5 ul of PBS or TNFa (0.25 ng in 2.5 ul) (80045RNAES50; Sino Biological Inc.,
Beijing, China) [24, 43] was then slowly injected into each 1VD using a calibrated microliter
syringe (Hamilton Company, Reno, NV, USA) following the EP injury. All EP injuries were
guided and confirmed radiologically using the C-arm (Figure 1C). Pilot studies refined the
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small volumes and slow injection rates to have no detectable resistance. The syringe depth
and bevel position were confirmed intraoperatively with the C-arm to be in the center of NP
region to enable injectates to be absorbed by the IVD and marrow and minimize the chance
of leakage. Using these methods, no leakage was observable visually when injecting blue
dye during pilots.

Animals were then housed 2 per cage and maintained at a twelve/twelve hour light/dark
cycle (light stage: 7 am to 7 pm) for the experimental duration. Animals were allowed
unrestricted movement in cages for the entire experimental duration and co-housed two per
cage with the exception of the 24 h post-operative period, when animals were singly housed
[28].

von Frey and axial grip behavioral testing

Pain-related behaviors were evaluated using von Frey assay for hindpaw mechanical
allodynia at 0, 2, 4, 6 and 8 weeks post-injury, and grip test for axial lumbar discomfort
at0, 1, 3, 5 and 7 weeks post-injury (Figure 2). The behavioral tests were performed by a
single experimenter in a dedicated behavioral analysis room with regular indoor lighting.

The mechanical allodynia at hindpaws was assessed using von Frey assay [24, 25, 44];[40].
All rats were acclimated to handling and test cages for 7 consecutive days before testing.

On the day of testing, the rats were acclimated in the test cages for 20 min before testing.
\on Frey filaments ranging in force between 0.4 and 26.0 g were applied to the plantar
surface of each hindpaw in ascending force, with each filament applied five times. The
lowest force filament eliciting nocifensive behaviors in 3 out of 5 applications was identified
as paw withdrawal threshold. Nocifensive behaviors included paw licking, extended paw
withdrawal, and fanning/shaking of the paw. The paw withdrawal thresholds from the left
and right hindpaws were averaged for statistical analysis.

Axial lumbar discomfort was assessed using a grip strength test on the forepaws as described
by literature [45]. Grip strength was measured using a custom-built testing apparatus with

a stainless-steel grid connected to a uniaxial force sensor. During testing, the animal was
gently positioned and allowed to grab the metal grid with both forepaws. The tail of the
animal was held and gently pulled until the animal released the grid. This action stretches
the lumbar spine, and was therefore considered a measure of axial discomfort. The force
data was sampled and recorded for 30 seconds using LabVIEW (National Instruments), and
the peak force and mean force were calculated via the analysis of the recorded loading
curves. This grip force test procedure was repeated three times and each trial was followed
by 10 minutes resting with the rats in their own cages. Results were averaged from the three
trials at each time point for statistical analysis.

Faxitron analysis of disc height and specimen collection

Changes of 1'VD height were quantified in vivo using faxitron radiography pre-operatively,
and at 8 weeks after injury with the animal anesthetized and carefully placed on its side
(Figure 3A) using methods previously described [38]. Care was taken to control for similar
anesthesia time and animal placement position between pre-operative and 8 weeks post-
surgery time points which showed high repeatability (Supplementary Figure 1). At 8 weeks
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post-surgery, all rats were transcardially perfused with 10% buffered formalin phosphate
(Fisher Company, Fair Lawn, NJ, USA) under the condition of anesthetization, both lumbar
spinal cord and lumbar spines were dissected and fixed in 10% buffered formalin phosphate.
The formalin-fixed spinal cord was used for immunohistochemical analysis for substance P;
while the fixed spine was for post-mortem MRI and uCT, followed by histological analysis.

MRI scan and analysis

MRI was performed on a 9.4T vertical-bore micro-MRI system (Bruker Avance 111 400)
using a 20-mm quadrature birdcage RF coil (Rapid Biomedical). T1-weighted (T1w)
images were acquired using 3D MP-RAGE (139 um isotropic resolution, TR=4s, T1=1.1s),
T2-weighted (T2w) images were acquired using 3D RARE (139 pm isotropic resolution,
TR=2s, TE=17ms), and T2 mapping data were acquired using multi-echo 3D spin-echo
(remmiRARE, 250 um isotropic resolution, TR=520ms, TE1=6ms, ATE=5ms, 32 echoes).
T1w and T2w images were analyzed for Modic changes using methods previously described
[10, 46].

T2 maps were produced by fitting a single exponential decay to each voxel’s echo train.
Using co-registered anatomical images as a guide, 3D regions of interest (ROI) in the

NP, whole IVD, and bone marrow were defined on T2 maps as binary masks using

FSLEyes (https:/fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSLeyes). Mean values for T2 relaxation time
were quantified within each mask, excluding voxels where quality of fit was poor due to
insufficient signal (e.g., bone), using fslstats, a utility contained within FSL [47, 48]. The
3D ROIs for NP and whole 1D T2map masks were manually drawn in FSLEyes to enclose
the entire NP and IVD using T2w and T1w co-registered images that easily identified the
borders of these anatomic structures. The 3D ROI for the bone marrow was created using a
5-voxel cube centered on the endplate defect region, which was then manually cropped to
exclude non-marrow tissues (e.g., IVD and cortical bone). Since the Large ROI 5-voxel cube
averaged regions beyond the localized injury, we also created a Small ROl using a 3-voxel
cube centered on the brightest area of the EP defect, and on comparable region in the sham
animals (which did not exhibit defects). These smaller ROIs did not require cropping to
exclude non-marrow tissues. All ROIs were identified by researchers who were blinded to
the experimental group.

MCT scan and analysis

Vertebral body remodeling was assessed via UCT at 8 weeks post-surgery. WCT was
performed on a Nanoscan PET/CT system (Mediso Co) at energy 84 uAs, slice thickness
of 0.02 mm, isotropic voxel size at 0.25 mm. Image analysis was performed using Osirix
MD, version 11.0. After opening reconstructed CT images, scans were viewed in a sagittal
orientation, and 3 volumetric ROIs were hand drawn in each vertebra. The injury site
ROIs characterized the endplate regions, and were drawn using the pencil tool extending
from the inner corona of the injury area extending 1 mm along the endplate, and extended
horizontally alongside the trabecular area of the bone. For Adjacent ROI regions, sections
were drawn beginning 1 mm above the injury site, and extended 1 mm in height, and
horizontally along the width of the trabecular region. The Far Field ROIs were drawn
mirroring the size and position of the endplate region, on the endplate on the opposite
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side of the vertebral body. The 3D ROIs were modeled, and the volume was noted. A
histogram of pixel-binned values was created, and all values above 1000 Hounsfield counts
(experimentally determined to represent trabecular bone) were counted as bone volume
(BV) voxels, and this was compared to the total voxel counts within the ROI, or total
volume (TV). BV/TV was calculated, and presented in comparison between the three
regions selected for analysis. ROIs were created and analyses performed by researchers
who were blinded for the experimental group.

Histology, IVD degeneration score, and immunohistochemical analyses of spinal cord

After the MRI and UCT scanning, the fixed specimens were decalcified, embedded in resin,
and sectioned sagittally at 5 um intervals. The midsagittal section with the EP microfracture
were identified, and stained with Safranin-O/fastgreen/hematoxylin for disc morphology and
glycosaminoglycan (GAG) content; and with hematoxylin and eosin for IVD cellularity.
Slides were then imaged using bright-field microscopy (Leica Microsystems, Inc, Deerfield,
IL, USA). IVD degeneration score was determined using a grading system that evaluated
NP morphology, NP cellularity, NP-AF border, AF morphology, and EP irregularity [49].
IVVD degeneration scoring was performed with three evaluators, who were blinded to the
experimental groups, and the degeneration score from the three evaluators were averaged for
statistical analysis.

The formalin-fixed spinal cords were paraffin-embedded and sectioned sagittally at 5 um
intervals. Two sections per animal spread across the lumbar spinal cord were selected. After
deparaffinization and rehydration, the spinal cord sections were treated with antigen-retrieval
buffer, Histo/zyme (H3292, Sigma-Aldrich, Inc, St. Louis, MO, USA), and protein blocking
buffer, 2.5% normal horse serum (S-2012, Vector Laboratories, Inc, Burlingame, CA, USA).
Sections were incubated at room temperature for one hour with mouse monoclonal primary
antibodies against rat substance P (1:300 dilution, ab14184, Abcam, Cambridge, MA, USA)
or normal mouse serum (ab7486, Abcam) as negative control [24]. After incubation with
RTU biotinylated goat anti-mouse 1gG secondary antibody (BP-9200, Vector Laboratories,
Inc), the sections were treated with DyLight 488 horse anti-goat 1gG antibody (DI1-3088,
Vector Laboratories, Inc). The sections were then Nissl-stained to visualize the neurons and
glia cells, washed and mounted (ProLong™ Gold Antifade Mountant with DAPI, P36931,
Thermo Fisher Scientific, Waltham, MA, USA). Images were taken at 20x magnification
using Leica DM6 B microscope (Leica Microsystems, Inc). Identical microscope settings
were used throughout. All images were analyzed using ImageJ, an immunoreactivity (ir)
threshold was set and the percentage of SubP-ir relative to area of spinal dorsal horn was
quantified, and then averaged between left and right dorsal horn as well as across the two
sections from each animal.

Statistical analyses

All post-injury data of VD heights, paw withdrawal thresholds and grip strengths were
normalized to pre-injury values and presented as percent change to minimize individual
variability. Normalized IVD height, spine MRI, uCT, IVD degeneration score, and

spinal cord immunohistochemistry were analyzed using one-way ANOVA with Tukey’s
multiple comparison test. Pearson’s correlation analyses identified associations between
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IVD height, T2 signal, BV/TV, IVD degeneration grade, spinal cord SubP, hindpaw
withdrawal threshold, and grip peak force in order to determine the crosstalk across different
tissues following EP injury as well as their contributions to the changes in pain-related
behaviors. All statistical analyses were performed using Prism (GraphPad, LaJolla, CA),
with significance level set as a = 0.05.

Surgery did not affect rat general health

Both sham surgery and EP injury procedures were well-tolerated by the rats. The rat body
weight averaged 561+34g, 568+33¢, 579+29g, 592+33g, and 611+35g, for pre-surgery

and post-surgery weeks 2, 4, 6, and 8, respectively. There were no significant differences
between groups at each time point. No obvious stress or discomfort were observed from the
general physical examination.

EP microfracture induced back pain-related behavior

Both groups involving EP injury with either PBS or TNFa had significantly decreased paw
withdrawal threshold at hindpaw compared to Sham (Figure 2A), demonstrating increased
mechanical sensitivity at the hindpaw and suggesting central sensitization. Both injured
groups had significantly decreased forelimb peak grip force and mean grip force compared
to Sham at all postoperative timepoints (Figure 2B and C), demonstrating increased axial
discomfort. Sham rats did not show significant changes in pain-related behaviors with time.
Results of the von Frey and axial grip test together suggest increased pain sensitivity after
both EP injury types.

EP microfracture induced IVD degeneration

At 8 weeks post-surgery, changes in IVD height were significantly different among the three
groups: At L4-5, EP+TNFa group decreased to 86.3%+4.9% of baseline, EP+PBS group
decreased to 92.8%+3.4%, while the Sham group increased slightly to 100.4%+2.4%. At
L5-6, EP+TNFa group decreased to 76.5%=+11.5% of baseline, EP+PBS group decreased
to 92.5%=3.1%, while the Sham group decreased slightly to 96.7%=+2.7%. There was no
apparent change in IVD height in the Sham group or at internal control levels (ie, L2-3 and
L3-4) that were not injured (Supplementary Figure 1).

Normal VD morphology was observed in sham surgery animals, while EP injuries with
intradiscal injections of PBS or TNFa induced moderate to severe VD degenerative
changes, including smaller and more fibrous NP, decreased number of NP cells, less distinct
NP-AF boundaries, disorganized AF lamellae, and observable EP disruptions (Figure 4A).
The EP injury groups exhibited degenerated NP and/or fibrotic tissue that herniated into

the adjacent vertebra through the damaged EP, as well as fibrotic remodeling around

the damaged EP as well as fibrotic remodeling around the EP injury region (Figure 4A,
Supplementary Figure 2). There were minimal to no AF tears or disruptions as the AF

was kept intact during VD injury. The semi-quantitative degeneration grading system
showed that Sham IVDs had low Total IVD degeneration scores (2.0£2.5, Figure 4B).

IVD degeneration scores of both EP+PBS (9.4+1.2) and EP+TNFa (11.6+1.6) injury groups
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were significantly higher than that of the Sham group (p<0.05). The scores of subcategories
of NP morphology, NP cellularity, NP-AF border and EP of the EP injury groups were
significantly higher than the Sham group.

MRI measures of VD degeneration were performed with mean T2 relaxation time,
calculated from T2maps. NP T2 relaxation times tissue significantly decreased with
EP+TNFa compared to Sham and EP+PBS, respectively (Figure 5). T2 values of the whole
IVVD were not affected by the injury, highlighting the localized nature of this injury (Figure
5).

EP microfracture induced Modic-like changes and bone remodeling

Post-mortem MRI at 8 weeks showed 1D degeneration and bone marrow signal changes.
EP defects were observed that had characteristics similar to Modic-like changes and
reactive Schmorl’s nodes defects. Modic-like changes were visible in both EP injury groups
with obvious qualitative appearance on MRI exhibiting hypointensity on T1w images and
hyperintensity on T2w images (Figure 5A), suggestive of MC type 1. T2 mapping sequences
also indicated reduced T2 signal in the NP region of the EP+TNFa group but not for the
whole IVD indicating reduced NP water content and greatest severity of IVDD (Figure 5B
and C). However, T2 mapping showed no differences in T2 relaxation times for the large
ROI across groups while the small ROI focused on the EP microfracture region detected

a significantly increased EP T2 signal for the EP+PBS group. The increased EP T2 signal
indicated increased water in the vicinity of the EP microfracture which could suggest

more inflammation or NP herniation through the EP defect into the adjacent vertebra.

The EP+TNFa group also showed Modic-like changes, although T1w and T2w images
demonstrated larger and more diffuse changes suggesting EP remodeling and inflammation
with involvement of 1\VVD and vertebral compartments (Supplementary Figure 3). A larger
and more diffuse inflammatory pattern can also explain the slightly lower T2 signal in
EP+TNFa compared to EP+PBS in the EP small ROI.

The pCT analyses showed trabecular bone remodeling in both EP injury groups (Figure 6A
and B), and cartilage EP secondary damage in the EP+TNFa group that was most obvious
on histological images (Figure 4A). Mean values of BV/TV (%) decreased after EP injury
compared to Sham at the injury site, adjacent site, and far field in the vertebrae regions
(Figure 6C), although these decreases were significantly different in the far field (p<0.05)
and statistical trends (p<0.1) in the injury and adjacent sites (likely due to the limited sample
size on this analysis).

EP microfracture increased SubP in spinal dorsal horn

SubP, a pain-related neurotransmitter produced from nociceptive neurons, was mainly
localized in laminae | and Il of the spinal cord dorsal horn (Figure 7A). The percentage
area of SubP-ir (relative to dorsal horn) was significantly increased in rat spinal dorsal horns
from EP injury groups (3.61%=0.82% and 3.88%z0.69% for EP+PBS and EP+TNF groups,
respectively) compared to that of Sham (2.15%=+0.65%) (Figure 7C).
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EP microfracture caused crosstalk between IVD, vertebra and spinal cord and
degenerative changes to all 3 tissues associated with pain-like behaviors

Surgically-induced EP microfracture resulted in MRI NP T2 signal that significantly
correlated with uCT BV/TV at injured EP suggesting EP injury interacts with NP water
content (Table 1). NP T2 relaxation times also significantly correlated with histological IVD
degeneration and spinal cord SubP indicating cross-talk between 1D and spinal cord due
to this EP microfracture injury (Figure 8). NP T2 also correlated with hindpaw von Frey
and axial grip force, indicating an association of NP T2 times with pain-like behaviors. The
IVD degeneration score also significantly correlated with uCT BV/TV at the site adjacent to
the injury, suggesting IVD and vertebrae may both remodel following surgically-induced EP
injury. Spinal cord SubP significantly correlated with NP T2 signal, IVD height, and uCT
BV/TV at the EP site, suggesting associations between the degenerative changes of spinal
cord, IVD and EP. The multiple associations between VD, vertebra, and spinal cord suggest
crosstalk between all of these tissues (Table 1).

Pain-related behaviors significantly correlated with degenerative changes in IVD, vertebrae
and spinal cord (Table 2). Specifically, the hindpaw withdrawal threshold significantly
correlated with MRI NP T2, IVD degeneration score, and spinal cord SubP while the axial
grip force significantly correlated with relative 1VVD height, IVD degeneration score, uCT
BV/TV at adjacent site, and spinal cord SubP.

Discussion

Current clinical diagnoses for EP-driven IVVD degeneration lacks phenotypic precision, has a
high incidence of pain, and treatments have limited efficacy [50, 51]. A rat in vivo EP-driven
IVD degeneration model was developed to better understand the progression of EP defects
to EP-driven 1\VVD degeneration, chronic pain and cross-talk between spinal tissues. We
created a transcorporeal EP injury with a size of ~2% of the average rat lumbar EP surface
area [52], which we describe as a microfracture injury. This is the first in vivo study to

apply a surgically-induced EP microfracture injury, and we show this can cause degenerative
remodeling of IVD, vertebrae and spinal cord. This is also a first study to investigate

pain from such conditions and we show that pain-related behaviors significantly correlated
with measures of VD degeneration, EP changes, and spinal cord SubP, suggesting EP
microfracture injury can cause pain-like conditions with crosstalk between vertebrae,

IVD and spinal cord. The EP lesion was characterized to be hyperintense on T2w and
hypointense on T1w, and histology showed fibrotic remodeling and inflammatory cell
infiltration, suggesting similarities to MC type 1 conditions. The chronic and persistent
pain-related behavior phenotype with hindpaw sensitivity and increased spinal cord SubP
further suggested central sensitization. This EP microfracture injury induces changes to
IVD, vertebra and spinal cord that all warrant some consideration during diagnosis and
treatment for conditions with EP defects.

This EP injury model was characterized using imaging modalities and defined MC presence
and severity using MRI [46] that provides parallels to the human clinical condition. MCs
are vertebral endplate and adjacent bone marrow lesions visible via MRI, and their three
phenotypes (MCs typel, MCs type2, MCs type3) were first described by de Roos et
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al. [53] and Modic et al. [10]. MC type 1 (hyperintense on T2w, hypointense on T1w)
reflect inflammatory and fibrotic lesions and have the highest association with pain; MC
type 2 (hyperintense on T1w and T2w) are associated with fatty replacement of the bone
marrow; while MC type 3 (hypointense on T1w and T2w,) involve marrow sclerosis and
are often asymptomatic [29]. EP injury is described to occur through traumatic fractures

or accumulating microfractures with MCs. MCs prevalence is high in patients with back
pain and EP injury [54-56]. Schmorl’s nodes can be defined as a localized vertebral EP
irregularity, commonly including herniation of NP through the EP into the vertebra, although
their origin and relevance to painful pathologies are less clear [57, 58]. Nevertheless,
considerable variation exists in nomenclature, etiology, and degree of severity of the EP
defects [59]. Clinically, MC type 1 may reflect a state of active degeneration with back pain
that could be related to biomechanical instability, inflammation, or other causes that are
often considered poorly indicated for surgical intervention [17, 29, 46, 60-62].

In the current study, EP microfracture caused MC-like changes to the vertebra involving
hypointensity on T1w and hyperintensity on T2w as well as qualitative marrow edema

on the T2 map (Figure 5), which all suggest MC-like changes most similar to MC type

1. However, the EP T2 relaxation times were only significantly increased locally in the
small ROI, suggesting either localized inflammation and/or herniation of degenerated NP
tissue into the vertebral space (Figure 4) which could also suggest a reactive Schmorl’s
node and/or combined phenotype. The MC-like changes were more easily visible when
comparing EP+TNFa with Sham on T2w and T1w images than with EP+PBS group

which were predominantly visible on T2w MRI. Nevertheless, EP changes were apparent
on MRI in all injured samples, and histology further demonstrated MC-like changes with
accumulation of fibrotic tissue and inflammatory cell accumulation that was more severe for
EP+TNFa than EP+PBS (Figure 4; Supplementary Figure 2), and was suggestive of MC
type 1. The enhanced degenerative remodeling from TNFa injection further suggests MC
type 1-like changes since Dudli et al. showed that proinflammatory stimulus was critical to
induce MC1-like changes [29]. Another EP injury study, just published, showed CD68+
macrophages were significantly increased in the vertebral body and EP injury region,
further indicating inflammation cell involvement [63]. Future studies that more precisely
characterize immune cells and fibrotic proteins around the EP microfracture would enable
closer comparison with the human condition, for example by measuring CD90+ stromal
cells which were identified in the inflammatory and fibrotic changes in human MCs type 1
[64]. MC types can be dynamic and inter-convertible, and in this study we therefore believe
the characterization of MC-type and/or reactive Schmorl’s node is less important than the
evidence that this EP microfracture results in alterations in VD, vertebra and spinal cord
with a pain-like phenotype., and This study also builds on the MC literature that shows EP
fractures can cause inflammatory and catabolic changes, which are suggested to occur from
an autoimmune response of the bone marrow against the VD [18, 29, 31, 54, 55]. [64]

The pain-related behavioral phenotype was characterized with reduced axial grip strength
and increased mechanical sensitivity at the hindpaw suggesting local and central pain [65].
PBS and TNFa injections had identical behavioral results, indicating that the behavioral
phenotypes were affected by the presence of the EP puncture injury, and not the type of
injectate. Results therefore suggest that the EP puncture injury itself causes pain or disability
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that may be a result of EP-injury induced axial instability or inflammation. The grip force
assay requires contraction of axial musculature for the animal to stabilize and grip the bar.
The significant reduction in grip force is most likely related to axial mechanical discomfort
and/or disability since previous EP injury showed axial biomechanical instability in rat
spinal segments in ex vivo biomechanical tests [66]. NP contact through the EP injury into
the highly innervated vertebral tissue is another potential source of such axial discomfort
since the hydrophilic NP can swell into this space and/or induce an inflammatory response.
Results therefore suggest MC-like changes, as induced in this model, may have an axial pain
phenotype with mechanical and inflammatory contributions.

Central sensitization was suggested by increased spinal cord SubP as well as decreased
mechanical withdrawal threshold at the hindpaw (i.e., mechanical hypersensitivity that is
not at the injury site), since there was no evidence that this vertebral EP puncture injury
resulted in spinal cord or nerve root compression from herniation or vertebral remodeling
on imaging or histology. However, inflammatory conditions were observed with EP injury,
with the presence of inflammatory cells, and MC1-like changes with increased spinal cord
SubP-ir 8 weeks after EP microfracture injury. The SubP in the spinal cord were mainly at
laminae I and Il which include terminations of nociceptive A-delta and C nerve fibers [67].
Spinal cord SubP is increased from direct spinal cord injury [68] or spinal transection [69],
from diabetic neuropathy models [70], and also following paw inflammatory injury [71],
suggesting spinal cord sensitization can occur from inflammatory and neuropathic sources
in the spinal cord or periphery. The current study adds EP microfracture injury to the list of
conditions that may result in spinal cord sensitization.

EP+PBS and EP+TNFa groups had similar pain-like behavioral responses even though
EP+TNFa had more severe Modic-like changes and 1\VVD degeneration score. Results
therefore suggest that pain and disability may be driven more by the presence of the

EP injury rather than the injection type, although it remains likely that the more severe
EP+TNFa condition would reduce healing potential and perhaps cause greater dysfunction
at longer time points in this model. In context of the literature, EP microfracture injury
causes inflammatory and marrow changes and central spinal cord sensitization. The pain-
related behavior in our model is therefore most likely related to biomechanical instability as
well as inflammation, suggesting important parallels with the human clinical condition.

Imaging results allow us to confirm that the EP defect was a local microfracture injury that
resulted in a broader inflammatory response. However, quantitative analyses of vertebral
BV/TV or marrow T2 relaxation times did not detect statistical differences due to the limited
sample size, particularly for uCT which occurred on a subset of the samples (3 sham; 3
EP+PBS and 5 EP+TNFa) because of a technical error when a batch of samples were
mistakenly embedded for histology prior to scanning. Trabecular microstructure remodeling
occurred following surgically-induced EP microfracture as apparent on imaging, and there
was a suggestion that trabecular remodeling occurred throughout the entire affected vertebra,
even though quantitative results were inconclusive. This study therefore has similarities to
the human condition, as Senck et al., used UCT to visualize EP-driven 1D degeneration

and demonstrated a local increase of trabecular thickness inferior to the EP collapse,

and trabecular microstructure in the immediate vicinity of the collapse seems to be less
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organized, showing thicker trabeculae with a decreased trabecular length [22]. It is expected
that BV/TV would be decreased in both EP injury groups due to bone absorption and
remodeling caused by bone marrow/NP autoimmunity reaction.

Some limitations are important to highlight. The human clinical condition accumulates

over decades, while all surgically induced animal models involve acute injuries. This

EP microfracture injury study was designed to have some similarities with the human

MC clinical condition, including sustained pain-like behaviors with multi-compartment
degeneration of the spine with chronic changes to 1\VVD, vertebrae and the spinal cord.

EP microfracture was induced using a transcorporeal approach by one experienced spine
surgeon and fluoroscopy guidance to enhance precision with injection. The EP microfracture
injury model therefore induces changes that could be related to EP microfracture,
transcorporeal vertebral injury, and/or VD injection. This study was not designed to
distinguish specific roles of VD and vertebrae in causing these changes, yet an experimental
group with vertebral injury that does not penetrate the EP would be an interesting control to
allow such distinction in future studies. Furthermore, the transcorporeal approach disrupted
the vertebra/marrow, so that we can only conclude that the vertebral changes are due

to the entire EP microfracture injury procedure and not EP microfracture alone. Lastly,

the ventral approach to create a central EP injury has some differences from the human
degenerative conditions that can involve dorsal vertebrae, 1\VD and/or EP changes. It is
notable that the effects of this EP microfracture injury in this model are more severe than
prior studies that investigated AF puncture injury with similar PBS and TNFa injection [24].
We cannot exclude the possibility that injectate leakage caused some of the observed effects,
but believe effects of injectate leakage would be a very small contributor to the chronic
changes presented since several pilot studies refined this surgical method and injection
procedure so that no acute leakage of injectate with dye was visible. The injection had

no resistance pressure during surgery, although it is possible that acute swelling from the
procedure resulted in some of the pain-like behaviors and pathology observed in this model.
In this context, we started to assess the pain-like behavior at 7d or 14d post-surgery after
any swelling would have subsided instead of immediately post-op stage. This study used
male rats because of their larger size that made surgery slightly easier, and their more well-
characterized von Frey mechanical sensitivity to VD disruptions [24, 65]. Future studies are
required to include female rats to improve the generalizability of these findings. Lastly, this
is a descriptive model characterization study, and we hope this model will be able to gain
further insights into discogenic pain with future blocking and therapeutic screening studies.

Conclusions

This study established a rat in vivo model where surgically-induced EP microfracture caused
IVD degeneration, vertebral remodeling, and spinal cord sensitization. Surgically-induced
EP microfracture resulted in crosstalk between vertebrae, VD, and spinal cord since
changes to all three structures correlated with each other. The pain-like behaviors also
correlated with changes to 1\VD, vertebra and spinal cord measurements, and were dependent
on the presence of EP injury and not injection type. The behavioral, radiological and
histological phenotypes of this model had several similarities with MC-like changes in the
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human clinical condition, suggesting EP defects can cause painful conditions related to the
crosstalk and degeneration of 1\VVD vertebral, and spinal cord structures.
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This rat EP microfracture model was validated to induce broad spinal degenerative
changes that may be useful to improve understanding of MC-like changes and for

therapeutic screening.

CLINICAL SIGNIFICANCE:
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Figure 1:
EP microfracture in-vivo model and study design. A) Schematic of procedure with anterior

approach. Experimental groups included Sham (n=6); EP injury + PBS injection (n=6) and
EP injury + TNFa injection (n=7). Syringes were inserted through a tight-fitting K-wire
channel with syringe depth and bevel position confirmed intraoperatively with a C-Arm to
be in the center of NP region to enable injectates to be absorbed by the IVD and marrow and
minimize the chance of injectate leakage. B) Output variables after t=56 days (8 weeks). C)
Timeline of behavioral measurements.
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Figure 2:

Behavioral testing demonstrates axial sensitivity and hindpaw mechanical hypersensitivity.
A) Paw withdrawal threshold after von Frey test; B) Normalized Peak force and C)
normalized mean force after grip test over time # EP+PBS compared to Sham with p <
0.05, * EP+TNFa compared to Sham with p < 0.05.
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Figure 3:
EP injury causes IVD height loss. A) Faxitron imaging. B) Relative disc height was

quantified by tracing the cephalad and caudal vertebral endplates and using a spline program
to measure disc heights (yellow and red shape). The relative disc height was calculated by
normalizing to pre-operative values at the same level for the same animal. C) Relative disc
height was reduced with injury. **and **** indicate significant differences with p<0.01 and
p<0.0001 respectively.
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Figure 4:

T T 3
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EP caused I1VVD degeneration. A) Histology with thin sections stained with Safranin-O/Fast
green and thick ground and polished sections stained with Toluidine Blue. Red arrows
indicating EP defect. B) IVD degeneration grading using Scoring System [49]. **, *** and
**** indicate significant differences with p<0.01, p<0.001 and p<0.0001 respectively.
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Figure 5:
MRI analyses show significant injury following EP injury for both PBS and TNF a.. A)

Hypointensity on T1lw and T2w MRI (blue arrows) and increased T2 relaxation time (sec)
(red arrows) are visible around EP defects. B) Mean T2 relaxation time of NP decreased
with injury. C) There was no difference in mean T2 relaxation time of the whole IVD among
the 3 groups highlighting that this is a localized injury. D) Mean T2 relaxation time at the
EP looking at a larger area (left) and more focused small ROI focused on the microfracture
site (right) in which a significant difference between sham and EP=PBS was found. * and **
indicate significant differences between groups with p<0.05 and p<0.01, respectively.
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Figure 6:
UCT analyses show vertebral disruption and remodeling at the injury site that is not impacted

adjacent or at the far field. A) EP defects are highly visible on uCT, and mid-coronal plane
of injured lumbar spinal regions vertebrae show trabecular bone remodeling (white arrow)
around EP defect (green arrow). B) Quantitative UCT analyses show extensive injuries at the
injury site in the area of the endplate. Bone changes were minimal adjacent to the injury
site and not observed in the far field. * indicate significant difference between groups with
p<0.05.
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Figure 7:
Spinal Cord Substance P was increased from EP injury. A) Immunofluorescence images of

spinal cord (SC) with outlined gray matter showing Neurons (red) and presence of substance
P (green) in different groups with focus on dorsal horns. B) hematoxylin and eosin staining
of spinal cord with outline of grey matter. C) quantification of SubP in dorsal horn. **
indicate significant difference between groups with p<0.01.
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Figure 8:
Correlations of NP T2 with IVDD, Spinal cord (SC) SubP, and pain-related behavioral

measurements of von Frey and peak grip force.
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Table 1.

Correlation analysis for VD, vertebral bone and spinal cord crosstalk.

UCT (injury UCT (adjacent UCT (far EP T2 (large EP T2 (small  Spinal cord
i ROI) ROI)

site) site) field) SubP
Pearson r 0.645 0.612 0.454 0.082 -0.046 -0.708
NP T2 signal . .
p-value 0.044 0.060 0.188 0.746 0.856 0.007
Pearson r 0.502 0.559 0.242 0.452 0.490 -0.552
Whole IVD T2 signal
p-value 0.140 0.093 0.500 0.060 0039 0.051
Pearson r 0.362 0.531 0.355 0.117 -0.076 -0.635
Relative IVD height
p-value 0.304 0.114 0.314 0.644 0.764 0.020%
Pearson r -0.424 -0.781 -0.545 0.072 0.283 0.560
Degeneration score
p-value 0.295 0.022% 0.163 0.807 0.327 0.073
Pearson r -0.714 -0.672 -0.312 -0.112 0.311
Spinal cord SubP .
p-value 0.047 0.068 0.451 0.716 0.300

*
indicates significant correlation with p<0.05
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Table 2.

Correlation analysis to identify important factors contributing to pain-like behaviors.

Page 29

NP T2 Relative Degeneration cr EP T2 EP T2 Spinal

signal IVD height score (adjacent (large (small cord

site) ROI) ROI) SubP
Normalized grip ~ PearsonT 0436 0.481 -0.678 0.810 -0.471 -0.604 -0.704
peak force p-value 0.062 0.037" 0.006 0.005 0.048 0.008™* 0.007*
Normalized Pearsonr  0.666 0.444 -0.757 0.613 0.005 -0.274 -0.668

paw withdrawal

threshold p-value 0.002* 0.057 0.001% 0.059 0.985 0.272 0.013”

*
indicates significant correlation with p<0.05

aNormaIized grip peak force and normalized paw withdrawal threshold did not significantly correlated with whole I\VVD T2 signal, uCT (EP), or

UCT (far field), p>0.05
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