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Abstract

Background: Vertebral endplate sclerosis and facet osteoarthritis have been docu-
mented in animals and humans. However, it is unclear how these adjacent patholo-
gies engage in crosstalk with the intervertebral disc. This study sought to elucidate
this crosstalk by assessing each compartment individually in response to acute disc
injury.

Methods: Eleven New Zealand White rabbits underwent annular disc puncture using
a 16G or 21G needle. At 4 and 10 weeks, individual compartments of the motion
segment were analyzed. Discs underwent T, relaxation mapping with MRI contrast
agent gadodiamide as well T, mapping. Both discs and facets underwent mechanical
testing via vertebra—disc—vertebra tension-compression creep testing and indenta-
tion testing, respectively. Endplate bone density was quantified via uCT. Discs and
facets were sectioned and stained for histology scoring.

Results: Intervertebral discs became more degenerative with increasing needle diam-
eter and time post-puncture. Bone density also increased in endplates adjacent to
both 21G and 16G punctured discs leading to reduced gadodiamide transport at
10 weeks. The facet joints, however, did not follow this same trend. Facets adjacent
to 16G punctured discs were less degenerative than facets adjacent to 21G punc-
tured discs at 10 weeks. 16G facets were more degenerative at 4 weeks than at
10, suggesting the cartilage had recovered. The formation of severe disc osteophytes
in 16G punctured discs between 4 and 10 weeks likely offloaded the facet cartilage,
leading to the recovery observed.

Conclusions: Overall, this study supports that degeneration spans the whole spinal
motion segment following disc injury. Vertebral endplate thickening occurred in

response to disc injury, which limited the diffusion of small molecules into the disc.
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1 | INTRODUCTION

Although intervertebral disc degeneration (IVDD) has been compre-
hensively characterized, pathologic changes at the disc-vertebral
interfaces and to the facet joints concomitant with VDD have not
been extensively studied. The disc itself is an often-cited source of
back pain. However, a growing body of evidence suggests that degen-
erative changes to the adjacent vertebral endplates and posterior
facet joints also contribute to the development of back pain.t 3

Each spinal motion segment contains two vertebral bodies, one
intervening intervertebral disc, and two posteriorly-located facet
joints. Between the vertebral bodies and the intervertebral disc exists
an endplate interface composed of a layer of hyaline-like cartilage®¢
and a layer of cortical bone in which the vasculature terminates.®
Given that the avascular discs rely primarily on diffusion to transport
nutrients and waste products in and out of this endplate, convective
transport across the healthy endplate plays a critical role in maintain-
ing the disc's normal metabolic environment.””? It has been shown
that spontaneous disruption of this endplate transport leads to disc
degeneration.11?

Located posterior to the disc and endplates, the facet joints play a
role in both constraining the spine's total range of motion and trans-
ferring loads off the intervertebral discs during articulation.'2"* The
lumbar facet joints bear 20%-30% of the healthy motion segment's

axial loads*>1¢

and contribute up to 48% of the healthy motion seg-
ment's torsional stiffness during normal ambulation.*® However, as
the lumbar disc collapses during degeneration, up to 70% of the
compressive force ends up being transmitted across the facet sur-
face.'” This abnormal mechanical stress may play a role in the devel-
opment of facet osteoarthritis (OA), characterized most commonly
by articular cartilage fibrillation, cartilage erosion, and chondrocyte
hypertrophy as well as more severe changes to the whole joint,
including osteophyte formation, subchondral fracture, and whole
joint calcification.2181?

Human studies have demonstrated varying correlations between
disc degeneration and facet OA. Some clinical studies propose that
disc degeneration must precede facet degeneration. Fujiwara et al.?°
only observed facet OA adjacent to the most degenerative discs in a
clinical evaluation of 14 patients, and a more extensive study of
93 patients with severe disc degeneration reported minor facet OA in
only 48.2% of patients.?* However, facet degeneration can occur
adjacent to both healthy and degenerative discs—implying that disc

and facet degeneration may occur simultaneously.??~2% In 320 adults,

This work also suggests that altered disc mechanics can induce facet degeneration,
and that extreme bony remodeling adjacent to the disc may promote facet cartilage

recovery through offloading of the articular cartilage.

annular puncture model, biomechanics, intervertebral disc degeneration, osteoarthritis, vertebral
endplate sclerosis, zygaphophyseal joint

it was reported that over 90% of individuals had some form of L4-L5
and L5-51 facet degeneration, regardless of back pain status.?> Criti-
cally, even though a study of 361 people found that most individuals
who suffered from disc degeneration also suffered from facet OA,
10%-20% of individuals across all age groups suffered from OA of at
least one facet without any concomitant disc degeneration.?®

Since the progression of spinal degeneration is difficult to study
in humans, animal models are often used to study changes to the end-
plates, discs, and facets during degeneration. Facet OA has been
induced in rodent models by percutaneous puncture of the

t,28

cartilage,?” unilateral osteotomy of a single joint,2® or injection of the

joint with small molecules that modulate proteolysis or
inflammation.??~32 The majority of these rodent studies focused on
characterizing pain in response to facet OA but did not investigate
how facet OA impacted degeneration of the entire motion segment.
Critically, aberrant mechanical loading of the motion segment can
induce disc degeneration.®3-3> Other studies induced facet OA by
mimicking the abnormal facet loads experienced during disc degenera-
tion using either a high magnitude single cycle of compression at
160% body weight®® or a low magnitude 8-weeks compression at
20% body weight.®” These studies provide evidence that loading
experienced by the whole motion segment affects the health of both
disc and facet tissues. However, these rodent studies do not define
the precise degenerative relationship between these two tissues.
Facet osteoarthritic changes have also been observed in response
to acute annular incisions of sheep lumbar discs.*® In a sheep model
where lumbar discs were dorsally immobilized, progression of both
facet degeneration and cartilage endplate thinning was observed after
6 and 26 weeks of abnormal loading.®? Similarly, bony endplate thick-
ening with disc degeneration has been measured in both human

4041 and clinical*®*® studies. This suggests the bony end-

cadaveric
plates may become denser and the cartilage endplates thinner in
response to reduced compressive stresses across the disc.® It remains
unclear whether disc degeneration or endplate remodeling initiates
the degenerative cascade.*?

In both humans and animals, the occlusion of marrow
channels and capillary buds in the endplate correlates with disc
degeneration.**™*” Ashinsky et al.'s*® work in the rabbit disc punc-
ture model illustrated a decrease in disc-adjacent vessel area as well
as a thickening of the bony endplate, which ultimately led to a
decrease in transport of small molecules across the endplate. Rabbits
that underwent 28 days of fixed motion segment compression

exhibited similar endplate thickening and vessel loss concurrent with
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disc degeneration, suggesting the two pathologies may occur simul-
taneously in response to aberrant loading.*

Overall, cross-sectional studies of human tissues or subjects
make it difficult to gain an understanding of how degeneration of a
single element of the motion segment might affect the whole.
Animal models are uniquely situated to study this crosstalk across
a variety of time points. In these models a healthy disc can be
perturbed in isolation of other factors that complicate clinical evalua-
tions, such as age, gender, and lifestyle differences. Rabbit lumbar
disc puncture is a well-established model for studying IVDD and its
treatments.’®>! The mechanical properties of rabbit discs more
closely mimic those of human discs than other species do.>? Rabbit
lumbar motion segments also allow for the study of facet joint
degeneration alongside disc degeneration, which is not possible in
rodent tail models of IVDD due to a lack of posterior elements.
Although not as clinically relevant as a goat or sheep model,
the lower cost of the rabbit model makes it an attractive choice for
the study of tissue crosstalk at multiple time points. Uniquely, the
accelerated development of vertebral body osteophytes in this
model®37% when compared to those that form more slowly or not

38,56

at all in ovine models may mimic a segment of the patient

population that develops disc osteophytes in late-stage IVDD.>”~>?
Thus far, most animal models of spinal degeneration have focused
on understanding degenerative changes to one particular region
within the spine (the disc, the endplate, or the facets) in isolation,
limiting our understanding of the pathogenesis of disease.

The current study seeks to determine the crosstalk between
these individual pathologies and IVDD by assessing two different
severities of disc injury and subsequent degeneration over time. We
hypothesized that degenerative changes to load bearing structures of
the spine—the cartilage endplates and the facet joints—would follow
altered mechanical loading created by acute disc injury and that the
severity of these changes would be contingent on progressive degen-

eration of the disc.

2 | MATERIALS AND METHODS

21 | Surgical method and study design

The study design is summarized in Figure 1. Discs and facets span-
ning the same spinal levels as punctured in the in vivo studies were
obtained from age-matched nonexperimental male New Zealand
White rabbit spines (Sierra Medical, RSPI) as healthy controls. Con-
trol discs underwent tension-compression creep mechanical test-
ing, uCT analysis, and paraffin histology, and control facet cartilage
underwent creep indentation testing followed by paraffin histology.
In addition to providing control discs, healthy rabbit spines also
provided discs that underwent ex vivo puncture using either a 16G
or 21G needle to evaluate acute mechanical changes in the disc
immediately post-puncture. Mechanical changes were quantified
through standard tension-compression and creep mechanical

testing.>%:¢°
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FIGURE 1 Study overview. Control discs were punctured ex vivo

using either a 16G or 21G needle and then subject to mechanical
testing. Disc and facet degeneration in response to acute annular
injury with either a 16G or 21G needle in New Zealand White rabbits
was assessed at 4 and 10 weeks post-puncture. 16G punctured discs
and facets were assessed at both 4 and 10 weeks, while 21G
punctured discs and facets were assessed at 10 weeks.

Surgery was performed on eight New Zealand White male
skeletally mature rabbits (~3 kg, ~3 months of age) (Charles River
Laboratories, Wilmington, MA) following guidelines established by the
University of Pennsylvania's Institutional Animal Care Use Committee.
The surgical method followed a previously established rabbit-puncture
model.>® In five rabbits, four levels between L23 and L67 with an
average disc height of 2.17 mm, were punctured, two using a 16G
needle and two using a 21G needle. The ratio of needle diameter to
disc height was 0.377 (21G needle) and 0.760 (16G needle). Each
needle was inserted 5 mm into the anterior AF and rotated 360°.
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At 10 weeks post-puncture, prior to euthanasia, rabbits underwent
coronal MRI post-contrast enhanced T, mapping and T, mapping to
quantify small molecule diffusion across the endplate and disc T,
relaxation times, respectively. Adjacent non-punctured discs between
L23 and L67 were used as internal controls in the MRI dataset to
reduce animal usage. Following euthanasia and dissection, 10-weeks
post-puncture motion segments were then subjected to tension-
compression creep mechanical testing, uCT analysis, and paraffin
histology. Prior to MRI, facets were dissected away from the motion
segments for creep indentation mechanical testing of the facet
cartilage followed by paraffin histology.

Results from the initial 10 week study suggested that facet
degeneration followed an unexpected progression of degeneration
in the 16G group, unlike the degenerative trend observed in the
endplates. Therefore, in three additional rabbits, two levels
between L23 and L67 were punctured using a 16G needle to assess
facet degeneration at an earlier time point. At 4 weeks post-
puncture, these animals were euthanized, and the motion segments
were dissected to separate the anterior column (vertebra—disc—
vertebra) and posterior facet joints for characterization. Discs from
these rabbits then underwent tension-compression creep mechani-
cal testing followed by paraffin histology and the adjacent facet
cartilage underwent creep indentation testing followed by paraffin

histology.
2.2 | Discand endplate characterization
221 | MRI

At 10 weeks post-puncture, animals were intravenously adminis-
tered 0.3 mmols/kg of the small molecule, nonionic MRI contrast
agent, gadodiamide (GE Healthcare, Omniscan™ (Gadodiamide)
Injection, MW = 573), 30 min prior to euthanasia.”*® Immediately
following euthanasia, vertebra—disc—vertebra segments were sub-
jected to MRI scans at 4.7T to obtain mid-coronal images for T,
relaxation mapping using an inversion recovery sequence (156 um
in-plane resolution, 1 mm slice thickness). T, relaxation time con-
stants were quantified for a circular region of interest in the central
nucleus pulposus. Gadodiamide is a T, shortening agent and, thus, a
greater percent reduction in T, constant (discs without gadodia-
mide versus discs with gadodiamide) indicates an increase in gado-
diamide diffusion into the disc. At the 10 weeks time point, mid-
coronal slices for T, mapping (TE=ix 11.13ms, i =1, 2, ..16,
where i indicates echo number; 156 um in-plane resolution, 0.5 mm
slice thickness) were also obtained, and average T, maps were gen-
erated using custom MATLAB software, as previously described.®?
The NP and AF regions were manually contoured along the NP-AF
tissue boundary from the T, maps to calculate mean NP and AF T,.
T, relaxation times in the disc tissues are positively correlated with
tissue water and proteoglycan content.®? Following MRI, motion
frozen at —20°C for

segments were then subsequent

characterization.

2.2.2 | Mechanical assessment
Vertebra—disc—vertebra segments were thawed and subjected to
tension-compression creep mechanical testing consisting of 20 cycles
of tension (21 N) and compression (42 N) at 0.5 Hz followed by a con-
stant load of 42 N applied for 10 min using an Instron 5948 (Instron,
Norwood, MA). Before testing, k wires (Smith & Nephew, 128010)
were drilled into each disc's adjacent vertebral endplates to facilitate
potting in a custom testing fixture using a low melting temperature
indium casting alloy. Potted discs were then mounted in a water bath
filled with 1X PBS (Invitrogen, 14190136). During testing, a high-
resolution digital camera was used to capture deformation of the disc
over time.

The 20th cycle of tension-compression as well as the entire creep
test was analyzed using custom MATLAB software, which links the
mechanical load applied by the Instron with the deformation captured
by the camera, as previously described.®®%? Analysis included total
range of motion (TROM), compressive modulus (CMOD), neutral zone
modulus (NZ MOD), and creep displacement. Measured load and
motion-tracked displacement were converted to stress and strain by
dividing each by the total cross-sectional area and height, respec-
tively. Stress-strain curves were fit to a sigmoidal function, and
boundaries of the neutral zone defined as the maximum and mini-
mums of the second derivatives of this function. Compressive modu-
lus and neutral zone modulus were defined as the slope of each of
these regions defined by the sigmoidal fit. Total range of motion was
defined as total displacement from the end of the compressive region
to the end of the tensile region. Creep behavior was fit to a
5-parameter viscoelastic constitutive model, as previously defined.®®
Following mechanical testing, 10-weeks post-puncture motion seg-
ments were scanned using uCT, while 4-weeks post-puncture motion
segments were prepped for paraffin histology. All vertebra—disc—
vertebra segments were fixed in 10% buffered formalin (Sigma,
HT501320) following mechanics.

223 | pCT

Samples were scanned using a Scanco Medical uCT 50 (Scanco Medi-
cal AG, Briittisellen, Switzerland) to quantify bone morphometry at
10 um isotropic resolution. Endplate volumes between the growth
plate and the disc were manually contoured by blinded individuals to
quantify bone volume fraction and trabecular morphometry parame-
ters, including trabecular number, thickness, and spacing, as previously

d.48

describe Osteophytes were separately contoured to quantify total

bone volume.

224 | Histology
Following uCT, discs were decalcified in Formical (StatLab Medical
Products, 1314) and processed for paraffin histology using a Leica

ASP300S Tissue Processor (Leica Microsystems, Buffalo Grove, IL).
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Samples were sectioned at a thickness of 10 um in the sagittal plane
and stained with Hematoxylin/Eosin and Safranin-O/Fast Green. Disc
histology was scored by a blinded panel using a 3-scorer consensus
system according to the ORS Spine Section intervertebral disc scoring
system.>! Scores were aggregated into three categories to form indi-
vidual NP, AF, and EP scores and summed to create an overall score
(Figure 3B; see Figure S2 for stratification of scores). The JOR Spine/
ORS Spine Section intervertebral disc scoring system for the rabbit

model®?

is comprised of seven different assessments. Scores for NP
shape, NP area, NP matrix condensation, and NP cell number contrib-
uted to the overall NP score. Scores for AF/NP border and AF mor-
phology contributed to the overall AF score, and a score for EP

sclerosis/thickening contributed to the overall EP score.

2.3 | Facet characterization

2.3.1 | Mechanics

Creep indentation mechanical testing®®¢*

was performed at one point
on each facet articular surface to quantify changes in cartilage
mechanical properties. Facets were potted using a low melting tem-
perature indium casting alloy and indented while immersed in 1X PBS.
A compressive creep load of 0.1 N was applied for 15 min through a
2 mm diameter spherical indentation testing rig coupled with an
Instron 5948 (Instron, Norwood, MA).

Mechanical properties of the facet cartilage were calculated by
fitting the displacement versus time curves to a Hertzian biphasic
creep model.®®> From that model, the hydraulic permeability (ko), the
nonlinear strain-dependent flow-limited constant (M), the tensile
modulus (Ey,), and the compressive modulus (Ey_) were calculated. A
least squares regression was performed on the creep data to deter-
mine the best-fit ko and M values for each facet; indentation tests that
resulted in an R? value of less than 0.97 were excluded from the anal-

ysis (excluded 7 of 58 indentation tests).

2.3.2 | Histology

Facets were then fixed in 10% buffered formalin, decalcified, and pro-
cessed for paraffin histology as outlined in Section 2.2.4. Facets were
then sectioned in the sagittal plane at a thickness of 10 um and
stained with Safranin-O/Fast Green. Histology images were scored
using a 3-scorer consensus system according to the OARSI scoring

system for rabbit cartilage.®®

24 | Data analysis

All data was analyzed using a D'Agostino-Pearson omnibus normality
test followed by a one-way ANOVA with a Tukey's or Dunn's post hoc
test for normally or non-normally distributed datasets, respectively, in

GraphPad Prism 9. Graphs show mean plus standard deviation.
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3 | RESULTS

Each intervertebral disc underwent tension-compression and creep
mechanical testing. Figure 2A illustrates an increased range of motion
(+97%) immediately following a 16G acute injury, compared to unin-
jured controls. Notably, acute injury with a smaller 21G needle only
marginally increased disc total range of motion (+72%), but this
increase was not significant in comparison to uninjured controls. As
time progressed in vivo, 16G discs showed a significant reduction in
mobility (Figure 2A; —53% at 4 weeks, —64% at 10 weeks compared
to 16G acute puncture) corresponding with a significant increase in
neutral zone modulus (Figure 2B; +507% at 4 weeks, +746% at
10 weeks compared to 16G acute puncture). Although 21G discs
showed a similar trend, these changes were not statistically different
from uninjured controls or the 21G acutely punctured discs. No statis-
tically significant differences in compressive moduli were found
between any experimental groups (Figure 2C). Creep displacement
was reduced in both 16G (—64%) and 21G (—59%) punctured discs
when compared to controls at 10 weeks (Figure 2D). When discs were
analyzed using MRI T, mapping, both puncture groups showed a pro-
gressive loss of T, signal in the NP, with a more severe reduction
occurring in 16G discs (—52%) than in 21G discs (—42%) at 10 weeks
(Figure 2E,F). Interestingly, NP T, relaxation times, which correlate

t,>* were comparable

with NP proteoglycan and water conten
between the 16G punctured group at 4 weeks and the 21G punctured
group at 10 weeks.

All disc histology was scored by blinded reviewers. Scores
were aggregated into three categories to form individual NP, AF,
and EP scores and summed to create an overall score (Figure 3B;
see Figure S2 for stratification of scores). The JOR Spine/ORS
Spine Section intervertebral disc scoring system for the rabbit
model®? is comprised of 7 different assessments. Scores for NP
shape, NP area, NP matrix condensation, and NP cell number con-
tributed to the overall NP score. Scores for AF/NP border and AF
morphology contributed to the overall AF score, and a score for EP
sclerosis/thickening contributed to the overall EP score. All experi-
mental discs were significantly more degenerative than control
discs. Histology scores of 4-weeks 16G, 10-weeks 16G, and
10-weeks 21G punctured discs were 9X, 7.5X, and 4.13X higher,
respectively, than histology scores of control discs. The highest,
and most degenerative, histology scores occurred in the 4-weeks
16G puncture group, and these were driven by changes across all
three disc compartments. This can be seen in representative histol-
ogy images (Figure 3A; see Figures S1 and S2 for additional histol-
ogy images). Safranin-O/Fast Green histology of all 4-weeks 16G
punctured discs (Figure S1) showed no definitive NP tissue, which
can be distinctly seen in control samples. Further examination with
Hematoxylin and Eosin revealed serpentine and sometimes rup-
tured AF lamellae with little to no distinction between NP and AF
regions of the disc, as well as a thickening of the cartilage endplate
cell layer. 16G punctured discs were similarly degenerative at
10 weeks as at 4 weeks but had less degenerative cartilage end-

plates at 10 weeks.
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Histology scores were significantly lower in 21G punctured discs
at 10 weeks compared to 16G punctured discs at both 4 weeks (52%
lower) and 10 weeks (42% lower). This reduction was driven by all
three compartments of the disc (Figure 3B). The NP in the 21G punc-
tured discs retained its shape, area, and cell density as well as a more

gelatinous matrix compared to the 16G punctured NPs at either time
point. Most of the 21G punctured discs experienced small regions of
serpentine AF lamellar disorganization combined with small loss
of distinction between the AF and NP. Cartilage endplates were simi-

larly degenerative in both 16G and 21G punctured groups at



FAINOR T AL. JOR Spl N Coreinecs

(A) 4 weeks 10 weeks

o
P4
L
<
o
w
(B) EP Score (C)
I AF Score 0.0001
Il NP Score — 0.0181
0.0003 0.0397
151 - — 67 T
° R 0.0093 € T
3 dkkk §, °
& 10 > 4 00
m
3 @
<] * g~
T 5 E
- Q
2 o
= % 0o
0- © 00— T T
CTL 16G 16G 21G CTL 16G 21G
| I E—
4 weeks 10 weeks 10 weeks

High

Low Bone Mineral Density

FIGURE 3 Disc tissue changes. (A) Safranin-O/Fast Green histology of the entire disc (scale = 4 mm) for all experimental groups, as well as
representative Hematoxylin and Eosin histology of disc NP, AF, and EP regions (scale = 200 um). (B) Total ORS Spine section intervertebral disc
score stratified by NP, AF, and EP regions (n = 4-6). (C) Osteophyte uCT bone volume quantification and (D) representative uCT reconstructions
of 10-weeks 16G and 21G punctured discs, with osteophyte volumes contoured in white (scale = 3 mm). (* indicates p < 0.05 vs. control discs;
**** indicates p < 0000.1 vs. control discs).
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(D) trabecular spacing, as well as (E) representative uCT cross-sections (scale = 2 mm) of bony endplates adjacent to control and 10-weeks 16G
and 21G punctured discs. (F) Percent reduction in T, relaxation time of the NP following gadodiamide administration.

10 weeks. The 21G punctured discs were more degenerative than
control discs, due most prominently to increased NP matrix condensa-
tion in all punctured samples (Figure S2).

Osteophyte formation was observed anteriorly on all 10-weeks
punctured discs. Discs punctured with a 16G needle formed boney
osteophytes with a significantly larger volume than discs punctured
with a 21G needle (Figure 3C), as can be seen in representative uCT
reconstructions (Figure 3D). The presence of immature, cartilaginous
osteophytes bridging across the outer AF were also observed in 16G
punctured discs at both time points (Figure S3).

The bony endplates adjacent to injured discs of both experimental
groups experienced significant sclerotic changes by 10 weeks. Bone
volume fraction was increased by 50% in endplates adjacent to 21G
punctured discs and by 52% in endplates adjacent to 16G punctured
discs in comparison to uninjured controls (Figure 4A). This increase in

bone volume was driven by a concomitant increase in trabecular

number (Figure 4B), increase in trabecular thickness (Figure 4C), and
decrease in trabecular spacing (Figure 4D) as can be seen in represen-
tative pCT cross-sections (Figure 4E). No differences in bone volume
fraction were observed between 16G and 21G punctured groups. A
corresponding progressive reduction in small molecule diffusion into
the disc with increasing puncture diameter accompanied the increase
in bone volume fraction (Figure 4F). Gadodiamide diffusion was
decreased more in 10-weeks 16G punctured discs (—19%) than in
10-weeks 21G punctured discs (—6%) when compared to control
discs. Although gadodiamide diffusion was not significantly reduced in
the 21G punctured discs, a small reduction in transport was observed.

Overall, facets adjacent to 4-weeks 16G punctured discs and
facets adjacent to 10-weeks 21G punctured discs were similarly
degenerative, and were more degenerative than facets adjacent to
10-weeks 16G punctured discs for every metric analyzed. No changes

were found in facet cartilage tensile modulus across any group or time
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FIGURE 5 Facet cartilage changes. (A) Tensile modulus, (B) compressive modulus, (C) strain-dependent flow-limited constant, and

(D) hydraulic permeability of the facet articular cartilage measured by indentation testing. (E) Cartilage thickness. (F) OARSI score of facet
Safranin-O/Fast Green histology as well as histology scores stratified by individual (G) Safranin-O/Fast Green score and (H) chondrocyte density
score. (I) Least, mid, and most degenerative Safranin-O/Fast Green histology of facet articular cartilage for all experimental groups

(scale = 200 um).
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TABLE 1

Parameter 1

Disc compressive modulus
Disc NP T, relaxation time
Disc compressive modulus
Disc creep displacement
Disc neutral zone modulus

Disc NP T, relaxation time

point (Figure 5A). However, a reduction in average cartilage compres-
sive modulus (—37%) was observed in facets adjacent to 16G punc-
tured discs from 4 to 10 weeks (Figure 5B). An increase in both the
strain-dependent permeability factor (M) and permeability (ko) was
observed in the 10-weeks 21G facets when compared to controls
(Figure 5C,D), and this increased permeability was significant only for
M. M increased by 27% and 23% in 10-weeks 21G facet cartilage
when compared to controls and 4-weeks 16G facet cartilage, respec-
tively. A trending increase in both M and kg was also observed in the
facets adjacent to 16G punctured discs with increasing time. Cartilage
thinned greatly by 4 weeks (29% thinner) and significantly by
10 weeks in facets adjacent to both 16G (39% thinner) and 21G (34%
thinner) punctured discs when compared to controls (Figure 5E).

Facet histology was graded using the OARSI scoring system,®®
which quantifies Safranin-O/Fast Green staining, tissue structure, and
chondrocyte density. Overall, 4-weeks 16G facets (155% higher
OARSI score than controls) and 10-weeks 21G facets (118%
higher OARSI score than controls) were similarly degenerative and sig-
nificantly more degenerative than facets adjacent to uninjured con-
trols (Figure 5F). In comparison, 10-weeks 16G facets were only 18%
more degenerative than controls according to OARSI score. No mea-
surable changes in Safranin-O/Fast Green staining occurred over time,
although the data followed the same trend as in the composite OARSI
score (Figure 5G). Ultimately, chondrocyte density was the main driver
of overall facet OARSI score (Figure 5H; see Figure S4A). Compared
to controls, a loss of chondrocytes was noted in all groups with an
increase in irregular cell organization only occurring in 4-weeks 16G
and 10-weeks 21G facets, as can be seen in the Safranin-O/Fast
Green images (Figure 5I). The tissue structure score trended higher in
21G facets at 10 weeks, but no groups were significantly different
(see Figure S4B).

A Pearson correlation matrix was generated to elucidate correla-
tions between the disc, endplate, and facet outcomes across all exper-
imental groups (Table 1; see Figure S5 for complete correlation
matrix). Facet articular cartilage tensile modulus positively correlated
with disc compressive modulus (r = 0.6, p = 0.014) and negatively
correlated with disc NP T, relaxation time (r = —0.722, p = 0.043).
Compressive modulus of the disc increased as diffusion into the NP
decreased (r = —0.842, p = 0.035). Endplate bone volume fraction
correlated with two disc parameters: creep displacement and neutral

zone modulus. Bone volume fraction was negatively correlated with

FAINOR ET AL.
Selected results from the Pearson correlation matrix between quantitative disc, endplate, and facet outcome metrics.
Pearson correlation
Parameter 2 coefficient (r) p value (p)
Facet cartilage tensile modulus 0.6 0.014
Facet cartilage tensile modulus -0.722 0.043
Endplate diffusion into NP -0.842 0.035
Endplate bone volume/total volume -0.815 0.002
Endplate bone volume/total volume 0.637 0.035
Disc total range of motion 0.747 0.026

disc creep displacement (r = —0.815. p = 0.002) and positively corre-
lated with changes to disc neutral zone modulus. NP T, relaxation

time positively correlated with disc total range of motion.

4 | DISCUSSION
Degeneration in the disc's adjacent vertebral endplates and posterior
facet joints has been hypothesized as a contributing factor in the
development of back pain.t~® However, exactly how these compart-
ments of the motion segment engage in crosstalk with the disc follow-
ing disc injury remains unclear. Results from this study reinforce the
well-documented phenomenon that acute disc injury compromises
disc mechanical function, leading to disc degeneration, the severity of
which increases with both needle diameter and time.>®>¢” The adja-
cent vertebral endplates underwent increasingly severe remodeling in
response to increasingly traumatic disc injury. However, facet carti-
lage did not follow this same trend. Our results suggest that degenera-
tive changes within all three compartments of the motion segment
are dependent on both the presence of osteophytes and the disrup-
tion of healthy disc matrix. Degenerative differences observed in
facets from different injury groups may be attributed in part to altered
magnitudes of loading experienced by the spine's posterior elements
following disc remodeling.

The rabbit puncture model results in stiffening of injured discs as

F>2 and NP as well as formation

a result of matrix remodeling in the Al
of anterior osteophytes.>® As seen in other studies using this model,
changes in disc function and structure were time dependent.>3%® The
progression of disc degeneration also depended on the degree of
injury. Overall, discs punctured with a larger 16G needle experienced
more severe degeneration than discs punctured with a smaller 21G
needle. A similar percutaneous rabbit injury model demonstrated that
the needle puncture caused lamellar disorganization of the AF, which
led to loss of a distinct border between the AF and NP,*? as observed
in this study. 16G punctured discs also experienced higher levels of
osteophyte formation compared to the 21G punctured discs at
10 weeks.

Consistent with our prior work in this model at a 12 week time
point, disc puncture led not only to alterations in NP and AF tissue
structure but also to sclerosis of the bony endplates and reduced

small molecule transport into the disc.*® Endplate bone volume
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fraction increased in both experimental groups compared to the unin-
jured controls at 10 weeks. Due to this increase in bone density, small
molecule diffusion into the disc decreased. Although small molecule
diffusion across the endplate into the 21G punctured discs was not
significantly reduced in comparison to controls, a small reduction in
transport was still observed. The significant reduction in transport
observed in the 16G punctured discs may be attributed to remodeling
of the cartilage endplate in addition to bony endplate sclerosis.
Although not measured during the course of this study, remodeling of
the cartilage endplate is known to limit diffusion into the disc via com-
positional defects, such as increased collagen and Aggrecan content”®
or tissue calcification.® Similarly, artificially increasing endplate density
of both the cartilaginous and bony endplate via cement injection into
large animals interfered with endplate vasculature and blocked nutri-
ent tra1nsport.45"47

Humans often experience endplate sclerosis due to a loss of
osteochondral integrity, caused by increased bone deposition and
cartilage calcification.”*”2 Previous cadaveric work determined
that subchondral bone becomes denser in association with disc
degeneration,*® an observation similar to those made throughout the
course of this study. However, the time course of these bony changes
in humans is unclear. It is likely that progressive endplate remodeling
occurs concomitantly with progressive disc degeneration, as stiffening
of the disc is correlated both with increased bone volume fraction and
with reduced transport across the endplate.

Although the bony endplates followed a path of progressive
degeneration in response to increasingly severe disc injury, the facet
cartilage did not follow this same trend. Persistent significant thinning
of the facet cartilage in all experimental groups was the only strong
indicator of cartilage degeneration, indicating that every experimental
facet experienced lasting degeneration during the course of the study.
The progression of facet articular cartilage degeneration has not been
well documented.”® Knee OA, however, has been extensively studied
and can provide insight into the facet changes observed over the
course of this study. Progressive softening of articular cartilage of
the human femoral condyle occurs as OA develops,”*~7¢ and this soft-
ening often corresponds with a loss of glycosaminoglycans.”” Similar
articular cartilage softening was measured in human facets with
severely degenerative Grade 4 and 5 OARSI scores.®* Over the course
of this study a significant loss of compressive or tensile stiffness was
not observed in facets of any group. More severe cartilage OA than
was observed here is likely required to measure changes in cartilage
modulus, as joints that do experience a reduction in compressive mod-
ulus have already undergone severe osteoarthritic changes. Despite
this, facet cartilage tensile modulus was positively correlated with
increased disc compressive modulus and negatively correlated
with NP T, relaxation time, supporting the hypothesis that disc and
facet remodeling are intertwined.

Only facet tensile modulus was significantly correlated with disc
properties when analyzed using a Pearson correlation matrix.
However, changes to other facet properties, including the cartilage
nonlinear strain dependent flow limited constant (M) and OARSI

score, correlated significantly with changes to endplate bone volume
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fraction. Over the course of this study facet and endplate degenera-
tion was observed asynchronous with progressive disc degeneration.
This delay in degeneration coupled with the fact that facet OA was
minimal overall most likely explains the lack of correlation between
many disc and facet cartilage properties.

The most severely degenerative rabbit facets in this study were
only mildly degenerative, experiencing minor fibrillation and areas of
focal chondrocyte reorganization. Ultimately, the most degenerative
cartilage was observed over the course of this study in facets adjacent
to 21G punctured discs at 10 weeks, where we observed increased
permeability of the facet cartilage compared to both control and
4-weeks 16G facets. Increases in cartilage permeability have been
observed at early stages of OA in cadaver knees.”® This increase in
permeability has also been documented previously in degenerative
human facets®* and knees”? as well as in both affected and contralat-
eral joints of a rabbit anterior cruciate ligament transection OA
model.8® Although cartilage histology and indentation mechanics
begin to capture the mild degeneration seen in response to this disc
injury model, OA is more than a disease of the cartilage. Other

markers of disease progression in the synovium®12

or ligamentous
joint capsule may be more sensitive to capturing this early-stage OA%3
and may better elucidate the progression of disease from degenera-
tion to recovery.

As the facet joints were initially unperturbed in this disc injury
model, our results suggest that disc-facet biomechanical crosstalk
contributes to the initiation of early-stage facet OA. It has been
shown that loss of disc height increases mechanical stress across the
articular surfaces of the facet joint by creating areas of focally magni-

fied compressive load?08+8>

and that disc degeneration causes facet
hypermobility which may contribute to increased stresses during
facet articulation.8® Continuous loading of the facet articular cartilage
(up to 10 000 cycles) can result in surface fibrillation.” The increased
disc mobility that we observed immediately following puncture in the
16G group also likely contributed to the development of facet OA
seen at 4 weeks.®® The formation of mature boney osteophytes and
immature, cartilaginous osteophytes that bridged anteriorly as time
progressed in vivo likely reduced this overloading of the facet carti-
lage by distracting the joint and contributing to increased disc stiff-
ness overall. The development of anterior osteophytes past 4 weeks
is consistent with previous observations of this model.>3=>> Both
osteophyte size and disc stiffness were greater in 16G punctured
discs than in 21G punctured discs at 10 weeks. 21G punctured discs
were less degenerative than 16G punctured discs, creating a mechani-
cal environment where aberrant loading across the motion segment
likely contributed to increased loading on the facet joints over a lon-
ger period, culminating in early-stage facet OA.

The formation of mature and immature osteophytes in the ante-
rior AF is thought to reduce loading across the facet joint through
their contribution to disc stiffness. The partial recovery of facet carti-
lage health from 4 to 10 weeks in the 16G puncture group is believed
to be a direct result of this phenomenon; prior studies of offloading in
the knee joint document similar observations of cartilage recovery fol-

lowing reduced joint loading.8~?? Offloading treatments aim to
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reduce abnormally high stress levels across misaligned or overly com-
pressed joint surfaces while maintaining a healthy level of hydrostatic
loading to stimulate cellular anabolism. Conservative clinical
approaches aimed at treating suspected facet pain involve unloading
the facet cartilage during physical therapy.”® Offloading in the knee
can be accomplished permanently through high tibial osteotomy®?:7°
or temporarily through joint distraction.”® Patellofemoral realignment
in the knee through osteotomy increased cartilage glycosaminoglycan
content over a 2-year period.®’ Cartilage recovery has also been
observed in rats,’* rabbits,”®> and dogs’® following joint distraction.
Notably, as was observed in this study, Moore et al.%® also showed that
the development of facet cartilage OA in sheep was driven by disrup-
tions to normal chondrocyte organization and that without the forma-
tion of osteophytes, the facet cartilage progressively degenerated.
Although the facet cartilage adjacent to 16G punctured discs showed
signs of recovery between 4 and 10 weeks, it did not experience a con-
comitant increase in cartilage thickness. It remains unclear whether this
cartilage would fully recover if given enough time or if the significant
reduction in cartilage thickness would prove irreversible.

Albeit useful for studying compartments of the motion segment
in isolation, this rabbit model has limitations. Most prominently, the
human motion segment can deteriorate for a variety of reasons, many
of which may involve facet or endplate degeneration simultaneous
with or even prior to disc degeneration.2>2124-26 Although a study of
535 human patients established a clinical association in humans
between the presence of lumbar disc osteophytes and endplate
sclerosis,”” the formation of osteophytes and their associated bridging
collagenous matrix in these rabbits far outpaces what would typically
be seen in humans.®”~5%:78

Additionally, in this model, facet OA can only be studied in
response to mechanical disc injury. Alternative models of IVDD induc-
tion include whole motion segment immobilization,®* whole motion

37,49,50,99,100

segment overloading, intradiscal injection of chondroiti-

nase ABC,>¢10%102 3nd intradiscal injection of proinflammatory mole-

cules.*®® Overloading has been used in many rodent models®”:°%7?

49,100

as
well as rabbit models, allowing for the study of simultaneous disc
and facet perturbation. However, intradiscal injection of chondroiti-
nase ABC, an enzyme that cleaves chondroitin sulfate proteoglycans,
is a more popular method of inducing IVDD in large animals due to its
ability to initiate the loss of proteoglycans as is seen in the onset of
human IVDD.>*1°2 |n rabbits, formation of disc osteophytes in this
chondroitinase ABC model is also much less severe than in the disc
puncture model.’®* However, a comparative study of four different
rabbit injury models, showed that annular puncture produced the
most consistent degeneration.'%*

The results from this work emphasize that researchers looking to
use the rabbit disc puncture model to study the treatment of disc or
facet degeneration consider whether the developing pathology is
physiologically relevant to the study questions they seek to address. It
is clear that other structures of the spine outside of the disc should be
considered in studies assessing tissue regeneration, as these struc-
tures also undergo degenerative changes in conjunction with disc

degeneration.

Researchers looking to study the treatment of facet OA would
need to use a less severe disc puncture with a 21G needle to incite
progressive facet degeneration. Notably, this injury model in rabbits
may not be suitable for testing the injection of living cells into the
nucleus pulposus,*®® as is commonly investigated,*% in the pursuit
of cell-mediated tissue repair, given the reduction in small molecule
transport that occurs in discs punctured with a 16G needle. Investi-
gators will need to decide what tissue environments (early-stage
degenerative vs. late-stage degenerative) are best suited for their
study. Puncture with a 16G needle will create a model of IVDD with
limited nutrient transport into the disc and, ultimately, a more hos-
tile environment for cells to survive. Puncture with a 21G needle
will create a model of IVDD with healthier nutrient transport into
the disc and a less hostile environment in which to test cells.
Considering that the rabbit disc continues to degenerate in an
accelerated manner in response to puncture, a different model
entirely may be more appropriate for replicating the pathology of
early onset human IVDD in which many cell therapies would be
clinically applied.

Overall, this study reinforces the fact that degeneration spans the
whole spinal motion segment following disc injury, and is not limited
only to the disc itself. Vertebral endplate thickening also occurs in
response to disc injury, which ultimately limits the diffusion of small
molecules into the disc. Our work also suggests that altered disc
mechanics can induce facet degeneration, and that extreme bony
remodeling of the disc may offload the facet joint and promote carti-

lage recovery.
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