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Abstract

The intervertebral disc is the largest avascular structure in the body, and cells within the disc rely
on diffusive transport via vasculature located within the vertebral endplate to receive nutrients,
eliminate waste products, and maintain disc health. However, the mechanisms by which small
molecule transport into the disc occurs in vivo and how these parameters change with disc
degeneration remain understudied. Here, we utilize an in vivo rabbit puncture disc degeneration
model to study these interactions and provide evidence that remodeling of the endplate adjacent to
the disc occurs concomitant with degeneration. Our results identify significant increases in
endplate bone volume fraction, increases in microscale stiffness of the soft tissue interfaces
between the disc and vertebral bone, and reductions in endplate vascularity and small molecule
transport into the disc as a function of degenerative state. A neural network model identified
changes in diffusion into the disc as the most significant predictor of disc degeneration. These
findings support the critical role of trans-endplate transport in disease progression and will
improve patient selection to direct appropriate surgical intervention and inform new therapeutic
approaches to improve disc health.
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Introduction

The intervertebral discs of the spine are composed of a viscous, proteoglycan- and water-
rich central region, the nucleus pulposus (NP), encased circumferentially by the annulus
fibrosus (AF), which consists of collagen fibrils oriented in alternating lamellae.(!) This
composite structure allows the healthy disc to bear loads up to five times body weight during
normal activities, while still permitting spinal motion.(@ Surrounding the discs superiorly
and inferiorly are vertebral endplates, which anchor the disc to the adjacent vertebral bodies.
The vertebral endplates are layered structures, composed of semiporous thickened
cancellous bone (0.6 to 1 mm thick) and hyaline cartilage (0.2 to 0.8 mm thick), aligned
parallel to the vertebral surface.(® The boney region has a higher hydraulic permeability
than the cartilaginous endplate, yet the porosity of both components is highest at the central
region, representing the endplate-NP interface®® (Fig. 1A). {FIG1}

The disc is the largest avascular structure in the human body and receives all of its nutrients
and metabolite exchange from the vascular network in the adjacent vertebral bodies. (4-6)
Whereas the outer AF is also sparsely vascularized, the boney endplate provides the
predominant route for nutrient transport into the disc.() The vascular supply to the vertebral
bodies originates from the segmental arteries, which branch from the abdominal aorta,
forming an arterial gridlike network deep within the bone.(® The vertebral capillaries form
branches and terminate as vascular buds adjacent to the cartilaginous endplate. Thus,
nutrients and waste products must diffuse from these vessels and sinusoids across the
endplates to maintain disc cell activities.() This diffusional limitation creates a challenging
biochemical microenvironment within the center of the NP, characterized by a high
concentration of lactate and low concentration of glucose and oxygen.(10.1)

With aging or after injury, degeneration of the intervertebral disc and adjacent spinal tissues
is common.(2) Disc degeneration has been implicated as a causative factor in back pain,
which is the leading cause of disability and health care expenditures worldwide.(33 Disc
degeneration is classically characterized by the degradation of NP and AF matrix
components, which compromises the load-bearing properties of the disc.(12) This
mechanical insufficiency is frequently associated with pathology, including a reduction in
disc height, NP herniation, and/or spondylosis.(2) The etiology of disc degeneration remains
poorly understood but is likely multifactorial, involving synergistic interactions between

mechanical and biological mechanisms, including genetics and NP cell catabolic activities.
(14-16)

An additional factor that likely contributes to disc degeneration is a reduction in nutrient
supply and waste product exchange within the avascular disc. The mechanisms contributing
to reduced transport to and from the disc remain unclear, yet alterations to the boney
endplate, cartilaginous endplate, and spinal vasculature likely play a role. Previous work has
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focused mainly on the contribution of the cartilaginous endplate, demonstrating that
calcification and dehydration of the cartilage endplate reduce tissue diffusivity.(1”) Such
alterations would likely reduce oxygen and glucose concentrations and decrease pH within
the disc, which has been shown in cell culture systems to compromise NP cell viability and
matrix production.(18:19) The boney endplate and vasculature are the source of small
molecule transport into the disc, yet alterations to these spinal structures during degeneration
remain understudied. Confounding data exist regarding changes to the boney endplate, with
some studies demonstrating that sclerosis occurs and others suggesting a loss of bone
density with increasing severity of degeneration.(6:20-22) Occlusion of the vertebral arteries
has been correlated with degeneration;(23) however, alterations to the small vessels
immediately adjacent to the disc have not been previously investigated. Despite this previous
work, the precise relationships between endplate and vascular remodeling, in vivo disc
perfusion, and degeneration have yet to be established. Therefore, the purpose of the current
study was to perform a comprehensive and quantitative in vivo analysis of the dynamic
structure—function changes in the vertebral endplate at multiple length scales to determine
how remodeling of this structure may be associated with altered diffusion into the disc in
vivo during degeneration. We hypothesized that changes in the endplate would be evident
early in degeneration and that a reduction in small molecule diffusion into the disc would be
a primary predictor of degenerative state.

Materials and Methods

Study design and animal surgery

The study design is shown in Fig. 1A. Fifteen male skeletally mature New Zealand White
rabbits (~3 kg, ~3 months of age, Charles River Laboratories, Wilmington, MA, USA)
underwent standard perioperative protocols for surgery at the University of Pennsylvania.
The anesthesia protocol was defined by the Institutional Animal Care Use Committee
(IACUC) guidelines at the University of Pennsylvania for rabbit surgery. Using aseptic
techniques, four consecutive lumbar discs between L to L3 and Lg to L7 were punctured
with a 16G needle, as previously described.(24:25) Four levels of the lumbar spine per animal
were punctured to reduce the number of animals required for this study, consistent with
IACUC guidelines and previous studies in the field.(25:26) After surgery, animals were single
housed and allowed to resume normal cage activity. At postoperative weeks 4, 8, and 12,
rabbits were euthanized, and lumbar motion segments (vertebral body—IVVD-vertebral body)
were isolated for analysis. Because of the destructive nature of some assays, motion
segments at each time point were randomly divided into two groups for experimental
procedures. One group of animals was administered bone fluorochrome labels for
microscopy and then underwent contrast-enhanced 7; magnetic resonance imaging (MRI),
microcomputed tomography (UCT), and then atomic force microscopy (AFM). The second
group of animals underwent vascular perfusion, 7; MRI, and paraffin histology. Uninjured
lumbar motion segments from each animal served as experimental controls for each assay. A
chart detailing the number of levels and independent animals utilized for each outcome
measure is shown in Supplemental Fig. S1.
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Fluorochrome labeling

Calcein (20 mg/mL) was dissolved in isotonic sodium bicarbonate solution and administered
subcutaneously to a subset (7= 3 of the rabbits), 6 weeks before euthanasia, in order to
fluorescently label new mineral deposition green.(27.28) Alizarincomplexone (15 mg/mL)
was dissolved in isotonic sodium bicarbonate and administered subcutaneously to the same
rabbits (25 mg/kg), 2 weeks before euthanasia, in order to fluorescently label tissue that is
mineralizing red.

Fluorochrome imaging

Sagittal cryosections were taken at 10 um thick using Kawamoto’s film method.(29)
Fluorescent imaging was performed at x10 (Nikon [Tokyo, Japan] Eclipse) to visualize and
quantify calcein (green) and alizarin (red) labels within the vertebral endplate between the
growth plate and disc (n7 = 3-9 motion segments per group). Images of the calcein and
alizarin labels were thresholded in ImageJ and the fluorescent signal area of each label in the
vertebral endplate was quantified.

Magnetic resonance imaging

At each experimental time point, rabbits were administered 0.3 mmol/kg of the small
molecule, non-ionic MRI contrast agent gadodiamide (Omniscan [GE Healthcare,
Piscataway, NJ, USA], MW = 573).630-32) Thirty minutes after contrast agent delivery,
animals were euthanized, and the lumbar motion segments (/7= 4-11 per time point) were
subjected to 77 mapping at 4.7 T using an inversion recovery sequence and a custom
solenoid coil. A series of coronal 7; images were obtained and the 77 relaxation time within
the NP and AF were calculated,3) which is inversely proportional to the concentration of
gadodiamide in the tissue.

Microcomputed tomography

Motion segments (7= 4-6/group) were subjected to uCT scanning (Scanco [Bruttisellen,
Switzerland] pCT50) at 10 um isotropic resolution. A volume of interest between the growth
plate and disc was manually contoured to quantify bone volume fraction and trabecular
morphometry parameters, including trabecular number, thickness, and spacing.

Atomic force microscopy

After uCT, motion segments (/7= 4-6/group) were embedded in optimal cutting temperature
media and cryosectioned in the sagittal plane at 50 um using the Kawamoto film method.(2%)
AFM of the soft tissue adjacent to the vertebral body at the EP-AF and EP-NP interfaces
was carried out using microspherical tips (r=12.5 pm, k~1 N/m, 10 um/s indentation rate)
in phosphate-buffered saline with protease inhibitors. Indentation was performed at >12
locations in each region in each sample to account for the inhomogeneity of each region.
The effective indentation modulus (£&inq) was calculated by fitting the loading force-
displacement curve to a finite thickness-corrected Hertzian model.34) The £,q (MPa) was
normalized to average control £,q values in each region, and the data presented in Results
are represented as a ratio of £j,q Degenerative/£j,q Control.
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Microvascular analysis

Histology

Immediately after euthanasia in 3 animals at 12 weeks post-puncture, the descending aorta
was isolated, ligated proximally, and catheterized distally, with the inferior vena cava opened
to permit outflow. Then 1000 mL of saline supplemented with heparin (100 U/kg) was
injected into the aortic catheter to clear the vasculature. The aorta was subsequently injected
with 80 mL of microFil silicone rubber solution (Flow Tek, Boulder, CO, USA) to fill the
vessels.(3%) The lumbar spine was harvested after allowing the microFil to cure for 1 hour at
room temperature. Spinal motion segments (7= 8 punctured, /7= 4 control) were then fixed
and decalcified before uCT analysis. A rectangular region of the endplate (~4 mm in width)
adjacent to the NP was manually sectioned and subjected to UCT scanning (Scanco HCT50)
at 2 um isotropic resolution to quantify the volume fraction of the sample perfused with
microFil. The microFil volume fraction of the endplate adjacent to punctured discs was
normalized to the microFil volume fraction of the endplate from the adjacent, healthy
control disc of each animal, so as to account for any variations in perfusion technique
between animals.

Additional motion segments were fixed in 10% neutral-buffered formalin (Sigma-Aldrich,
St. Louis, MO, USA), decalcified (Formical 2000; StatLab, McKinney, TX, USA),
processed into paraffin, and sectioned at 10 mm thick in the sagittal plane. Midsagittal
sections were stained with the rapid Mallory-Heidenhain trichrome stain,36) which stains
bone matrix pink, erythrocytes in the vasculature orange, and unmineralized collagen blue,
and imaged using bright-field microscopy. Erythrocyte staining was thresholded in ImageJ,
and vessel area and number were quantified for each sample®®) (7= 3-5 motion segments
per time point). Additional slides were stained with either Alcian blue/ picrosirius red for
proteoglycan and collagen, or hematoxylin and eosin (H&E) for cellular morphology.
Stained slides were used for histology grading®”) (total 0-500) of AF organization (0-100),
AF-NP border acuity (0-100), NP matrix (0-100) and cellularity (0-100), and EP structure
(0-100) (Supplemental Table S1) by two blinded, independent observers on three to five
motion segments per experimental group.

Second harmonic generation (SHG) imaging

Collagen localization and organization was assessed through SHG imaging using a Nikon
Al multiphoton microscope with 880 nm excitation, as previously described.(38) For each
sample (7= 2 motion segments per time point), z-stacks of slides stained with Alcian blue/
picrosirius red were obtained over the 10 um thickness. Z-stacks were imported into ImageJ
and projected into an average intensity projection.

Statistical analysis

Statistical analyses were performed in GraphPad [La Jolla, CA, USA] Prism 7. Statistical
significance was defined as p < 0.05. Data were tested for normality using the Shapiro—Wilk
normality test. If the sample size was insufficient to test for normality, data were assumed to
be non-normally distributed. For normally distributed data, significant differences in
quantitative outcomes (ratio of indentation modulus, bone morphometry, vessel area, vessel
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number, and % 7; reduction) across experimental groups (controls, 4 weeks, 8 weeks, 12
weeks) were assessed via a one-way ANOVA with Tukey’s multiple comparison test. For
non-normally distributed data, significant differences were assessed using the Kruskal-
Wallis test with Dunn’s multiple comparisons test. For calcein and alizarin fluorescence
quantification, significant differences compared with controls were assessed via a Mann—
Whitney test. For microFil data, significant differences in microFil volume fraction adjacent
to degenerative discs (compared with controls within the same animal) were assessed using a
two-tailed paired ftest.

Neural network modeling

Results

Quantitative outcomes from this study were combined with outcomes from our previously
published work characterizing disc degeneration in the rabbit puncture model®4 to yield a
total of 23 quantitative input parameters, from 29 different rabbits (42 total input samples),
for neural network modeling. Input parameters included measures of MRI for disc health
(NP T2, AF T2) and trans-endplate diffusion (% 77 reduction NP), macroscale (neutral zone
(NZ) modulus, NZ range of motion (ROM), compressive modulus, compressive ROM, total
ROM, creep strain), and microscale (inner AF g, outer AF Eng, EP-AF Eing, EP-NP Eing)
biomechanical function, bone morphometry parameters (bone volume fraction [BV/TV],
trabecular [Th.] number, Th. thickness, Th. spacing), biochemical composition (NP GAG
content, AF GAG content, NP collagen content, AF collagen content), and endplate
vascularity (% microFil and vessel area). In the case where certain assays were not
performed across the same motion segment, an average value of the assay outcome at the
particular time point was assigned.(3%) These parameters were used as inputs (predictors)
into a feedforward neural network model, using the multilayer perceptron (MLP) algorithm,
with one hidden layer containing six neurons (each containing an activation function),9 for
classification of total histology score (SPSS Modeler, IBM Corp., Armonk, NY, USA).
Training of the MLP was performed on iterations of 75% of the data set using
backpropagation, and testing was performed on the remaining 25% of the samples. The
weights and bias terms were optimized by minimizing the cross-entropy loss (cost) function
through the gradient descent algorithm, and the resulting values were propagated through
each layer of the network such that each neuron was assigned an error value (bias term) and
each input was assigned a weight that reflects its contribution to the output. Pearson
correlation coefficients were also calculated using the same data set for all combinations of
variables (Supplemental Tables S2 and S3).

Annular puncture induces progressive disc degeneration

To study the interactions between vertebral endplate remodeling, trans-endplate transport,
and disc degeneration, an in vivo rabbit disc puncture model was utilized (Fig. 1A). Animals
were euthanized at 4, 8, and 12 weeks after surgery, and vertebral body-disc-vertebral body
spinal motion segments were harvested for analysis. After needle injury, degeneration of the
disc was evident and progressed with time post-injury. These changes included a loss of disc
height, disorganization of the AF, and anterior osteophyte formation, consistent with our
previous work(?4) and other reports using this model.(25:41-43)
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Marked remodeling occurs in the boney and cartilaginous endplates during degeneration

Concomitant with this macroscopic degeneration of the disc itself, marked remodeling
occurred within the boney and cartilaginous endplates adjacent to the degenerating disc. To
investigate alterations to the structure of these soft tissue interfaces, SHG imaging was used
to visualize collagen density and organization at these locations. SHG showed progressive
thickening of the cartilaginous endplate adjacent to the NP, accompanied by increased
collagen deposition at this interface, particularly at 12 weeks (Fig. 1B). Assessment of the
microscale function of this remodeling tissue with AFM demonstrated a mean 851%
increase in indentation modulus at 12 weeks compared with control. The ratio of indentation
modulus (&g Degenerative/ 5,4 Control) at the EP-NP interface was significantly increased
at 12 weeks (Fig. 1C) compared with 4 weeks (p= 0.008) and 8 weeks post-puncture (o=
0.001). At the interface between the AF and boney endplate, SHG illustrated significant
disorganization of the lamellar architecture, most notably at 4 and 8 weeks (Fig. 1D). These
structural changes were associated with a mean 700% increase in the ratio of indentation
modulus of this region at 12 weeks post-puncture (Fig. 1E) compared with controls,
although no significant differences were observed across time points post-puncture.

Along with interfacial soft tissue remodeling, changes in bone morphometry of the vertebral
endplate was evident soon after degeneration was initiated, as quantified by UCT (Fig. 2A).
{FIG 2} Generally, bone volume fraction increased in the vertebral endplate adjacent to
punctured discs over time, with significant differences observed between the intact controls
and the 12 weeks post-puncture group (v = 0.0004) and between the 4 and 12 week post-
puncture groups (p = 0.01) (Fig. 2B). Trabecular thickness in the vertebral endplate
increased as early as 4 weeks post-puncture and remained elevated at 8 and 12 weeks (p =
0.0001) compared with controls (Fig. 2C, D). Likewise, trabecular spacing decreased (p =
0.008) by 12 weeks compared with controls (Supplemental Fig. S2).

To further elucidate the dynamics of endplate bone remodeling, a subset of animals was
administered calcein and alizarin complexone at 6 and 10 weeks post-puncture, respectively,
to fluorescently label newly deposited mineralized bone.(27:28) Incorporation of these labels
was visualized at 12 weeks and showed an increase in fluorochrome incorporation in the
boney endplate adjacent to punctured discs compared with healthy controls (Fig. 2E and
Supplemental Fig. S3). Quantification indicated significant increases in both calcein (Fig.
2F) and alizarin (Fig. 2G) incorporation adjacent to punctured discs compared with controls
(p=0.001 and p=0.009, respectively).

Endplate vasculature is altered with disc degeneration

Next, we evaluated how the observed boney remodeling impacted vascularity in the
endplate, the primary route for molecular transport into the disc. Qualitative and quantitative
analysis of Mallory-Heidenhain trichrome-stained®6) histology sections indicated that vessel
area and number (adjacent to the NP) were increased at 4 and 8 weeks post-puncture (p =
0.01 and p=0.009, respectively), followed by reductions in both parameters at 12 weeks
post-puncture (Fig. 3B, C). {FIG3}
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To further assess alterations to the endplate vasculature in three dimensions across the depth
of the vertebral body, the spinal vasculature of a subset of animals was perfused with a
radiopaque compound, microFil®® (Fig. 3D), for visualization by uCT after decalcification
(Fig. 3E). Qualitatively, there appeared to be less perfusion of microFil to the endplate
adjacent to the NP of degenerative discs at 12 weeks compared with the adjacent, healthy
control disc of the same animal (Fig. 3E). Quantitatively, there was a significant (47%, p =
0.0008) reduction in microFil volume fraction adjacent to degenerative discs at 12 weeks
post-puncture compared with adjacent healthy controls (Fig. 3F).

Small molecule transport into the disc is reduced in degenerative discs

To determine how the remodeling of the endplate bone and vascularity with degeneration
affected small molecule diffusion into the disc, animals at each time point were administered
the small molecule, non-ionic contrast agent, gadodiamide, before euthanasia, followed by
immediate quantitative 7;-mapping via MRI.(30:31) Gadodiamide is a 77 shortening agent,
and thus the percent reduction in the 7; relaxation time (discs without gadodiamide versus
those with gadodiamide, at each time point) provides a quantitative measure of small
molecule diffusion into the disc (Fig. 4A, B). {FIG4} Within the NP, gadodiamide diffusion
into the disc progressively decreased and was significantly lower at 12 weeks compared with
healthy controls (p = 0.0001, Fig. 4C). Diffusion into the AF, however, was significantly
reduced at 4 weeks post-puncture (p = 0.01), followed by a return to control levels (Fig. 4D).

Disc degeneration is predicted by reduced transport into the disc

To further elucidate the contribution of endplate remodeling to disc degeneration, we utilized
a machine-learning approach to define which structural and/or functional change was most
important for predicting degeneration. To do so, blinded histologic scoring (Supplemental
Fig. S2 and Supplemental Table S1) of disc degeneration at each time point was performed,
(38) yielding a single score for each sample (Fig. 5A {FIG5} and Supplemental Fig. S4) at
each time point. Quantitative outcome metrics from the current study (assessing endplate
bone and vascular remodeling and diffusion) were combined with outcomes from a previous
study(@4) detailing the structural and functional alterations to the disc itself across length
scales. A feedforward neural network model was constructed using the 23 quantitative
structure—function measurements as input values (features) to predict the histology score
(target outcome) for each motion segment (Fig. 5B). By training on this data set, each
feature was assigned a weight, indicating its importance in the model for predicting the
histology score (95.1% classification accuracy) (Fig. 5C). This model identified % 7; NP
reduction (the measure of small molecule diffusion into the disc) as the feature with the
highest weight. The next most important features were the micromechanical properties
(Eing) of the outer AF and EP-AF interfaces, followed by NP collagen content (indicating
NP fibrosis), and neutral zone range of motion (a macroscale mechanical measure indicating
altered NP function). Of the top eight predictors of histology score in the neural network
model, seven of these also had strong correlations (Pearson correlation coefficient > 0.5)
with histology score (Supplemental Table S3).
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Discussion

The intervertebral discs of the spine are the largest avascular structures in the body, and cells
at the center of the human disc can be up to 6 mm away from the nearest nutrient supply of
the vasculature in the vertebral endplate.(9) A decrease in the already limited disc transport
has therefore been suggested as a potential contributor to the initiation and progression of
disc degeneration. However, the timing and mechanism by which this occurs remains
unclear. The results from this study provide in vivo evidence that substantial remodeling of
the vertebral bone, diminished vascularity, and stiffening of the disc interfaces occur during
early degeneration, followed by reduced small molecule diffusion into the disc at later time
points.

With time following surgically induced degeneration in this rabbit model, significant
increases in mineralization and bone volume fraction of the vertebral endplate were
observed. Adjacent to the vertebral bone, the soft tissue interface between the NP and boney
endplate stiffened, becoming thicker and containing denser collagen. The accurate
quantification of indentation modulus across biologic tissue interfaces is challenging, as
spatial resolution is limited by the contact area generated by AFM tip radius. Additionally,
the values obtained for the modulus are affected by distance from the interface and the
stiffness of adjacent tissues.(4) As we have used a tip radius of 12.5 pm, and the rabbit
cartilage endplate is approximately 50 um, the AFM measurements here likely represent the
moduli of a combination of the tissues at the respective interfaces between the NP, AF, and
the vertebral body. Additionally, as these tissues remodel post-puncture, the magnitude of
the contribution of the stiffnesses of the adjacent tissues on the measured indentation
modulus may change. That said, when probing the same regions over time post-puncture,
substantial increases (5x to 15x) in the apparent indentation modulus were observed,
suggestive of marked remodeling of the tissue at this location. This may influence transport
into the disc, as previous work has established correlations between cartilage endplate
diffusivity and tissue composition, and tissue composition and mechanical properties.(18:45)
Further work is needed to establish a direct correlation between local tissue mechanics and
transport properties.

Vascularity at this critical interface was also reduced with increasing degeneration, as
evidenced by changes in vessel number and area measured via histology and in microFil
perfusion to this region. The microvasculature within the rabbit vertebral endplate manifests
as vascular buds,® which may explain the punctate appearance of the perfused microFil.
However, the exact structure of the endplate vasculature may not have been realized by our
perfusion technique, due to microFil leakage or inadequate resolution of the uCT scans to
resolve connected vessels. MicroFil quantification may also have been affected by vessel
bursting in larger upstream vessels or in the networks adjacent to degenerative discs.
Additional studies are needed to verify the fidelity of microFil casting of the endplate
vascular buds. Our findings do show, however, a reduction in microFil content in endplates
adjacent to degenerative discs compared with healthy controls of the same animal perfused
in the same fashion, in agreement with our histologic findings. This suggests that there is a
hindrance to perfusion in endplates that are adjacent to degenerative discs.
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These structure—function alterations in the endplate likely contributed to significant
reductions in small molecule diffusion into the NP, as measured via quantitative post-
contrast enhanced MRI. Our machine-learning approach, in which 23 structure—function
measurements across the endplate, interfaces, AF, and NP tissues from 42 samples were
input into a neural network model, identified small molecule transport into the NP as the
most important predictor of disc degeneration, further highlighting the importance of trans-
endplate transport in disease etiology. The relatively small sample size for the machine-
learning model is a limitation of the current work. Despite this, seven of the eight top
predictors of histology score from this model also yielded significant and strong correlations
via a more traditional Pearson correlation analysis. Additional samples and time points will
need to be added in future studies to confirm the findings of the machine-learning approach
presented here.

These results build on previous work in the field that has investigated the potential role of
endplate sclerosis and altered trans-endplate transport in degeneration. Several studies have
indicated that surgical disruption or blockage of the blood supply to the vertebral endplate
significantly reduced small molecule transport into the disc and resulted in degenerative
changes within the NP.(1946) |n cadaveric human specimens, occlusion of the vertebral
endplate marrow channels correlated with the severity of disc degeneration,”) and
structural remodeling of the cartilaginous endplate reduces tissue permeability and is
associated with disc degeneration.(#8) Vertebral endplate sclerosis may be initiated by altered
mechanical loading in the spine, as previous studies have demonstrated endplate changes
concomitant with disc degeneration at levels adjacent to a spinal fusion in a rabbit model and
in a mouse spinal instability model.(49:50) Qur data are in agreement with this hypothesis, as
we have previously shown hypermobility of the rabbit lumbar motion segment at early time
points after puncture. (4

With altered endplate transport properties, deleterious molecules, such as lactic acid, are
unable to leave the disc and accumulate in the NP, reducing pH and adversely impacting cell
function and viability.(917) Indeed, Wong and colleagues recently showed that anabolic gene
expression was downregulated, and catabolic gene expression was upregulated in NP cells
cultured adjacent to cartilage endplates with reduced diffusivity. This supports that low-
nutrient diffusion through the endplate limits the number of disc cells that can sustain tissue
homeostasis. (1)

This work not only furthers our understanding of the role of endplate remodeling and trans-
endplate transport in disc degeneration but also has important implications for clinical
diagnosis and treatment. For instance, numerous studies have considered the injection of
progenitor cell populations into NP, either alone or within a hydrogel carrier, to improve
function.®D) Although this has shown some efficacy in animal models,(52:53) animal discs
are a fraction of the size of human lumbar discs and are therefore less nutritionally
challenged. In humans, a reduction in diffusion into the disc is likely to adversely impact the
viability and metabolic activity of delivered cells,(19) thus reducing their regenerative
potential. To maximize the efficacy and clinical translation of such treatments, it may be
necessary to first screen patients for trans-endplate transport status before treatment. This
could be performed using the post-contrast enhanced MRI method utilized in this study or
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via other contrast-free techniques, such as ultra-short echo time MRI, which can provide
information on the status of the cartilaginous endplate.®>4) In patients with compromised
diffusion into the disc, it may be necessary to increase trans-endplate transport into the disc
in conjunction with cell-based regenerative treatments. This could be achieved via physical
therapy exercises to stimulate cyclic compression and distraction of the disc, which has been
shown to increase convective transport of small molecules.(39) Alternately, endplate
pathology could be targeted with novel therapeutics that are designed to increase
vascularity®3b or decrease bone density, thereby enhancing transport potential.

While animal models are essential to study disc degeneration and regeneration, no one
model is pathognomonic with human degeneration. Aging models may represent the most
“natural” process of degeneration, but a long duration is required to achieve spontaneous
degeneration; thus, injury models, as described here, are frequently used.%) A similar
evaluation of the structure—function properties of human discs and endplates must be
performed to extend the clinical translatability of this work. Future work should also be
performed to evaluate the longer-term biologic consequences of reduced small molecule
transport in this model across the disc tissues, and whether any of these deleterious changes
are reversed with treatment. Overall, our results demonstrate that reduced small molecule
transport into the disc is accompanied by endplate bone and vascular remodeling and is a
significant predictor of disc health, warranting increased investigation in this area to improve
our understanding of the etiology of degeneration.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

(/?) Schematic depicting the surgical approach for the disc puncture model and regions of
the spinal motion segment investigated in this study. (8) Second harmonic generation
imaging (SHG) of the cartilaginous endplate between the vertebral endplate and nucleus
pulposus and (C) corresponding indentation modulus (£&jng) of this region, normalized to
control values. (D) SHG of the vertebral endplate-AF region and corresponding Einq of this
region, normalized to control values. Arrows indicate cartilage endplate thickness. VB =
vertebral body; NP = nucleus pulposus; AF = annulus fibrosus. Scale bar = 100 um. Bars
denote statistical significance (4 to 12 weeks, p=0.008; 8 to 12 weeks, p= 0.001), Kruskal-
Wallis test.

J Bone Miner Res. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ashinsky et al.

A

Control

Control 12w

12w

Page 16

B 1.0
0.8 @
E
S 0.6 @
o
0.4
0-2 L T L] L]
Control 4w 8w 12w
D
= PR e ST T ¢ = nal
T ’;f, By T, E * m
S 0.2
s &S
8 01-
= 01
0-0 L L L] L]
Control 4w 8w 12w
F — 0.6+
o~
£
£
= 041
e
<
£ 0.2
8
= | ==—
© 00
Control 12w
G

o
FY
1

o
w

od

-
n

L)

—tee—

Alizarin Area (mm?)
o
N

o
o

Control 12w

Fig. 2.
(A) Representative mid-coronal PCT slice of a control motion segment, with the cranial and

caudal vertebral endplates outlined in yellow, denoting the volume of interest analyzed for
bone morphometry. Arrows indicate the growth plates. (B) Quantification of bone volume/
total volume (BV/TV) in the endplate regions for each group. (C) Representative trabecular
thickness (Th.Th) map of the endplate volume of interest and (D) corresponding
quantification of Th.Th of the endplates in each group. (£) Representative images of the
bone fluorochrome labels (calcein = green, alizarin = red) in the endplate region. The dashed
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outline in the macroscale image denotes the endplate region between the disc and growth
plate (scale bar = 100 um). In the inset images (scale bar = 100 um), the dashed line denotes
the border between the NP and the endplate. () Quantification of calcein and alizarin areas
in the control and 12-week punctured groups. Bars denote statistical significance (BV/TV =
control-12 weeks, p= 0.0004; 4-12 weeks, o= 0.01; Th.Th = control-4 weeks, p= 0.0006;
control-8 weeks, p=0.0002; control-12 weeks, p < 0.0001, ANOVA). Calcein: p=0.01;
alizarin: p=0.009, Mann-Whitney test.
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Fig. 3.

(/?) Mallory-Heidenhain staining of histology sections for the endplate vasculature; arrows
indicate vessels. Scale bar = 100 um. (B) Quantification of vessel number and (C) area
normalized to endplate length adjacent to the NP. 3D uCT reconstructions of the (D) spinal
vasculature perfused with microFil (green) and the vertebral bodies (purple) before
decalcification (scale bar = 5 mm) and (£) microFil perfusion of the small vasculature
adjacent to the disc, visualized after decalcification (scale bar = 500 pm). (F) MicroFil
volume fraction in the endplate adjacent to degenerative discs 12 weeks post-puncture
compared with controls (each color indicates separate animal). Bars denote statistical
significance (vessel area = control-4 weeks, p= 0.01; 4-8 weeks, p=0.009; vessel number =
p=10.03), Kruskal-Wallis test.
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(A) Schematic depicting the change in 77 relaxation time within the intervertebral disc after
administration of the contrast agent gadodiamide (Gd). Representative MRI 77 maps of a
control disc (B) before and (C) after administration of Gd, demonstrating the reduction in T1
relaxation time (scale bar = 1 mm). (D) The percent reduction in 7 into the NP and (£) AF
after Gd administration in each experimental group. Bars denote statistical significance
(%T1 NP = control-12 weeks, p< 0.0001; 4-8 weeks, p=0.03; 4-12 weeks, p< 0.0001;
%T1 AF = control-4 weeks, p=0.01; 4-12 weeks, p= 0.006), ANOVA.
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(A) Representative Alcian blue and picrosirius red stained sections from each experimental
group, with total histology score indicated on each image (scale bar =2 mm). (B) A neural
network model was utilized to predict histology score based on 23 input parameters of disc
structure and function (the top eight predictors are shown). (C) Relative predictor

importance for all input parameters.
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