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Abstract

Novel preclinical models that do not damage the annulus fibrosus (AF) of the
intervertebral disc are required to study the efficacy of new regenerative strategies for
the nucleus pulposus (NP). The aim of the study was to characterize a preclinical ovine
model of intervertebral disc degeneration (IDD) induced by endplate (EP) damage and
repair via the transpedicular approach, with or without partial nucleotomy, whilst
keeping the AF intact.

Twelve adult sheep were used. By the transpedicular approach, a 2mm tunnel was
drilled to the NP through the EP. A partial-nucleotomy was performed. The tunnel was
sealed using a polyurethane scaffold. Lumbar discs were assigned to different groups:
L1-2: nucleotomy; L2-3: EP tunnel; L3-4. nucleotomy+EP repair; L4-5: EP
tunnel+repair; L5-6: control. X-Ray and MRI were performed at 0, 1, 3 and 6 months
after surgery. Disc height and MRI indexes were calculated. Macro- and micro-
morphology were analyzed. Pfirrmann and Thompson grades were assigned.

The treated discs exhibited a progressive decrease in NP signal intensity and MRI
index, displaying specific grades of degeneration based on the surgical treatment.
According to Pfirrmann and Thompson grades different procedures were staged as: EP
tunnel+repair: grade-1l; EP tunnel: grade-Ill, nucleotomy+EP repair: grade-1V;
nucleotomy: grade-V.

A new stepwise model of IDD to study and test safety and efficacy of novel strategies
for NP regeneration has been characterized. The different degrees of IDD have been
observed similar to Pfirrmann and Thompson grading system. The intact AF allows
for loading studies and eliminating the need for AF closure. This article is protected by

copyright. All rights reserved
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Introduction

To date, several novels regenerative strategies have been proposed for the treatment of
intervertebral disc degeneration (IDD), including growth factor therapy, gene therapy,
cell therapy, and tissue engineering approaches.

These novel regenerative treatments require ex vivo or in vivo animal model systems
prior to translation on humans. Indeed, experimental animal studies are useful to
answer specific scientific questions. A preclinical model may give us information
about growth factors/drugs effect, cells/biomaterial engraftment, cells survivals, neo-
extracellular matrix (ECM) synthesis, biomechanical restoration of disc function and
safety. In most of the animal models developed to date, an acute injury, such as scalpel
cut or needle puncture of the annulus fibrous (AF), is used to trigger the IDD cascade.
However, these methods do not reproduce an identical condition as that found in
humans. Therefore, there is no ideal model able to answer all open questions and
address all the aspects of a true model of IDD.*

In order to study regenerative strategies of the nucleus pulposus (NP), it is paramount
to maintain the AF intact. A recent establishment in intervertebral disc (VD) research
states that even small AF lesions may biomechanically alter the IVD, making it unable
to support the physiological intradiscal pressure and increasing the risk of leakage of
NP and/or the transplanted cells/hydrogel.>*® Therefore, to evaluate the efficacy of
cells/hydrogel based therapies it is necessary to develop and study a novel in vivo
model that avoids the AF damage. As an alternative route to the IVD, the
transpedicular approach through the end-plate (EP) allows access to the NP, whilst
maintaining the structural integrity of the AF.! Previously, we have characterized the
transpedicular approach to the NP in vitro and in vivo, showing its reliability and
reproducibility for in vivo delivery of IVD regenerative biologics such as new cell

therapies and tissue engineering based strategies.** 2



We have also described and characterized a partial nucleotomy model using the EP
route to test IVD regeneration strategies. Using a 2 mm diameter shaver blade under
aspiration, it is possible to perform a partial nucleotomy that allows the injection of
reproducible volumes of hydrogel into the disc space. The EP tunnel can be sealed
using a bone inductive scaffold that can be press-fitted at the EP edge.'® Nevertheless,
further in vivo studies are needed to better characterize the effects of the EP tunnel on
the NP, the partial nucleotomy, and the EP repair strategy over time.

We hypothesize that an alternative preclinical model to study novel biological
therapies for NP regeneration could be achieved by approaching the NP via the
endplate (EP) route through a minimal invasive transpedicular approach. The aim of
the study was to characterize a preclinical ovine model of IDD induced by EP damage
and repair through the transpedicular approach, with or without partial nucleotomy,
whilst keeping the AF intact and perform a longitudinal follow up of the organ status

over a 6 months period.
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Methods:

Preclinical protocols obtained approval by the competent animal research ethics
committee of the University of Padua (UPD-CEASA, project n.3/2014, prot. 59073,
implemented with 3R’s principles) and by the Italian Ministry of Health (approbation
N. 52/2015-PR, 29/01/2015). Twelve Brogna breed, approximately three-year-old,
skeletally mature, female sheep were used. In each sheep, four lumbar IVDs (L1-2,
L2-3, L3-4, L4-5) were treated. All animal procedures and surgeries were performed at
an accredited facility (Department of Animal Medicine, Productions and Health,
Veterinary Teaching Hospital, University of Padua, Padua, Italy) where sheep were

monitored at least once a day.

The surgical procedure anaesthetic protocol and have been previously described.?
Briefly, The lumbar region of each sheep was clipped from T10 to approximately S3.
After positioning the animals in sternal recumbency, the surgical site was aseptically
prepared. One surgeon performed all surgical procedures (GV). A dorsal midline skin
incision was extended from T12 to S1, and the left side of the posterior spine was
exposed identifying articular joint and transverse processes from L1 to L5. Then, the
transpedicular approach to the NP was performed as previously described.! 2 Five
lumbar discs were treated as follows: L1-2: nucleotomy; L2-3: EP tunnel; L3-4:
nucleotomy + EP repair; L4-5: EP tunnel + EP repair; L5-6: no treatment (control).
The different procedures are described below and schematically illustrated in figure 1.
At the end of the surgical procedure, the deep fascia, the subcutaneous layers and the

skin were closed in a simple continuous pattern.

End-plate tunnel. Throughout a posterior surgical access to the lumbar spine, a 2 mm

tunnel was drilled using a Kirschner wire (k-wire) into the pedicle of the caudal



vertebra to access the NP space of the spinal segment under fluoroscopy guidance,
checking the wire direction in latero-lateral and anterior-posterior images, as already
described.'* A manual 2 mm drill was used to hole the EP and access the NP space

(Figure 1A).

Nucleotomy. A 2 mm diameter shaver resector (Smith & Nephew Shaver Blades, 2.0
mm Full Radius, 7 cm length), powered by an arthroscopy shaver unit (Smith &
Nephew, Dionics Inc. PS3500, Germany) and connected to a vacuum pump, was
introduced through the 2 mm tunnel. NP tissue was removed maintaining the shaver

blade in the disc space oscillating at 4000 rpm for 5 minutes (Figure 1B).13

End-plate repair. The EP was repaired by sealing the edge of the tunnel using a press-
fit porous polyurethane (PU) cylinder (2.2 mm diameter and 10 mm length) that was
placed at the EP edge using a 14G cannula (Bonopty® Bone Biopsy System,
AprioMed, Sweden) inserted through the tunnel (Figure 1C). The elastomeric PU
cylinder was synthesized as previously described.!* 1° Scaffolds were sterilized by

cold ethylene oxide process and stored until the time of surgery.

Pain management and postoperative care. Following surgery, each animal was
recovered from anaesthesia in a heated room and returned to the sheep housing. All
sheep received prophylactic antibiotics peri- and post-operatively. Tramadol (4
mg/kg/q1l2h) and carprofen (4 mg/kg/q24h) were administered for postoperative
analgesia for 5 days after surgery. Vital signs were monitored, neurological
examination was performed postoperatively on a routine basis, and standard nursing
cares was provided. The animals were monitored for normal feeding behaviour and

cage activity twice daily to determine their general health.
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Methods for taking measurements. The sheep were followed serially by X-Ray and
MRI for up to 6 months, with images acquired before surgery and at 1, 3 and 6 weeks
post surgery. Four sheep were euthanized for macroscopic analysis and histology at
each time point. The number of sheep used for each outcome measure for time point

is reported in table 1.

Magnetic Resonance Imaging. MRI scans were obtained using a 0,25 Tesla clinical
magnet (ESAOTE Vet-MR GRANDE) furnished with “release 2.1b e-MRI brio”
Software. Sheep were premedicated and anaesthetised using the protocol described
above and placed in lateral recumbency within the open magnet, with the lumbar
region centered over a surface coil. A coronal T1-weighted localizer image (TR, 770
milliseconds; TE, 18 milliseconds) was obtained to establish the position of the lumbar
discs from L1 to L6. Next, a 4-mm thick midsagittal section was imaged, using a T2-
weighted imaging sequence (TR, 2500 milliseconds; TE, 120 milliseconds) to
highlight the signal from the NP. T1 weighted (TR, 770 milliseconds; TE, 18
milliseconds) and 3D HYCE axial images (TR, 10 milliseconds; TE, 5 milliseconds)

were also obtained.

MRI processing and data analysis. The T2-weighted midsagittal images of the lumbar
discs were analyzed qualitatively for evidence of degenerative changes according to
Pfirrmann grading criteria.!® Quantitative analysis of these images was performed
using the MRI index.!” The images were transferred to a commercially available image
processing software (OsiriX Imaging Software) where the NP was identified manually
as the region of interest. Surface area and signal intensity were then computed

automatically, and their product resulted in an MRI index for each IVD. To compare



among MRI scans, values were expressed as ratios of a reference tube filled with
demineralized water, which was scanned together with the sheep. This process has
previously been shown to have excellent intra-class correlation coefficients for intra-
and inter-observer repeatability.!” At each time point, the MRI index data of the discs
L1-L2, L2-L3, L3-L4, L4-L5 and L5-6 were pooled. Mean and standard deviation of
the MRI index were computed at each time point, and linear regression was performed

to determine rates of change of MRI index with time.

X-Ray. Lateral radiographs were taken from each lumbar spine at each time point, with
the animal under sedation. The images were analyzed qualitatively for evidence of
changes in the vertebrae adjacent to the disc spaces treated, looking for possible
postsurgical defects (luxation, fracture, spondylodiscitis). Under a lateral view, the
vertebral body heights and disc heights measurements were obtained in each segment
from the anterior, middle, and posterior portions, using OsiriX software. The data were
transferred to Excel software (Microsoft) and the disc height was expressed as the disc
height index (DHI) based on the method of Masuda et al.® In short, the average DHI
was derived by dividing the average of the measurements obtained from the IVD by
the average length of two adjacent vertebral bodies. Changes in the DHI, on the
radiographs taken before autopsy, were normalized to the preoperative data and
expressed as percentages according to the following equation: DHI = postoperative

DHI/preoperative DHI x 100.

Euthanasia. At each post-surgical time point (1, 3 and 6 months) four animals were
anesthetized with propofol (2-4 mg/kg V) and euthanized with a combination of
embutramide, mebezonium iodide, and tetracaine (0.3 mL/kg) injected IV during

anesthesia.
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Gross anatomy and histological evaluation. The lumbar spines were harvested and the
lumbar spinal segments were dissected crossing the midline. The discs with
approximately 1/3 of the adjacent bony vertebral body were isolated at each level and
the bone-disc-bone segments were then transected midsagittally with a band saw using
an anterior-lateral approach. Gross pictures were taken with a digital camera for
qualitative evaluation of degenerative changes, based on Thompson grading system.!®
The segments obtained were fixed in 10% neutral buffered formaldehyde for 1 week,
decalcified in ethylenediaminetetraacetic acid, and processed for paraffin sectioning.
The tissues were embedded in paraffin, sectioned to 5 pum thickness, stained with
Hematoxylin and Eosin (H&E) and Safranine-O staining and analyzed qualitatively
under a light microscope (Nikon Eclipse E800, Nikon, Melville, NY), at
magnifications ranging from 10X to 200X, for evidence of changes in NP, AF, and

adjacent vertebral body bone.

Statistical analysis

The significance of differences among means of data on DHI and MRI indices was
analyzed by Kruskal-Wallis H test (one-way ANOVA on ranks) and Dunn-Bonferroni
test as a post hoc test. All the data were expressed as the mean * standard deviation.
The analyses were performed using SPSS Statistics (SPSS, Inc., Chicago, IL), where p

< 0.05 was considered significant.
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Results:

Surgery. All sheep tolerated the surgery well, and showed normal ambulation on the
first post-operative day.

Complications: One case of spinal canal invasion with dura mater tear was observed
as cerebrospinal fluid leaked from the bonny tunnel right after the transpedicular
approach at one single level. The disc procedure was conducted and the sheep did not
develop further complication after surgery.

One sheep developed spondylodiscitis at one single level (L1-L2), and after antibiotic

therapy, was euthanized at the first time point at one month.

MRI. Representative serial MRI scans of the lumbar spine from one sheep are shown
in Figure 2A, consisting of T2-weighted, midsagittal plane images of the treated (L1-
L2, L2-L3, L3-L4, L4-L5) and control (L5-6) discs obtained before surgery and 1, 3
and 6 months after surgery. Discs from differing procedures showed an obvious
variability in their MRI. Progressive decrease of the NP surface area and signal
intensity was apparent for each of the 4 treated discs over the whole experiment.
Furthermore, according to Pfirrmann grading system, a different grade of degeneration
could be assigned to each treated disc: the EP tunnel + EP repair group showed a grade
Il at all time points, EP tunnel group appeared as grade Ill, nucleotomy + EP repair
group was considered as grade IV and nucleotomy group appeared as grade V (Figure
3).

Figure 2B provides a graphical representation of the mean and standard deviation of
MRI index of the treated discs at 1, 3, and 6 months post-surgery, expressed as a
percentage of preoperative values. These data were collected from MRI scans as
reported in table 1. At 1 month post-surgery, mean MRI index decreased in all groups

compared to the untreated discs, reaching a plateau mean value at 3 and 6 months. For
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the EP tunnel + EP repair group, mean MRI index was 84% of preoperative MRI
index at 1 month, decreasing to 81% at 6 months. For the EP tunnel group, mean MRI
index was 72% of preoperative MRI index at 1 month, decreasing to 66% at 6 months.
For the nucleotomy + EP repair group, mean MRI index was significantly decreased to
56% of preoperative MRI index at 1 month, reaching to 51% at 6 months (p<0.05).
For the nucleotomy group, mean MRI index was 44% of preoperative MRI index at 1
month, decreasing to 38% at 6 months. The decrease was also significant at all time

point compared to the control disc (p<0.01).

Radiographic assessment. The graph in figure 4 shows the mean and standard
deviation of DHI calculated for each disc at all post-surgical time points. These data
were obtained from lateral X-Ray images as reported in table 1. Similar to the MRI
index, at 1 month post-surgery, mean DHI decreased significantly (p<0.05) in both
nucleotomy groups compared to the untreated discs reaching a plateau mean value at 3
and 6 months. Both EP tunnel groups showed a slight decrease of the mean DHI

compared to the untreated discs.

Gross anatomy.

Morphologically, all stages of the degenerative process from grade Il to grade V
according to Thompson grading system were observed in the different groups. In
particular, the EP tunnel + EP repair group appeared as grade Il at all time points, EP
tunnel group appeared as grade 11, nucleotomy + EP repair group showed a grade 1V
and nucleotomy group appeared a grade V (Figure 3). The grade of degeneration
observed was in accordance with the Pfirrmann degenerative grading assigned to the

MRI images.
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Histology. Histological analysis revealed fragmentation of the NP matrix and integrity
of the AF in all groups (Figure 5). The EP never repaired completely at the tunnel site
in all groups, however, the scaffold in the EP repair groups appeared colonized by
cells at 1 month (Figure 6A) and 6 months' time points. We observed new bone
formation in the tunnel at the latest time points (Figure 6B). The groups without EP
repair procedure (EP tunnel group and nucleotomy group) showed herniation of NP
tissue in the tunnel simulating Schmorl nodes formation at all time point examined
(Figure 7). At the histology evaluation it was possible to demark the edge between the
NP tissue and the fibrous tissue in the tunnel (arrows in figure 7). In three cases small
fragments of end-plate were found migrated in the disc spaces during the surgical

procedure. No inflammatory reaction was observed around these fragments.
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Discussion

The surgical procedures performed through the transpedicular approach via the EP
route on lumbar discs of skeletally mature sheep resulted in apparently similar MR,
radiographic and histologic changes to the ones observed in the human spine. These
changes occurred with specific grades of degeneration according to the group of
procedure, independently of the time point (up to 6 months). The different degrees of
IDD were obtained by using different procedures, including a tunnel of 2 mm diameter
in the inferior EP, with or without partial nucleotomy and with or without placement
of a PU scaffold at the EP edge.

The qualitative and quantitative MRI analysis suggest that this IDD model can give
rise to the IVD degenerative scale comparable to the Pfirrmann degenerative grade'®
of the human lumbar spine. The treated discs exhibited a decrease in MRI index
starting at 1 month post-surgery with no evidence of any spontaneous recovery or
reversal of MRI changes at 6 months. Analyzing the DHI, a similar trend of
degeneration was observed with a significant reduction of disc height when
nucleotomy was performed. The observations were further supported by macroscopic
and histologic analyses. Gross anatomy evaluation revealed that the different groups
analyzed in the study have similar morphological appearance to the different grading
of the Thompson disc degeneration scale.!® These findings suggest that the diverse
procedures induced in this study may result in different degrees of disc degeneration.
The sealing of the tunnel by the PU scaffold, when performed, prevented the NP to
leak into the vertebrae, avoiding, potentially, the formation of Schmorl nodes.
Moreover, the scaffold provides a three-dimensional matrix for the cells to attach and
penetrate and to possible regenerate the bone tissue.’® Indeed, we observed bone

formation in the tunnel at 6 months post-surgery.
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Several IDD animal models have been proposed and discussed.* 17 18 Availability of
an experimental animal model that consistently reproduces disc degenerative stages
will facilitate the development and testing of novel therapeutic strategies. Sheep
represent a suitable model in terms of biochemical, anatomical and mechanical
features; they are readily available and show great homogeneity when selected for age,
breed, and sex.?% 2! However, animal models have several limitations, and research
questions need to be properly defined to successfully obtain relevant information.*
Furthermore, although this model shows similar outcome at the morphological,
histological and MRI levels to human IDD, a direct translation of these sheep IDD
changes to human is not appropriate. Therefore, pathogenesis and pathophysiology
studies are not recommended using this IDD model.

The stepwise model developed in the present study, however, could be suitable for
studying new biological approaches on IDD at different stages of tissue degeneration,
creating an hostile environment similar to a human degenerated disc (tissue damage,
loss of proteoglycans and collagens degradation, etc.). Therefore, growth factors and
drugs could be tested in a grade-like 11 model (EP tunnel + EP repair), whereas
biomaterials and cells as well as tissue engineering constructs might be tested in a
grade-like IV model (nucleotomy + EP repair). For this purpose, grade 1V model
allows the injection in the NP of high viscous materials using a 14G needle trough the
2mm transpedicular tunnel. Moreover, the partial nucleotomy provides the space to
deliver reproducible volumes of hydrogel/cells compound that have been quantified in
an in vitro study as a volume of 150 pl of hydrogel into the disc space.®® In addition,
The intact AF and the PU scaffold placed within the tunnel would prevent leakage
through the AF and the EP respectively, allowing potentially more reliable
biomechanical tests.?? Therefore, this model appears to be suitable platform to validate

and optimize disc regeneration strategies. Practically, the VD regenerative treatments
This article is protected by copyright. All rights reserved



can be delivered right after the partial nucleotomy followed by the EP sealing
procedure during the same surgery.

The biomechanical effects of the transpedicular tunnel and partial nucleotomy with or
without EP repair on the 1VD have been previously evaluated on ovine cadaveric
spines by the same research group. The EP tunnel does not affect rotational stability
whereas partial nucleotomy with intact AF has been shown to induce rotational
instability, highlighting the central role of NP in early stages of IDD.?? The EP repair
could be performed using other methods or materials, as previously demonstrated in a
biomechanical study in which we used polymethylmethacrylate (PMMA) injected at
the EP edge allowing primary stability of the scaffold.?

This study clarifies also that the EP tunnel itself triggers degeneration on the disc that
can be mitigated by the repairing technique using the PU scaffold. Indeed, the discs
treated with the PU scaffold (EP tunnel + EP repair) presented a grade Il degeneration
that were lower than those of the corresponding group (EP tunnel) without the
scaffold. This data must be further considered in the attempt to induce disc
regeneration using the endplate route, as the procedure is not completely innocuous
and may disable regenerative treatments. Further studies are needed such as testing
IVD regenerative strategies in this model and comparative study with the AF route.

An additional observation of this study is that when the PU scaffold was not used, NP
tissue herniated into the tunnel simulating Schmorl nodes (Figure 7). This represents
an interesting finding and makes the present model suitable also for further studies on
Schmorl nodes consequences at the endplate — vertebrae level.

The present study has some limitations. The EP is paramount for VD nutrition and the
defect created by the proposed approach might induce Schmorl nodes altering the
nutrition support to the center of the disc with further degeneration.? In vivo studies in

pigs have correlated the severity of IDD induced by the injury to the endplate. 2%/
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Many hypotheses have been postulated on the mechanisms by which EP damage
mediates degeneration. EP lesions can alter the diffusion into the disc.?® Moreover,
damage to the EP may lead to depressurization of the NP.?® Another possibility is that
exposure of the NP to the blood might produce an autoimmune response or alters the
pH of the matrix, which activates matrix metalloproteinases.*® None of these
mechanisms has been clearly proved, but animal studies have now shown that
experimental injury to an EP does produce IDD. ?*?7 Holm et al. drilled a hole through
the central part of the EP and observed a decrease in the proteoglycan content of the
NP, a reduction in the nuclear pressure and a delamination of the inner AF. However,
this latter IDD model is based on a large damage of the EP (3.5 mm), which is quite
extensive considering the relatively small geometry of the IVDs of the animal used.?
Conversely, in our model, the defect created through the EP is smaller (2 mm),
particularly when considering the ovine IVD geometry. Moreover, our study shows
that sealing the small endplate tunnel with the PU scaffold prevent the formation of
Shmorl Nodes and the progression of the degeneration grade. A further limitation is
that this approach is surgical challenged as it has been reported.®! Therefore, few
issues, such spinal canal invasion and bonny fragment extrusion in the disc space,
need to be solved with new technologies.®* A further limitation of the study is that the
level of the disc procedures were not randomized and the results might be biased

because of the selection of the disc levels.
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Conclusions

A novel and unique model to study and test safety and efficacy of novel strategies for
NP regeneration has been developed and characterized by using a minimally invasive
transpedicular approach. The different grades of IDD have been observed n terms of
radiography, MRI and histologic outcomes similar to Pfirrmann and Thompson
grading systems. An important aspect is that the model maintains an intact AF,
allowing for studies with high loading protocols.

The model represents a significant contribution towards the translation to the
therapeutic arsenal of new regenerative strategies for biological restoration of early

and mild degenerative changes in the IVD.
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Figure legends

FIGURE 1: Representative intraoperative images illustrating the surgical approach
starting with the EP tunnel manual drilling (A), followed by nucleotomy using the
rotating shaver blade under aspiration (B), and sealing of the endplate placing the

scaffold using a bone biopsy cannula (C).

FIGURE 2: (A) Representative serial MRI scans of lumbar spine of one sheep,
showing T2-weighted, mid sagittal plane images obtained before surgery (time 0) and
1, 3, and 6 months after the transpedicular procedure at L1-L2, L2-L3, L3-L4, and L4
—L5 discs. (B) Graphic representation of mean and standard deviation of MRI index of
the sheep NP, according to the different treatment assigned at 1, 3 and 6 months after
treatment, expressed as a percentage of preoperative values. MRI index decrease was
significant in the nucleotomy + EP repair group (*: p<0.05) and in the nucleotomy
group (#: p<0.01) at all time points compared to the control disc. Statistical analysis
was conduced using Kruskal-Wallis H test (one-way ANOVA on ranks) and Dunn-

Bonferroni test as a post hoc test.

FIGURE 3: The upper images show selected representative MRI scans of the discs
treated with different transpedicular procedures and the association to the Pfirrmann
degenerative grade. The lower images show of digitized images of the gross
morphology of the IVDs (mid sagittal) treated with different transpedicular procedures

and the association to the Thompson degenerative grade.

FIGURE 4: Graphic representation of mean and standard deviation of DHI of the
sheep discs, according to the different treatment performed at 1, 3 and 6 months after

treatment, expressed as a percentage of preoperative values. At 1 month post surgery,
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mean DHI decreased significantly (*: p<0.05) in both nucleotomy groups compared to
the untreated discs reaching a plateau mean value at 3 and 6 months. Statistical
analysis was conduced using Kruskal-Wallis H test (one-way ANOVA on ranks) and

Dunn-Bonferroni test as a post hoc test.

FIGURE 5: Representative histologic sections (Safranin-O staining) of the discs
treated with the four procedures described at 6 months after surgery. Fragmentation of
the NP matrix and integrity of the AF were observed in all groups. NP: Nucleus

Pulposus; AF: Annulus fibrosus; EP: Endplate. Scale bar = 1000 pum.

FIGURE 6: Representative histologic sections (H&E staining) of the bony tunnel of
the EP repair groups. (A) The scaffold at 1-month appeared colonized by cells and
neovascularization (arrows). (B) New bone formation was observed in the tunnel at 6

months. S: scaffold; Bn: Bone; NeoB: New bone formation. Scale bar = 250 um.

FIGURE 7: Representative histologic sections (H&E staining) of the tunnel of the
group treated without the repair procedure (PU scaffold) showing herniation of NP
tissue within the tunnel simulating Schmorl nodes formation. The arrows in the
magnified image on the left show the edge between the NP tissue and the fibrous

tissue in the tunnel. NP: Nucleus Pulposus; T: Tunnel; B: Bone. Scale bar = 500 pum.
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Table 1: Sheep used for at different time points for each outcome measure.

Time 0 1 month 3 months | 6 months
X-Ray (DHI) 12 12 8 4
MRI (MRI Index) 12 12 8 4
Macro-morphology | - 4 4 4
Histology - 4 4 4
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