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Regenerative potential of mouse
neonatal intervertebral disc depends
on collagen crosslink density

Danielle N. D'Erminio,"? Kaya A. Adelzadeh,” Ashley M. Rosenberg,’ Robert J. Wiener,? Olivia M. Torre,’
Emily D. Ferreri,” Philip Nasser,” Kevin D. Costa,* Woojin M. Han," Alice H. Huang,* and James C. latridis’>*

SUMMARY

Intervertebral disc (IVD) defects heal poorly and can cause back pain and disability. We identified that IVD
herniation injury heals regeneratively in neonatal mice until postnatal day 14 (p14) and shifts to fibrotic
healing by p28. This age coincides with the shift in expansive IVD growth from cell proliferation to matrix
elaboration, implicating collagen crosslinking. 3-aminopropionitrile treatment reduced IVD crosslinking
and caused fibrotic healing without affecting cell proliferation. Bulk sequencing on naive IVDs was
depleted for matrix structural organization from p14 to p28 to validate the importance of crosslinking
in regenerative healing. We conclude that matrix changes are key drivers in the shift to fibrotic healing,
and a stably crosslinked matrix is needed for IVD regeneration.

INTRODUCTION

Intervertebral discs (IVDs) are fibrocartilaginous tissues located between each vertebrae providing flexibility and stability to the spinal column.
Large spinal loads are supported by the complex IVD structure consisting of the pressurized nucleus pulposus (NP) that is constrained periph-
erally by the lamellar collagen of the annulus fibrosus (AF), and confined on top and bottom surfaces by cartilaginous endplates.' IVDs heal
poorly in humans causing IVD degeneration and back pain, a leading cause of disability costing > $130 billion in the U.S..*" AF defects can
cause disability from biomechanical instability and herniation, where the NP tissue extrudes out of AF defects to cause neuropathy.”® Dis-
cectomy surgery removes herniated NP tissue compressing surrounding nerves but leaves AF defects unrepaired and susceptible to reher-
niation, progressive IVD degeneration, and recurrent pain.” AF closure devices limit reherniation, but do not promote AF repair, risk subsi-
dence with adjacent tissue damage, and are in limited clinical use.”® We believe in vivo models of IVD regeneration are needed to provide a
roadmap of natural IVD healing to inform improved repair methods.

Surprisingly few IVD regeneration studies exist considering the enormous socioeconomic impact of disabling IVD degeneration and back
pain. Neonatal mice are an attractive mammalian model used to show cardiac regeneration occurs by expansion of resident cardiomyocytes
and tendon regeneration occurs by the recruitment and proliferation of tenocytes.”'” In the IVD, severe herniation injuries in postnatal day 5
(p5) mice functionally regenerate with extensive matrix deposition, and with restored IVD height and biomechanical function, but without the
recapitulation of the AF structure.!’ Meanwhile, herniation injuries in skeletally adult mice (4-6 months) heal with fibrotic scarring, loss of IVD
height, inferior biomechanical properties, and little matrix deposited within injury sites.'” With so few studies on IVD regeneration, there
remain an abundance of open questions.

As neonatal murine IVDs mature skeletally, the AF undergoes changes in composition, structure, and cellularity,
factors could be important in IVD regenerative healing. Postnatal murine IVD growth is driven by cell proliferation at early postnatal periods
followed by the deposition and accumulation of collagens and proteoglycans at later times.'"* Therefore, changes in IVD cell proliferation
and matrix deposition may limit IVD regenerative potential. Large alterations in collagen content and organization during growth'* are also
likely to influence IVD regenerative potential,'® yet changes in AF collagen deposition, crosslinking density, and matrix elastic modulus in early
growth are largely underexplored. In tendons, collagen crosslinking density is a measure of tendon mechanical function during develop-
ment,'®"” suggesting its importance for tissue formation. Interestingly, collagen crosslinking density is also implicated in regenerative healing
since cardiac regeneration was restored in neonatal mice by pharmacologically inhibiting collagen crosslinking with 8-aminopropionitrile
(BAPN)."® Reduced crosslinking provides a softer extracellular matrix that could alter cell differentiation or transport patterns, enabling matrix
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Figure 1. Injured p14 IVDs heal regeneratively with highly cellular matrix deposition throughout the injury site and organized AF layers adjacent to the
injury while injured p28 IVDs heal with fibrosis

(A-J) Representative (A) ScxGFP and (B) DAPI images of AF controls and injury sites of p14 and p28 mice 56 days after injury with (C) magnified images of injury
sites with DAPI. Quantification of (D) % cells expressing SexGFP and (E) total number of cells within injury sites. Picrosirius Red Alcian blue images of AF controls
and injury sites of p14d56 and p28d56 mice under (F) brightfield and (G) polarized light with (H) magnified images of injury sites of p14d56 and p28d56.
Quantification of (I) % repair tissue within the injury site and (J) collagen disorganization score. Scale bars = 100 um. Dashed lines outline injury sites (yellow
or green), fibrous caps (purple), and repair tissue (white). Arrows point toward cellular repair tissue (white), fibrous caps (purple), and adjacent AF structures
near injury sites (yellow). Biological n = 5/age, error bars = SD. Student's t test with p < 0.05 determined significance, depicted in graphs as a horizontal
black line.

repair processes to occur more effectively.'®'? IVD matrix changes during early growth are also likely to influence regenerative healing po-
tential, yet there are no studies evaluating this relationship.

Very few studies on IVD regenerative healing exist motivating this multi-part study to answer several key open questions in IVD regener-
ation. We first applied herniation-type injuries to mouse coccygeal IVDs of varying ages from p1 to p28 and skeletally mature adults to deter-
mine when the IVD regenerative window closes in neonatal mice and whether full AF structural regeneration occurs in [VD-herniation injury at
the earliest postnatal ages. We also performed a neonatal IVD growth study to characterize cell proliferation and extracellular matrix changes
during the period when the IVD regenerative window closes. Having identified the shift from regenerative to fibrotic IVD healing coincides
with the neonatal age when expansive growth shifts from cell proliferation to matrix elaboration, we determined what matrix factors are
important for IVD regeneration by pharmacologically inhibiting collagen crosslinking and evaluating changes in IVD healing. All studies
applied a neonatal mouse model with relevant measurements of IVD structure, cells, composition, and macro- and micro-mechanical prop-
erties. We also validated our findings with bulk RNA sequencing for an unbiased evaluation of the most important changes occurring when
IVD healing shifts from regenerative to fibrotic healing.

RESULTS
Intervertebral discs with annulus fibrosus herniation injuries healed with improved structure at postnatal day 14but with
fibrosis at p28

At day 3 post-injury (d3) and with Picrosirius red Alcian blue (PRAB) staining, injured IVDs had comparable severities when induced in p5, p14,
and p28 mice (Figure S1C, Top). Specifically, large-sized AF herniation injuries resulted in herniated NP tissue, collapsed disc height, and
disrupted AF structure but had some remaining native AF tissue adjacent to the injury sites. There was greater severity when induced in
p1 mice with very little AF tissue remaining around injury sites in p1d3 IVDs (Figure S1C, Top). Uninjured control IVDs at d3 had healthy hy-
drated NP tissue, distinct boundaries between AF and NP, and concentrically organized AF lamellae (Figure S1C, Bottom).

IVD healing of p14 and p28 mice characterized 56 days post-injury (d56) (Figure 1) were analyzed for DAPI, SexGFP, and for Scx, a tran-
scription factor expressed in tendons, ligaments, and the AF allowing ScxGFP to be used as an AF phenotypic marker and to help visualize
the AF for injury creation.'"?° Uninjured control IVDs at d56 showed organized concentric layers of cells of the AF with ScxGFP expression
brightest at the outer layers. The p14d56 IVDs revealed high cellular repair tissue ingrowth within injury sites (Figures 1B—1E) with some cells
exhibiting SexGFP positivity (Figures 1A and 1D). In contrast, p28d56 [VDs had significantly less cellularity with almost no cells within injury
sites inside the boundary of native AF tissue and no cells exhibiting SexGFP positivity (Figures 1D and 1E). The p28d56 mice healed with highly
cellular fibrotic tissue outside of the periphery of the IVD space (Figures 1B and 1C).

Uninjured control discs displayed healthy IVD characteristics with hydrated NP tissue, clear NP/AF boundaries, and organized AF structure
with PRAB stained slides with brightfield and polarized light imaging (Figure 1F). The p14d56 IVDs had extensive red-stained repair tissue
within the injury sites indicating collagen deposition (Figure 1F). In contrast, the p28d56 IVDs healed with a red-stained matrix deposited
on the outer edge of the IVD, indicating a fibrotic cap, but no repair tissue in the injury site (Figure 1F). The p28d56 injury IVDs had significantly
less % Repair Tissue than the p14d56 injury IVDs (Figure 11). The collagen organization of repair tissue and integrity of AF lamellar fibers imme-
diately adjacent to the injury sites were evaluated and quantified (Figures 1G-1J and S2). In p14d56 IVDs had AF repair tissue with birefrin-
gence indicating some organization of the newly deposited collagen (Figure TH), and AF layers immediately adjacent to the injury sites were
bright red/orange indicating retained and highly organized collagen with low collagen disorganization scores (Figures 1J and S2). In contrast,
AF fibers in p28d56 injured discs exhibited a gradient from bright to darker and greener in color closer to the injury sites indicating matrix
degradation, and significantly higher collagen disorganization score (Figures 1H and 1J). The fibrotic cap at the outer edge of p28d56
IVDs was dark under polarized light indicating little structural organization (Figure TH). Histological assessments therefore identified that
p14d56 healing was near-regenerative with highly cellular and organized AF repair tissue within the injury site, and retained adjacent AF layers
while p28d56 healing involved a fibrotic cap, little AF repair tissue, and disrupted adjacent AF layers.

Disc height and biomechanical function were restored in p14d56 mice but not in p28d56

Histological results prompted functional evaluations of IVD healing with disc height measurements and motion segment biomechanical
testing (Figure 2). Because the fibrotic healing response in p28d56 was robust, we also investigated skeletally mature adult (p112-p168)
IVDs with injury (i.e., adultd56) as a known non-regenerative age for comparison.'" Disc height loss as measured on Faxitron X-rays is a sen-
sitive marker for IVD disruption,m'77 and disc height index (DHI) was calculated to control for differences in animal size (Figure 2A). DHI for
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Figure 2. Injured p14 IVDs heal with restored disc height index (DHI) and biomechanical properties by d56 while injured p28 IVDs and adult IVDs do not
(A) digital X-rays used to calculate DHI in (B) p14, (C) p28, and (D) adult mice (biological n = 8-9/age) 56 days after injury. Scale bars represent 2.5 mm. (E)
Representative loading curve for samples used to determine torsional (F and G) and (H-J) axial biomechanical parameters. Error bars = SD. Student's t test
with p < 0.05 determined significant differences between ctrl and inj for each age, depicted in graphs as a horizontal black line.

injured p14d56 IVDs was comparable to the uninjured adjacent controls (Figure 2B), similar to p5d56 mice previously reported.'’ In contrast,
the p28d56 and adultd56 IVDs had significantly decreased DHI (Figures 2C and 2D), supporting histological findings that p28 and older IVDs
had inferior healing.

Control and injured motion segments at d56 post-injury were evaluated functionally with biomechanical testing. Parameters derived from
loading curves from cyclic torsional testing are most sensitive to AF integrity while parameters from cyclic axial compression/tension testing
are sensitive to both NP pressurization and AF integrity,” with parameter definitions and representative loading curves provided (Figures 2E
and S3). Adultd56 injured IVDs had functionally inferior biomechanical behaviors with significantly reduced torsional stiffness, torque range,
and axial range of motion, consistent with previous histology and biomechanical results.”’ There were no changes in torsional or axial biome-
chanical properties in p14d56 injured IVDs indicating robust functional healing with restored biomechanical function (Figures 2F-2J). Injured
p28d56 IVDs had no changes in torsional properties which contrasted with adult healing, suggesting a more robust healing response
(Figures 2F-2J). However, p28d56 had a significantly decreased axial range of motion, similar to adult healing, suggesting fibrotic healing
may limit axial motion at this age (Figure 2J). Overall, p14d56 was functionally regenerative with restored DHI and biomechanical properties;
p28d56 exhibited robust fibrotic healing with restored torsional properties but altered DHI and loss of axial motion; and adultd56 exhibited
inferior healing with altered DHI, torsional, and axial biomechanical properties.
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Structural regeneration did not occur with herniation injury at any postnatal ages

The p14d56 mice were near-regenerative and functionally restored yet did not fully recapitulate the herniated NP or AF lamellar structure. To
determine if structural regeneration was possible in neonatal mice at earlier ages, p1 and p5 healing were evaluated. Similar to the p14d56
mice, fluorescent imaging of p1d56 and p5d56 injured IVDs revealed highly cellular tissue deposited within the AF boundary which contained
some ScxGFP cells (Figures 3A and 3B). Both p1 and p5 had comparable % of cells exhibiting ScxGFP positivity and total cells within injury
sites (Figures 3A-3D). Values were similar to p14d56 indicating highly cellular AF repair tissue, compared to no cells seen within injury sites in
p28d56 mice. Healing of p1d56 and p5d56 also involved matrix deposition within injury sites with % Repair Tissue more similar to p14d56 than
to p28d56 (which contained almost no repair tissue), yet p1d56 had significantly less % Repair Tissue than p5d56 animals (Figures 3E and 3F).
However, the AF layers adjacent to the injury site were intact with bright birefringence under polarized light for p5d56 and p1d56 animals
(Figure 3@), leading to low collagen disorganization scores similar to p14d56 (Figure 3H). The p1d56 and p5d56 demonstrated near regen-
erative healing histologically with highly cellular AF repair tissue, with neither fully recapitulating the NP or AF lamellar structure. We note,
however, that injured p1d56 IVDs had significantly reduced DHI compared to controls (Figure 3I) unlike the p5d56 IVDs reported previously
which did not lose DHI,"" which we attribute to a greater injury severity in the p1 mice (Figure S1C). The small size of the p1 mice led to difficulty
in controlling the injuries compared to the other older (and larger) neonatal mice. Specifically, PRAB of p1d3 revealed very little intact AF
tissue remaining compared to p5 and older injuries (Figure S1C). We conclude that p1d56 and p5d56 healed near-regeneratively from
large-sized AF herniation injury, yet no neonatal mice of any age were able to recapitulate the native NP or AF lamellar structure following
this severe injury with NP herniation.

IVDs from injured p5 mice aged out to day 84 (p5d84) had tissue ingrowth similar to what was seen in p5d56. This indicates that d56 post-
injury is a stable healing condition in this model system and that the AF injury site does not continue to remodel or restore its AF lamellar
structure (Figure S4).

Expansive neonatal intervertebral disc growth involves a shift from cell proliferation to matrix deposition with significantly
decreased crosslinking density as the regenerative window closes

Having identified that the IVD regenerative healing window closes from p14 to p28, we characterized major changes in cell proliferation and
matrix elaboration during these ages to identify factors involved in the loss of IVD regenerative potential. Multiphoton imaging was used to
measure collagen content (second harmonic generation (SHG), excitation 910 nm) and crosslinking (two photon excitation fluorescence
(TPEF), excitation 720nm) in the AF as previously reported in embryonic chick tendon,'” which is a similar fibrous connective tissue as the
AF. During growth, the AF was increasingly dominated by organized and mature collagen that was particularly notable at p14 and continued
to increase until skeletal maturity, as indicated by the increase in SHG signal and TPEF signal over time (Figures 4A-4C). When normalizing the
crosslinking by the amount of collagen present (TPEF/SHG) there were high crosslinking density levels shortly after birth before significantly
decreasing during early growth (Figure 4D). Atomic force microscope (AFM) nano-indentation measured the stiffness of outer AF tissue on
intact IVDs from p1 to adult mice (Figure S5). AF elastic modulus (E) was lowest shortly after birth at p1 (~35 kPa), significantly increased at p5
(~50 kPa), and reached a steady state at p56 (~75 kPa) which was not significantly different than skeletally mature adult AF tissue (~75 kPa)
(Figure 4E). Results therefore indicated the AF elastic modulus increased with neonatal growth; this corresponded with the increase in
collagen content and crosslinking but contrasted with the decrease in crosslinking density.

Cell mitotic potential is reduced during growth and could be implicated in the loss of AF regenerative potential, so we assessed % prolif-
erating AF cells at varying ages using immunohistochemistry for Ki67 as well as Edu (Figure 4F; Figures S6 and S7). The AF % cell proliferation
was highest at p1 (~35%), remained high at p5 (30%), was significantly reduced by p14 (10%), and exhibited very little % cell proliferation by
p28 and older (Figure 4F). The % proliferating NP and cartilage endplate cells had similar patterns as AF cells. The significant and substantial
drop in % AF cell proliferation at p14 and again at p28 suggests it could be implicated in the loss of AF regenerative healing potential.

Overall, at p14 we observed a major shift in growth mechanisms from AF cell proliferation to collagen deposition, as measured by SHG
intensity (Figure 4J). Furthermore, % cell proliferation and crosslinking density followed similar patterns substantially decreasing from birth to
p14 and p28 (Figure 4K) prompting further investigation.

B-aminopropionitrile decreased collagen crosslinking density and impaired annulus fibrosus regeneration without altering
cell proliferation
BAPN, a lysyl-oxidase inhibitor, was used to inhibit collagen crosslinking and was given to neonatal mice from embryonic day 5.5 until either
p5 or p14 (Figure S1D). BAPN treated mice were compared to untreated age-matched control mice. Note untreated mice were the same as
those used in the growth studies in the previous section since all mice were analyzed together, (Figure S1D). BAPN treatment significantly
reduced the AF crosslinking density of p14 mice but not p5 mice (Figures 5A and 5C), with no other obvious changes in collagen SHG signal
detected (Figure 5A). AFM nano-indentation was performed on p14 mice only since p5 mice did not exhibit any significant changes in cross-
linking density due to BAPN treatment. AFM showed BAPN significantly reduced AF tissue modulus in p14 mice when compared to untreated
age-matched controls (Figure 5D). BAPN treatment did not affect % cell proliferation as measured with DAPI and Ki67 (Figures 5B and 5E) and
had no effect on vertebral length, IVD diameter, or number of lamellar AF layers on p14 mice (Figure S8A).

The p14BAPN treated mice received AF puncture at p14 and were evaluated at d56 (p14BAPNd56) to investigate whether decreased
collagen crosslinking density and tissue modulus affected AF regenerative healing (Figure 6). Injured p14BAPNd56 IVDs exhibited a shift to-
ward fibrotic healing with a significantly decreased number of cells in the injury site, % ScxGFP, and % repair tissue compared to the p14d56
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Figure 3. Injured p1 and p5 IVDs heal near-regeneratively suggesting neonatal IVD regeneration does not recapitulate the AF lamellar structure after a
severe herniation-type injury at any post-natal age

(A and B) Representative (A) ScxGFP and (B) DAPI images of AF controls and injury sites of p1 and p5 mice (biological n = 5/age) 56 days after injury.

(C and D) Quantification of (C) % cells expressing ScxGFP and (D) total number of cells within injury sites.

(E and F) Representative Picrosirius Red Alcian blue images of AF controls and injury sites of p1d56 and p5d56 mice under (E) brightfield and (F) polarized light.
(G and H) Quantification of (G) % repair tissue within the injury site and (H) collagen disorganization score. Scale bars = 100 pm. Quantifications are compared to
p14 and p28 levels marked by light and dark blue dotted lines respectively. Outlines indicate injury sites (yellow/green) and repair tissue (white).

(I) Arrows point toward cellular repair tissue (white) and adjacent AF structure near injury sites (yellow) (1) Digital X-rays are used to calculate DHI in p1 injured and
control IVDs. Scale bars represent 2.5 mm. Error bars = SD. Student's t test with p < 0.05 determined significance, depicted in graphs as a horizontal black line.

functionally regenerative IVDs (Figures 6A-6F). Note the p14BAPNd56 mice were compared to the p14d56 mice used in the regenerative
window study since all assessments were simultaneously performed (Figure S1D). The p14BAPNd56 IVDs had increased collagen disorgani-
zation score and fibrotic scarring at the periphery of the IVD with AF layers adjacent to the injury sites darker with less birefringence
(Figures 6G and 6H).

BAPN treatment also led to significantly impaired function in p14BAPNdJ56 injured IVDs. BAPN treatment significantly reduced DHI in
injured I[VDs compared to untreated injured p14 IVDs that had DHI restoration (Figures 61-6K). There were no changes due to BAPN treatment
with torsional testing suggesting the robust fibrotic healing in p14BAPN mice was capable of restoring torsional properties after healing
(Figures 6L and 6M). However, there was an increase in compressive stiffness (Figure 6N) in p14BAPN mice but not tensile stiffness or range
of motion (Figures 60O and 6P), which combined with reduced DHI suggests the collapse and compaction of the IVD, consistent with the his-
tological findings showing the degradation of the AF layers. Overall, BAPN treatment impaired healing compared to untreated p14 mice and
shifted p14d56 IVDs from regenerative healing to fibrotic healing with loss of disc height and impaired biomechanical function. Since
p14BAPN reduced collagen crosslinking density without affecting % cell proliferation, results indicate that maintaining crosslinking density
and AF structure organization is essential to regenerative healing and that high % cell proliferation is not sufficient for AF regenerative healing
conditions.

Bulk sequencing on AF tissue from p14 and p28 mice was used to identify additional factors likely to limit regenerative AF healing. Despite
the relative closeness in age, the PCA plot revealed that p14 and p28 transcriptomes could be easily separated (Figure 7A), with 851 DEGs
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Figure 4. Postnatal AF growth involves rapidly increased collagen accumulation and AF modulus with reduced crosslinking density and AF cell
proliferation

(A) Representative IVD images (biological n = 6-9/age) under second harmonic generation (SHG, excitation 910 nm) depicting collagen content, and two photon
excitation fluorescence (TPEF, excitation 720nm) depicting crosslinking. Scale bars = 100 um.

(B-D) Quantification of (B) collagen content (C) crosslinking and (D) crosslinking density (TPEF/SHG).

(E) Quantification of AF elastic modulus, E.

(F-I) Representative AF images (n = 6-9/age) of DAPI and Ki67 (cell proliferation) Quantification of (G) total number of AF cells (H) number of proliferating cells,
and (I) % cell proliferation.

(J) Inverse relationship between % AF cell proliferation (Kié7/DAPI) and collagen content (SHG).

(K) Proportional relationship between % AF cell proliferation (Ki67/DAPI) and crosslink density (TPEF/SHG). Error bars = SD. Effect of age was evaluated by one
way ANOVA with Tukey post-hoc comparisons. p < 0.05 is considered significant and indicated in graphs as a horizontal black line.

between p14 and p28 AF tissue with roughly half of these genes significantly higher in the p28 and half significantly lower (Figure 7B). GSEA
with Enrichr on DEGs identified GO terms for significantly depleted and enriched pathways in p28 AF cells. Importantly, top GO terms that
related to the ECM structure, organization, and collagen fibril organization were depleted at p28 compared to p14, confirming the impor-
tance of AF lamellar and collagen organization in p14 regenerative mice (Figures 7C and S9), and providing an external validation that dis-
rupted collagen crosslinking is likely to be a key factor limiting regenerative healing in p14-BAPN animals. The p28 AF tissue also revealed top
GO terms enriched forimmune related responses including neutrophil degranulation, neutrophil activation, and cellular response to cytokine
stimulus (Figures 7C and S9). The importance of immune cell responses in other neonatal tissues motivated us to characterize immune cell
differences from p14d56 to p28d56 using immunohistochemical staining against CD45, a pan immune-cell marker found on all leukocytes
(Figure 7D). Interestingly, CD45 staining was most prominent in p14d56 IVDs with an abundance of positively stained cells in the newly depos-
ited repair tissue in the injury sites of p14d56 IVDs and beyond the boundary of the native AF (Figures 7E and 7F). There was no positive CD45
staining in the fibrous cap of p28d56 mice IVDs, and no CD45 staining within the injury site which did not contain any cells or repair tissue. The
CDA45" cells were quantified (Figure 7E) to be significantly higher grades for p14d56 compared to p28d56 (Figure 7F). Additional bulk
sequencing performed on p5 and p21 AF tissue revealed distinct gene expression profiles for p5, p14, and p28 mice. p21 had more variance
between samples and were intermixed with p14 and p28 samples suggesting p21 has overlap with the two closest ages (Figure S10).

DISCUSSION

This IVD regeneration study applied AF herniation injuries to neonatal mice to answer important open questions in IVD regeneration and
to identify necessary factors for AF regenerative healing. IVDs healed regeneratively when these large-sized injuries were induced at very
early neonatal ages from p1 through p14 and transitioned to fibrotic healing when injured at p28. Healing was considered functionally
regenerative since it involved cellular repair tissue with organized collagen within the IVD space, retained AF lamellar structure adjacent
to the injury, restored IVD height, and restored biomechanical function. However, injured mice IVDs did not recapitulate the native AF
lamellar structure even when injured at p1, which contrasts regenerative healing in other organs and tissues with comparably large-sized
injuries. Our growth study determined this period when the “window of regenerative healing closes” coincides with a shift in the expansive
neonatal IVD growth from rapid cell proliferation to extensive collagen deposition. The substantially altered collagen crosslinking density
after p14 implicated its role in regenerative healing. We therefore pharmacologically decreased AF crosslinking by inhibiting lysyl oxidase
with BAPN which reduced collagen crosslinking without affecting cell proliferation. BAPN treatment shifted AF healing from regenerative
to fibrotic highlighting the necessity of high crosslink density to stabilize AF layers during healing processes and underscoring that high cell
mitotic rates are not sufficient for regeneration. Bulk RNA-seq of p14 (regenerative healing age) and p28 (fibrotic healing age) AF tissues
revealed GO terms for depleted extracellular matrix organization processes at p28 providing an unbiased validation that crosslinking is a
key change at the age when the IVD regenerative healing window closes. RNA-seq also identified upregulated GO terms for neutrophil
degranulation at p28 implicating immune cell changes in the shift to fibrosis, which was further supported by stark differences in immune
cell presence in AF repair tissue from regenerative p14 to fibrotic p28 IVDs. This mouse model identified a novel temporal window in which
to study cellular and molecular processes involved in the limited regenerative potential of the adult mammalian IVD, and determined that
design criteria for human AF repair methods include retained AF lamellar integrity in proximity to injury sites and delivery or recruitment of
cells with mitotic potential capable of depositing matrix to restore IVD height and biomechanical function.

IVD regenerative healing did not recapitulate the native AF structure at any neonatal age in this model and we believe this is likely related
to loading conditions on the IVD caused by this herniation injury, although it is important to also contextualize our findings with injury-size
effects. This study applied injuries with AF puncture ~80% IVD height through ~50% IVD width to induce NP herniation, and this large
and “criticallysized” injury was selected to cause IVD injuries shown to cause progressive IVD degeneration in adult mice and with detectable
IVD biomechanical changes that are easier to detect than smaller injuries that do not consistently induce detectable biomechanical
changes.”®?* Injury size effects were similarly demonstrated in neonatal cardiac healing since controlled amputation of <15% of the myocar-
dial tissue was regenerative with structural restoration, while larger injuries did not regenerate at any age.”” Interestingly, complete tendon
transection in neonatal mice (i.e., considered more severe than the IVD herniation injury here), was capable of structural and functional regen-
eration,'” and we speculate this is because there is no compressive damage to the tendon from loading after the injury. We further believe our
injury was “critically-sized” and unable to recapitulate its structure since the loss of NP pressurization during herniation injury can result in
repetitive AF damage with lamellar buckling, loss of AF collagen fiber tension and progressive damage, AF cell apoptosis and matrix
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Figure 5. Inhibiting crosslinking accumulation with BAPN reduced AF crosslinking density and modulus at p14 without affecting % cell proliferation
BAPN was administered through drinking water until embryonic day 5.5 until p5 or p14 (biological n = 6-9/age).

(A and B) Representative (A) multiphoton images of SHG (collagen content) and TPEF (collagen crosslinking) and (B) fluorescent images of total cells (DAPI) and
proliferating cells (Ki67) in control and BAPN-treated p5 and p14 AF tissue. Scale bars = 100 um.

(C-E) Quantification of (C) collagen crosslinking density (TPEF/SHG) (D) AF tissue elastic modulus, and (E) % cell proliferation.

Dashed lines outline AF region (yellow). Error bars = SD. Student’s t test with p < 0.05 determined significance, depicted in graphs as a horizontal black line. p5
and p14 mice were the same as in the growth studies as all groups were processed and analyzed together.

catabolism.”?” Needle size was adjusted to account for IVD size changes during growth (Figure S1C), and we believe was sufficiently
controlled to enable us to sufficiently conclude the shift from regenerative to fibrotic healing occurred from p14 to p28. Mouse and human
lumbar IVDs have many similarities in IVD structure and biomechanical stress environments when normalized for geometric differences, and
we therefore expect biomechanical factors to be similar across species.”®?” Coccygeal IVDs provide easy access to surgical injury interven-
tions as in this study, while also retaining structural and biomechanical similarities to the lumbar spine including supporting significant axial
stresses due to muscular loading (since muscle loading dominates gravitational loading in prescribing axial loads in all spinal regions of hu-
mans and quadrupeds).”*" Therefore herniation injury can similarly result in repetitive AF damage in IVDs of all spinal levels and species
including mouse coccygeal IVDs in this study. Partial and full depth AF puncture injuries in adult murine IVDs from lumbar and coccygeal re-
gions reported that full-depth (i.e., complete) AF injuries caused significant degeneration throughout the entire IVD while the partial-depth
(i.e., that retained NP pressure) AF injuries caused only localized disruptions mainly contained to the AF.*>** We expect a partial-depth AF
injury or small needle puncture in neonates that retains NP pressure and may be capable of full structural regeneration since the AF would not
be subjected to subsequent compressive damage. Nevertheless, critically-sized IVD herniation injury is the more important clinical challenge,
and in this study, neonates up to p14 healed remarkably well and we call it regenerative and/or functional regeneration.
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Figure 6. BAPN treatment shifted p14 regenerative healing to fibrotic healing with little matrix/cell deposition, fibrotic caps, reduced DHI, and

increased compressive stiffness
BAPN-treated mice were injured at p14 and evaluated 56 days after injury (n = 5).

(A-H) Representative fluorescent images of (A) ScxGFP (AF cells) and (B) DAPI (total number of cells) are used to quantify (C) cells/injury site area and (D) % with

ScxGFP. Representative PRAB (E) brightfield and (F) polarized light images are used to quantify (G) % Repair Tissue and (H) Collagen Disorganization grade. Scale
bars = 100 pm. Dashed lines outlines injury sites (yellow or green), fibrous caps (purple), and repair tissue (white). Arrows point toward cellular repair tissue (white),

fibrous caps (purple), and adjacent AF structures near injury sites (yellow).

(I) Digital X-rays were used to calculate DHI in (J) p14 and (K) p14BAPN mice 56 days after injury (biological n = 6-9/age).
Torsional (L and M) and (N and P) axial biomechanical parameters. Error bars = SD. Student’s t test with p < 0.05 determined significance, depicted in graphs as a
horizontal black line. p14d56 mice were the same as in the regeneration window studies as all groups were processed and analyzed together.
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Figure 7. p28 AF has depleted structural organization pathways, enriched immune-related pathways, and fewer CD45-immune cells at the injury site
compared to p14

(A-C) Bulk sequencing of p14 and p28 AF tissue (n = 4 samples/age) revealed (A) PCA plot highlighting p14 and p28 gene expression profiles are distinct with
(B) volcano plot depicting the number of differentially expressed genes (DEGs) and (C) GO-Terms found using Enrichr highlighting the most significant enriched
and depleted pathways.

(D) Immunohistochemical staining of leukocyte cell marker CD45 using a peroxidase/DAB secondary kit with a TOL Blue counterstain on p14 and p28 IVDs
(n = 3/age) 56 days after injury. Arrows (red) point toward representative positive cells (black). Pink and black insets highlight areas within injury sites within
the boundary of the IVD (pink) and on the outer periphery (black).

(E) Scale bars = 100 pm (E) CD45" staining semi-quantification grading scale.

(F) CD45" grading for p14 and p28 IVDs 56 days after injury. Error bars = SD. Student's t test with p < 0.05 determined significance, depicted in graphs as a
horizontal black line.

Regenerative AF healing up to p14 shifted to fibrotic healing by p28 which expands and refines prior knowledge. Specifically, regenerative
AF healing in p1, p5, and p14 in this study was similar to functional regenerative IVD healing previously reported in p5 mice IVDs."" This study
further clarified AF regenerative healing involves highly cellular repair tissue with organized collagen, retained AF layers adjacent to the injury
site, and restored IVD height and biomechanical properties. In contrast, fibrotic healing in mice injured at p28 involves little/no repair tissue in
the injury defect site, degeneration of AF layers adjacent to the injury site, a fibrous “cap” on the periphery of the IVD populated by fibroblastic
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cells with disorganized (i.e., little birefringence in polarized light imaging) collagen, IVD height loss, and altered biomechanical function.
Fibrotic healing in this study was consistent with broader IVD literature documenting mature IVDs heal with a fibrous cap consisting of mature
fibroblasts and collagens which form on the periphery and can extend inwards in IVDs from rabbits and mice."'** The p28 mice have a human
equivalent age of approximately 10-15 years, and the lack of robust regenerative healing when IVDs are injured at such young ages suggests a
reason why some morphological and compositional changes in the human [VDs can be considered degenerative even when occurring at very
young ages.' Human NP cells shift from notochordal to non-notochordal phenotype by 10 years which is a similar age and often speculated to
be a cause of premature IVD degeneration.”* However, the notochordal cell transition is unlikely to be a factor in the shift to fibrotic healing
observed in this study since the notochordal NP cell phenotype persists in mice beyond 9 months, and since fibrotic AF healing has been
observed in multiple species including notochordal-cell retaining and non-notochordal IVD models.**?>*%2” The shift to fibrosis at such early
ages therefore implicates the changes in IVD cell proliferation and matrix structure occurring during this explosive IVD growth period in mice
from p1 to p14 and to p28.

Our growth study identified a shift in growth mechanisms from high cell proliferation rates to extensive collagen deposition that coincided
with postnatal ages where regenerative healing shifts to fibrosis. This study expands on the IVD growth literature to show that neonatal AF
growth involves lamellar collagen structural deposition with increasing birefringence most prominent on polarized light around p14. This
expansive growth stage involves organized collagen deposition that outpaces crosslinking accumulation to result in significantly decreased
crosslinking density (Figure 4). RNA-seq confirmed the importance of structural changes during this growth stage since GSEA identified
depleted GO terms for structure organization, collagen fibril organization, and extracellular matrix organization. Since AF layers are created
during development and the number of AF layers are nearly constant in the mice postnatally, we do not expect the number of AF layers to play
a role in the shift from regenerative to fibrotic AF healing.'”'® Therefore, this growth study and the literature implicated reduced cell mitosis
and crosslinking density as two potential factors with significant changes at p14 that are likely to affect AF regenerative potential.

The highly cellular AF repair tissue in regenerative healing implicated high cell proliferation rates as being permissive of AF regenerative
healing, yet this study showed high AF cell mitosis is not sufficient for regenerative healing. A previous lineage tracing showed regenerative
AF healing in injured p5 IVDs involved Scx-lineage cells that de-differentiated following injury, adopted a stem-like (Sca-1+) phenotype, prolif-
erated to expand cell number, and then re-differentiated toward type 1 collagen producing ScxGFP+ AF cells by d56.%° Because of the ex-
pected importance of AF cell mitotic potential in AF regeneration, we measured AF cell proliferation rates with high timing resolution and with
2 different methods, Ki67 IHC in the AF (Figure 5) and Edu in AF, NP and cartilage endplate regions (Figures S6 and S7). The ages when VD
cells had reduced proliferation rates were consistent between methods and with prior literature showing undetectable cell proliferation rates
in mouse lumbar spine by 28 days.'? Importantly, this study determined high rates of AF cell proliferation were not sufficient for AF regen-
erative healing based on three findings. First, AF herniation injury healed similarly at p5 and p14 despite the lower levels of proliferating
AF cells in p14. Second, BAPN-treated mice had inferior AF healing, but the treatment did not affect cell proliferation rates. Third, unbiased
RNA-seq analysis between p14 and p28 AF did not detect significant GO terms relating to cell cycle or proliferation changes, suggesting the
significant decreases in Ki67 and Edu are less dominant than other changes detected. AF tissue regeneration therefore appears to be inde-
pendent of cell mitosis levels, consistent with the neonatal heart which loses its regenerative potential at p2 (with fibrous scarring when injured
at p2 and healing without scars when injured at p1) even though most cardiomyocytes become post-mitotic at p5.">"" Nevertheless, it is
somewhat likely that high AF cell proliferation rates are a necessary condition for AF regenerative healing which remains a future question
since cells expressing Scx and Mhk are important in AF repair, and identifying AF progenitors with enhanced appreciation for the complexity
of AF cell populations remains an evolving research topic with several recent single-cell RNA-seq analyses.”**

This study showed that maintaining AF lamellar AF matrix microenvironment conditions was necessary for IVD regenerative healing. Spe-
cifically, inferior IVD healing with BAPN treatment in this study provided direct evidence that AF's high crosslinking density with organized
collagen structure was a necessary condition for AF regenerative healing. AF injury in p14 mice treated with BAPN had fibrotic healing, de-
generated surrounding AF tissues, and loss of IVD height. BAPN treatment in p14 mice decreased AF crosslinking without affecting AF cell
proliferation, IVD width, or vertebral growth, further suggesting these changes are related to altered crosslinking density. While the growth
study implicated changes in collagen content and crosslinking density in the shift to fibrotic healing, we note that BAPN did not affect
collagen content (Figure 5C) and therefore crosslink density changes are most likely to have affected inferior IVD healing with BAPN treat-
ment. We believe decreased crosslinking from BAPN made IVDs more susceptible to matrix degradation and progressive damage during
acute inflammation occurring at early healing stages.”” Increased matrix degradation in the injured p14 with BAPN animals is consistent
with the observed loss of IVD height and increased biomechanical compressive stiffness, which may result from increased IVD deflections
and endplate contact under load. RNA-seq was an unbiased confirmation of the importance of collagen structural changes in the shift to
fibrotic healing since GSEA revealed top GO terms for extracellular organization, collagen fibril organization, and extracellular structure or-
ganization when comparing non-regenerative (p28) to regenerative (p14) AF tissue. We believe that an organized AF matrix contains refined
structural features, such as microtubules,***” that may facilitate the transport of cells and soluble factors that better enable healing.

BAPN treatment rescued cardiac regenerative capacity in neonatal mice yet caused inferior IVD healing in this study.'® Cell culture studies
show lower substrate stiffness and increased access to cell-adhesive ligands can increase proliferation rates and enhance stemness in different
cells."®*° We therefore expected BAPN to improve IVD healing since BAPN would reduce AF tissue modulus, and enhance cell proliferation
and transport. However, BAPN caused fibrotic IVD healing in p14 mice by reducing crosslinking density without affecting IVD cell prolifera-
tion. We believe the differences in cardiac and IVD loading conditions may explain why BAPN improved healing in neonatal cardiac and
diminished healing in IVDs. Cardiac tissues are loaded in tension biaxially while the AF is loaded in tension circumferentially (from hoop
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stresses) and compression axially.”’* Axial IVD compression causes complex AF strain patterns that can cause lamellar buckling and delam-
ination which induces apoptosis and promotes catabolism.”’>* We believe that BAPN impaired IVD healing is due to local IVD effects with the
accumulation of collagen disorganization due to weakened AF collagen because BAPN-treated animals had normal weight and health.
Furthermore, systemic BAPN effects are unlikely to reach a threshold to influence the IVDs of the young treated mice in this study (e.g., tendon
changes to increase joint motion are unlikely to substantially influence the large range of motion of healthy coccygeal IVD motion segments '
and reduced blood pressure is unlikely to significantly impair IVD nutrition in these small young coccygeal mouse IVDs™*). Additionally, loss of
AF residual strains from IVD puncture can cause apoptosis, fibrous scarring, and aberrant mechanosensing.”® BAPN-induced crosslink reduc-
tion therefore seems to impact healing differently in tissues experiencing distinct loading conditions. This study together with the literature
therefore strongly emphasizes the importance of crosslinking with retained AF structure for IVD homeostasis and healing. AF repair strategies
informed by this study would therefore need to consider the stabilization of native AF lamellae adjacent to the injury sites which may arrest
progressive degeneration and be sufficient to enable functional healing without the need to fully recapitulate native AF and NP structures. For
example, a cell-seeded AF sealant stabilized AF layers adjacent to the injury site in bovine organ culture, while unrepaired defects underwent
progressive degeneration of adjacent AF layers.™

This study implicated a role for immune cell changes in the transition from regenerative to fibrotic IVD healing since GSEA from p14 to p28
AF tissue revealed top GO terms enriched for neutrophil degranulation and neutrophil activation. Meanwhile, immunostaining showed more
CD45 staining in p14d56 than in p28d56, suggesting a different and more robust inflammatory response in regenerative vs. fibrotic healing.
Regenerative healing in neonatal mouse tendons also involved a more robust immune response influenced by macrophages with neonatal
Tregs controlling macrophage polarization, compared to a more chronic and less robust immune response in adult tendon fibrotic heal-
ing.”>” Regeneration in neonatal mouse cardiac tissue and salamander cardiac tissue have been shown to require macrophages, with
loss of regenerative ability after macrophage depletion.”®*” Puncture injury in adult rat IVDs was shown by single-cell RNA-seq to involve
macrophages and B lymphocytes® while the systemic ablation of macrophages led to increased IVD herniation size, further suggesting im-
mune cell involvement in altered IVD healing patterns.®’ Our results in the context of the literature, therefore, highlight a more robust inflam-
matory response in regenerative healing, and a need for future studies to identify the immune cells involved in neonatal IVD regeneration.

In conclusion, this study identified that matrix changes occurring between p14 and p28 are critical drivers in the transition from functional
regeneration to fibrotic IVD healing while high AF cell proliferation rates were not sufficient to enable regenerative healing. However, the IVD
lamellar structure was not fully recapitulated following injury at any neonatal age contrasting other neonatal tissues with similar injury severity,
likely because IVD herniation injury caused loss of AF fiber tension with repetitive compressive damage. High collagen crosslink density and
maintained lamellar organization were necessary conditions for IVD functional regeneration, which may be critical in avoiding compressive
lamellar damage and retaining AF microstructural features that are permissive to transporting cells and soluble factors. Translating these con-
cepts suggests design goals for IVD regenerative repair would retain AF lamellar integrity in proximity to injury sites while delivering or re-
cruiting cells capable of depositing matrix to restore AF tension, IVD height, and biomechanical function in order to limit and avoid compres-
sive damage to AF lamellae.

Limitations of the study

Inhibited crosslink density shifted IVD healing from regenerative to fibrotic healing, yet we did not add crosslinks to the IVD to try a “rescue”
experiment since crosslinking agents have known cytotoxicity and are nearly impossible to localize precisely to the AF defect site in very small
mouse IVDs. Bulk RNA-seq was used as an unbiased validation of the importance of AF matrix organization at ages when IVDs shift from
regenerative to fibrotic healing, and the immune cell changes also identified are presented as descriptive findings to inspire future work.
AF elastic modulus calculated with AFM nanoindentation was not comparable between the aging study (p1, p5, p56, and adults) and the
BAPN study (p14 and p14-BAPN) since the AFM probe used in the first study was discontinued by the vendor and the replacement probe
for the second study had a small bias when comparing across the sub-studies. Additionally, throughout the study, we used uninjured adjacent
IVDs as internal controls to minimize variability between individual mice and to reduce the number of mice required. Utilizing uninjured adja-
cent controls rather than separate uninjured mice can be a limitation, but we did not detect any suggestion of adjacent segment degeneration
in the internal control IVDs.

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, James latridis (james.iatridis@
mssm.edu).

Materials availability

This study did not generate new unique reagents.

Data and code availability

® The bulk RNA-seq dataset generated in this study is publicly available at Gene Expression Omnibus (GEO: GSE275620).
e This article does not report the original code.
e Any additional information required to reanalyze the data reported in this article is available from the lead contact upon request.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti — Ki67 Abcam Cat# Ab16667; RRID: AB_302459
Anti — CD45 Thermo Fisher Cat# Pa5-96061; RRID: AB_2807863

Donkey Anti-Rabbit Cy5

Jackson Immuno Research

Cat# 711-175-152; RRID: AB_2340607

DAB Secondary Kit Vector Cat # MP-7801-15
Chemicals, peptides, and recombinant proteins

BAPN Sigma A3134-SG
PBS Thermo Fisher BP399-20
PFA Thermo Fisher J19943-K2
EDTA Fisher 5316-212
Sucrose Thermo Fisher A15583.0C
OCT Thermo Fisher 4585
Mounting Medium Electron Microscopy Sciences 16900
DAPI-containing Mounting Medium Invitrogen P36931
Picrosirius Red Thermo Fisher 00059437
Alcian blue Poly Scientific S1T11A
Horse Serum Vector S-2012
RNAse Away MBP 7002

Trizol Invitrogen 15596018
Chloroform Thermo Fisher BP1145
Ethanol Thermo Fisher BP2818-500
Critical commercial assays

Clicklt Edu Kit Thermo Fisher C10337
RNeasy Micro Kit Qiagen 74004
Deposited data

Bulk sequencing and analysis of mouse annulus fibrosus tissue This paper GEO: GSE275620

Experimental models: Organisms/strains
C57bl/6J WT
C57bl/6j ScxGFP

The Jackson Laboratory

Bred In house

000664

Originated from Dr. Ronen Schweitzer

Software and algorithms

ImageJ

National Inst. Of Health

https://imagej.nih.gov/nih-image/index.html

GraphPad Prism Graphpad https://www.graphpad.com/
Other

26 G needle BD 305111

27 G needle Exel Int 26426

30 G needle BD 305128

31 G needle BD 328446

36 G needle WPI NF36BV

8-0 Prolene Sutures Ethicon 8730H

Needle Stopper for 30 G McMaster Car 20H304

Needle Stopper for 27/26 G McMaster Car 21H304

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
AFM Tips Novascan PT.PS
Phasemaker Tubes Invitrogen A33248

Blue India Ink Thermo Fisher 3120124
Histological Slides ASI SM2575

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

Only mouse participants were used and no new human participants were recruited for this study. C57Bl6 mice were bred and maintained in
house at Icahn School of Medicine within the Center for Comparative Medicine and Surgery (CCMS) with IACUC approval (Mount Sinai IACUC
protocol #: IPROTO202100000042). C57Bl6é wildtype and ScxGFP transgenic reporter mice were used in this study including both males and
females and ranging from age postnatal day 1 to skeletal maturity of 4-6 months old. Male and female ScxGFP reporter mice, originally gener-
ated by Dr. Ronen Schweitzer and bred in our colony, were distributed evenly by sex within each experimental group. Mice were housed in
cages of up to 5 mice with 12-h light/dark cycles and had unlimited access to food and water.

METHOD DETAILS
BAPN Administration

B-aminopropionitrile (BAPN), a lysyl-oxidase inhibitor, was administered via drinking water (1 mg/mL) to pregnant females starting at embry-
onic day 5.5 and continued until mouse pups were postnatal day 5 (p5) or p14. The volume of drinking water consumed was monitored weekly
to assess the average dose of BAPN ingested by the mice, which was similar to previous studies of BAPN in mice of ~5 mg of BAPN per mouse
per day (~125 mg/kg per day).'” Mice were euthanized at p5 or p14 for analysis. Additional p14 mice underwent AF puncture injury and were
switched to regular water for the remaining 56 days after surgery until euthanasia.

Intervertebral disc herniation injury and mouse euthanasia

ScxGFP mice underwent coccygeal IVD puncture injuries.'” Injuries on postnatal day 1 (p1), p5, p14, p28, and adult (4-6 months) mice were
performed using a needle size ~80% IVD height and 50% IVD depth to induce herniation (Figure ST1A). Needle sizes were adjusted for each
age accounting for size differences at the time of injury (Figure S1B). Puncture needles were dipped in India Ink to visualize injured IVD levels. A
total of 3-4 injuries were performed on alternating IVDs in on coccygeal levels cc4/5 and below with adjacent uninjured IVDs serving as internal
controls. Coccygeal IVDs were located using ScxGFP expression through the skin using a stereo microscope with fluorescence capabilities
(Mé0 microscope; Leica Microsystems). Neonatal p1 and p5 mice were anesthetized by placing in ice for puncture injuries. Neonatal p1
and p5 were punctured through the skin and did not require sutures. Mice aged p14 and p28 were anesthetized with isoflurane during punc-
ture injury, with a small open microsurgical procedure (3-4 mm avoiding tendon). Sutures (8-0 prolene, Ethicon) closed incision sites and Bu-
prenorphine administered (0.05 mg/kg). Control and injured IVDs were evaluated 3 days post-injury (d3) for injury severity assessments and
d56 for regenerative assessments.

Tissue collection and processing

To assess regeneration, mice at either d3 (n = 3/experimental group) or d56 post-injury (n = 5/experimental group for histology, n = 7-9/
experimental group for biomechanical analysis). Mice were euthanized by carbon dioxide inhalation and included UltraFocus Faxitron (Tuc-
son, AZ, USA) imaging at d56 for IVD height. Another mice cohort with in-vivo injuries at p5 were evaluated at d84 to compare p5d56 and
p5d84. For histology, tails were fixed in 4% paraformaldehyde (PFA), decalcified in ethylenediaminetetraacetic acid (EDTA), embedded in
optimal cutting temperature (OCT) as vertebra-IVD-vertebra segments, and cryo-sectioned. Tails for biomechanical testing were stored
in —80°C intact. Surgeries for each experimental group were performed in parallel (p1, p5, p14, p28, adult, and p14-BAPN) (Figure S1D).
The p14d56 mice were compared with both p28d56 and 14BAPNd56 mice.

To characterize AF growth, C57BL6 wildtype mice were euthanized at postnatal day 1 (p1), p5, p14, p28, 2 months (p56), and 4—-6 months
(p112-p168) (n = 6-9/age) by decapitation or carbon dioxide inhalation. In parallel, additional mice underwent BAPN treatment until p5 or p14
(n = 6-9/experimental group) before euthanasia and were compared to their age matched untreated mice (Figure S1D). All groups were
analyzed together; p5 and p14 mice were used in both the AF growth comparisons as well as in the BAPN studies against p5BAPN and
p14BAPN. Tails used for AFM were stored in —80°C. Tails for immunohistochemistry and multiphoton imaging were unfixed and embedded
immediately in OCT in multi-disc segments (p1, p5, p14, p5BAPN, p14BAPN) or as endplate-disc-endplate segments (028, p56, and p112) to
allow for sectioning without decalcification. Samples were cryo-sectioned into 20 pm sections and stored at 80°C. Additional p1-p8, p14, p28,
p56, and adult (4-6 months) mice (n = 3/age) were used for cell proliferation assessment using EdU. 0.05 mg EdU was injected subcutaneously
2-h prior to sacrifice. Tails were fixed in 4% PFA, decalcified in EDTA, embedded in OCT as vertebra—IVD-vertebra segments, and cryo-
sectioned.
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Immunohistochemistry (IHC) and histology

To assess regeneration and evaluate gross morphology, samples were stained with picrosirius red (PR) for collagen and Alcian blue (AB) for
glycosaminoglycans and imaged under brightfield light for % repair tissue within injury sites, IVD diameter, the number of AF lamellar layers
and were imaged under polarized light to assign a collagen disorganization grade (Figure S2) for tissue near the injury sites. For fluorescence
imaging, additional slides were stained with DAPI to visualize cell nuclei and ScxGFP expression for AF phenotype. Immunostaining was per-
formed on additional slides using a rabbit anti-mouse CD45 primary (1:2400, Fisher Scientific, Cat# PA5-96061) and a DAB horse anti-rabbit
secondary kit (Vector, MP-7801) with TolBlue counterstain to grade leukocytes staining. Cell proliferation was assessed within the anterior AF
using EJU and immunohistochemistry against proliferation marker Kié7. EdU detection was performed using the Click IT EdU kit (Life Tech-
nologies), according to manufacturer instructions. For Kié7, primary anti-Ki67 (Abcam cat# Ab16667) (1:75) and a Cy5 secondary Ab (Jackson
ImmunoResearch cat#711-175-152) (1:400) was used and slides were mounted using a DAPI-containing mounting medium (Prolong Gold
Antifade with DAPI, ThermoFisher. Images were analyzed within ImageJ2 (version 2.3.0/1.53g) to count the total number of AF cells
(DAPI) and the number of proliferating cells (Edu or Ki67) and presented as % AF cell proliferation. All images were taken at 10x, 20%, or
40% using an Axio Imager.Z1 microscope with an Apotome used for optical sectioning of fluorescent images (Zeiss, Thornwood, NY,
USA). ImageJ2 was used to draw ROls and for all cell counting.

Multiphoton imaging

Multiphoton imaging was performed on an Olympus FV1000 MPE laser-scanning microscope on mice from each age (n = 6-9/experimental
group). Second harmonic generation (SHG) signal of fibrillar collagen and Two Photon Excitation Fluorescence (TPEF) signal of trivalent hy-
droxylysyl and trivalent lysyl pyridinoline crosslinks were imaged using an excitation at 910nm and 720nm for SHG and TPEF, respectively, and
recorded by a photomultiplier tube at 440 + 20nm."”“? Crosslinking density was found by normalizing TPEF crosslinking signal by SHG
collagen signal as done previously."’

Atomic force microscopy (AFM)

On testing day, tails (n = 6-9/experimental group) were dissected and skin, tendon, and fascia removed. Remaining vertebra-IVD-vertebra
samples were whole-mounted onto culture dishes with clear nail polish and covered with PBS to prevent dehydration. Using a biological AFM
(MFP3D-BIO, Asylum Research), equipped with diving board shaped silicon probes (nominal spring constant, k = 7-9 N/m, calibrated indi-
vidually) (Novascan) that had polystyrene spherical tips (diameter, d = 4.5 um), the dorsal outer AF tissue stiffness was measured. Raw force-
indentation measurements were acquired by indenting AF tissue at a rate of 12.5 um/s until 100 nm of probe deflection was achieved, which
equated to approximately 900 nN of force. To account for variability within each AF tissue, multiple indentations per sample were conducted,
in an 8 X 2 arrays covering a 20 X 20 um region of the AF. Raw force-depth curves from each indentation were fit using the Hertz model to
calculate elastic modulus; data that did not fit well by the model were excluded based on the force-depth curves. Model calculations were
dependent on each probe’s calibrated spring constant (performed via the thermal noise method prior to each experiment) and assumed Pois-
son’s ratio = 0.45. AFM control data analyses used Igor Pro (Wavemetrics Inc.).

Faxitron and disc height index (DHI)

Faxitron images were analyzed with ImageJ2 to calculate IVD height and vertebral length. (n = 7-9/experimental group). Three measurements
were averaged for the height of each adjacent vertebrae and for the height of each disc. To calculate the DHI, the average disc height was
normalized by the average of the two adjacent vertebral lengths. The DHI for each injured IVD was compared to the average DHI of the adja-
cent two uninjured control IVDs.

Biomechanical testing

For all biomechanical testing, mouse tails were removed immediately after euthanasia and stored in —80°C until testing day. On day of
testing, two motion segments were removed from each tail, one injured, and one uninjured control. Levels cc4/5 and ccé/7 were used for
testing with the level of the injured IVD varying between mice. Motion segments were cleaned of skin, tendon, and fascia before being potted
in custom metal pots with superglue (with care taken to align vertebrae and IVD with the pots), followed by a 20-min rest period to rehydrate
samples in PBS. Cyclical axial compression/tension and torsional testing was then performed on an ELF3200 axial and AR2000ex torsional
rheometer respectively (TA instruments, New Castle, DE, USA). Motion segments were first subjected to 20 cycles of axial tension/compres-
sion to peak loads of 0.5 N in displacement-control at 0.5 mm/s while submerged in PBS. After another 30-min resting period, motion seg-
ments were then transferred to the rheometer and underwent an equilibration of 5 min at 0.1 MPa axial stress to place the AF in circumferential
tension before 20 cycles of torsion from +20° at 0.5 Hz. Axial testing was analyzed for compressive stiffness, tensile stiffness, range of motion,
and neutral zone length. Torsional testing was analyzed for torsional stiffness, torque range, and neutral zone length. Analyses were per-
formed using MATLAB (MathWorks, Natick, MA, USA) code and plotted using GraphPad Prism (Version 9.4.1).

RNA extraction and bulk RNA-sequencing

Uninjured mice ages p5, p14, p21, and p28 (4 samples per age) were used for bulk RNA-seq. Each sample consisted of AF tissue from 2to 3
tails from equivalently aged mice, with 8-10 discs/tail pooled. Care was taken to isolate AF tissue and discard NP and surrounding CEP. Each
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sample was flash-frozen in liquid nitrogen followed by homogenization using a mikro-dismembrator (Sartorius; Géttingen, Germany). RNA
extracted from homogenized AF tissue through the TRIzol/chloroform followed by RNeasy column kit (Qiagen). RNA quality and concentra-
tion analyzed using Nanodrop 2000 (ThermoFisher Scientific). All 16 samples sent to Azenta Life Sciences (South Plainfield, NJ) for DNase
treatment, library preparation by rRNA depletion, sequencing (30 million reads per sample, lllumina NovaSeq6000), alignment, and principal
component analysis and differential gene expression analyses. Gene set enrichment analysis (GSEA) was performed by submitting upregu-
lated and downregulated DEGs (p value < 0.05, LFC>1 or LFC<—1) into Enrichr and analyzing GO ontologies (Biological Process 2021).

QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses used GraphPad Prism with significance for p < 0.05. Histological regeneration assessments (age window and BAPN)
used n = 5 mice, functional measurements (DHI and biomechanical testing; age window and BAPN) used n = 6-9 mice. Growth character-
ization and BAPN effects on early growth used n = 6-9 mice. Shapiro-Wilk tested normality. Paired and unpaired Student’s t-tests determined
differences in DHI, % Repair tissue, Collagen Disorganization, Total # Cells, and % ScxGFP. For biomechanical testing, two-way ANOVA was
used to first test the effect of interaction of age and surgery (control and injury) for regenerative window studies or for the interaction of treat-
ment (p14 and p14BAPN) and surgery for the BAPN studies, followed by Student's t tests between control and injured IVDs for p14, p28, adult
or p14BAPN. One way ANOVA with Tukey's Post-Hoc comparisons determined differences in collagen content, crosslinking, crosslinking
density, AF modulus, and % cell proliferation with age. Student’s t-tests determined differences in collagen content, crosslinking, crosslinking
density, AF modulus, and % cell proliferation from BAPN treatment in p5 and p14 mice.
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