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Objectives: The objective of this study was to perform a quantitative analysis of the structural and
functional alterations in the intervertebral disc during in vivo degeneration, using emerging tools that
enable rigorous assessment from the microscale to the macroscale, as well as to correlate these outcomes
with noninvasive, clinically relevant imaging parameters.
Design: Degeneration was induced in a rabbit model by puncturing the annulus fibrosus (AF) with a 16-
gauge needle. 2, 4, 8, and 12 weeks following puncture, degenerative changes in the discs were evaluated
via magnetic resonance imaging (MRI), whole motion segment biomechanics, atomic force microscopy,
histology and polarized light microscopy, immunohistochemistry, biochemical content, and second
harmonic generation imaging.
Results: Following puncture, degeneration was evident through marked changes in whole disc structure
and mechanics. Puncture acutely compromised disc macro and microscale mechanics, followed by
progressive stiffening and remodeling. Histological analysis showed substantial anterior fibrotic
remodeling and osteophyte formation, as well as an overall reduction in disc height, and disorganization
and infolding of the AF lamellae into the NP space. Increases in NP collagen content and aggrecan
breakdown products were also noted within 4 weeks. On MRI, NP T2 was reduced at all post-puncture
time points and correlated significantly with microscale indentation modulus.
Conclusion: This study defined the time dependent changes in disc structureefunction relationships
during IVD degeneration in a rabbit annular injury model and correlated degeneration severity with
clinical imaging parameters. Our findings identified AF infolding and occupancy of the space as a prin-
ciple mechanism of disc degeneration in response to needle puncture, and provide new insights to direct
the development of novel therapeutics.
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Introduction

The intervertebral discs (IVD) of the spine are the soft tissues
that connect adjacent vertebral bodies, and are comprised of
multiple distinct anatomical regions1. The inner nucleus pulposus
(NP) is a viscous structure, containing type II collagen and hydrated
proteoglycan molecules, primarily aggrecan2. The NP is surrounded
circumferentially by the annulus fibrosus (AF), composed of type I
and type II collagen fibrils, arranged at alternating oblique angles to
form concentric lamellae3. The NP and AF act synergistically to
transfer loads within the spine, such that when the disc is com-
pressed, pressure is generated within the NP which expands radi-
ally, placing the AF in tension4.
td. All rights reserved.
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During degeneration, the mechanical function of the disc is
compromised. Specifically, IVD degeneration is marked by a pro-
gressive cascade of cellular, compositional, and structural alter-
ations5. In humans, one of the earliest hallmarks of degeneration is
observed in the NP, where decreased aggrecan content and NP
fibrosis leads to reduced hydration and impaired mechanical
function6,7. With advanced degeneration, there is an eventual loss
of disc height and mechanical failure of the entire joint8. IVD
degeneration is frequently associated with low back pain, which is
the leading cause of disability-adjusted life years in the United
States9. Despite the significant clinical burden of IVD degeneration,
the underlying mechanisms of disease onset and progression are
poorly understood, hampering early clinical diagnosis and the
development of novel treatments to interrupt or reverse disease
progression.

To that end, a number of animal models have been developed to
understand disease progression and evaluate new IVD therapeu-
tics. The rabbit is a frequently used model, as injury (via needle
puncture) to the AF induces rapid and progressive IVD degenera-
tion recapitulating several hallmarks of human disease10. Multiple
groups have demonstrated the reproducibility of this model,
characterizing degeneration through radiographic, qualitative
magnetic resonance imaging (MRI), and histologic analyses11e14.
While these studies provide important information on the timing of
degeneration in this rabbit puncture model, rigorous quantitative
outcomes, including MRI, biomechanics and micro-scale analyses,
have not yet been performed. A more complete assessment across
length scales can be used to define key relationships between
structure and function in both healthy conditions and during IVD
degeneration which, when validated in human degeneration, may
aid in the development of novel diagnostic and treatment
strategies.

To accomplish the goal of enhancing diagnostic techniques, we
sought to correlate our quantitative outcomes with a non-invasive
clinically relevant diagnostic modality, T2 MRI. Current clinical
diagnostic tools are limited to plain radiographs and qualitative T2-
weighted MRI, based on observational changes to signal in-
tensity12,13. Both of these imagingmodalities are insensitive to early
degenerative IVD changes14. T2 mapping has the potential to aid in
diagnosis by detecting early IVD disease and evaluating therapeu-
tics15. T2 mapping correlates with biomechanical and biochemical
outcomes in ex vivo and in vitro models16e18, yet correlation ana-
lyses for in vivo degeneration have not yet been conducted.
Therefore, further characterization of the factors influencing T2
measurements with degeneration is necessary to advance this
modality to a clinically relevant diagnostic tool.

The goal of the current study was to perform a quantitative
analysis of the structural and functional alterations in the healthy
and degenerating rabbit IVD, using emerging tools that enable
assessment from the microscale to the macroscale. We utilized the
rabbit AF puncture model and evaluated the compositional
changes, through MRI, second harmonic generation (SHG) imaging,
histology, biochemistry and immunochemistry, as well as me-
chanical changes across length scales using atomic force micro-
scopy (AFM) and whole motion segment biomechanical testing.
Given that it is not clear exactly where degeneration begins and
that some of these outcomes can be applied at a very local level (i.e.,
within a given substructure of the disc), we also interrogated the
time sequence of change in these localized regions.We hypothesize
that macroscale mechanical properties will be most strongly
correlated with quantitative imaging parameters. Insight into the
qualitative effects associated with degeneration, and the correla-
tion of quantitative parameters with MRI, could help inform new
diagnostic grading tools and more effective intervention strategies
for patients with back pain associated with IVD dysfunction.
Materials and methods

Animal surgery

The study design and sample allocation are indicated in Fig. 1(A)
and Supplemental Fig.1. Fifteen New ZealandWhitemale skeletally
mature rabbits (~3 kg, ~3 months of age) (Charles River Labora-
tories, Wilmington, MA) underwent standard perioperative pro-
tocols for surgery at the University of Pennsylvania. The anesthesia
protocol was defined by the Institutional Animal Care Use Com-
mittee guidelines for rabbit surgery. A paramedian longitudinal
skin incision was made, and dissection continued down through
the intermuscular plane between the paraspinous and external
abdominal oblique musculature. The plane was bluntly developed,
and the peritoneum and abdominal contents were reflected
ventrally. The ventrolateral vertebral bodies and IVDs from L2/3 to
L6/7 were exposed and confirmed radiographically [Fig. 1(B) and
(D)]. A 16-gauge needle was inserted 5 mm into the anterior AF of
discs L2/L3 through L6/L7 and rotated 360�. To confirm adequate
injury, NP material was visualized on the needle after each punc-
ture [Fig. 1(C)]. At post-operative week 2, 4, 8, and 12, rabbits were
sacrificed, and lumbar motion segments without posterior ele-
ments (vertebral bodyeIVDevertebral body) were isolated for
analysis and stored at �20�C in phosphate-buffered saline (PBS)
with protease inhibitors. All samples underwent MRI and were
then divided for (1) whole motion segment biomechanical testing
and AFM, (2) biochemistry, or (3) histology [Fig. 1(A)]. Additional
motion segments were harvested from healthy age-matched rab-
bits (Sierra Medical Science, Whittier, CA) to serve as experimental
controls for each assay.

Magnetic resonance imaging (MRI)

MRI scans were performed at 4.7T (Magnex Scientific Limited,
Abington, UK) on punctured motion segments (n ¼ 12e16 per time
point) and control motion segments (n¼ 10). Using a custom-made
17 mm diameter solenoid coil, a series of three mid-coronal slices
for T2 mapping (TE ¼ i*11.13 ms, i ¼ 1,2…16, 195 mm in-plane
resolution, 0.5 mm slice thickness) were obtained, and average T2
maps were generated using custom MATLAB software, as previ-
ously described19. The NP and AF regions were manually contoured
from the T2 maps to calculate mean NP and AF T2.

Biomechanical testing

Following MRI, samples were frozen until mechanical testing
(n ¼ 5e6 per group per time point). After thawing, samples were
potted in custom fixtures using low-melting temperature indium
casting alloy (McMaster-Carr, Robbinsville, NJ). A biomechanical
testing protocol consisting of 20 sawtooth cycles (19 cycles of
preconditioning, 20th cycle used for analysis) of tension and
compression (þ21 N to�42N) at 0.5 Hz, followed by a 10-min creep
test at �42 N (~0.48 MPa), was performed as previously
described16,20,21 (Instron 5948, Norwood, MA). All tests were per-
formed at room temperature in a bath of PBS with protease in-
hibitors (SIGMAFAST Protease Inhibitor Tablets, SigmaeAldrich, St.
Louis, MO). Optical tracking of displacement was performed using a
high-resolution digital camera (A3800; Basler, Exton, PA) and a
custom MATLAB texture tracking program16,21.

The optically measured force-displacement curves obtained
from the 20th cycle of tension-compression were fit to a sigmoid
function using a custom MATLAB program, from which neutral
zone (NZ) modulus, NZ range of motion (ROM), compressive
modulus, and compressive ROM were calculated, as previously
described16,21. Time-dependent creep behavior from the optical



Fig. 1. A) Study design. Fifteen New Zealand White male rabbits underwent surgery to puncture four lumbar intervertebral discs (week 0). At 2, 4, 8 and 12 weeks animals were
sacrificed and mot ion segments were evaluated using magnetic resonance imaging (MRI), mechanical testing, histology, biochemistry (BC), immunohistochemistry (IHC), atomic
force microscopy (AFM), and second harmonic generation (SHG) imaging. To puncture the discs, B) the lumbar disc space was exposed through a retroperitoneal approach. C) A 16-
gauge needle was inserted into the anterior AF and turned 360� , such that NP material was extruded. D) An intraoperative radiograph was performed to confirm vertebral level of
injury (VB ¼ vertebral body).
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displacement data was fit to a 5-parameter viscoelastic constitutive
model to quantify time constants t1 and t2 and damping stiffness
S1 and S216,21. For both creep and tension-compression, force-
displacement data were normalized to disc height and axial area
measured from the MRIs.

Atomic force microscopy (AFM)

Following macroscale biomechanical testing, motion segments
(n ¼ 5e6 per group per time point) were equilibrated in PBS with
protease inhibitors at room temperature for 1 h, and then
embedded in optimal cutting temperature media (Fisher Scientific,
Hampton, NH). Motion segments were cryosectioned in the sagittal
plane at 20 mm thick using Kawamoto's film method22. After
thawing in PBS with protease inhibitors, AFM-nanoindentationwas
performed on these sections using microspherical colloidal tips
(R z 12.5 mm, nominal k z 0.6 N/m, Q:NSC36/Tipless/CreAu,
cantilever C, NanoAndMore, Watsonville, CA) using a Dimension
Icon AFM (BrukerNano, Santa Barbara, CA). Indentationwas applied
at a z-piezo displacement rate of 10 mm/s to a maximum load of
z120 nN. For each microstructural region within the AF (inner AF,
outer AF), indentation was performed on � 12 different locations.
At the same location, nanoindentation was repeated three times to
ensure repeatability. The indentation modulus, Eind (MPa), at each
location, was calculated by fitting the entire loading portion of each
force-displacement curve to the finite thickness-corrected Hertz
model, via least squares linear regression in MATLAB, as previously
described23.

Biochemistry

IVDs were dissected from the motion segment and manually
separated into AF and NP portions (n ¼ 3e5 per group per time
point). The AF and NP were individually digested overnight in
proteinase K at 60�C. Glycosaminoglycan (GAG) content of each
region was determined using the dimethyl methylene blue dye
binding assay (DMMB)24, and collagen content was quantified via
the p-diaminobenzaldehyde/chloramine-T assay for ortho-
hydroxyproline (OHP)25. GAG and collagen content were normal-
ized to sample wet weight.
Histology

Additional motion segments (n ¼ 3e4 punctured/time point,
n ¼ 2 controls) were fixed in 10% neutral buffered formalin (Sig-
maeAldrich), decalcified (Formical 2000; StatLab, McKinney, TX),
processed into paraffin, and sectioned at 10 mm thick in the sagittal
plane. Mid-sagittal sections were stained with Alcian blue and
picrosirius red for proteoglycans and collagen, respectively, or he-
matoxylin and eosin. Stained sections were imaged at 20x using
brightfield and polarized light microscopy (ZEISS Axio Scan.Z1,
Oberkochen Germany and Nikon Eclipse Ni-E, Melville, NY).

Immunohistochemistry

Immunohistochemistry was performed on additional mid-
sagittal paraffin sections to detect the aggrecan neo-epitope,
NITEGE (MD Biosciences, 1042003, Oakdale, MN), indicative of
aggrecanase degradation. Rehydrated sections were serially incu-
bated at room temperature in proteinase K (Dako, Glostrup,
Denmark) for 5 min, 3% hydrogen peroxide for 10 min, horse serum
for 30 min (Vectastain ABC Universal Kit, Vector Laboratories,
Burlingame, CA), and primary antibody overnight at 4�C. Secondary
visualization was performed using the Vectastain ABC Universal
HRP Kit (PK-6200, Vector Laboratories, Burlinghame, CA) and 3,30-
diaminobenzidine (Millipore, Billerica, MA).

Statistical analysis

Animal numbers were determined by a power analysis of pre-
vious data obtained by our group evaluating differences between
MRI T2 values of healthy control rabbit discs and discs digested
with chymopapain16, demonstrating an effect size of 30. Achieving
a statistical power of 0.8 required four motion segments per group
for quantitative outcomes. Statistical analyses of results were per-
formed in Prism (Graph Pad Software Inc., La Jolla, CA), with sta-
tistical significance defined as P < 0.05. Graphically, data is
represented as mean ± standard deviation. Outliers were removed
from quantitative data based on P < 0.05 using the Grubbs' test. The
ShapiroeWilk test for normality was first performed, and then the
KruskaleWallis non-parametric test was used to determined
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significant differences in NP and AF T2 values, GAG and collagen
content, mechanical properties, and AFM of the AF regions, for IVDs
in the control, 2, 4, 8 and 12-week punctured groups. Upper and
lower 95% confidence intervals (CI) of mean values are listed in the
results section for the measurements that yielded statistical sig-
nificance in the non-parametric analysis above. Correlation co-
efficients were calculated for all combinations of measured
variables from the same sample, including MRI, macromechanics,
and micromechanics, using R-software (http://www.r-project.org/
). Correlation matrices of r and P values were generated for all
combinations of quantitative measurements using the corrplot
function. A forward step-wise multiple linear regression was then
performed to develop a statistical model of the relationship be-
tween macroscale and microscale mechanics and NP and AF T2.

Results

All animals survived surgerywithout complication and returned
to normal cage activity. Following needle puncture of the IVD,
degeneration was readily apparent via marked changes in whole
disc structure and mechanics over time. Representative force-
displacement and creep curves for each group, shown in Fig. 2(A)
and (G), demonstrate changes in whole disc mechanical function.
Qualitatively, motion segments appeared to have increased ROM
and reduced modulus at 2 weeks, followed by subsequent stiff-
ening, compared to healthy controls [Fig. 2(B)e(F)]. There was a
statistically significant (P ¼ 0.0009) decrease (89%) in ROM from 2
weeks (95% CI: 0.335, 0.889 mm) to 12 weeks (95% CI: 0.010,
0.121 mm) [Fig. 2(F)]. Creep strain followed a similar trend
[Fig. 2(G)], with a statistically significant 89% reduction at 12 weeks
(95% CI: �0.037, �0.009 mm) compared to the control (95%
CI: �0.256, �0.100 mm) and 2 week (95% CI: �0.307, �0.071 mm)
punctured groups (P ¼ 0.01, P ¼ 0.004, respectively) [Fig. 2(H)]. At
12 weeks, the early (S1) (95% CI: 5.531, 59.630 MPa) and late (S2)
(95% CI: 5.339, 48.120 MPa) creep moduli significantly increased
(P¼ 0.005 and P¼ 0.1, respectively) relative to the 2week group (S1
95% CI: [0.766, 6.676], S2 95% CI: [0.800, 3.116] MPa), and the creep
time constants (t1 and t2) generally decreased over time, with
statistically significant differences observed for t2 between 8
weeks (95% CI: 108.900, 1569 s) and 12 weeks (95% CI: 10.180,
366.4 s) (Fig. S2).

MRI T2maps from each experimental group provided additional
information with respect to the spatial distribution of T2 across the
NP and AF regions of the IVD after needle puncture [Fig. 3(A)]. After
puncture, the boundary between the NP and AF became less
distinct, and T2 values in the NP statistically significantly (P < 0.04)
decreased (43% change) at 2 weeks (95% CI: 46.75, 88.21 ms), 4
weeks (95% CI: 61.54, 89.05 ms), 8 weeks (95% CI: 42.57, 78.52 ms),
and 12 weeks (95% CI: 49.21, 89.74 ms), compared to control NP
values (95% CI: 96.94, 141.70 ms) [Fig. 3(B)]. There were no statis-
tically significant differences detectable in AF T2 at any time point
compared to healthy controls.

Histological analysis of motion segments at 4, 8 and 12 weeks
post-puncture showed substantial anterior fibrotic remodeling and
osteophyte formation at the location of puncture. There was also an
overall reduction in disc height, general disorganization of the
annular lamellar structure, condensation of the remaining NP
matrix, and a posterior herniation in one animal into the spinal cord
region (Fig. 4). Interestingly, a noticeable loss of proteoglycans was
only noted at the latest time point (12 weeks), indicated by less
Alcian blue staining throughout the remaining NP region [Fig. 4(A)].
However, no significant differences in GAG content in the AF and NP
were observed [Fig. 4(C)]. With respect to collagen, there was a
substantial increase in picrosirius red staining in the NP region in all
punctured groups, compared to controls [Fig. 4(B)]. This increase in
NP staining corresponded to a statistically significant 98% (P < 0.04)
increase in collagen content at 4 weeks (95% CI: 4.288, 9.873
collagen/wet weight) and 12 weeks (95% CI: 5.022, 12.580 collagen/
wet weight) relative to controls (95% CI: 0.0334, 0.223 collagen/wet
weight) [Fig. 4(C)].

Hematoxylin and eosin stained sections showed evidence that
the inner AF had collapsed into the NP region, beginning at 2 weeks
and continuing through 8 weeks [Fig. 5(A)], and that substantial
condensation and fibrotic remodeling of the NP matrix had
occurred as early as 2 weeks. Cellular morphology was also sub-
stantially altered following puncture, with cells in the AF region
transitioning from an elongated shape to roundedmorphology, and
cells within the NP transitioning from a rounded shape to elongated
morphology. Staining for NITEGE, an aggrecan C-terminal neo-
epitope that is generated by aggrecanase-mediated proteolysis26,
was absent in control and 12 week samples, but was elevated in
intensity at 2, 4 and 8 weeks, with the most robust staining present
at 4 weeks [Fig. 5(B)].

Polarized light microscopy revealed disorganization in the AF,
with loss of lamellar structure in the inner AF as early as 2 weeks
post-puncture. This initial disruption in lamellar organization
progressed to total disorganization of both the inner and outer AF
over time, and increased collagen deposition by 12 weeks [Fig. 6(A)
and (B)]. AFM analysis demonstrated a reduction in the indentation
modulus (Eind) in both the inner and outer AF from 4 to 8 weeks
compared to controls, consistent with these structural changes. At 8
weeks, Eind of the outer AF (95% CI: 0.002, 0.016 MPa) was statis-
tically significantly (P ¼ 0.002) lower (88% change) than the same
region of control samples (95% CI: 0.019, 0.125 MPa). Eind of the
outer AF significantly (P ¼ 0.03) increased 80% from 8 to 12 weeks
(95% CI: 0.022, 0.070 MPa) [Fig. 6(C)], suggestive of AF remodeling
and potential scar tissue formation.

Correlations (Table I) between quantitative outcomemetrics (NP
T2, AF T2, NZmodulus, compressivemodulus, NZ ROM, compressive
ROM, total ROM, inner AF Eind, outer AF Eind, and creep strain)
demonstrated that all biomechanical outcomes were statistically
significantly correlated with each other (P < 0.01). Additionally, NP
T2 significantly correlatedwith Eind of the inner (P¼ 0.05) and outer
(P < 0.001) AF, and AF T2 trended towards correlation (P¼ 0.1) with
compressive modulus. A forward step-wise multiple regression
identified a model for NP T2 and AF T2 that incorporated micro and
macroscale biomechanical outcome parameters (Table S1). Outer
(P¼ 0.06) and inner (P¼ 0.08) AF Eind, AF T2 (P¼ 0.02), NZmodulus
(P¼ 0.004), compressivemodulus (P¼ 0.01), andNZ ROM (P¼ 0.22)
were included in the model for NP T2, yielding a multiple r2 of 0.68
(P ¼ 0.002) with the equation:

NP T2 ¼ 11.9 þ 29.3 � (Outer AF Eind) þ 166.8 � (Inner AF
Eind) þ 0.7 � (AF T2) e 3.2 � (NZ Modulus) þ 1.5 � (Compressive
Modulus) þ 64.3 � (NZ ROM)

A similar analysis was performed to develop a model for AF T2.
However, compressive modulus was the only parameter included
in the model (P ¼ 0.10), with a multiple r2 value of 0.12.

Discussion

In this study, we utilized a rabbit AF injury model to define the
time sequence of alterations in disc structureefunction relation-
ships during degeneration, and to correlate degeneration severity
with clinical imaging parameters. To our knowledge, this is the first
study to probe the local micromechanics of the disc in an in vivo
degeneration model, and subsequently correlate these microscale
properties with MRI. This work builds on previous studies which
have demonstrated reproducible degeneration after annular
puncture in the rabbit, evaluated through radiographic disc height
changes27,10, loss of MRI signal intensity28, T219 in the NP, a decrease

http://www.r-project.org/


Fig. 2. Macro mechanical properties of whole motion segments are altered with time following needle puncture. A) Representative force-displacement curves of motion segments
in tension and compression, from which B) neutral zone modulus C) neutral zone range of motion (ROM), D) compressive modulus, E) compressive ROM, and F) total ROM were
quantified each experimental group. G) Representative displacement over time curves for each experimental group under constant creep load for 10 min. H) Creep strain was
quantified as the change in disc height from the beginning of creep to the end of test, normalized by disc height and axial area. Bars indicate statistical significance (P < 0.05).
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of macroscale dynamic modulus27, and histologic alterations10.
These previous studies attributed degenerative functional changes
in the IVD to fibrotic remodeling of the NP tissue itself.

Our work supports these previous findings and provides further
insight into the origin of ‘NP’ remodeling. Consistent with previous
work, starting at 2 weeks post-puncture, progressive degeneration
of the IVD occurred, characterized by structural and mechanical
alterations across length scales. While NP T2 was reduced at 2
weeks post-puncture, suggestive of reduced water and proteogly-
can content16,29, quantification of GAG content did not show sig-
nificant changes over time. However, NITEGE staining indicated
that NP aggrecan was fragmented due to the proteolytic activity of



Fig. 3. MRI evaluation of control (CTL) and experimental groups (2w-12w). A) Average T2 maps from the CTL and punctured groups. B) T2 values (ms) of the NP region of each
sample in the CTL and punctured groups. Asterisks indicate significance (P < 0.05) compared to all punctured groups. C) T2 values (ms) of the AF region of each sample in the CTL
and punctured groups.
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aggrecanase as early as 4 weeks. Therefore, although GAG content
remained unchanged over time, aggrecan in the NP lost its normal
molecular organization and structural integrity during degradation,
thereby affecting water retention30,31. This could contribute to the
alterations to NP T2 and disc mechanics, despite the absence of
detectable changes in GAG content16.

The reductions in NP T2 that we noted are suggestive of NP
fibrosis, supportive of the accepted mechanism of degeneration in
this model. However, our histological data demonstrated at 4
weeks post-puncture, that the morphology and proliferation of
Fig. 4. A) Histology of the motion segments stained with alcian blue (GAG) and picrosirius re
osteophyte formation. C) Quantification of collagen and GAG content (% wet weight, WW
nificance (P < 0.05).
cells within the NP resembled that of cells normally found in the
AF, and that the NP matrix itself structurally resembled AF
lamellae [Fig. 5(A)]. This observation supports a new mechanism
of degeneration in this model, where IVD degeneration in
response to needle puncture is precipitated by the inner AF
collapsing into the NP region. This AF collapse is then followed by
remodeling, in an attempt to restore mechanics, due to the loss of
pre-stress from the original hydrostatic stress of the native NP
region. This local healing response has been documented in a
mouse degeneration model32,33, where the cells in the native NP
d (collagen), B) picrosirius red staining, arrows indicate anterior fibrotic remodeling and
) of the nucleus pulposus (NP) and annulus fibrosus (AF) regions, bars represent sig-



Fig. 5. A) Hematoxylin and eosin staining of the outer and inner annulus fibrosis (AF) regions, and the nucleus pulposus (NP), B) immunohistochemistry for NITEGE of the AF and NP
regions.
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region proliferate and produce excessive extracellular matrix
constituents, particularly type II collagen and aggrecan. As the
rabbit annular puncture model is commonly used for the evalu-
ation of regenerative therapeutics27,28,34, treatment strategies that
fail to address this initial acute infolding of the AF may have poor
efficacy in this particular model. A treatment that restores NP
pressurization and AF structure e such as a combined hydrogel
injection35 and annular patch36, and does so very quickly after NP
depressurization, may prove to be most efficacious in this model
of degeneration.
Fig. 6. A) Macroscopic view of polarized light microscopy, where the inner AF and outer AF a
the inner and outer AF regions in A, and corresponding C) indentation modulus of these regio
Structural degeneration of the IVD was also associated with al-
terations in disc mechanical function across length scales. In the
short term, we observed a drastic alteration in macroscale me-
chanical function, such that punctured discs initially had increased
ROM and decreased modulus, likely due to the acute severing of AF
connectivity due to the needle puncture itself. Indeed, we observed
similar mechanical changes to the IVD when motion segments
were punctured in an ex vivo setting and then immediately sub-
jected to mechanical testing (Fig. S3). As degeneration progressed,
we observed whole motion segment stiffening at the macroscale
re denoted by the solid and dashed rectangles, respectively. B) Higher magnification of
ns using atomic force microscopy (AFM). Bars indicate statistical significance (P < 0.05).



Table I
Pearson correlation coefficients. Bold values indicate statistical significance (** ¼ p < 0.05, * ¼ p < 0.1)

AF T2 NZ
Modulus

Compressive
Modulus

NZ ROM Compressive
ROM

Total ROM Eind e

Inner AF
Eind e

Outer AF
Creep Strain

NP T2 0.26 �0.17 0.19 �0.08 �0.16 �0.17 0.40* 0.58** �0.12
AF T2 0.26 0.35* �0.22 �0.28 �0.30 �0.21 �0.08 0.33

NZ Modulus 0.67** ¡0.46** ¡0.54** 0.56** 0.20 0.02 0.48**
Compressive Modulus ¡0.59** 0.65** ¡0.72** 0.07 0.00 0.59**

NZ ROM 0.89** 0.81** �0.33 �0.13 ¡0.66**
Compressive ROM 0.91** �0.33 �0.07 ¡0.61**

Total ROM �0.32 �0.11 ¡0.55**
Eind e Inner AF 0.66** �0.03

Eind e Outer AF �0.23
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from 4 to 12 weeks. This was at least in part dictated by the for-
mation of anterior bridging osteophytes, which were observed in
all motion segments at time points beyond 4weeks (Fig. 4). Because
themacroscalemechanical response of the disc was likely governed
by the anterior osteophytes present at later time points, we also
utilized AFM to probe changes to the local mechanical properties
within the disc over the time course of degeneration.

At 4 weeks, Eind decreased relative to controls, yet by 8 and 12
weeks following puncture, this microscale mechanical measure of
both the inner and outer AF appeared to recover to control levels.
Polarized light and SHG imaging demonstrated progressive loss of
the lamellar architecture and remodeling of the AF over time post-
puncture (Fig. 6 and Fig. S4). This ‘restored’ mechanics, but
persistent altered structural organization, has been previously re-
ported with needle puncture injury in a mouse model32, suggesting
that attempted repair of the AF following needle puncture includes
accelerated deposition of collagenous, disorganized, matrix, indic-
ative of a fibrotic scarring response. However, despite the increase
in Eind at 12 weeks, the pronounced alteration in the structure and
composition of the NP indicates that the NP may lose its critical
mechanical function of shock absorption between vertebrae, which
is largely endowed by the highly negatively-charged aggrecan
molecules37.

In order to facilitate the non-invasive detection of these multi-
scale alterations with degeneration, we correlated quantitative
MRI parameters with measures of disc function. The correlation
matrix data demonstrated that NP T2 was statistically significantly
correlated with the outer AF Eind, measured via AFM, contrary to
our original hypothesis that macroscale mechanical properties
would significantly correlate with T2. This discrepancy is likely due
to the fact that the macroscale mechanics were predominantly
dictated by the anterior bridging osteophytes; MRI was intended to
measure disc space changes, not peripheral structures. However,
multiple regression generated a model including both micro-
mechanical and macroscale mechanical outcomes, highlighting the
multifactorial nature of T2 relaxation in the degenerating disc.
Nevertheless, upon further investigation in human discs, quanti-
tative MRI may provide a useful tool to both locally and non-
invasively assess changes to disc mechanics that occur with
degeneration or regeneration.

In humans, disc degeneration is a complex and multifactorial
process. Our data show that this rabbit AF puncture model re-
capitulates some, but not all, aspects of the human disease. The loss
of AF organization, progressive fibrosis of the NP region, and al-
terations inwhole disc mechanics seen in this rabbit model are also
classically observed in human degeneration. Anterior osteophyte
formation is also observed concomitant with disc degeneration in
human patients, but usually not as early in disease onset as we have
observed in this model8,38. In humans and animal models, degen-
eration of a single motion segment is associated with degenerative
changes in adjacent discs39,40. Due to our study design, we were
unable to assess these effects, but could utilize the rabbit puncture
model to examine this in future studies, with puncture performed
at a single level. Nevertheless, similar structureefunction alter-
ations likely occur in both the rabbit model and human degener-
ation41. Here, we demonstrate that MRI can be used to non-
invasively determine the severity of these mechanical changes to
the disc. This imaging modality, particularly when applied with
high resolution scanning and validated in human patients, may
facilitate improved diagnostics for early stage disc degeneration,
provide insight into optimizing appropriate treatments for varying
degrees of disc degeneration, and the capacity to longitudinally
assess response to therapies.
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