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Introduction: Degenerative disc disease (DDD) is accompanied by structural changes

e . fibrosus (AF) has been linked with degeneration of the IVD. Collagen is a vital compo-
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method was used to compare AF samples obtained from donors with no DDD to AF
samples from patients undergoing surgery for symptomatic DDD.

Methods: Fresh AF tissue was embedded in an optimal cutting temperature com-
pound and cryosectioned at a thickness of 8 um. Hematoxylin and Eosin staining was
performed on sections for general histomorphological assessment. Serial sections
were stained with Cy3-conjugated CHP and the mean fluorescence intensity and
areal fraction of Cy3-positive staining were averaged for three regions of interest
(ROI) on each CHP-stained section.

Results: Increases in mean fluorescence intensity (p = 0.0004) and percentage of
positively stained area (p = 0.00008) with CHP were detected in DDD samples com-
pared to the non-DDD samples. Significant correlations were observed between
mean fluorescence intensity and percentage of positively stained area for both non-
DDD (R = 0.98, p = 5E-8) and DDD (R = 0.79, p = 0.0012) samples. No significant

differences were detected between sex and the lumbar disc level subgroups of the

non-DDD and DDD groups. Only tissue pathology (non-DDD versus DDD)
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occur during DDD.
KEYWORDS

intervertebral disc

1 | INTRODUCTION

Low back pain (LBP) is the world's leading cause of years lived with
disability, affecting at least 619 million people globally in 2020.* LBP
has been strongly linked with degenerative disc disease (DDD), but a
full understanding of the role of collagen integrity of the intervertebral
disc (IVD) during the pathogenesis of disc degeneration remains
obscure.>> DDD is marked by both mechanical and biochemical
changes in the intervertebral discs (IVD).% At the time of surgery for
symptomatic DDD, the IVDs of affected individuals often exhibit
severe destructive changes in annulus fibrosus (AF) tissue with tears
and delamination of the collagenous lamellae, suggesting that the deg-
radative process is rather prolonged. These observations suggest deg-
radation of the AF, and that collagen damage may be a key
pathological and therapeutic target in DDD.

The IVD undergoes continuous modeling and remodeling
throughout human growth and aging, with a healthy proposed balance
between catabolism and anabolism of the extracellular matrix
(ECM).”® However, in DDD, ECM catabolism outpaces anabolism and
results in the degeneration of the IVD.8 Even so, quantifying the ECM
degradation has been challenging.’ Collagen is a vital part of the ECM,
comprising approximately 70% of the dry weight in the IVD, and it is
the protein that provides the disc with its remarkable resistance to
tensile loads.'®** The biosynthesis of collagen requires the winding of
three propeptide chains into a triple helix to form mature fibrillar col-
lagen, which is very stable at body temperatures and only denatures
when cleaved by specific proteases.??*® Historically, degraded colla-
gen has been difficult to quantify. While some studies have attempted
to quantify the degeneration in the IVD using second-harmonic gener-
ation (SHG) imaging, but this method does not directly quantify colla-
gen degradation and integrity.>*"'” Collagen integrity is defined as its
ability to provide appropriate support to the ECM and the disc struc-
tures to maintain homeostasis and proper functioning. Other studies
have attempted to study collagen degradation in DDD using histology
or immunohistochemistry,’®72° but these approaches are also ill-

suited to specifically quantify collagen damage. For example,

influenced the measured parameters. No three-way interactions between tissue
pathology, sex, and lumbar disc level were observed.

Discussion and Conclusions: These findings suggest that AF collagen degradation is
greater in DDD samples compared to non-DDD samples, as evidenced by the
increased CHP staining. Strong positive correlations between the two measured
parameters suggest that when collagen degradation occurs, it is detected by this
technique and is widespread throughout the tissue. This study provides new insights

into the structural alterations associated with collagen degradation in the AF that

annulus fibrosus, collagen hybridizing peptide, collagen integrity, degenerative disc disease,

histochemical dyes bind to all types of collagen molecules regardless
of the damage or collagen subtype.*®1? While anti-collagen antibodies
are very specific, the use of such antibodies to detect collagens in his-
tological sections is plagued by non-specific background staining and
the inability to distinguish between intact, damaged, and denatured
collagen.?®

Recently, a Collagen Hybridizing Peptide (CHP) has been reported
as being able to identify and quantify collagen damage in IVDs and
other connective tissues at the molecular level.”*421-25 Briefly, CHP
binds selectively to the dissociated triple helix structure in the
degraded collagens through a unique helix hybridization process,'??!
mimicking the triple-helical molecular structure of natural collagen,
where it binds to the glycine (G)-proline (P)-hydroxyproline (O) amino
acid repeat chains in the fibrillar triple helical domain.'? Through
hydrogen bonding, a stable homotrimeric triple helix is formed. Previ-
ously, Weiss and colleagues reported that CHP has negligible affinity
for intact collagen due to a lack of binding sites and negligible non-
specific binding due to its neutral and hydrophilic sequence.?* These
authors also demonstrated that CHP with intact chains had no binding
affinity towards denatured chains of native collagen.?* Various studies
have shown that CHP can bind to collagens degraded by various pro-
cesses, including enzymatic digestion, heat, or mechanical
injury.*2>132%2¢ This method allows for more accurate relative inten-
sity and spatial quantification of collagen damage due to its specificity
compared to histology or immunohistochemistry. The CHP signal is
visualized using fluorescence microscopy at different wavelengths,
with a variety of fluorophores.??1:23

Weiss and colleagues used CHP to quantify collagen damage in
Sprague Dawley rat tail tendon fascicles.?* To our knowledge, this
study was the first to use CHP for monitoring connective tissue dis-
ease and injury. Their study showed that collagen denaturation was
associated with the onset of mechanical damage. To date, only a few
studies have examined the use of CHP to detect collagen damage in
the AF,2142325 of which only two use human AF.%2% However, the
focus of those studies was on various murine models whereas human

samples were not examined in detail. Liu and colleagues examined



DHIMAN ET AL.

murine models with age-related degenerated and mechanical injury.?®
In both cases, the fluorescence intensity of CHP increased with age
and injury. Human samples of degenerated AF had increased CHP
intensity correlating with increasing Pfirrmann Grade. Xiao and col-
leagues treated murine discs with IL-1p and lipopolysaccharide (LPS)
to induce matrix degradation, by upregulation of MMPs and subse-
quent collagen cleavage.” Both treatment groups (e.g., IL-1p and LPS)
displayed increased collagen denaturation and CHP intensity com-
pared to the control groups. They also reported that degenerated
human IVD samples had increased CHP fluorescence intensity com-
pared to non-DDD human IVD samples.”?®

There is evidence that sex and lumbar disc level may also play a
role in the development of DDD. As the prevalence of DDD is

27-30 and as there could be

17,31

increased in females compared to males,
differing responses to injury between the two sexes, it becomes
relevant to analyze the findings based on sex. Additionally, previous
studies have usually examined samples from a single lumbar level or
combined samples from various lumbar levels.”'%232> However, the
different lumbar levels operate in a distinct and unique mechanical
environment,®23% degenerating at different rates,* thus suggesting
further study of structural differences of different lumbar levels.

We hypothesized that using CHP and AF samples from surgical
DDD individuals would lead to increasing binding of the reagent, con-
sistent with decreased structural integrity of the tissue compared to
non-diseased controls. Furthermore, we hypothesized that such
changes would be influenced by the sex and lumbar disc level. The
purpose of the study was to quantify the mean fluorescence intensity
and areal fraction of CHP staining in a region of interest (ROI) of fresh
AF samples from surgical DDD individuals and non-DDD organ
donors. We used standard Hematoxylin and Eosin (H&E) staining
imaging and polarized light microscopy imaging to compare CHP to

alternative methods of structural imaging.

2 | METHODS

2.1 | Inclusion/exclusion criteria and ethics

Fresh human AF samples were obtained after removal from individ-
uals undergoing anterior lumbar surgery for DDD at L4-L5 and L5-S1
levels (based on the superior-anterior landmark noted by surgeons).
Non-DDD fresh samples were obtained within 1-2 h of death from
younger organ donors through the Southern Alberta Tissue Donation
program after organ harvest completion. All samples were obtained
with local ethics approval (University of Calgary Ethics ID:
REB18-1308).

2.2 | Demographics
Age, body mass index (B.M.1.), and sex distribution are reported by the
number of individuals whereas the Pfirrmann Grade and Level distri-

bution are reported by the number of samples (Table 1). B.M.I. and
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TABLE 1 Demographic information of the non-DDD and DDD
individuals included in the present study.

Non-DDD DDD
Number of individuals 6 13
Number of samples 12 14
Age (years)* 34 +10 45 + 10
B.M.I. N/A 27.3+£3.0
Pfirrmann grade N/A 68+1.1
Radiographic degeneration grade 0.25 £ 0.45 N/A
Sex (M/F) (4/2) (8/5)
Level (L4-L5/L5-S1) (6/6) (5/9)

*p < 0.05 for the parameter comparison.

Pfirrmann Grade were not available for the non-DDD donors. Samples
from spine deformities such as degenerative scoliosis and spondylo-
listhesis were not included. The radiographic grading system by Wilke
et al.>®> was used to grade non-DDD samples (Table 1). However, pre-
operative CT scans were not available for most DDD individuals, so
the modified Pfirrmann Grade by Griffith et al.>® based on MRI imag-
ing was used for DDD samples. CT scans did not show any significant

amount of disc height loss for the non-DDD individuals (Figure S1).

2.3 | Tissue preparation

Fresh tissue with minimum dimensions of 2 mm x 2 mm x 2 mm (cir-
cumferential length x tissue width [disc height] x radial length) was
obtained from surgery and embedded immediately in the optimal cut-
ting temperature (OCT) compound within 30 min of tissue re-
section from the individual and stored at —80°C until cryosectioning
(Figure 1). The tissue was sectioned in the axial/transverse plane at
8 um thickness at —20°C in the cryostat. Sequential tissue sections
(2-3 sections per sample/slide) of the tissue were mounted on Super-
frost Plus Micro Slides (VWR, Pennsylvania), incubated overnight at
37°C, and stored at —20°C until the staining procedures. Slides were
carefully examined under a microscope to determine the gross quality
of sections and those with the fewest cutting artifacts were selected
for further histological (H&E), CHP, and LC-PolScope analysis. LC-

PolScope sections were mounted unstained.

24 |
scoring

Hematoxylin and Eosin (H&E) staining and

Standard H&E staining protocols were followed, and details can be
found in the Supporting Information Section S1. All slides were
scanned with the Zeiss Axio Scan.Z1 Scanner (Zeiss Group, Germany)
at 10x Brightfield imaging with flash intensity of 249% and flash
duration of 4 ps.

Three knowledgeable researchers graded the AF sections stained
with H&E in an independent and blinded manner for histological

degeneration grading based on the criteria outlined by Le Maitre and
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Posterior

Anterior

colleagues.®” The current histological sections only had the AF with
no interface between the nucleus pulposus (NP), endplates, and the
AF. Thus, the criteria were modified to remove interface zone

assessments.

2.5 | Collagen hybridizing peptide (CHP) staining

Initial studies were performed to optimize the CHP staining protocol
(see Supporting Information Sections S2 and S3). Each slide under-
went washing in distilled water (dH,O) and 2 x 1XPBS (Phosphate
Buffered Saline) for 5 min each to remove the OCT compound. Thirty
microliters of 1XPBS with 1% BSA (Bovine Serum Albumin) and 5%
goat serum was applied on each section for non-specific blocking and
the slide underwent incubation at room temperature for 1 h. The CHP
was pre-conjugated with the Cy3 fluorophore (Advanced Biomatrix,
Catalogue Number: 5276-60UG). The stock CHP solution (100 uM) at
4°C was diluted to 1 uM (1:100 dilution), heated to 85°C for 5 min,
and immediately quenched in an ice bath for 1 min. CHP solution
(25 uL) was applied immediately onto each section to achieve minimal
dead time. The slides were incubated at 4°C for 4 h. After incubation,
the slides were dynamically washed 4 times for 15 min each in 1XPBS
solution. Next, 30 pL of anti-fade hard-set mounting media with DAPI
(Biotium, California, Catalogue Number: 23004) was applied to each
section and covered with a coverslip. The slides were incubated over-
night at 4°C. All slides were then scanned with a Zeiss Axio Scan.Z1
Scanner (Zeiss Group, Germany) at 10x fluorescence imaging with
light source intensity of 80% and exposure duration of 150 ms. The

Cy3 fluorophore was detected at 563 nm wavelength.

2.6 | Quantification of the CHP signal
Three Regions of Interest (ROIs) (900 um squares) were chosen for
one section per slide while ensuring there were no folds and artifacts

in the ROLl. If the sample had high fluorescence heterogeneity, then

1. Circumferential Length
2. Tissue Width/Disc Height

3. Radial Length

FIGURE 1 Schematic of the
intervertebral disc showing the
location of the AF samples
utilized in the study from the
DDD individuals and non-DDD
donors. Sample dimensions
(minimum 2 mm x 2 mm

x 2 mm) are labeled as

(1) circumferential length, (2) disc
height/tissue width, and (3) radial
length.

ROIs were chosen to reflect the heterogeneity in the calculations. The
size of the ROl was chosen such that three representative ROIs could
be selected from most samples. On the Zen software (Version 3.5,
Zeiss Group, Germany), a small threshold was applied on the 16-bit
ROI images to accurately segment the positively stained foreground
from the non-tissue surrounding background. Consequently, the pixel
intensities associated with the background were removed and only
the fluorescence intensity of the positive staining (foreground) was
quantified. Thresholding was performed because of minor differences
in the available background in each ROl and to remove the impact of
background on quantification of positive staining. To minimize the
bias in removing the background during thresholding, a sensitivity
analysis was performed (see Supporting Information Section S4 for
the rationale on the use of thresholding) to compare the threshold
and non-threshold approaches. The fluorescence intensity of the
fluorophore, Cy3, was quantified in the Zen software (Version 3.5,
Zeiss Group, Germany) using the fluorescence intensity of the Cy3
channel calculated in the ROI. The ROIs used for fluorescence inten-
sity quantification were used for the calculations of percentage of
area in the ROI stained positively. Images from the channel were

imported into ImageJ®®

and converted to an 8-bit grayscale image.
Based on the previously established thresholds for mean fluorescence
intensity to determine the positive staining of CHP in the ROI, the
amount of positively stained area was recorded as a percentage of

the total ROl area.

2.7 | Polarimetry

Unstained 8 um sections were mounted and imaged using circularly
polarized light at 546 nm wavelength (LC-PolScope CRI, Boston) on a
light microscope (Axioplan2, Carl Zeiss Microscopy, USA) at 5x mag-
nification with maximum retardance of 60 nm. The same ROlIs used
for CHP analysis were used for LC-PolScope imaging. A retardance/
azimuth composite image and an azimuth histogram was obtained for

each ROI. Retardance is the phase shift between the light traveling
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through the fast and slow axis of the birefringent collagen fibers with
different refractive indices. Azimuth is the orientation/angle of the
birefringent collagen fibers ranging from 0° to 180°. The range of
the peak(s) in the azimuth histogram for each ROI was recorded as a
measure of disorganization of collagen fibers (modified from Moun-
tain et al.>” and Al-Saffar et al.*°).

2.8 | Statistics

Shapiro-Wilk normality tests and F-tests were performed to check for
normality and differences between variances of the groups before
conducting statistical significance tests. Because of the directionality
of the hypothesis based on previous literature, one-tailed Student's
t-tests, Welch t-tests, and Mann-Whitney U-tests were performed to
test for significance of differences between samples from different
groups (Non-DDD vs. DDD, male vs. female, and L4-L5 vs. L5-51) for
mean fluorescence intensity and percent positive ROI area. Pearson
and Spearman correlations were performed between the mean fluo-
rescence intensity and percent positive ROl area, and with respect to
age and histological degeneration score. Three-way Analysis of Vari-
ance (ANOVA) measures were performed to examine the interaction
effects between the following three factors: Tissue Pathology, Sex,
Lumbar Disc Level. Bonferroni corrections were applied to the
ANOVA interaction p-values. The type | error was set to a = 0.05.
More details can be found in Supporting Information Section Sé.

3 | RESULTS

3.1 | Histological degeneration grade and aging
High inter-rater variability was observed for histological degeneration
scoring (k = 0.0048) (Figure 2). However, the differences between
non-DDD and DDD samples were consistent for each reviewer with
the average difference being 2.78 + 0.56. Samples from DDD individ-
uals had an elevated histological degeneration score compared to the
samples from non-DDD individuals (5.95 + 1.94 vs. 3.17 + 1.04,
p = 0.00007) (Figure 2). The histological score of DDD samples had a
weak correlation with the average mean fluorescence intensity
(Spearman coefficient R = 0.26) whereas no correlation was observed
with the average percentage of positively stained ROl area (Spearman
coefficient R = —0.08). The histological scores for non-DDD samples
did not show any correlations with the average mean fluorescence
intensity (Spearman coefficient R = 0.05) and the average percentage
of positively stained ROI area (Spearman coefficient R = 0.12). Histo-
logical degeneration scores were increased for DDD females com-
pared to DDD males (7.33 + 1.72 vs. 5.18 + 1.68, p = 0.04) whereas
they were not different for non-DDD females and males (Table 2).
Age was negatively correlated with both the average mean fluo-
rescence intensity (Pearson coefficient R = —0.65) and the average
percentage of positively stained area in the ROI (Pearson coefficient

R = —0.62) for the non-DDD samples. However, age was positively

correlated with the average mean fluorescence intensity (Spearman
coefficient R = 0.63) and the average percentage of positively stained
area in the ROI (Pearson coefficient = 0.56) for the DDD samples. No
differences were found between the ages of males and females across
both non-DDD and DDD groups (Table 2).

3.2 | Tissue pathology comparison using CHP
staining and LC-PolScope

H&E staining qualitatively showed greater structural defects such as
AF fissures/tears and reduced lamellar organization in the DDD sam-
ples compared to the non-DDD samples (Figure 3). Tissue obtained
from DDD individuals had an increased average mean fluorescence
intensity (p = 0.0004) and average percent positive ROl area
(p = 0.00008) compared to the samples obtained from the non-DDD
donors (Figure 3). The average mean fluorescence intensity (arbitrary
units [a.u.]) was 10103 + 3370 for DDD samples and 6301 + 1654 for
non-DDD samples. The average percent positive area per ROl was
46.5 + 18.9% for DDD samples and 18.8 + 11.0% for non-DDD sam-
ples (Figure 3). Qualitatively, DDD samples exhibited more intense
local binding of CHP combined with the spatial binding across the
entire tissue section as compared to the non-DDD samples. Tissue
from DDD individuals exhibited an increased azimuth range for the
collagen fibers compared to the samples from non-DDD individuals
(104.8 £ 20.1° vs. 69.3 + 20.1°, p = 0.00008) (Figure 4).

3.3 | Linear regressions of the parameters

The average mean fluorescence intensity and average percent positive
area per ROl were significantly correlated in both non-DDD (Pearson
coefficient R =0.98, p = 5.0E-8) and DDD individuals (Spearman
coefficient R = 0.79, p = 0.001) (Figure 5).

34 | Sex

No statistical differences were observed between tissue from male and
female DDD individuals for average mean fluorescence intensity (a.u.)
(9647 + 3878 vs. 10 922 + 2351) and average percent positive ROl area
(45.5 £ 21.6% vs. 48.3 + 14.9%) (Figure 6). However, in non-DDD male
donors, there was a trend towards increased average mean fluorescence
intensity (6814 + 1783 vs. 5273 + 702) (p = 0.067) and increased aver-
age percent positive area per ROl (22.1 +122% vs. 12.2 + 3.6%)
(p = 0.076) compared to non-DDD female donors (Figure 6).

3.5 | Lumbar disc level

No differences (although modest trends were detected) were
observed between tissue from DDD L4-L5 and L5-S1 samples for
average mean fluorescence intensity (a.u.) (8865 = 1792 vs. 10 790
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*A statistically significant difference between DDD males and females for the histological degeneration

score (p = 0.05).

+ 3919) (p = 0.16) and average percent positive area per ROl (37.9
+15.3% vs. 51.3 £ 19.8%) (p = 0.11) (Figure 7). Furthermore, no dif-
ferences were observed between non-DDD L4-L5 and L5-51 samples

® Non-DDD

FIGURE 2 Histological
degeneration scoring was
performed by three independent
and blinded spine researchers.
(A) The heat map outlines the
scores of each reviewer for each
scoring category for non-DDD
and DDD samples. (B) Scores
were averaged across reviewers
and a comparison between non-
DDD and DDD samples was
performed. **** represents

p < 0.0001. Linear regression
correlations of the average mean
fluorescence intensity (a.u.) and
average ROl area stained
positively with CHP with respect
to histological degeneration
grade (C & D) and age (E & F) of
the included individuals were
performed. Spearman
correlations were performed for
the histological degeneration
score. For age, (E) shows the
Pearson correlation for the non-
DDD samples and the Spearman
correlation for the DDD samples
whereas (F) shows Pearson
correlations for both the non-
DDD and DDD samples.

TABLE 2 Age and histological
degeneration score for non-DDD and
DDD males and females.

for average mean fluorescence intensity (6358 + 1460 vs. 6244 +-
1969) and average percent positive ROl area (19.2 + 8.5% vs. 18.4
+ 14.0%) (Figure 7).
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Non-DDD DDD

FIGURE 3 Non-DDD and DDD AF sample sections in the axial/transverse plane represent the minimum, median/mean, and maximum
average mean fluorescence intensity within the group using DAPI + CHP, DAPI, and CHP channels. The red color in the CHP channel depicts
positive staining (excluding the artifact staining). Three white boxes in the CHP image show the ROls chosen to calculate the average mean
fluorescence intensity and average percentage of positively stained ROl area. Qualitative morphological comparison is shown with hematoxylin &

eosin (H&E) staining. The top of the image is the anterior outer AF and the

bottom of the image is closer to the inner AF of the sample. For non-

DDD samples, scale bar = 1000 um and for DDD samples, scale bar = 500 um. Average mean fluorescence intensity (a.u.) and average positive
CHP staining as a percentage of the total ROl area are compared between non-DDD and DDD samples. The horizontal line in the middle of the

boxplot represents the median and the white triangle represents the mean

3.6 | Interaction effects

Only the tissue pathology (non-DDD and DDD) influenced both aver-
age mean fluorescence intensity (p = 0.004) and average percent pos-
itive area per ROI (p = 0.0005) (Table 3). Neither sex nor lumbar disc
level influenced either property. No two-way or three-way interac-
tions were observed between tissue pathology, sex, and lumbar disc

level.

4 | DISCUSSION

Degenerated surgical AF samples exhibited increased average mean

fluorescence intensity and average percent positive ROl area

of the group. **** represents p < 0.0001 and *** represents p < 0.001.

compared to non-DDD samples. The main finding of the current study
is the decreased collagen integrity, as visualized by elevated CHP
staining, in the DDD samples compared to tissue samples from non-
DDD donors. Previous studies showed increased CHP labelling in
degenerated human and animal samples compared to non-
degenerated samples.”?® To the best of our knowledge, this is the
first study to perform a rigorous analysis of relative changes of colla-
gen integrity in non-DDD and DDD human AF tissue. The relative
fluorescence intensity changes between the non-degenerated and
degenerated disc of the current results were similar in magnitude (1.7
times greater signal in the degenerated samples compared to the non-
degenerated samples) to that reported by Xiao et al.? Liu et al.
reported a linear increase in fluorescence intensity with respect to

increasing Pfirrmann Grade in human samples (Grade II-V on the
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FIGURE 4 Two non-DDD and DDD sample region of interests (ROI) in the transverse plane to represent the retardance and azimuth
composite image for the collagen fibers. The intensity of color represents the retardance value (higher intensity = higher retardance) and the
location of the color on the color wheel in the top left corner of the images represents the azimuth. The right side of the color wheel represents
0° whereas the left side represents 180°. Azimuth range across the ROl is calculated from the azimuth histograms and is compared between non-
DDD and DDD samples. The white triangle represents the mean of the respective group. **** represents p < 0.0001. Scale Bar = 500 pm.
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FIGURE 5 Linear regression
correlations of the average mean
fluorescence intensity (a.u.) and
average ROl area stained
positively with CHP. The left
graph shows the Pearson
correlation among non-DDD
samples whereas the right graph
shows the Spearman correlation
among DDD samples.

FIGURE 6 The average mean
fluorescence intensity (a.u.) and
average positive CHP staining as
a percentage of the total ROI
area are compared between male
and female human IVD AF
samples of the non-DDD and
DDD groups. The horizontal line
in the middle of the boxplot
represents the median and the
white triangle represents the
mean of the group. ns

represents p = 0.05.
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FIGURE 7 The average mean ns
fluorescence Intensity (a.u.) and
average positive CHP staining as
a percentage of the total ROI
area are compared between
L4-L5 and L5-S1 human IVD AF
samples of the non-DDD and
DDD groups. The horizontal line
in the middle of the boxplot
represents the median and the
white triangle represents the
mean of the group. ns
represents p 2 0.05.
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TABLE 3 ANOVA three-way interaction effects for adjusted p-
values with the factors of condition, sex, and level for the comparison
of average mean fluorescence intensity and average percent positive
ROl area.

Average mean
Fluorescence intensity

Average percent
Positive ROl area

Tissue pathology 0.004 0.0005
Sex 0.99 0.67
Lumbar level 0.43 0.31
Tissue pathology: 1 1

sex

Tissue pathology: 1 1
lumbar level

Sex: lumbar level 1 1
Tissue pathology: 1 1

sex: lumbar level

Note: Bonferroni corrections have been applied for multiple comparisons.

original scale).2® However, their human samples were from a variety
of IVD degeneration models including herniated discs whereas the
present study only examined DDD. Percent positive area of the ROI
was not measured in any previous studies.

Surgical DDD samples further exhibited increased range of the
azimuth compared to the non-DDD samples. This suggests that the
collagen fibers are orientated across a wide range of angles, indicating
increased randomness in their organization in the DDD samples. The
smaller range for non-DDD samples indicates greater uniformity in
their organization. Annular disorganization has been previously linked
to degeneration of the IVD due to age*' and DDD.*? Furthermore,
collagen disorganization has been associated with IVD degenera-
tion.*®> However, disorganization is not necessarily congruent with
degeneration of the collagen fibers. Further studies will be required to
determine the association between the disorganization of the collagen
fibers, the structural integrity of collagen, and the degeneration of
the AF.

DDD
W L4-L58L5-S1

Non-DDD DDD

Adams and Roughley have reported that the IVD undergoes
structural modifications including annulus tears (circumferential
tears, peripheral tears, and radial fissures).” Since the main struc-
tural component of the AF is collagen, specifically the fibrillar colla-
gen type | in the outer AF,'! the current studies provide further
evidence that degenerated discs exhibited structural alterations
consistent with decreased collagen integrity compared to non-DDD
discs. Various soft tissues such as cartilage, bone, skin, and the IVD
have been shown to undergo collagen remodeling in different path-
ological states.!>*4%8 |n the current study, the effect of collagen
turnover rate and the dysregulation of normal collagen turnover
with respect to collagen degradation was not explored. Sivan and
colleagues determined that the collagen turnover rate for degener-
ated IVDs was greater compared to non-DDD IVDs where the col-
lagen turnover is more regulated.!**® Increased dysregulated
collagen turnover rate would lead to increased binding of the CHP
to the GPO sequences, thus being consistent with overt degenera-
tion. The increased collagen turnover rate and dysregulation may
be the result of disrupted homeostasis where the IVD might be in
a more catabolic state due to inflammation or other alterations to
endogenous cellular homeostasis. Alternatively, it is also possible
that the increased dysregulated turnover of collagen could repre-
sent the recurrent injury and repair process. These would poten-
tially explain the increased levels of collagen degradation detected
via CHP staining in DDD samples compared to the non-DDD con-
trol values.

Collagen plays an important role in mechanics of the AF.%?
Degeneration of collagen may impair the AF's ability to resist loads
experienced by the IVD, and therefore, could be a central factor
behind development of DDD. Degeneration is linked to reduced
mechanical integrity of the AF.°%>! There is a potential link between
glycosaminoglycans and collagen which may govern the AF's
structure-function relationship.>? Future studies will explore the
link(s) between collagen integrity and their role in mechanical changes
observed during degeneration by using paired samples from non-

DDD control donors and DDD surgical individuals.
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The average mean fluorescence intensity and the average per-
centage of positively stained areal fraction with CHP decreased with
age in non-DDD samples, which is contrary to the literature. Sivan
and colleagues reported decreasing collagen turnover with increasing
age in both non-DDD and DDD samples.***® With decreasing colla-
gen turnover, fewer binding sites for CHP on the collagen trimer may
be exposed, which could lead to a decreased CHP signal as found in
the current study. However, the opposite trend was determined for
DDD samples where the CHP parameters increased with age. The
CHP reagent may be binding to the exposed binding sites arising from
the dysregulated collagen turnover processes and the dominating pro-
teolytic processes associated with DDD.>® Multiple studies have rec-
ognized the difficulty in differentiating physiological aging changes
from disease-related changes.’* ¢ This conundrum will require fur-
ther studies to determine whether the two different processes differ
mechanistically or share commonalities.

The histological degeneration score was increased for DDD sam-
ples compared to the non-DDD samples, indicating significant struc-
tural changes present in the DDD samples. However, there were
weak to no correlations between the histological degeneration score
and CHP parameters. This suggests that using histology alone as an
assessment tool for collagen integrity may not capture some of the
AF structural changes. In part, this could also relate to a lack of speci-
ficity of histological dyes towards degraded collagen molecules.

Increased mean fluorescence intensity (a measure of concentra-
tion of localized collagen degradation) and percent positive ROl area
(a measure of spatial collagen integrity) represent two different, yet
interconnected, methods to assess the integrity of the tissue collagen.
Both parameters likely have a strong link, especially in the non-DDD
samples. Three pathways of decreased collagen integrity are possible:
(i) spatial changes in collagen integrity across the tissue occur first fol-
lowed by local changes in collagen integrity based on fluorescence
intensity at particular locations, (ii) local changes occur first, followed
by the spatial changes, or (iii) both changes occur simultaneously.
Based on the previous literature,®” it is plausible that the structural
changes start spatially, and then the process turns into a feedback
loop of increasing local damage and spatial damage simultaneously.
However, it is not possible to determine cause-and-effect relationship
between spatial and local changes with the current data and due to
the limitation of human studies being cross-sectional rather than lon-
gitudinal but may require appropriate future investigation.

In the current study, no statistical differences were observed
between males and females in either condition. This finding goes
against the sexual dimorphism of development of degenerative disc
disease observed in the literature where females have been shown to
have higher prevalence.?’” Mosley and colleagues also showed in
murine models that females had a higher degeneration grade follow-

7 similar to the current

ing an annular injury compared to males,’
study. However, the degeneration grade accounts for multiple disc
components including AF, NP, and endplates. It is evident that the
scoring system does not just consist of collagen structural information
and could be the reason behind the differences in the findings. How-

ever, the SHG imaging parameters examining the collagen

organization in the same study were not determined to be different
between males and females. Thus, it is likely that the higher preva-
lence of DDD among females may not be due to just structural differ-
ences in the collagen but could also include hormonal and mechanical
differences affecting other components of the ECM.

Comparing the lumbar level differences between L4-L5 and
L5-S1, trends (non-significant) suggest that the DDD L5-S1 samples
may have decreased collagen integrity compared to the DDD L4-L5
samples whereas the non-DDD L4-L5 and L5-S1 samples had similar
mean fluorescence intensity and percent positive ROI area. The trend
could be due to the different mechanical environments of the two
levels. The L5-S1 disc mostly undergoes axial compression with lim-
ited movement along other planes due to geometric constraints from
the two sacroiliac joints and the connection of the iliolumbar liga-
ments to the ilium, providing greater stability to the L5-51 disc.>? The
L4-L5 disc undergoes greater axial torsional and flexion/extension
movement due to the presence of discs superiorly and inferiorly and
doesn't have the same stability as the L5-S1 disc.>? Furthermore, Ter-
aguchi et al.>* reported greater prevalence of disc degeneration for
L5-S1 discs compared to L4-L5 discs in both men (47.3% vs. 34.2%)
and women (56.3% vs. 49.4%) under 50 years old. However, the trend
was reversed in the 50-59 years old age group where L4-L5 discs had
greater prevalence of disc degeneration than L5-S1 discs for both
men (74.5% vs. 50.8%) and women (73.9% vs. 70.4%). In the current
study, 9 out of 13 DDD individuals were below 50 years old. Thus, as
the discs degenerate, it is possible that the L5-S1 disc may have a
greater probability of losing its stability and undergoing more struc-
tural defects than the L4-L5 disc upon degeneration.

The specificity of CHP towards denatured collagen of all subtypes
differentiates it from other techniques that have been utilized in the
past to assess collagen degradation such as SHG, LC-PolScope, anti-
collagen antibodies, and histology. SHG and L-PolScope provide infor-
mation regarding collagen disorganization but do not directly assess
collagen integrity. The common approach has been to correlate the
disorganization to collagen integrity, but this approach lacks accuracy
for such an assessment. Anti-collagen antibodies are specific to only
specific types of collagens and do not have the selectivity for all colla-
gen types.>* Histological stains do not provide any specificity towards
denatured collagen, and thus they are likely not an appropriate tool
for assessment of collagen integrity. The fluorescence of CHP can be
measured, leading to direct quantification of collagen integrity. The
CHP reagent employs a unique method of detection of collagen dena-
turation and one that no other method currently available can repli-
cate to the same extent. It is evident that CHP can be used as an
ex vivo tool to quantify the relative molecular collagen structural
changes in AF tissue from surgical individuals with DDD.

The current study had limitations. First, the study was cross-
sectional, with surgical individuals with advanced disease, and thus,
no cause-and-effect conclusions can be made. Second, at the method-
ological level, mechanical damage from sectioning was not quantified
and it may have reduced the relative differences between the groups.
Furthermore, only three serial sections (one slide) per sample were

stained with CHP instead of using multiple slides selected
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systematically to investigate the damage profile throughout the tissue.
Using multiple slides, each from a different tissue depth, would have
helped quantify the complete damage profile. Third, no samples were
collected from individuals with severely degenerated tissue as in many
cases, insufficient tissue for testing was available for removal by the
surgeons. Thus, sample selection bias was present in the DDD group,
and the reported collagen damage may not reflect the full range of
collagen damage occurring in individuals with very advanced disease.
Despite this limitation, significant differences between non-DDD and
DDD individuals were still detected. Fourth, samples were only
selected from the anterior region of the IVD. The IVD is a heteroge-
nous tissue, and the loading patterns and mechanical properties asso-
ciated with collagen are location dependent. Thus, further sampling of
different locations across the IVD could provide improved generaliz-
ability of the current findings. Lastly, CHP may not have been bound
only to degraded collagen. Alternatively, collagen binding regions
could have been exposed for interacting with CHP due to other mole-
cules such as aggrecan and decorin being displaced from the collagen
trimer.>” As the collagen triple helix unwinds during turnover, it is dif-
ficult to distinguish whether CHP was binding specifically to only
degraded collagen helix and requires future studies to examine this
effect in more detail.

In the future, collagen integrity from CHP will be correlated with
mechanical properties to better understand the structure-function
relationship of the AF. This may provide further insights into the dis-
ease progression at both macro and micro scales. Further, CHP also
carries the potential for in vivo imaging by combining it with fluores-
cent reagents used in clinical imaging. The data from the current study
will be further expanded such that correlations with clinical parame-
ters used for surgical decision-making may be established. These may
help provide improved diagnosis, guide treatment plans, and monitor

the outcomes for individuals with DDD or other spinal disorders.

5 | CONCLUSION

CHP is a tool that is reported to detect collagen degradation and
changes in its integrity. However, the use of CHP in IVD has been lim-
ited in the literature given its novelty. The present study determined
that the average mean fluorescence intensity and average area of the
ROI positively stained with CHP were both increased among DDD
samples compared to the non-DDD samples. The sex comparisons
showed that males and females did not differ in structural changes to
collagen at the molecular scale and the only differences were between
the DDD and non-DDD sex subgroups. Although not statistically sig-
nificant, trends showed L5-S1 discs may experience more structural
degradation to the collagen compared to the L4-L5 disc. Based on lin-
ear regressions between the mean fluorescence intensity and percent
positive ROI area, it is suggested that both parameters are strongly
linked in both non-DDD and DDD groups, and it may provide further
insights into the mechanism of collagen degradation. Overall, our

results showed that the structural integrity of the collagen structure

JOR SPin.... M Ik

at the molecular scale is decreased among DDD individuals compared
to that from non-DDD donors.
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