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Abstract

Background: Intervertebral disc (IVD) degeneration is a major contributor to back
pain and disability. The cause of IVD degeneration is multifactorial, with no disease-
modifying treatments. Mouse models are commonly used to study IVD degeneration;
however, the effects of anatomical location, strain, and sex on the progression of
age-associated degeneration are poorly understood.

Methods: A longitudinal study was conducted to characterize age-, anatomical-, and
sex-specific differences in IVD degeneration in two commonly used strains of mice,
C57BL/6 and CD-1. Histopathological evaluation of the cervical, thoracic, lumbar,
and caudal regions of mice at 6, 12, 20, and 24 months of age was conducted by two
blinded observers at each IVD for the nucleus pulposus (NP), annulus fibrosus (AF),
and the NP/AF boundary compartments, enabling analysis of scores by tissue com-
partment, summed scores for each IVD, or averaged scores for each anatomical
region.

Results: C57BL/6 mice displayed mild IVD degeneration until 24 months of age; at
this point, the lumbar spine demonstrated the most degeneration compared to other
regions. Degeneration was detected earlier in the CD-1 mice (20 months of age) in
both the thoracic and lumbar spine. In CD-1 mice, moderate to severe degeneration
was noted in the cervical spine at all time points assessed. In both strains, age-
associated IVD degeneration in the thoracic and lumbar spine was associated with
increased histopathological scores in all IVD compartments. In both strains, minimal
degeneration was detected in caudal IVDs out to 24 months of age. Both C57BL/6
and CD-1 mice displayed sex-specific differences in the presentation and progression
of age-associated IVD degeneration.

Conclusions: These results showed that the progression and severity of age-
associated degeneration in mouse models is associated with marked differences

based on anatomical region, sex, and strain. This information provides a fundamental
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baseline characterization for users of mouse models to enable effective and appropri-

ate experimental design, interpretation, and comparison between studies.
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1 | INTRODUCTION

The Global Burden of Disease study reported low back pain as the
leading cause of years lived with disability worldwide, with a lifetime
prevalence of approximately 80%.1 Although multifactorial, interver-
tebral disc (IVD) degeneration is reported to be a major contributor
to low back pain, with ~40% of cases associated with IVD degenera-
tion.2® The IVD is a fibrocartilaginous joint located between the ver-
tebral bodies of the spine made of three distinct tissues including
the nucleus pulposus (NP), annulus fibrosus (AF), and cartilage end-
plates. During axial compression, the IVD allows flexibility along the
spine axis and provides shock absorption. Given that over 20% of
patients with back pain are unable to work,* it has enormous socio-
economic burden, estimated to be approximately $100 billion in the
United States each year.’ Current treatments for back pain are
limited to pain management, surgical interventions, and physical
therapy.6=8

Although the cause of IVD degeneration is multifactorial, at the
tissue level, it is driven by breakdown of extracellular matrix, as
well as changes in cellularity, biomechanics, and nutrition of the
IVD.? In humans, it is well established that the risk of IVD degener-
ation and associated back pain increases with age; changes in IVD
composition, including the progressive loss of aggrecan, are
detected early in life, such that up to 20% of teens aged 11-16
show mild signs of IVD degeneration.'°~** The lumbar spine in par-
ticular exhibits increased risk for age-associated IVD degeneration,
associated with increased mechanical load.***%>¢ Furthermore,
biological sex contributes to the risk of IVD degeneration. Men
have a higher prevalence of back pain and IVD degeneration than
women until the fifth decade of life, after which menopause is an
expected trigger for increasing risk of IVD degeneration and back
pain.’

The prevalence and socioeconomic impact of IVD degeneration,
paired with our aging population, have emphasized the need for basic
research to better understand its etiology. As such, preclinical animal
models have become valuable tools in IVD research. To date, how-
ever, the progression of age-associated IVD degeneration in various
animal models has not been fully characterized. Current research uses
various animal models, most common of which are rodent models, as
well as large animal models such as dogs, sheep, goats, and pigs.”'®
However, in large animal models, many studies use disc injury models
to study IVD degeneration as a more cost-effective approach than
age-associated models which are inherently associated with pro-
longed animal husbandry costs.'® Murine models are an attractive and

commonly used model due to the availability of transgenic techniques,

relatively short lifespan, and ease of housing.’? Importantly, they
allow for the examination of age-associated IVD degeneration, which
might progress through different pathways and mechanisms than
injury-induced IVD degeneration. Mice share many similarities with
humans in IVD geometry and the presentation of age-associated IVD
degeneration, such as loss of cellularity within the NP, reduced matrix
production, inflammation, and reduced range of motion.?%?* How-
ever, unlike humans, mice retain notochordal cells within the NP
throughout their lives.?? The ability to compare findings generated in
mouse models may also be limited by the specific strains of mice used
to study IVD and limited knowledge of how risk factors such as age,
anatomical location, and sex affect the onset and progression of IVD
degeneration. Moreover, given limitations associated with the size of
murine IVDs, experimental designs often pool IVDs from multiple
anatomical locations or use different regions of the spine for distinct
endpoint analyses. Inherent differences in the rate or extent of age-
associated degeneration between anatomical regions could confound
the outcome or interpretation of the resultant findings.

To address this problem, the current study was designed to
directly compare age-associated IVD degeneration across anatomical
regions of the spine in two common laboratory mouse strains, CD-1
and C57BL/6. In both strains, histopathological changes were
assessed in both male and female mice at 6, 12, 20, and 24 months of
age in the cervical, thoracic, lumbar, and caudal spine. These data
were used to compare the progression of IVD degeneration between
anatomical regions, and examine differences based on strain and sex
over time. This information provides a fundamental baseline charac-
terization for users of mouse models to enable effective and appropri-
ate experimental design, interpretation, and comparison between

studies.
2 | METHODS
21 | Mice

Male and female C57BL/6 (C57BL/6NCrl, strain code 027) and
CD-1® mice (strain code 022) were obtained from Charles River
(Wilmington, MA, USA). Mice were housed in conventional cages and
maintained on a 12-h light/dark cycle, with rodent chow (Envigo
2018) and water available ad libitum. Mice were aged to 6, 12, 20, or
24 months of age and were euthanized by intraperitoneal injection of
a lethal dose of sodium pentobarbital. All aspects of this study were
conducted in accordance with the policies and guidelines set forth by

the Canadian Council on Animal Care and were approved by the
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Animal Use Subcommittee of the University of Western Ontario
London, ON.

2.2 | Histology

Histopathological analysis was completed for spinal segments of male
and female CD-1 and C57BL/6 mice at 6, 12, 20, and 24 months of
age (N = 4-7 mice/group). Due to attrition of groups with age, 4-6
CD-1 mice were assessed for each anatomical region and time point,
with the exception of cervical spines from female mice at 6 and
12 months of age (N = 2). Similarly, groups of 3-7 C57BL/6 mice
were assessed for each anatomical region and time point, except for
cervical spines from female 24-month-old mice (N = 2). For each, the
intact spinal column was dissected and segmented into the cervical,
thoracic, lumbar, and caudal regions. Tissues were fixed overnight
with 4% (w/v) paraformaldehyde in phosphate-buffered saline (PBS)
and then decalcified using Shandon's TBD-2 (Thermo Fisher Scientific,
Waltham, MA, USA) for 5-7 days at room temperature with continu-
ous agitation. Following standard histological processing, tissues were
embedded in paraffin and sectioned sagittally at a thickness of 5 um.
Midsagittal sections of the spines from each region were deparaffi-
nized and rehydrated as previously described,?® and stained with
0.05% Safranin-O/0.05% Fast Green. Sections were imaged on a
Leica DM1000 microscope, with Leica Application Suite (Leica Micro-
systems: Wetzlar, DEU).

Spine sections were assessed for degenerative changes using
an established mouse IVD histopathological scoring system?* to
evaluate the NP, AF, and NP/AF boundary. In this study, and as
previously done by our group, IVD scores were determined by eval-
uating NP structure (Part Al, scores 0-4), AF structure (Part BI,
scores 0-4), and the NP/AF boundary (Part C, scores 0-2).>* For
each IVD, degeneration was scored by two individuals blinded to
age, strain, and sex of the sample. Scores from the NP, AF, and
NP/AF boundary were summed to provide the overall degeneration
score, where the maximum score of 10 reflects the highest degree

of degeneration.

2.3 | Statistical analysis

Histopathological data were analyzed by nonparametric Kruskal-
Wallis H test with Dunn's multiple comparisons or Mann-Whitney
U test with Tukey's multiple comparisons. p < 0.05 was considered
significant. Statistical analyses were conducted using GraphPad Prism
8 (GraphPad Software: San Diego, CA, USA). Cohen's weighted Kappa
was used to assess inter-rater reliability for each of the scoring criteria
(NP, AF, and the NP/AF boundary) from a random sampling of
141 IVDs (comprised of images from both sexes and all time points).?
Scoring of the NP and AF displayed almost perfect strength of agree-
ment with weighted Kappa values of 0.879 and 0.813, respectively.
The NP/AF boundary displayed substantial agreement with a
weighted Kappa score of 0.801.

JOR SPin1Gusc IR

3 | RESULTS
3.1 | Progression of age-associated disc
degeneration

The progression of age-associated IVD degeneration was assessed to allow
for comparison between anatomical regions, sexes, and strains in C57BL/6
and CD-1 mice at 6, 12, 20, and 24 months of age. Histopathological scores
were determined at each IVD for the NP, AF, and the NP/AF boundary
compartments, enabling analysis of scores by tissue compartment, summed
scores for each IVD, or averaged scores for each anatomical region.?*

To provide an overview of changes over time, the averaged histopath-
ological scores for IVDs within each anatomical region were compared
between time points up to 24 months of age. As expected, histopathologi-
cal scores generally increased with age, but in an anatomical region-, strain-
, and sex-specific manner. In both male and female C57BL/6 mice, changes
over time in IVDs were not associated with significantly increased histo-
pathological scores in the cervical (Figure 1A) or thoracic (Figure 1B)
regions. In these regions, IVDs appeared generally healthy with only mild
degenerative changes detected in the NP at 24 months of age. In contrast,
IVD degeneration was observed in the cervical spine in CD-1 mice at all
time points assessed (Figure 1A) with advanced degeneration noted in all
IVD compartments in both male and female mice. A significant increase in
histopathological scores was detected in the thoracic spine for both male
and female CD-1 mice with age (Figure 1B). Histologically, these scores
reflect near complete loss of the NP and AF structure as well as the loss of
the boundary between regions by 24 months of age.

Age-associated changes in the lumbar IVDs were mostly associ-
ated with increased histopathological scores (Figure 1C). Lumbar spines
from male C57BL/6 mice showed increased histopathological scores at
24 months of age compared to both 6 and 12 months of age
(Figure 1C). While C57BL/6 female mice show no significant change in
histopathological scores between 6 and 24 months, a significant
increase was detected between 12 and 20 months of age. Similar
trends were detected in CD-1 mice, with significant increases in histo-
pathological scores noted in males between 12 and 20 months of age,
and in females between 6 and 24 months of age. Scoring reflects histo-
logical features including almost complete loss of the NP, AF, and
boundary by 24 months of age in both sexes.

Of note, histopathological features of IVD degeneration were not
detected in the caudal spine (Figure 1D). In C57BL/6 mice, no signifi-
cant change in histopathological scores was detected over time in
male mice, while in female mice, elevated histopathological scores
were noted at the 6-month time point, which decreased by 12 months
of age. CD-1 mice exhibited no changes in histopathological score

over time in either male or female mice.
3.2 | Differences in degeneration between spinal
regions over time

Assessment of the average histopathological scores within each spinal

region also enabled the comparison of degeneration between
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FIGURE 1 Age-associated IVD degeneration in C57BL/6 and CD-1 mice. The average histopathological score for the cervical (A), thoracic (B),

lumbar (C), and caudal (D) regions was compared over time for both male and female C57BL/6 mice (left column) and CD-1 mice (right column) at
6,12, 20, and 24 months of age. Scores presented as the average of all IVDs in each anatomical region for each mouse (N = 3-7 for each time
point). Representative mid-sagittal sections corresponding to each anatomical region are included from both male and female mice at 24 months
of age, stained with Safranin-O/Fast Green. Data presented as mean + SEM for each group. Data analyzed by Kruskal-Wallis H test with Dunn's

multiple comparisons, *p < 0.05. Scale bar = 200 pum. IVD, intervertebral disc.

anatomical regions at each time point in male and female mice of each
strain (Figure 2). In general, histopathological scores were similar in all
anatomical regions at each time point in male C57BL/6 mice
(Figure 2A), apart from the caudal spine which demonstrated
decreased scores at both 6 and 24 months of age compared to the
lumbar spine male mice (Figure 2A). A similar consistency in average
histopathologic scores between regions at each time point was noted
in female C57BL/6 mice, with a few exceptions. At 6 months of age,
histopathological scores were increased in the caudal region com-
pared to the thoracic region. At 12 months of age, histopathological
scores in the thoracic region were increased compared to the lumbar
region. At 20 months of age, histopathological scores in the cervical
region were significantly higher than those in the caudal region.

Significant anatomical region-dependent differences in degenera-
tion were detected in CD-1 mice over time (Figure 2B). At each time
point assessed, male CD-1 mice showed increased histopathological
scores in the upper spine (cervical and/or thoracic) compared to the
lower spine (lumbar and/or caudal). A similar pattern was detected in
female CD-1 mice at 20 and 24 months of age.

Finally, to assess strain-specific differences in the progression of
degeneration, the average histopathological scores at each time point
were compared between C57BL/6 and CD-1 mice for each anatomical
region in both male and female mice (Figure S1). At each time point,
male CD-1 mice showed increased histopathological scores in the cer-

vical and thoracic regions compared to C57BL/6 mice. No difference

was detected between male mice at any time point in the lumbar or
caudal regions. In female mice, no significant differences were detected
between C57BL/6 and CD-1 mice at either 6 or 12 months of age. At
20 months of age, however, a significant increase in histopathological
scores was detected in CD-1 compared to C57BL/6 mice in the cervi-
cal, thoracic, and lumbar spine. While not significant, a similar trend

was detected at 24 months of age in the lumbar spine.

3.3 | Assessment of IVD degeneration by level
within anatomical regions over time

Given inherent differences in risk factors such as mechanical loading
across the spine* as well as reported differences at the level of individual

2728 \we sought to generate a

IVDs in humans®® and rodent models,
“map” of age-associated degeneration by assessing histopathological
degeneration at the IVD level for the thoracic (Figures 3 and 4), lumbar
(Figures 5 and 6), and caudal (Figures 7 and 8) spine for both male and

female CD-1 and C57BL/6 mice.

3.4 | Thoracic spine

Assessment of histopathological changes at individual disc levels dem-

onstrated the pattern of age-associated degeneration in the thoracic
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IVD degeneration by anatomical location in C57BL/6 and CD-1 mice. Average histopathological scores of IVDs from each

anatomical region were compared in C57BL/6 (A) and CD-1 (B) mice. Average scores for each region in male (left column) and female (right
column) were compared for each strain. Scores presented as the average of all IVDs in each anatomical region for each mouse (N = 3-7 for each
time point, excluding cervical region). Data presented as mean + SEM. Data analyzed by Kruskal-Wallis H test with Dunn's multiple comparisons,

*p < 0.05. IVD, intervertebral disc.

spine in C57BL/6 (Figure 3) and CD-1 (Figure 4) mice. Histological
analysis showed degenerative changes in both the male and female
C57BL/6 at 6 and 12 months of age, including cell cluster formation
in the NP, widening of the lamellae, and detection of hypertrophic
cells in the AF (Figure 3A,B). At 12 months of age, increased degener-
ation was noted in the upper thoracic spine, with a significant increase
in histopathological scores between T2/3 and T8/9 in female mice. By

20 and 24 months of age (Figure 3C,D), increased signs of

degeneration were detected, particularly in the upper thoracic spine,
with high variability between mice. Histologically NP cell clusters var-
ied in size, but typically displayed less than 50% cell loss. The AF fre-
quently showed widened lamellae and increased prevalence of
hypertrophic cells, while the boundary displayed some discontinuity
and presence of hypertrophic cells. At 20 months of age, changes
were associated with increased histopathological scores at T1/2 com-
pared to T5/6, as well as at T10/11 and T11/12. To determine if
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IVD degeneration by disc level in the thoracic spine of C57BL/6 mice. The average histopathological score for each IVD (NP + AF

+ boundary) in the thoracic spine was compared over time for both male and female C57BL/6 mice at 6 (A), 12 (B), 20 (C), and 24 (D) months of
age. The individual scores for each of the NP, AF, and boundary were averaged across all thoracic IVDs to generate the average compartment
scores presented. Representative mid-sagittal sections corresponding to the upper (T2/3) and lower (T11/12) thoracic spine for both male and
female mice at each time point stained with Safranin-O/Fast Green. Data presented as mean + SEM, N = 3-7 mice for each time point. Data
analyzed by Kruskal-Wallis H test with Dunn's multiple comparisons, *p < 0.05. Scale bar = 200 um. IVD, intervertebral disc.

histopathological scores were driven by changes within specific tissue
compartments, the average scores for each of the NP, AF, and NP/AF
boundary regions for thoracic IVDs were assessed. These scores
increased slightly over time; no significant differences were detected
between IVD compartments at any time point assessed.

Age-associated degeneration of thoracic IVDs was more striking in
CD-1 mice (Figure 4). At each time point, histopathological scores were
higher in CD-1 mice than in C57BL/6 mice, with no apparent trend
based on location or degenerative changes within specific IVD com-
partments. At 12 months of age, a significant increase in histopatholog-
ical scores was detected at T3/4 compared to T12/13 in female mice
(Figure 4B). By 20 and 24 months of age (panels C and D), severe
degeneration was detected across the thoracic spine, with decreased
cellularity and near complete loss of structure in all IVD compartments.
Composite figures with representative histological images of thoracic
IVDs at each level are presented to highlight trends observed over time
in C57BL/6 (Figure S2) and CD-1 (Figure S3) mice.

3.5 | Lumbar spine

A consistent gradient of degeneration was noted for C57BL/6 mice
with increased histopathological scores in the lower lumbar IVDs in
both male and female mice at 6, 20, and 24 months of age (Figure 5).

At 6 months of age, a significant increase in degeneration was
detected at the L5/6 and L6/S1 IVDs in both male and female mice
compared to IVDs in the upper lumbar spine (Figure 5A). Histopatho-
logical scores generally increased with age, particularly in the lower
lumbar spine. The pattern of increased degenerative scores at the
L5/6 and L6/S1 IVDs compared to the upper lumbar spine was like-
wise detected at 20 months of age, associated with similar scores in
the NP, AF, and boundary compartments (Figure 5C). At 24 months of
age, female mice displayed increasing degenerative scores down the
lumbar spine (Figure 5D). In contrast to earlier time points, increased
degeneration was detected consistently across the lower lumbar spine
in male mice, associated with complete loss of NP cellular organization
and AF structure.

A similar pattern of lumbar spine degeneration was detected in
CD-1 mice (Figure 6). At 6 months of age, lumbar IVDs showed only
early degenerative changes such as cell cluster formation in the NP
and widened AF lamellae, with no significant differences between his-
topathological scores for disc levels in either male or female mice
(Figure 6A). At 12 months of age, increased degeneration was noted
in lower lumbar 1VDs, with a significant increase in degeneration score
at L6/S1 for males, and L5/6 for females compared to IVDs in the
upper lumbar spine (Figure 6B). At 20 months of age, increased histo-
pathological scores were detected at L6/S1 in male mice compared to
the L2/3 and L4/5 IVDs; however, no differences in degeneration



HUTCHINSON ET AL.

JOR SPin1Gusc MMk

Male Female

T11/12 T2/3 T11/12

(A) ., O3 Male Y Female o
§ o 5

w3 o

a0

g :

E H

© ]

: £

(8)

al Score
Score

Ldlfiided

12 months

& E S S E &,@\‘“ SEFs

©

Score
| Score

20 months

NP AF  Boundary

w g BEN =T g

D) §: LRIy IR [ e ||| ||t | || i
o 21 . ¥ v : ;O

= 1 ; b .,,' PO ] |

< o : < A 4

N e o NP AF  Boundary 1 V"\’\" ?& ; Vi o ‘) M

Compartment
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+ boundary) in the thoracic spine was compared over time for both male and female CD-6 mice at 6 (A), 12 (B), 20 (C), and 24 (D) months of age.
The individual scores for each of the NP, AF, and boundary were averaged across all thoracic IVDs to generate the average compartment scores
presented. Representative mid-sagittal sections corresponding to the upper (T2/3) and lower (T11/12) thoracic spine for both male and female
mice at each time point stained with Safranin-O/Fast Green. Data presented as mean + SEM, N = 3-7 mice for each time point. Data analyzed by
Kruskal-Wallis H test with Dunn's multiple comparisons, *p < 0.05. Scale bar = 200 um. VD, intervertebral disc.

scores were detected based on IVD level in female mice at this age
(Figure 6C). By 24 months of age, increased histopathological scores
were detected at all IVDs in the lumbar spine, associated with com-
plete loss of NP cellular organization, the presence of hypertrophic
cells within the AF, and loss of AF lamellar organization. Age-
associated degeneration in the lumbar spine involved changes to all
IVD compartments; no significant differences were detected between
IVD compartments at any time point assessed. Composite figures with
representative histological images of lumbar IVDs at each level are
presented to highlight trends observed over time in C57BL/6
(Figure S4) and CD-1 (Figure S5) mice.

3.6 | Caudal spine

Level-by-level analysis of the caudal spine revealed a consistent pat-
tern distinguishing the upper from lower caudal IVDs; as such, we
pooled IVDs within each region to compare histopathological scores
of upper (C5/6-C7/8) and lower caudal (C8/9-C11/12) discs
(Figures 7 and 8). Evidence of histopathological degeneration was
largely limited to the upper caudal spine in both C57BL/6 and CD-1
mice. At 6 months of age, female C57BL/6 mice showed significantly
higher histopathological scores in IVDs of the upper caudal region
than age-matched males (Figure 7A). This difference was associated

with a significant increase in degeneration scores in all IVD

compartments driven by features such as changes in NP cell organiza-
tion, increased presence of hypertrophic cells in the AF, and loss of
the NP/AF boundary. From 12 to 24 months of age, evidence of mild
to moderate degeneration was detected in the upper caudal spine of
both male and female mice, while few degenerative changes were
detected in the lower caudal spine at any time point (panels B-D).

These findings were consistent in CD-1 mice (Figure 8). At
6 months of age, significantly higher histopathological scores were
detected in IVDs of the upper caudal spine in females compared to
age-matched males (Figure 8A). This difference was associated with
increased degeneration scores in both the NP and AF, driven by fea-
tures such as cell cluster formation in the NP and the presence of ser-
pentine and/or widened lamellae in the AF. The boundary between
the NP and AF remained well-defined in this group. In both strains,
only mild to moderate degeneration was detected in the upper caudal
spine of male and female mice up to 24 months of age, with few
degenerative changes detected in the lower caudal spine at any time
point (panels B-D).

4 | DISCUSSION
There are multiple risk factors associated with the development of
IVD degeneration including age,?® sex,'” genetics,?’ and anatomical

location.”*??® Despite the now widespread use of mouse models to
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IVD degeneration by disc level in the lumbar spine of C57BL/6 mice. Average histopathological scores for each IVD (NP + AF

+ boundary) in the lumbar spine were compared for both male and female C57BL/6 mice at 6 (A), 12 (B), 20 (C), and 24 (D) months of age. The
individual scores for each of the NP, AF, and boundary were averaged across all lumbar IVDs to generate the average compartment scores
presented. Representative mid-sagittal sections correspond to upper (L1/2) and lower (L6/51) lumbar IVDs stained with Safranin-O/Fast Green.
Data presented as mean + SEM for each group, N = 3-7 mice for each time point. Data analyzed by Kruskal-Wallis H statistical test with Dunn's
multiple comparisons, *p < 0.05. Scale bar = 200 um. IVD, intervertebral disc.

study IVD biology and disc degeneration, there have been limited
studies characterizing the progression of age-associated degenera-
tion to understand the effects of anatomical location, genetic strain,
and sex.?® Here, we report a detailed histopathological characteriza-
tion of age-associated IVD degeneration in both male and female
C57BL/6 and CD-1 mice. These mouse strains were specifically
selected as they are commonly used for the generation of transgenic
strains and/or in studies of IVD development, injury, and degenera-
tion.232830-34 | keeping with previous studies,?® C57BL/6 mice dis-
played only mild IVD degeneration until 24 months of age; at this
point, the lumbar spine demonstrated the most degeneration com-
pared to other regions. In contrast, degeneration was detected ear-
lier in the CD-1 mice (20 months of age) in both the thoracic and
lumbar spine; moreover, moderate to severe degeneration was noted
in the cervical spine at all time points assessed. In both strains, age-
associated IVD degeneration in the thoracic and lumbar spine was
associated with increased histopathological scores in all IVD com-
partments and not driven by a single compartment. The differences
observed in this study should serve to guide future studies aimed at
investigating the etiology or potential disease-modifying targets for

IVD degeneration using mouse models.

Of note, our study highlighted a remarkable lack of age-associated
degeneration in caudal IVDs from male and female mice up to
24 months of age in both C57BL/6 and CD-1 strains. Even with
advanced age, caudal IVDs maintained cellularity and matrix structure
in all regions of the IVD throughout the caudal spine. This represents a
notable difference to the LG/J and SM/J mouse models which show
age-associated degeneration in caudal IVDs.2® Mouse caudal IVDs have
been previously reported to differ from lumbar IVDs in mechanical
properties>>% and are subjected to different mechanical loads.®” These
findings suggest that caudal IVDs in C57BL/6 and CD-1 mice may be
resistant to age-associated degeneration. Many studies have been con-
ducted using caudal IVDs to study the effects of mechanical

loading,*®°%? to implement models of injury-induced degeneration,**-+2

4344 in small and

and as a tissue source for cell culture experiments
large animal models given their ease of access. Our findings are consis-
tent with previous reports®” and highlight significant inherent differ-
ences in caudal 1VDs relative to those in all other anatomical regions
that may influence cell phenotype and function in vivo and in vitro. We
postulate that these differences may influence biological readouts such
as phenotypic changes in genetically modified mouse strains, the

effects of pharmacological modulation of IVD cells, and as such, the
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IVD degeneration by disc level in the lumbar spine of CD-1 mice. Average histopathological scores for each IVD (NP 4 AF

+ boundary) in the lumbar spine were compared for both male and female CD-1 mice at 6 (A), 12 (B), 20 (C), and 24 (D) months of age. The
individual scores for each of the NP, AF, and boundary were averaged across all lumbar IVDs to generate the average compartment scores
presented. Representative mid-sagittal sections correspond to upper (L1/2) and lower (L6/51) lumbar IVDs stained with Safranin-O/Fast Green.
Images are representative of 3-7 mice per time point and 5-6 IVDs per mouse. Data presented as mean + SEM for each group, N = 3-7 mice for
each time point. Data analyzed by Kruskal-Wallis H statistical test with Dunn's multiple comparisons, *p < 0.05. Scale bar = 200 um. IVD,

intervertebral disc.

extrapolation or translation of findings based on studies conducted
exclusively using caudal IVDs.

The level-by-level assessment of IVD degeneration conducted
enabled the identification of spinal regions more prone to degenera-
tion within the thoracic and lumbar regions. Both strains and sexes
displayed high variability between individual mice and between IVDs
at each level, particularly in the thoracic spine. In both male and
female C57BL/6 mice, increased degeneration was detected in the
upper thoracic spine (T1/2-T3/4) compared to the mid and lower
regions from 12 to 24 months of age. While a similar pattern was
detected in CD-1 mice at 12 months of age, both male and female
CD-1 mice displayed features of severe histopathological degenera-
tion across the entire thoracic spine by 20 months of age in both male
and female mice. In fact, the average degeneration scores in the tho-
racic spine were greater than those in the lumbar spine in CD-1 mice.
While the current study did not explore the mechanisms underlying
the differences in susceptibility to degeneration between anatomical
regions, it would be intriguing to explore the relative contribution of
factors including cellular composition, ECM levels, or mechanical

loading in future studies. The striking strain-specific difference in age-

associated degeneration in the thoracic spine should however be con-
sidered as an important factor in the design of experiments including
these tissues.

Consistent trends in the pattern of age-associated disc degenera-
tion across the lumbar spine were detected in both C57BL/6 and
CD-1 mice. Similar to humans,*” both mouse strains demonstrated a
gradient of increased IVD degeneration towards the lower lumbar
spine, with the highest histopathological scores detected at L5/6 and
L6/51 in male and female mice. Interestingly, by 24 months of age
both strains showed high levels of degeneration in nearly all lumbar
IVDs. The gradient of age-associated degeneration detected across
the lumbar spine may be important to recognize for future characteri-
zation of genetically modified mouse strains where phenotypic
changes could be masked by evaluations based on average histopath-
ological scores from the lumbar spine.

The current study was designed to allow for a baseline characteri-
zation of sex-specific differences in age-associated disc degeneration
in wild-type mice. In humans, IVD degeneration is more prevalent in
women than men overall, but shows a temporal relationship in presen-

tation.” Males display higher incidence and severity of IVD
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averaged for the upper (C5-8) and lower caudal (C9-12) spine for both male and female C57BL/6 mice at 6 (A), 12 (B), 20 (C), and 24 (D) months
of age. The individual scores for each of the NP, AF, and boundary were averaged across all caudal IVDs to generate the average compartment
scores presented. Representative mid-sagittal sections correspond to upper (Cé/7) and lower (C9/10) caudal IVDs stained with Safranin-O/Fast
Green. Images are representative of 3-7 mice per time point and 4-7 IVDs per mouse. Data presented as mean + SEM for each group, N = 3-7
mice for each time point. Data analyzed by Mann-Whitney U statistical test with Tukey's multiple comparisons, *p < 0.05. Scale bar = 200 um. c.

degeneration than women reported as early as the second decade of
life'® and this is speculated to be due to increased rates of physical
injury and increased mechanical loading.'” However, postmenopausal
women (after 50 years of age) have an increased prevalence and
severity of IVD degeneration compared to age-matched males.*>#¢
Of note, analysis of human IVDs by MRI and Thompson scoring
reported minimal differences in degeneration grades between males
and females, concluding that sex had no significant effect on IVD
degeneration.47 Here, however, we show that both C57BL/6 and
CD-1 mice display sex-specific differences in the temporal presenta-
tion of age-associated IVD degeneration in select anatomical regions
of the spine. In C57BL/6 mice, consistent patterns of age-associated
degeneration were detected in male and female mice in the cervical
and thoracic spine. However, male mice showed accelerated degener-
ation across the lumbar spine compared to female mice at 24 months
of age. Similar to C57BL/6 mice, CD-1 mice demonstrated similar
rates and extent of IVD degeneration in the cervical and thoracic
spine between male and female mice. When the average histopatho-
logical scores were compared between regions in CD-1 mice, male
mice displayed significant differences with higher degeneration scores
in the upper regions (cervical, thoracic) compared to the lower regions
(lumbar caudal) at all time points assessed. This pattern was not

detected in female mice until 20 months of age, suggesting a delay in

the onset of degeneration. These differences in the onset of region-
specific degeneration between male and female CD-1 mice may be
consistent with the accelerated lumbar IVD degeneration detected in
male C57BL/6 mice compared to females with advanced age. At
24 months of age, female CD-1 mice showed severe degeneration
across the lumbar spine, while male mice demonstrated the gradient
of increased degeneration toward the lower lumbar region. We pos-
tulate that strain-specific differences in age-associated degeneration
confound our ability to directly compare sex-related differences
between C57BL/6 and CD-1 mice at the time points examined. Sex-
related differences have likewise been reported in rat models of IVD
degeneration, demonstrating increased AF degeneration in females
compared to males following annular puncture,*® as well as sex-
based differences in the relationship between degeneration and
pain.*? Interestingly, recent studies in humans have begun to explore
the associations between risk factors for IVD degeneration, highlight-
ing the interaction between sex and factors including genetic poly-
morphisms and obesity and the role of sex hormones.’>>! Taken
together, these findings further underscore the importance of evalu-
ating sex as a biological factor for the development of age-associated
IVD degeneration in the identification of disease-associated factors
or the assessment of potential therapeutic interventions in murine

models.
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FIGURE 8 (A)IVD degeneration in the upper and lower caudal spine of CD-1 mice. Histopathological scores for individual IVDs were

averaged for the upper (C5-8) and lower caudal (C9-12) spine for both male and female CD-1 mice at 6 (A), 12 (B), 20 (C), and 24 (D) months of
age. The individual scores for each of the NP, AF, and boundary were averaged across all caudal IVDs to generate the average compartment
scores presented. Representative mid-sagittal sections correspond to upper (C6/7) and lower (C9/10) caudal IVDs stained with Safranin-O/Fast
Green. Data presented as mean + SEM for each group, N = 3-7 mice for each time point. Data analyzed by Mann-Whitney U statistical test with
Tukey's multiple comparisons, *p < 0.05. Scale bar = 200 um. IVD, intervertebral disc.

Despite the design of a longitudinal study that evaluated four
groups of mice at four time points each from a total of over 80 mice
and approximately 2400 IVDs, our study was associated with a num-
ber of limitations. First, our analysis was limited to that of two mouse
strains commonly used for the generation of gene-modified mice but
did not include additional strains that have been previously investi-
gated in the context of IVD degeneration such as the SM/J or LG/J
mice which demonstrate differences in regenerative capacities.>%>3
Second, our strategy of spine region segmentation at dissection was
adopted to ensure consistency of tissue processing and histological
analysis; however, we encountered difficulties in obtaining mid-
sagittal sections of sequential cervical IVDs limiting our analysis of this
region. Assessment of IVD degeneration was limited to changes in his-
topathology, whereas human IVD degeneration is largely attributed to
loss of MRI signal and disc height. In addition, calcification of the IVD
characteristic of human degeneration is not well modeled in most
mouse strains including CD-1 and C57BL/6,2® and as such this feature
was not assessed in this study. Similarly, our analysis focused on
degenerative changes in the NP, AF, and boundary between these
regions using an established histopathological scoring system.2* Our
analysis did not include the assessment of degenerative features in
the cartilage endplates of the IVD, an analysis that would be well

suited for future studies given the importance of the endplate to disc

degeneration and the recent validation of histopathological scoring

systems that would enable its analysis.”*

5 | CONCLUSION

This study highlights how anatomical region, strain, and sex contribute
to the presentation and progression of age-associated IVD degenera-
tion in mouse models. In general, age-associated degeneration was
accelerated in CD-1 mice compared to C57BL/6 mice. In both strains,
while histopathological features of age-associated degeneration were
characterized in the thoracic and lumbar spine, IVDs within the caudal
spine did not show degenerative changes with age. Both C57BL/6
and CD-1 mice displayed sex-specific differences in the presentation
of age-associated IVD degeneration. This study aimed to provide a
baseline characterization to guide future studies using mouse models
to study IVD degeneration, and demonstrates that consideration of
strain, sex, and anatomical region is key to the interpretation and the
translatability of findings.
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