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ARTICLE INFO ABSTRACT

With the increased burden of low back pain (LBP) in our globally aging population there is a need to develop
preclinical models of LBP that capture clinically relevant features of physiological aging, degeneration, and
Aging disability. Here we assess the validity of using a mouse model system for age-related LBP by characterizing aging
Intervertebral disc degeneration mice for features of intervertebral disc (IVD) degeneration, molecular markers of peripheral sensitization, and
Mouse mOdEI, behavioral signs of pain. Compared to three-month-old and one-year-old mice, two-year-old mice show features
Molecular pain . .. . . . . . . .

typical of IVD degeneration including loss of disc height, bulging, innervation and vascularization in the caudal
lumbar IVDs. Aging is also associated with the loss of whole-body bone mineral density in both male and female
mice, but not associated with percent lean mass or body fat. Additionally, two-year-old mice have an accu-
mulation of TRPA1 channels and sodium channels Nay1.8 and Nay1.9 in the L4 and L5 lumbar dorsal root
ganglia consistent with changes in nociceptive signaling. Lastly, the effect of age, sex, and weight on mobility,
axial stretching and radiating pain measures was assessed in male and female mice ranging from two months to
two years in a general linear model. The model revealed that regardless of sex or weight, increased age was a
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predictor of greater reluctance to perform axial stretching and sensitivity to cold, but not heat in mice.

1. Introduction

Despite improvements in life expectancy worldwide [1], the pre-
valence of low back pain (LBP) continues to increase [2,3] and as of
2013 is the third most costly health care condition in the US [4]. One
age-related risk factor for LBP is the presence of degenerative changes
in the spine, and specifically the intervertebral disc (IVD) [5]. The IVD
is a hydrated structure forming a junction between adjacent vertebrae
and is essential for the mobility and support of the spine. At its core, the
IVD contains a semi-liquid nucleus pulposus (NP) which is surrounded
by layers of fibrocartilaginous annulus fibrosus (AF), nested between
cartilaginous endplates (EP). As a result of physiological aging, the
structural integrity of the IVD becomes increasingly compromised
[6,7]. While there is a clear association between IVD degeneration and
LBP, not all cases of degeneration are painful [5], making it necessary
to distinguish painful from innocuous IVD degeneration.

To better characterize the initiation and progression of LBP, nu-
merous preclinical models have been developed, and their advantages
and limitations reviewed extensively [8-12]. Mechanical injury-based

models include damaging the lumbar IVD [13-15], facet joints [16],
displacement of the nerve roots [17], or compression in the nerve roots
[18] and dorsal root ganglia (DRG) [19,20]. These models recreate
painful syndromes that capture functional impairments found in LBP,
such as altered gait [14,21], grooming [14], thermal hyperalgesia
[17,20], pressure algometry [15], or mechanical allodynia
[16,17,20,22]. Related to these models are the chemically-induced
models of LBP. These models recapitulate inflammatory features of LBP
by exposing the lumbar DRG to the NP and other pro-inflammatory
mediators resulting in reduced, though transient, mechanical thresholds
[23-26], without causing mechanical damage to the spine. Models
targeting DRGs have the additional advantage of producing allodynia
and hyperalgesia specific to the ipsilateral hind paw making it possible
to infer causal relationships between injury site and pain outcomes
[17,19,20,23]. These models, while providing a guide for rapid onset
LBP due to disease or injury, may diverge mechanistically from LBP
developed over the course of aging. The sand rat (Psammontys obesus) is
a widely used model for spontaneous disc degeneration [27]. These
animals display disc wedging, disc narrowing, and endplate

Abbreviations: LBP, low back pain; IVD, intervertebral disc; MFI, mean fluorescent intensity; NP, nucleus pulposus; AF, annulus fibrosus; EP, endplate; DRG, dorsal
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calcification by two to six months of age [28] and have similar BDNF
patterning in the AF as degenerated human IVDs [29]. It remains to be
tested, however, whether the degenerative changes are painful in these
animals.

Capturing features of LBP more relevant to aging patients, genetic
models of IVD degeneration produce progressive, painful disorders.
These genetic models rely on the global knockout of critical ma-
tricellular proteins including type IX collagen [30-32], type II Al col-
lagen [33], and SPARC [34-38] to accelerate disc degeneration phe-
notypes. The premature degeneration of the discs in these genetic
models is associated with behavioral changes associated with pain such
impaired grip strength [34], mechanical allodynia [31,39], cold allo-
dynia [34,35,37-39], reduced mobility [33,35], and measures of axial
discomfort [34,35,37,38]. An advantage to these models is the inclu-
sion of non-mutant control mice who also exhibit changes with age.
Compared to three-month-old mice, 15-month-old mice run shorter
distances [33,40] and 20-month-old mice are more sensitive to cold but
not mechanical stimuli [35]. These studies suggest that certain pain-
related behaviors appear over the course of physiological aging and will
appear earlier in genetic models. However, these pain behaviors cannot
be ascribed to IVD degeneration specifically as the loss of type IX col-
lagen and reduction of type Il Al collagen in articular cartilage leads to
osteoarthritic phenotypes [30,40,41] and SPARC null mice develop
osteopenia [42]. In addition, pain in these mice could be due to un-
characterized degenerative changes in other joints or tissues in the body
that may be affected by the loss of these matricellular proteins.

One of the difficulties in assessing LBP in animal model systems is
capturing clinically relevant features of pain. Reflexive behaviors, such
at the tail flick or paw withdrawal thresholds are replicable, but are
argued to have less relevance to the clinical symptoms of chronic pain
[43]. Evoked pain behaviors, such as nocifensive responses to noxious
stimuli, and functional impairments, such as gait analysis, may capture
more pertinent features of LBP. Elderly patients with LBP have an in-
creased fear of movement [44], and unsurprisingly spend less time
walking [45], have altered stride patterns [46], and reduced range of
motion in lower extremities compared to patients without LBP [47]. As
such, animal models characterized by functional impairments may re-
present a more reliable tool for developing therapeutics by reflecting
symptoms reported in the clinical population.

Understanding LBP and painful IVD degeneration in the context of
aging in animal models, and how they compare to human pathophy-
siology, may serve to improve prognosis and management of LBP in
older adults. The objective of the present investigation is to provide a
description of behavioral features and molecular changes associated
with back pain and disc degeneration in a physiologically aging mouse
model system. Specifically, we aim to characterize aging body compo-
sition and IVD morphology in mice in the absence of injury, correlate
mobility and radiating pain to age and sex in these mice, and quantify
sodium channel accumulation in the lumbar DRGs for signs of periph-
eral sensitization. These results will indicate how well mice may serve
as a proxy for human disc degeneration, and provide a foundation upon
which future LBP and IVD degeneration mouse model systems may
build.

2. Methods
2.1. Mice

All mice were maintained in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals, and all
experiments were carried out in strict accordance with institutional
guidelines under Institutional Animal Care and Use Committee (IACUC)
approved at Weill Cornell Medical College (WCMC). IACUC at WCMC
approved the study described in this manuscript with Animal Use
Protocol number 2016-0026. Animals were housed in a facility with
12:12 light-dark cycle with food given ad libitum. Mice used were based
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on a C57BL/6J or FVB background that were either wild type or con-
tained transgenes (Supplemental Table 1) that have no impact on the
IVD structure and pain measures taken for this study.

2.2. Radiography and DEXA scans

Radiographs and dual energy X-ray absorptiometry (DEXA) scans
were collected using the UltraFocus high resolution digital X-ray ca-
binet by Faxitron Bioptics, LLC (Arizona, USA). Prior to imaging, au-
tomatic calibration and automatic exposure control was used to select
the appropriate exposure time and kV settings for the samples. Mice
were anesthetized with 2% isoflurane and placed in the X-ray chamber
on their ventral side with all limbs extended away from midline in a
natural position to obtain whole body DEXA and coronal radiographic
images. Mice were then moved to lie on their side in a natural position
with tail extended to obtain sagittal radiographic images. DEXA data
regarding mouse bone mineral density (BMD), body fat weight, lean
muscle mass and total weight was exported for analysis. Percent body
fat and percent lean muscle mass were calculated as follows:

_ body fat mass (g)
%bOdy f(lt =100 x totalweight (g)

%bodymuscle = 100 x W
totalweight (g)

In total, 97 mice (46 females) between the ages of three to
21 months were used for DEXA analyses. Using the UltraFocus mea-
suring tools, disc height index (DHI) for L3 to S1 IVDs was measured by
averaging measurements from the anterior, middle, and posterior por-
tions of the IVD from a sagittal plane and dividing it by the average
measurements of the anterior, middle, and posterior portions of the
adjacent vertebral bones (illustrated in Fig. 2F) [48]. A total of 25 mice
(13 female) were used for DHI analyses.

2.3. Behavioral testing

222 mice between the ages of two and 24 months of age and of both
sexes were used for behavioral testing (Table 1). All behavioral tests
were carried out during the light cycle between the hours of 9:00 am
and 5:00 pm. Mice were habituated to the testing room in their home
cage for 30 min prior to testing. Each mouse was weighed on the day
tested. No breeding, pregnant or nursing mice were used for behavioral
experiments. The open field test, tail suspension test and acetone test
were all performed in the same order on the same day with a 20-minute
rest period between successive tests. The capsaicin test was always
performed on the next day. After each behavioral assay, mice were
placed alone in a holding cage until all mice had completed the tests.
Real-time scoring was performed by the experimenter in the room and a
second scoring was obtained from video recording by an experimenter
blind to the date of testing, age, sex, strain and weight of the mouse. An
average of the two scores was obtained and used for analysis.

Table 1
Mouse demographics by age and sex.

Age (months) # mice # female mice (%)
2 16 7 (44)
4 14 9 64)
6 15 7 47)
8 26 12 (46)
10 20 11 (55)
12 19 6 (32)
14 36 10 (28)
16 12 4 (33)
18 15 8 (53)
20 14 9 64)
22 14 8 (57)
24 21 12 (57)
Total 222 103 (46)
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Fig. 1. Morphological changes in the lumbar IVD with age in mice. A) H&E stained mid-coronal sections of L3-S1 IVDs from mice at indicated ages. Scale
bar = 500 pm. B) Schema shows how histological images of IVDs were measured to determine IVD height (H1-3, three vertical dotted lines) and width (W1-3, three
horizontal dotted lines). C) Quantification of IVD height. Each point represents a unique animal. D) Quantification of IVD width. Three-month-old, n = 7-12 per IVD
level (3-5 females per level); one-year-old, n = 6-13 per IVD level (4-8 females per level); two-year-old, n = 10-13 per IVD level (5-7 females per IVD level). E)
Radiographs showing the sagittal and coronal view of representative L3-S1 vertebrae at the indicated ages. F) Schema shows measurement of DHI on sagittal
radiographs with equation below. G) Quantification of DHI. Each point represents a unique animal. Three-month-old, n = 8 (4 females); one-year-old, n = 12 (5
females); two-year-old, n = 4 (2 females). Horizontal bars represent mean. Dunnett's post-hoc pairwise comparison p-values are above identified groups.
AF = annulus fibrosus, EP = endplate, NP = nucleus pulposus.
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Fig. 2. Vascularization and innervation of the lumbar IVD. A) Representative immunofluorescence for endothelial marker, CD31 shown in green, in the L6/S1 AF of a
year-old and two-year-old mouse. B) Representative immunofluorescence for pan-neuronal marker, PGP9.5 shown in red in the L6/S1 AF of year-old and two-year-
old mouse. Left panels show low magnification with dark-field (or DIC) to show IVD structure, right panels are high magnification of indicated region. Scale
bar = 100 um. Nuclei are counterstained with DAPI in A and B. C) Quantification of distance into the disc CD31 positive structures appear, normalized by total IVD
width. Three-month-old, n = 3-5 per IVD level; one-year-old, n = 2-4 per level; two-year-old n = 4 per IVD level. D) Quantification of distance into the disc PGP9.5
positive structures appear, normalized by total IVD width. N = 3 per age group for all levels. Post-hoc pairwise comparison p-values are above identified groups.
AF = annulus fibrosus, EP = endplate, DF = dark-field. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

2.3.1. Open field test

The open field test (OFT) [49] consisted of a rectangular arena
(50 x 30cm), with a transparent floor divided into 15 squares
(10 x 10cm), enclosed by continuous, 25cm high walls made of
translucent plastic. The apparatus was placed on a bench top in a well-
lit, quiet room. The test was initiated by placing a single mouse in the
middle of the arena and letting it move freely for 5 min. The behaviors
were scored by the experimenter using a continuous sampling method.
The arena was cleaned with Clidox and water after every test. The
number of squares crossed was measured as voluntary horizontal mo-
bility and the duration of time spent rearing on hind legs was measured
as voluntary standing.

2.3.2. Tail suspension test

The tail suspension assay (TST) [50] was performed as described
previously [35,36,38]. In brief, mice were suspended from the under-
side of a platform 30 cm above the table top using adhesive tape 0.5 cm
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from the base of the tail. Behaviors were recorded for 3 min while under
supervision of the experimenter. The duration of time spent a) reaching
towards the ground, b) immobile, c) rearing towards their tail, and d)
self-suspended by holding onto the base of the tail, ankle or tape was
analyzed over the testing period.

2.3.3. Cold allodynia

Cold allodynia was assessed by measuring nocifensive behaviors
after 25 pL of acetone (stored at room temperature) was applied using a
pipette to the plantar surface of the hind paw [51,52]. Acetone is a
volatile substance that evaporates quickly, cooling the paw. Mice were
placed in a 25 x 15 cm translucent plastic cage during the test. Noci-
fensive behaviors included licking or scratching the affected hind paw
and ankle during a two-minute period immediately following acetone
application. Both left and right hind paws were tested with a minimum
of 15 min between test sessions. The paw order for testing was rando-
mized between animals.
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Fig. 3. Body composition in aging mice. Age related changes in A) total weight, B) bone mineral density (BMD), C) lean weight, D) percent lean weight, E) fat mass,
and F) percent body fat in male and female mice. Solid lines represent linear regression with 95% confidence intervals in hashed lines. Points represent mean values

at indicated age = S.E.M.

2.3.4. Thermal hyperalgesia

Thermal hyperalgesia was assessed by injecting capsaicin (2.5 pg in
5uL of 0.25% ethanol, 0.125% Tween-20 in saline) into the dorsal
surface of the left hind paw [35]. Capsaicin, the active ingredient in hot
chili peppers, acts on TRPV1 receptors which respond to noxious heat
and produces a temporary, noxious thermal sensation without dama-
ging the tissue [53]. The duration spent licking or scratching the hind
paw during a three-minute period was assessed by continuous sampling
method. Only one paw was tested per animal to avoid carry over effects
on the second hind paw.

2.4. Tissue collection

Vertebrae from the cervical to caudal levels were dissected from
mice at identified time points and placed in ice-cold 1Xx phosphate
buffered saline (PBS). A laminectomy was performed as previously
described [54] to expose the spinal cord and DRGs. L4 and L5 DRGs
were extracted and fixed in buffered 4% paraformaldehyde (PFA) in
PBS for 4 h at 4 °C and cryoprotected overnight in 30% sucrose at 4 °C.
DRGs were molded in Tissue-Tek® Optimal Cutting Temperature
(O0.C.T.) compound and stored in —80 °C until sectioned. Following

DRG extraction, the lumbar vertebrae from L2 to S1 was fixed in buf-
fered 4% PFA in PBS for 4 h at 4 °C. Vertebrae were decalcified in 0.5 M
ethylenediamine tetracacetic acid (EDTA), pH 7.4 for 7-9 days at 4°C
with twice daily solution changes. Vertebrae were molded in O.C.T.
compound and store in —80 °C until cryosectioned.

2.5. Histology

Vertebral cryosections from the L2 to S1 level were collected at 8 um
thickness in the coronal or transverse plane using a Leica cryostat.
Sections were stored at — 20 °C for later use. Histology of the vertebrae
in the coronal plane was analyzed by staining with hematoxylin and
eosin (H&E) using 8-13 animals per age group, both male and female.
Sections were photographed using a Nikon Eclipse microscope. IVD
height was measured using NIS-Elements Advanced Research Analysis
software, selecting mid coronal sections and measuring the NP space
height (excluding the endplate) in three locations along the straight
region of the IVD and averaged. IVD width was measured similarly by
measuring three locations along the entire width of the IVD, from the
outer left AF to outer right AF, and taking the average of the three.
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Table 2
General linear model results of behavioral assays.

Assay v DV F Sig. Partial n?

Open field test Corrected OFT_mobility  4.850 0.0003 0.097

(OFT) model OFT standing  10.824 0.000 0.194

Age OFT_mobility  2.627  0.107 0.019

OFT standing  23.255 0.000 0.147

Weight OFT_mobility  0.090  0.765 0.001

OFT standing  0.020  0.887 0.00

Sex OFT_mobility  11.231  0.001 0.077

OFT standing 70107  0.009 0.050

Tail suspension test ~ Corrected TST _reach 6.923  0.000 0.140

(TST) model TST_immobile 3.302 0.023 0.072

TST _rear 3.454  0.019 0.075

TST_SS 1.988 0.119 0.045

Age TST_reach 13.387 0.000  0.095

TST_immobile 3.461  0.065 0.026

TST _rear 9.999 0.002 0.072

TST_SS 2.857  0.093 0.022

Weight TST _reach 0.939 0.334 0.007

TST_immobile 2.569  0.111 0.020

TST _rear 1.774 0.185 0.014

TST_SS 0.215  0.644 0.002

Sex TST_reach 2.892  0.091 0.022

TST_immobile 0.608 0.437 0.022

TST_rear 0.435 0.551 0.005

TST_SS 2,393  0.124 0.003

Cold allodynia and Corrected Acetone 16.347 0.000 0.209

thermal model Capsaicin 1.171 0.322 0.019

hyperalgesia Age Acetone 47.694 0.000 0.204

Capsaicin 1.462 0.228 0.008

Weight Acetone 14.890 0.000 0.074

Capsaicin 2.744 0.099 0.015

Sex Acetone 1.068 0.303 0.006

Capsaicin 1.852 0.175 0.010

IV = independent variable, DV = dependent variable, OFT_mobility = number
of squares crossed in the OFT, OFT _standing = amount of time spent standing
in the OFT, TST reach = time spent reaching in the TST, TST_immoline = time
spent immobile in the TST, TST.rear = time spent rearing in the TST,
TST_SS = time spent self-suspended in the TST, Acetone = cold allodynia score,
capsaicin = thermal hyperalgesia score. Bold values indicate p < 0.05.

2.6. Immunofluorescence

Immunostaining was carried out on 8 um thick cryosections of fixed
lumbar DRGs and IVDs. The sections were permeabilized using PBS
containing 0.25-0.5% Triton-X 100 for 10 min, blocked in blocking
buffer (10% normal donkey serum, 4% IgG-free bovine albumin in PBS
containing 0.1% Triton-X100 (PBST)) for 1h at room temperature,
treated with primary antibody (1:100 Guinea Pig anti-NaV1.8, AGP-
029, Alomone labs, Jerusalem; 1:100 rabbit anti-NaV1.9, ASC-017,
Alomone labs, Jerusalem; 1:50 goat anti-CD31/PECAM-1, AF3628, R&
D systems, USA; 1:50 rabbit anti-PGP9.5/UCH-L1, NB110-58874,
Novus Biologicals, USA) overnight at 4°C in a humidified chamber,
washed in PBST 3 X 7 min, treated with appropriate secondary anti-
body (1:200 donkey anti-guinea pig conjugated to Alexa Fluor®594
706-585-148; 1:200 donkey anti-rabbit conjugated to Alexa Fluor® 647,
711-605-152; 1:200 donkey anti-goat conjugated to Alexa Fluor® 488,
705-545-147, all from Jackson Immuno Research Laboratories) in
blocking buffer for 1 h at room temperature, washed in PBS 3 X 7 min,
and counterstained with 1:5000 DAPI to stain the cell nuclei. The slides
were mounted in PBS containing 50% glycerol and 25 pg/mL of anti-
quenching agent DABCO (D27802, Sigma). Images were captured using
a Nikon Eclipse microscope under the same conditions to maintain
image homogeneity. A negative control accompanied each im-
munostaining session wherein all the steps were followed but the pri-
mary antibody was omitted.

Innervation and vascularization analysis of the IVDs was quantified
using the measure tool in NIS-Elements Advanced Research microscopy
imaging software. The distance between the PGP9.5 or CD31 positive
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bodies and the outer AF was divided by the total width of the IVD. Mean
fluorescent intensity (MFI) analyses of DRGs were carried out using the
region of interest tool in the NIS-Elements Advanced Research micro-
scopy imaging software. Measurements were performed by outlining 50
cells for each DRG section by a researcher blind to the age condition.
Cell selection was performed by choosing one cell and measuring all
nearest neighbors until a cell count of 50 has been reached. Cells of
varying sizes were captured for all DRGs and cell size distribution did
not differ significantly between samples, indicative of unbiased sam-
pling (Supplemental Fig. 2).

2.7. Statistical analysis

All statistics were carried out using IBM SPSS statistics 24 software.
A two-way mixed factor ANOVA was used to compare IVD height,
width, innervation and vascularization across ages and IVD level, with
post-hoc comparisons made using Dunnett's test. Sample sizes for
morphometric analysis on histological samples were between 8 and 13
mice per age group and IVD level. Sample size for disc height index
measures on radiographic samples were between 5 and 8 mice per age
group. Sample size for vascularization was between three to four mice
per age group, and three mice per group were used for innervation
analysis. Body composition measures and their relationship to age and
sex were analyzed by linear regression. All behavioral tests were ana-
lyzed using a general linear model with sex as a factor and age and
weight used as covariates. Post-hoc analysis on general linear model
was performed using Bonferroni's test for multiple comparisons.
Immunofluorescence data was analyzed by comparing the median value
of the MFI in each animal's L4 and L5 DRG and performing a two-way
mixed factor ANOVA with the repeated measured being DRG level and
the between factor being age group. Dunnett's test for post-hoc com-
parison was used to evaluate simple main effects of each DRG level.

3. Results
3.1. Shortening and bulging of the lumbar IVD with age in mice

With age, the human IVD undergoes pathological changes, in-
cluding bulging, collapse, herniation and tears, which are more likely
than not to be symptomatic [55]. In particular, patients with LBP pre-
sent with shorter lumbar IVDs than those without [56]. This is parti-
cularly common in the lumbosacral level L5/S1, followed by L4/L5
then L3/L4 [56]. The vulnerability of these levels in humans may be in
part due to the axial loading forces imposed by our bipedalism. Despite
their quadrupedal stance, however, the lumbar IVDs in mice have
comparable mechanical properties [57] and similar geometry [58] to
the human disc. It has also been established that mouse cervical IVDs
become progressively more degenerated with age [30]. To assess si-
milar age-related changes in the lumbar IVD (of which there are typi-
cally 6) with physiological age, H&E stained mid-coronal sections of the
lumbar IVD were analyzed in three-month (young adult), one-year
(mid-aged adult), and two-year-old (old-aged adult) male and female
mice (Fig. 1A, n = 8-13 per age group). Young mice have a uniform
lumbar IVD structure; the NP is spread and reticular and the AF is
tightly organized in distinct layers. By one year, the lumbar IVD re-
mains structurally intact, though NP spread is less diffuse and the AF
layers are more loosely associated as previously shown [59]. Two-year-
old mouse lumbar IVDs have diverse phenotypes and hypo-cellularity, a
feature correlated with aging in human IVDs [60] and previous reports
of cervical [30] and lumbar [59,61] IVDs in aging mice. Notably, few
cells are seen in the NP space and the inner layers of the AF appear
disorganized and invade the NP space (Fig. 1A, Supplemental Fig. 1).
The IVD height and width were measured on the H&E stained mid-
coronal sections (illustrated in Fig. 1B). Quantification of IVD heights
by two-way ANOVA revealed that two-year-old mice regardless of sex
have shorter (p < 0.0001) IVDs than both three-month and year-old
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mice (Fig. 1C), and the most caudal levels, L4 to S1 were most affected.
A two-way ANOVA also found that two-year-old IVDs regardless of sex
are significantly wider (p < 0.0001) than both three-month and year-
old IVDs. Again, the caudal lumbar IVDs were most affected in ad-
vanced age (Fig. 1D). No differences in height or width were observed
between young adult and middle-aged mice, suggesting these changes
begin to occur after one year of age.

To avoid measurement bias due to sectioning and histological arti-
facts, radiographs of the lumbar spine of three-month, one-year and
two-year-old mice was captured in coronal and sagittal plane (Fig. 1E)
to determine the age-related changes in disc height index (DHI [48],
illustrated in Fig. 1F). Compared to both three-month-old and year-old
mouse lumbar IVDs, two-year-old lumbar IVDs show a significant re-
duction in DHI (Fig. 1G, n = 5-8 per age group). Taken together, these
data suggest that despite their quadrupedal lifestyle, aged mice do
develop degenerated IVDs resulting in the shortening and bulging of the
caudal lumbar IVDs.

S.E.M. Solid lines represents linear trend of female and male mice, hashed lines represent 95% confidence

3.2. Increased vascularization and innervation of IVDs with age in mouse

The structural changes that characterize IVD degeneration in hu-
mans, in particular the loss of collagen-rich and organized AF, allows
for vascular bodies and nerves to enter further into the normally
avascular, anneural IVD [62,63]. To assess whether similar changes
occur in the degenerated discs with age in mice, immunofluorescence
for endothelial cell marker, CD31 [64] (or PECAM-1), and pan-neuronal
marker, PGP9.5 (or UCHL1) [65,66], was used to detect vascular and
neural structures on the mid-coronal sections of the lumbar IVD. The
distance at which either CD31 and PGP9.5 positive structures appears
into the IVD from the outer edge of the AF as a percentage of the total
IVD width was used to quantify innervation and vascularization depth.
In the healthy year old IVDs, CD31 positive structures are detected
along the outer surface of the AF (Fig. 2A). In two-year-old mice, these
structures are often seen deeper into the outer AF layers (Fig. 2A). Si-
milarly, PGP9.5 positive structures are largely absent in year-old IVDs,
but are found in the outer layers of the AF of degenerated aged IVDs of
two-year-old mouse (Fig. 2B). Analysis by two-way ANOVA reveals that
vascular structures appear further into the lumbar IVDs in two-year old
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Fig. 5. Radiating cold allodynia and thermal
hyperalgesia with age in mice. A) Thermal
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spent licking the left hind paw in response to
a subcutaneous capsaicin injection into the
left hind paw in mice of varying ages. B)
Cold allodynia in male and female mice
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mice than year old mice (Fig. 2C, p < 0.0001, n = 3-4), and PGP9.5
positive structures appear deeper only in the lumbosacral IVD (Fig. 2D,
p = 0.0187, n = 3 per group). These results provide evidence of in-
creased vascularization of the lumbar IVDs, but limited innervation in
physiologically aging mice. Vascularization and innervation in human
IVDs is associated with painful degeneration [62,63]; it remains to be
seen whether these features correlate in mice.

3.3. Weight gain and loss of BMD in aging mice

With advanced age, changes in body composition are regularly re-
ported in human populations. These changes include a loss of BMD with
age, increased percent body fat with age, and an increase in lean muscle
mass until mid-age, followed by a decline into old-age [67]. These
factors provide useful context for understanding degenerative changes —
including disc degenerative changes and LBP - that accompany aging.

To assess whether aging in mice was associated with similar changes in
body composition, DEXA scans were performed on male and female
mice between three to 21 months of age. Total weight significantly
increases over the course of the mouse lifespan in both females (F
(1,133) = 6.069, p=0.0150) and males (F(1,159) =9.216,
p = 0.0028), with males weighing on average 5g more than females
(Fig. 3A). Similar to humans, BMD decreases with age in both female (F
(1, 42) = 14.94, p = 0.0004) and male (F (1, 43) = 9.976, p = 0.0029)
mice (Fig. 3B). Interestingly, lean weight continues to increase in both
female (F (1, 42) = 12.24, p = 0.0011) and male (F (1, 43) = 5.306,
p = 0.0262) mice with age (Fig. 3C); however, this linear relationship
with age is lost when controlling for total body weight (Fig. 3D). Thus,
lean weight increases proportionately to total weight with age in mice.
Lastly, unlike in humans, neither fat mass nor percent fat mass was
linearly associated with aging in mice (Fig. 3E-F). Taken together these
data indicate that body composition in terms of percent body fat and
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percent lean mass is unchanged in aging mice, indicating that degen-
erative changes are not driven by these measures. However, increase in
overall weight and loss of BMD with aging are both important features
to consider in aging mice.

3.4. Effects on standing, stretching and mobility with age in mice

There is no single behavioral assay that can accurately capture the
presence of LBP in mice. Instead, we rely on multiple assays to assess
behaviors that correlate with impairments seen in humans with LBP.
One of the manifestations of LBP in patients is its negative impact on
functional movements [45,46]. For instance, patients with LBP are
more likely to modify movements to avoid lower lumbar motion than
those without LBP [47]. To assess the impact of age on similar functions
in mice, 222 mice of both sexes, ranging from two to 24 months of age
were assayed for behavioral correlates of back pain (Table 1). As mouse
weight significantly correlated with age (Fig. 3A) and may impact these
assays independently of age, weight was also added as a dependent
variable in all behavioral statistical models. A modified open field test
(OFT) was used to measure both mobility and voluntary standing [68].
Mobility was measured as the number of squares (10cm X 10 cm)
crossed on all four limbs in an open arena and assesses voluntary hor-
izontal movement. Voluntary standing was the amount of time (in
seconds) the mice spent standing on hind limbs while exploring the

arena, a position which produces axial stretching, requires trunk sta-
bility and lower body strength. A general linear model was run to assess
the relationship between age, weight, sex, mobility and voluntary
standing in an open field (Table 2). The model revealed that as mice age
they continue to walk unimpaired in the arena (Fig. 4A), but spend less
time standing up while exploring (Fig. 4B). Thus, aged mice remain
mobile and explore novel environments, but opt to remain on all four
limbs while exploring. The reluctance to stand is not likely due to a loss
of strength or muscle wasting as muscle mass increases with age and
remains proportional to total body weight (Fig. 3C and D). Instead it
may be associated with an increase in discomfort when standing either
due to LBP or other musculoskeletal discomfort; alternatively, it may
represent a loss of energy or motivation with aging.

To more directly assess the contribution of stretch avoidance during
aging we employed the tail suspension test (TST) which has been
modified and validated for measuring axial back pain in the mouse
[35,36,38]. This assay forces the mouse into a position of axial
stretching by suspending the animal by its tail above a surface,
prompting escape responses. The mouse may partition its time into
positions that exacerbate the axial stretching by reaching towards the
ground and hanging immobile, or positions that avoid stretching by
rearing up towards the source of suspension into a hunched position or
self-suspending by holding onto their own foot or tail for support.
Critically, unlike standing in the OFT, reaching and rearing behaviors
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do not put pressure on the knee joints which are likely also impacted by
age. The general linear model (Table 2, Fig. 4C-F) reveals that the time
spent reaching (Fig. 4C) and the time spent rearing (Fig. 4E) are both
predicted by age. Importantly, with age, mice spend less time reaching
towards the ground and more time rearing towards the platform. In-
terestingly, there was no significant effect of age on time spent im-
mobile (Fig. 4D), which historically has been used as a measure of
despair [50], suggesting older mice do not simply get tired or have
greater despair than young mice in this task. Instead, older mice will
perform a rearing action to avoid axial stretching in the TST, which is
consistent with stretching along the axis producing discomfort. Lastly,
time spent in a self-supported position is not affected by age, sex, or
weight in mice (Table 2, Fig. 4F). Taken together with the OFT, these
results suggest that mice will both passively and actively avoid posi-
tions that exacerbate axial stretching.

3.5. Cold allodynia and thermal hyperalgesia with age in mice

Radiating pain is a feature observed more commonly in the elderly
with LBP than younger patients [69], and has been attributed to com-
pression or damage to the sciatic nerve [70]. While radiating pain in
humans is generally described verbally, animal models rely on showing
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hypersensitivity to stimuli as a proxy for pain. To test for the presence
of radiating pain with age in mice, thermal hyperalgesia [35] using
capsaicin, and cold allodynia [52] using acetone in the hind paws, a
region innervated by the sciatic nerve, was assessed. Capsaicin is the
active ingredient in hot peppers and is a ligand for the heat-activated
channel, TRPV1 [71]. When injected into the left hind paw, mice re-
spond by licking the area (Fig. 5A). However, this behavior is not as-
sociated with age, sex, or weight (Table 2). In contrast, response to
acetone, which cools the skin it touches, is associated with age in the
general linear model (Table 2, Fig. 5B). Results revealed that both age
and weight significantly (p < 0.0001) predict cold allodynia re-
sponses; mice that were older and mice that weigh less are more likely
to respond to acetone.

Increase in cold sensitivity with age in mice prompted us to measure
whether there is a respective increase in the levels of noxious cold
channel, TRPA1 [72], in the L4 and L5 DRGs using immunofluorescence
analysis. L4 and L5 DRGs account for 95% of the cells that make up the
sciatic nerve [73] which innervates the hind paw. To determine relative
levels of TRPA1, the mean fluorescent intensity (MFI) of 150 individual
neurons within the L4 and L5 DRGs of each mouse was measured and
the distribution plotted, revealing a rightward shift in aged mice
(Fig. 5C - E). Taking the median MFI value of L4 and L5 DRGs and using
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a two-way ANOVA revealed that two-year-old mice showed a greater
accumulation of TRPA1 compared to year-old mice in both the L4 and
L5 DRGs, but was only greater than three-month-old mice in L5 DRGs
(Fig. 5F). These results are consistent with the observed increased re-
activity to acetone in aged mice validating the increased sensitivity to
cold allodynia with age in mice.

3.6. Accumulation of TTX-resistant sodium channels in L4 and L5 DRG of
aged mice

The avoidance of stretching and increased radiating cold allodynia
may also be due to increased sensitivity of the sensory nerves. To test
for signs of sensitization in the peripheral pain pathway, the presence of
sodium channels Nay1.8 and Nay1.9 in the L4 and L5 DRGs was mea-
sured by immunofluorescence (Figs. 6 and 7). Na,1.8 [74] and 1.9 [75]
are expressed in small nociceptive DRGs and contribute to nociceptive
signaling by allowing for sustained repetitive firing in these cells. To
capture changes in the accumulation of Nay1.8, the MFI of individual
neurons within the L4 and L5 DRGs was measured and the distribution
plotted (Fig. 6A-C). Taking the median MFI of each DRG and running a
two-way ANOVA revealed that two-year-old mice have a greater
Nay1.8 MFI in L4 and L5 DRGs compared to three-month old, and a
greater Nay1.8 MFI in the L4 DRG compared to one-year old (Fig. 6D).
Similarly, the accumulation of Nayl.9 in the L4 and L5 DRGs was
analyzed as discussed above (Fig. 7A-C). A two-way ANOVA also re-
vealed that two-year-old mice have greater Nay1.9 MFI in the L4 and L5
DRGs than three-month-old and greater MFI than one-year-old L5 DRGs
(Fig. 7D). These results confirm that there are changes in the nocicep-
tive signaling pathway in the L4/L5 DRGs consistent with reduced pain
thresholds in aged mice.

4. Discussion

LBP is a feature of aging which begins to emerge by 20 years, with
increasing rates reported until 60-65 years [76]. Because of the multi-
tude of risk factors that lead to LBP, isolating the effects of age in-
dependently from environmental, hereditary and lifestyle factors is
complicated in human populations. Pre-clinical studies often rely on
mouse models to delineate features of disc degeneration as it relates to
human populations. A major concern in these studies is how well the
quadrupedal posture serves as a proxy for human intervertebral disc
physiology. Here we assess the progression of IVD degeneration with
behavioral and molecular correlates of pain in a controlled and phy-
siologically aging mouse model system. Despite the differences in
posture, we show that mice lumbar IVDs do undergo progressive de-
generative changes with advanced age. Furthermore, we show mobility
and cold sensitivity changes as a function of physiological aging in
mice.

A commonly cited risk factor for LBP in the elderly is IVD degen-
eration. In the aging IVD, structural defects such as neovascularization,
tears, and cell death become more common [77]. These defects are
painful in part due to the rise in pro-inflammatory molecules secreted in
aging and degenerating discs [78,79]. Historically, much attention has
been given to TNF-a and IL-13, whose expression is elevated in de-
generated IVDs [80-82]. Both TNF-a and IL-1f expression in the disc
has been associated with sensory nerve ingrowth [83,84], a feature
characteristic of painful discs in patients [63,85,86] and observed in
our two-year-old mice. In human IVD tissue, IL-13 expression is also
strongly correlated with expression of vascular endothelial growth
factor, VEGF, the presence of which is predictive of CD31 expression in
the disc [84]. Further, expression of TNF-a and its receptor, TNFR1, in
the IVD is positively correlated with scores on the visual analog scale
for pain in patients six months following a discectomy, suggesting in-
flammation contributes to LBP chronicity [86]. Pro-inflammatory
mediators are also expressed at elevated levels in aged mouse IVDs. In
addition to IL-1f, 28-month-old mice have increased expression of NF-
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kB, iNOS, and IL-6 as well as collagenases, MMP-1b and MMP-3 [87].
This transition to a detrimental pro-inflammatory state in aging mouse
IVDs tracks well with the structural and histological changes to the IVDs
reported here and by others [30,34], and may contribute to the de-
velopment of pain behaviors in aged mice.

Longitudinal studies in elderly adults point to an association be-
tween LBP and loss of IVD height [88,89]. In our study, loss of IVD
height, reduced DHI and increased IVD widening was only apparent by
the very late stages of life in mice, and, similar to humans [56], the
caudal lumbar IVDs were the most affected by age. By two years of age
we also observe histological changes in the lumbar IVDs, consistent
with previous reports in aged mice [61]. Importantly, disc height and
width was maintained between young adulthood to middle-age in mice,
suggesting degeneration has a later onset in mice than in humans. Thus,
despite the absence of injury, lifestyle-related risk factors, and biped-
alism that contribute to degeneration in humans, IVD degeneration
spontaneously occurs in aged mice.

Mouse models of IVD degeneration using mechanical injury or ge-
netic mutation confirm that disc degeneration produces a range of
painful behavioral phenotypes [17,21,31,35,37-39]. While mechanical
allodynia is often reported in the short-term injury-induced models of
IVD degeneration [17,20], the same is not observed in genetic models
where disc degeneration develops slowly [37,38], nor in aged control
mice [35]. More compelling are measures capturing mobility changes
and impairment, as these features are clinically relevant to features of
LBP in older adults, with 15-46% of individuals over the age of 65
reporting physical limitations due to LBP [90]. We found that mice are
increasingly unlikely to take bipedal positions as they get older and will
take action to mitigate axial stretching when forced. SPARC-null mice,
which display early-onset advanced IVD degeneration, likewise avoid
positions that exacerbate axial stretching [35]; however, changes in tail
suspension behavior due to vestibular balance or proprioception effects
in aging mice cannot be discounted. Voluntary standing behavior places
additional force on the lumbar IVDs, as evidenced by the advanced IVD
degeneration observed in bipedal mouse models [91], and may dis-
courage mice with painful disc degeneration from such positions. Al-
though we see an increase in age-related disc degeneration and pain in
our study, we cannot identify the underlying causes for the change in
behaviors as aged mice are physiological and metabolically different
from young. One contributing factor to reduced standing time may be
lower BMD in older mice, leading to bone frailty. Another is greater
levels of circulating pro-inflammatory mediators which is characteristic
in aged human populations [92,93], leading to muscular and joint
pains. It is unlikely, however, to be due to loss of muscle mass as it is
not adversely affected by aging in these mice.

While we did not observe age-related impairments in walking mo-
bility, the assays used here do not capture changes in walking patterns
in older mice. Experiments using gait analysis tools report shorter stride
length and slower stepping speed following disc injury [21]. Aged mice
(two years and older) also have slower gait speed [94,95], shorter
travel distances [95,96] and greater standing time [97], which are
features also observed in patients with radiculopathy [46]. Thus, gait
changes as well as standing and stretching behaviors may be biologi-
cally relevant measures for assessing impairment and discomfort in
mice.

Because of its relationship to the health of the spine, it is not sur-
prising that the prevalence of radiating LBP is greatest in older patients
[98], with cold sensitivity in the regions corresponding to the L4, L5
and S1 dermatomes being reported [99]. Cold sensitivity is also re-
ported in both injury [20] and genetic models [34,35,37] of disc de-
generation. Similarly, we found that sensitivity to cold was associated
with aging in mice, along with an increase in the TRPA1 channel in
DRGs. Unlike pain models which employ unilateral injuries, our study
cannot detect reliable left-right differences in allodynia as both sides
are equally likely to be affected during aging. Interestingly, although
burning pain is a common feature of painful radiculopathy [100],
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reports of thermal sensitivity are inconsistent [101,102]. In our aging
mice, thermal hyperalgesia was not linearly associated with aging nor
any other measure. Others have reported a similar absence of thermal
hyperalgesia in LBP models [35]. The absence of thermal sensitivity
may be related to a loss of TRPV1 expression reported as early as one
year in mouse spinal cords [103].

The presence of pain-related behaviors in aged mice invites the
question regarding changes in the somatosensory system in these ani-
mals. We observed a marked increase in Nay1.8 and Nay1.9 immuno-
fluorescence intensity in the lumbar DRGs of two-year-old mice, but not
in one-year-old mice. As with the changes in the IVD morphology, this
phenotype does not appear in middle-age, but rather at the very late
stages of life which may be due to the lifestyle factors of laboratory
mice. Accumulation of these receptors in DRG cells has been previously
reported to occur in models of neuropathic pain as a result of post-
translational modification [104], and in models of LBP in mice [26]. It
has also been found that sodium channels are phosphorylated following
injury, allowing for greater current density and increased nociceptive
signaling [104,105]. Future studies will benefit from identifying whe-
ther similar changes are occurring as a result of age-related painful
degeneration.

The findings of this study describe degenerative and painful features
arising in physiologically aging, laboratory-raised mice. As a result, the
time course of all the phenotypes observed is reflective of a largely
sedentary lifestyle with little chance of injury or strain, possibly de-
laying onset of degenerative aging phenotypes. While degenerative
features appear in the IVD, aging and degeneration of the whole body is
occurring simultaneously and a confluence of factors is likely con-
tributing to the behavioral changes described. These changes include
attenuated standing and stretching behaviors and radiating cold allo-
dynia, as well as accumulation of excitatory sodium channels in the
lumbar DRGs. These results provide important groundwork for char-
acterizing models that attempt to recapitulate features of aging specific
to the IVD in a mouse model system.
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