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Chronic low back pain (LBP) is a complex, multifactorial disorder with unclear underlying mechanisms. In
humans and rodents, decreased expression of secreted protein acidic rich in cysteine (SPARC) is associ-
ated with intervertebral disc (IVD) degeneration and signs of LBP. The current study investigates the
hypothesis that IVD degeneration is a risk factor for chronic LBP. SPARC-null and age-matched control
mice ranging from 6 to 78 weeks of age were evaluated in this study. X-ray and histologic analysis
revealed reduced IVD height, increased wedging, and signs of degeneration (bulging and herniation).
Cutaneous sensitivity to cold, heat, and mechanical stimuli were used as measures of referred (low back
and tail) and radiating pain (hind paw). Region specificity was assessed by measuring icilin- and capsa-
icin-evoked behaviour after subcutaneous injection into the hind paw or upper lip. Axial discomfort was
measured by the tail suspension and grip force assays. Motor impairment was determined by the accel-
erating rotarod. Physical function was evaluated by voluntary activity after axial strain or during ambu-
lation with forced lateral flexion. SPARC-null mice developed (1) region-specific, age-dependent
hypersensitivity to cold, icilin, and capsaicin (hind paw only), (2) axial discomfort, (3) motor impairment,
and (4) reduced physical function. Morphine (6 mg/kg, i.p.) reduced cutaneous sensitivity and alleviated
axial discomfort in SPARC-null mice. Ageing SPARC-null mice mirror many aspects of the complex and
challenging nature of LBP in humans and incorporate both anatomic and functional components of the
disease. The current study supports the hypothesis that IVD degeneration is a risk factor for chronic LBP.

� 2012 International Association for the Study of Pain. Published by Elsevier B.V. All rights reserved.
1. Introduction

The Institute of Medicine estimates that chronic pain affects
>100 million adults in the United States alone [40], with 10–15%
of the population suffering from back pain [23,67]. The complex,
multifactorial nature of low back pain (LBP) is well recognized,
yet its precise cause in most individuals remains unclear [82].
Different structures can generate painful sensations in human
and animals including the facet joints, intervertebral discs
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(IVDs), muscles, nerve roots, and dorsal root ganglia (DRG)
[19,20,22,26,65,66,74]. The contribution of each structure in the
global phenomenon of LBP is a matter of controversy and varies
from case to case.

LBP is a complex continuum of painful conditions that can be
classified as follows [14,27]: axial LBP, which is spontaneous or
movement-evoked discomfort localized to the spine and low back
region; and radiating LBP, which spreads into the legs and which
can be either referred (perceived in regions innervated by nerves
other than those that innervate the IVD) or radicular (due to injury
or inflammation of the nerve root as it exits the spinal column).

Although a potential cause of chronic LBP is the degeneration of
the IVDs, the relationship between LBP and disc degeneration (DD)
is still controversial. One-third to two-thirds of adults without
back pain have abnormalities in at least one disc, and not all
Elsevier B.V. All rights reserved.
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individuals with LBP have DD. However, DD is associated with an
increased risk of chronic LBP [13,41,52,78], and comparative diag-
nostic procedures indicate that the IVD is the most common source
of chronic LBP resistant to traditional therapies [26].

To date, research into the underlying mechanisms of DD-in-
duced LBP has been hampered by the lack of animal models that
incorporate both the anatomic and functional components of the
disease. Whereas preclinical models exist for the study of DD
[8,15,33,35,53,69], only a few studies report an associated behav-
ioural phenotype ([15,55,62,63]; for reviews see [51,72]), and mod-
els of radiating LBP after mechanical and/or chemical injury to the
nerve root or DRG [43,47,64,74] do not incorporate the slow, pro-
gressive degeneration characteristic of discogenic LBP in humans
[81].

SPARC (secreted protein, acidic and rich in cysteine) is a matri-
cellular protein important in tissue remodeling and response to in-
jury [17]. In humans, SPARC protein is decreased in IVD cells as a
function of age and DD [34], and SPARC-null mice exhibit both
accelerated age-dependent DD [36] and age-dependent behav-
ioural signs of chronic LBP [55].

The aim of the current study was to use the SPARC-null mouse
as a preclinical model to investigate the impact of progressive, age-
dependent DD on the development of chronic LBP. DD, axial and
radiating pain, motor impairment, and movement-evoked discom-
fort were observed as a function of age in SPARC-null mice. This
study supports the hypothesis that DD is a risk factor for chronic
LBP and describes a clinically relevant model of degenerative disc
disease-induced chronic LBP.

2. Methods

2.1. Animals

The SPARC-null mice were developed on a mixed C57BL/6 x129
SVJ background [59]. Male SPARC-null and age-matched wild-type
(WT) control mice, both bred in house, were used in this study.
Animals were housed in groups of 2 to 5, had unrestricted access
to food and water, and were on a 12-h light-dark cycle. All exper-
iments were performed blind to genotype and treatment. All
experiments were approved by the Animal Care Committee at
McGill University and conformed to the ethical guidelines of the
Canadian Council on Animal Care and the guidelines of the
Fig. 1. FAST staining in normal and abnormal IVDs in SPARC-null mice. (A) Multichromat
separation between the NP and the AF. The NP is composed of a central island of red/
proteoglycans. The AF appears as a series of well-defined concentric blue/green collagen
which appear red. Between the GP and the AF, the cartilaginous end plate appears oran
abnormal, degenerating discs. Lumbar IVDs from 24- and 78-week-old SPARC-null mice s
content. At 78 weeks of age, bulging and/or herniation of the dorsal aspect of the disc (ar
spinal cord (not shown).
Committee for Research and Ethical Issues of IASP [85]. (See Sup-
plementary material for additional information.)

2.2. Assessment of DD

Animals from 6 to 80 weeks of age were deeply anesthetized
and perfused through the left cardiac ventricle with buffer fol-
lowed by 200 mL of 4% paraformaldehyde in 0.1 M phosphate buf-
fer, pH 7.4, at room temperature. The T1 to S4 spinal segment was
collected and postfixed in the same fixative overnight at 4 �C. Sam-
ples were then cryoprotected in 30% sucrose in phosphate-buffered
saline and stored at 4 �C until processing.

2.2.1. X-ray analysis
Radiographic analysis is frequently used to assess DD in hu-

mans [83]. Lateral x-ray images of the intact lumbar spine (L1 to
S1) were taken at 4� with a Faxitron MX-20 (Faxitron X-Ray LLC,
Lincolnshire, IL). Disc height index (DHI) and disc wedging index
(DWI) were determined according to Masuda et al. [53].

2.2.2. Histologic analysis
Spinal columns were dissected and decalcified by immersion in

4% EDTA (ethylenediamine tetra-acetic acid) at 4 �C for 14 days.
Samples were then cryoprotected in 30% sucrose in phosphate-buf-
fered saline for 4 days at 4 �C and embedded in OCT cutting med-
ium (Tissue-Tek). Sixteen-micron sections were cut with a
cryostat (Leica CM3050S) in the sagittal plane and thaw-mounted
onto gelatin-coated slides for subsequent staining. Staining was
performed by the FAST protocol developed by Leung et al. [49]
for IVDs. After drying, slides were mounted with DPX (Sigma-Al-
drich, St. Louis, MO). Three sections per animal were carefully
examined by a blinded observer to identify degenerating IVDs. Cri-
teria for degeneration included the loss of clear compartmentaliza-
tion between the nucleus pulposus (NP) and the annulus fibrosus
(AF), annular tear, and dorsal bulging or herniation, all of which
are characteristic of degenerating discs [66]. Images were obtained
with a 10� objective. Representative images are shown in Fig. 1.

2.3. Longitudinal behavioural study

The longitudinal study followed a cohort of SPARC-null and WT
mice (n = 9–10) aged 6 weeks to 1.5 years. All behavioural studies
ic FAST staining of a normal IVD from a 6-week-old SPARC-null mouse shows a clear
orange cells surrounded by a blue extracellular matrix rich in negatively charged
layers. The disc is sandwiched between anterior and posterior growth plates (GP),

ge matrix with large blue cells. The vertebral bones appear yellow. (B) Examples of
how loss of compartmentalization between the NP and AF and altered proteoglycan
rows) develops in some lumbar IVDs. This herniation resulted in compression of the



Fig. 2. FlexMaze apparatus. The FlexMaze consists of a long (8 � 80 cm) transpar-
ent corridor with regularly spaced staggered doors that force lateral flexion with
exploration. Each end of the maze is attached to a neutral, beige compartment
(15 � 15 cm) by a 6 � 6 cm opening. The 4-cm-wide doors are staggered on
alternating sides and are placed every 4 cm.
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were preceded by a 1-h habituation to the experimental room in
the home cage. Animals were subsequently placed individually in
the test chamber for an additional 60 min before testing when
appropriate.

2.3.1. Sensitivity to cutaneous sensory stimuli
For each modality tested (mechanical, cold, heat), 3 body sites

were assessed whenever possible: foot, tail, and low back. For
the low back region, animals were shaved under brief, light gas-
eous anesthesia with isoflurane 48 h before testing.

2.3.1.1. Mechanical sensitivity. Mechanical sensitivity was assessed
on both the plantar surface of the left foot and on the bony struc-
tures between L2 and L4 lumbar spine using the up-and-down
method for von Frey filaments as previously described [21].

2.3.1.2. Cold sensitivity. Cold sensitivity for foot and back was as-
sessed by measurement of the total time spent in acetone-evoked
behaviours after acetone was gently applied to the plantar surface
of the hind paw or to the low back region. For tail, cold sensitivity
was assessed by the cold water (2 �C) tail immersion assay.

2.3.1.3. Heat sensitivity. Heat sensitivity was assessed for foot by
the latency to withdrawal in response to exposure of the hind
paw to a radiant heat stimulus as previously described [37]. For
tail, heat sensitivity was assessed by recording of the latency to
withdraw the tail in response to noxious heating.

2.3.2. Axial discomfort
To detect possible signs of axial discomfort in SPARC-null mice,

we used 2 complementary approaches.

2.3.2.1. Grip force assay. The animal is gently stretched while grip-
ping a bar with its forepaws until the point of release, and the
force, in grams, is recorded [44,79].

2.3.2.2. Tail suspension assay. A modified version of the tail suspen-
sion assay was used to measure spontaneous reactions to natural
gravity-induced stretching of the spine [55,76]. The duration of
time spent in (1) immobility (not moving but stretched out), (2)
rearing (trying to reach the underside of the platform), (3) full
extension (trying the reach the floor), and (4) self-supported (hold-
ing either the base of its tail or the tape) was analyzed by digital
software (Labspy, Montreal, QC) for the 3-min test period by an ob-
server blinded to experimental condition.

2.3.3. Physical function
Physical function was assessed by 3 complementary approaches.

2.3.3.1. Rotarod assay. Locomotor capacity was measured with an
accelerating rotarod. The experimental endpoint occurs when the
animal falls off the cylinder.

2.3.3.2. Open field assay. Mice were individually placed into the
open field divided equally into 9 (8 � 8 cm2) squares, and the num-
ber of squares visited during a 5-min test period was used to assess
general motor activity.

2.3.3.3. FlexMaze assay. This assay was developed in-house to mea-
sure lateral flexion–induced discomfort. The FlexMaze apparatus
consists of a long (8 � 80 cm) transparent corridor with regularly
spaced staggered doors and neutral (beige) 15 � 15 cm compart-
ments with 6 � 6 cm openings on either side (Fig. 2). The natural
tendency of the mouse is to explore the maze, but it is forced to un-
dergo lateral flexion in order to progress. The FlexMaze apparatus
was placed in a quiet room illuminated with white light. Mice were
placed into one of the neutral compartments and were allowed to
explore the apparatus freely for 10 min. Videotapes were analyzed
for total distance covered and average velocity. The FlexMaze assay
was performed by mice 6, 10, 20, 36, 61, and 78 weeks of age.

2.3.4. Testing sequence for longitudinal study
The behavioural testing sequence was as follows: Monday:

Shaving of the lower back region under light isoflurane anesthesia;
Tuesday: 9 to 11 AM—von Frey and acetone on left foot; 11 AM to
2 PM—home cage with food and water ad libitum; 2 to 4 pm—radi-
ant heat paw withdrawal on right foot. Wednesday: 9 to 10 AM—
von Frey and acetone on the lower back; 10 AM to 12 PM—home
cage with food and water ad libitum; 12 to 1 PM—grip test; 1 to
3 PM—home cage with food and water ad libitum; 3 to 4 PM—radi-
ant heat tail flick. Thursday: 9 to 10 AM—cold water tail flick;
10 AM to 2 PM—home cage with food and water ad libitum; 2 to
3 PM—Rotarod. Friday (when applicable): 9 AM to 12 PM—Open
Field 1; 12 to 2 PM—home cage with food and water ad libitum;
2 PM to 5 PM—Tail Suspension + Open Field 2. The following Tues-
day (when applicable): 9 AM to 4 PM—FlexMaze (Fig. 2).

2.4. Multiple cohort behavioural studies

A multiple-cohort, cross-sectional study design was used for the
following assays to avoid the strong learning component in the
cold water paw immersion assay and the possible confounding
influence of long-term neurosensory changes after intraplantar
capsaicin or icilin. Male SPARC-null and age-matched WT mice,
bred and raised in house and in parallel, were used in these
experiments.

2.4.1. Cold water paw immersion assay
The latency to hind paw withdrawal (flinching or jumping) was

measured in response exposure of the ventral surface of the hind
paw to a 2 �C bath.

2.4.2. Icilin-evoked behaviour
This assay was performed in a single cohort beginning at

24 weeks of age. The assay is the measurement of the total dura-
tion of evoked behaviour (biting, scratching, licking, checking) dur-
ing the 5-min period after a local subcutaneous injection of the
TRPM8 agonist Icilin (30 lg in 5 lL, Sigma-Aldrich) into the upper
lip or the plantar surface of the hind paw. Each animal was tested
at each site with both icilin and vehicle (1% dimethyl sulfoxide
[DMSO] in saline), with a 4–7-day washout between treatments.

2.4.3. Capsaicin-evoked behaviour
This assay was performed on individual cohorts at 6–8, 8–16,

30, and 79 weeks of age. The assay is the measurement of the total
evoked behaviour (biting, scratching, liking, and checking) during
the 5 min after a local subcutaneous injection of capsaicin (2.5 lg
in 5 lL, Sigma-Aldrich) or vehicle (0.25% DMSO, 0.25% ethanol,
0.125% Tween-80 in saline) in the upper lip or the plantar surface
of the hind paw.
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2.5. Drug treatment

Morphine (6 mg/kg) or vehicle (0.9% saline) was delivered by
intraperitoneal injection in 24–28-week-old mice, and behavioural
responses were assessed in a subset of tests 60 min after injection.

2.6. Data analysis

All data are expressed and plotted as mean ± SEM. P < .05 was
considered statistically significant.

2.6.1. X-ray image analysis
DHI and DWI were determined independently for each lumbar

IVD as described above. The values for each disc were averaged
to generate a single value for each animal for each of the 2 mea-
sures. To identify age or strain effects across the entire study, we
analyzed data by 2-way ANOVA. Strain differences between
SPARC-null and WT mice were determined by unpaired t test at
each age.

2.6.2. Longitudinal behavioural study
Data from cutaneous sensitivity, axial discomfort, and rotarod

assays were analyzed by means of a nonlinear regression curve
fit program in Prism 4.0 (GraphPad, San Diego, CA), with a third-or-
der polynomial equation curve. The best fit curves for SPARC-null
and WT mice were considered to be significantly different if the
sum-of-squares F test had a P value of < .05. If the data sets for
the 2 strains were not distinguishable statistically, a single best
fit for the combined data sets is depicted as a dotted line. If the null
hypothesis is rejected and the data sets could be distinguished,
then each data set is represented by its own best fit curve
(SPARC-null = black line, WT = grey line). No constraints, initial val-
ues, or weighting were used for this analysis, and each replicate va-
lue was considered an individual unique value. When the 2 strains
were significantly different, the data were tested for strain differ-
ences at each time point by unpaired t test.
Fig. 3. Disc height and wedging in ageing SPARC-null and WT mice. (A) Analysis of lumb
IVD relative to the vertebra length and is calculated as follows: DHI = [2 � (DH1 + DH2 + D
the IVD. A DWI of 1 indicates that the dorsal and ventral aspects of the disc are equivalen
aspect. Increases in DWI indicate the relative loss of the thickness of the dorsal aspect o
were measured in 6-, 24-, and 78-week-old SPARC-null (dark histograms, n = 6, 8, and 7,
animal, the DHI and DWI was measured for each of the 5 lumbar IVDs and then avera
⁄P < .05, ⁄⁄P < .01, SPARC-null vs WT, 1-tailed unpaired t test.
To compare the distance covered in the open field assay before
and after tail suspension, and the speed during the first 5 min vs
the last 5 min in the FlexMaze assay, a paired t test was used.

2.6.3. Multiple cohort studies
Differences in the paw immersion and capsaicin-evoked behav-

iour assays were determined by unpaired t test between SPARC-
null and age-matched WT animals for each cohort at each time
point. In the icilin experiment, the total time spent in vehicle vs ici-
lin was compared by paired t test.

2.6.4. Drug treatment
The latency to withdraw in the paw immersion assay, time

spent in immobility during the tail suspension assay, latency to fall
in the rotarod assay, and total distance covered during the open
field after tail suspension were analyzed by unpaired t test be-
tween saline-treated and morphine-treated animals within the
same strain, and by unpaired t test to compare saline-treated
SPARC-null vs saline-treated WT mice.
3. Results

3.1. IVD degeneration in ageing SPARC-null and WT mice

The impact of ageing on lumbar IVD integrity was determined
in young (6 weeks), middle-aged (24 weeks), and old (78 weeks)
SPARC-null and WT mice by 2 complementary methods. First, x-
ray analysis was performed on lumbar spinal segments, and disc
height and shape were quantified (Fig. 3). Second, a multichromat-
ic histologic approach was used to facilitate qualitative description
of ageing lumbar IVDs (Fig. 4).

Analysis of DHI revealed that SPARC-null IVDs were thinner
than WT IVDs throughout the life span (2-way ANOVA; age effect:
F(2,38) = 40.38, P < .001; strain effect: F(1,38) = 9.097, P = .005; inter-
action: F(2,38) = 3.854, P = .03), yet both SPARC-null and WT mice
ar spinal x-rays was used to determine the DHI and DWI. DHI is the thickness of the
H3)]/(A1 + A2 + A3 + B1 + B2 + B3). The DWI (DWI = DH3/DH1) reflects the shape of

t. If the DWI value is >1, then the ventral aspect of the disc is thicker than the dorsal
f the disc, which might result in DRG compression. Disc height (B) and wedging (C)
respectively) and WT mice (light histograms, n = 6, 8, and 9, respectively). For each

ged to create an overall index for each animal. Data are expressed as mean ± SEM.



Fig. 4. Histologic analysis of DD in ageing SPARC-null and WT mice. (A) Lumbar spinal columns from 6-, 24-, and 78-week-old SPARC-null (n = 11, 7, and 9, respectively) and
WT mice (n = 9, 11, and 9, respectively) were examined for signs of DD. Each lumbar IVD was independently evaluated and categorized as either normal (see Fig. 1A) or
abnormal (see Fig. 1B). Values in the table indicate the percentage of animals of each strain at each age that had abnormal disc integrity at the indicated level. The total L1–L6
at the bottom of the table is the percentage of animals in each cohort in which at least 1 of the 5 lumbar discs was abnormal. (B) Representative images of FAST staining in
lumbar vertebral columns of SPARC-null and WT mice at 6, 24, and 78 weeks of age. Images were obtained with a 4� objective, and reconstruction of spines was done in
Photoshop. Arrows point to the L1 vertebra in each example. ⁄Degenerated IVDs, ⁄⁄⁄herniated IVD.
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developed a significant reduction in relative IVD height with age
(Fig. 3).

Quantitative analysis of disc shape illustrated that the DWI in-
creased with age in both SPARC-null and WT mice (2-way ANOVA;
age effect: F(2,38) = 14.20, P < .0001; strain effect: F(1,38) = 0.9571,
NS; interaction: F(2,38) = 2.759, P = .076). Although SPARC-null and
WT mice were similar at the earlier time points (6 and 24 weeks),
SPARC-null mice exhibited increased wedging compared to WT
mice at 78 weeks of age.

Complete lumbar segments in 6-, 24-, and 78-week-old SPARC-
null and WT mice were examined histologically for signs of DD (ie,
loss of compartmentalization, annular tears, and disc rupture/her-
niation) with the FAST staining protocol; each disc was scored as
positive or negative for signs of degeneration. As shown in Fig. 4,
neither young, 6 week-old SPARC-null, nor age-matched WT mice
showed abnormal lumbar IVDs. At 24 weeks of age, abnormal lum-
bar IVDs, localized for the most part to the middle lumbar seg-
ments, began to appear in SPARC-null animals. Finally, by
78 weeks of age, each SPARC-null mouse presented with at least
one severely degenerating IVD, and the L3–L4 IVD was abnormal
in 100% of the SPARC-null mice at this age. In addition, occasional
examples of severe disc bulging and/or herniation and spinal cord
compression were seen at this age. In contrast, IVD structure was
not affected by ageing in WT mice. Representative images of lum-
bar spines at 6, 24, and 78 weeks of age are shown in Fig. 4.

In summary, although decreases in disc height and increased
wedging were observed in both SPARC-null and WT mice with
increasing age, these changes were accelerated in SPARC-null mice
(Fig. 3). In SPARC-null mice, abnormalities in disc structure could
be observed as early as 24 weeks of age. By 78 weeks of age, each
animal had at least one degenerating IVD (Fig. 4).

3.2. Sensitivity to cutaneous sensory stimuli in ageing SPARC-null and
WT mice

Sensitivity to cutaneous mechanical, cold, and heat stimuli was
assessed as a function of age on the hind paw, low back, and tail in
SPARC-null and WT mice.
On the plantar surface of the hind paw, SPARC-null and WT
mice were equally responsive to mechanical (Fig. 5A, first col-
umn) and heat stimuli (Fig. 5A, third column) throughout the
study, and there was no significant effect of age in either strain.
In contrast, SPARC-null mice exhibited signs of cold allodynia in
the acetone test as evidenced by a significant increase in ace-
tone-evoked behaviours in the hind paw compared with WT con-
trol mice (Fig. 5A, second column). In addition, ageing WT mice
developed increased sensitivity to acetone, and by 1 year of age,
they were as sensitive to acetone as age-matched SPARC-null
mice.

The skin of the low back was slightly but consistently more sen-
sitive to mechanical stimuli in SPARC-null mice compared to WT
controls (Fig. 5B, first column). However, no differences in cold
sensitivity were observed between strains (Fig. 5B, second col-
umn). Finally, hypersensitivity to neither heat nor cold developed
on the tail in ageing SPARC-null mice compared to age-matched
WT (Fig. 5C, second and third columns).

The hypersensitivity to cold exhibited by SPARC-null mice in
the acetone test was further evaluated in a complementary study
with a multicohort approach, in which the latency to withdrawal
from paw immersion in noxious cold water (2 �C) was assessed
(Fig. 6). In young animals (6–8 weeks old), the latency to with-
drawal was similar between SPARC-null and WT mice. Starting
during the third month of life (8–16 weeks old), SPARC-null mice
displayed significant signs of hypersensitivity to cold that in-
creased in severity up to 78 weeks of age. During the second year
of life, ageing WT animals presented with cold hypersensitivity
similar to ageing SPARC-null mice.

To determine whether the development of cold allodynia in the
hind paw was be related to DD, we took advantage of the fact that
the innervation of the upper lip does not pass through the vertebral
column. Hypersensitivity to intradermal injection of the TRPM8
agonist icilin was measured in the upper lip and the plantar surface
of the hind paw in 24-week-old SPARC-null and WT mice (Fig. 7).
In WT mice, icilin-evoked behaviours were not different from vehi-
cle in either the upper lip or the hind paw. In contrast, icilin-
evoked behaviours were significantly elevated in the hind paw of



Fig. 6. Cold water paw immersion assay in ageing SPARC-null and WT mice. The
latency to withdraw from cold (2 �C) water was measured in SPARC-null mice aged
6–8, 8–16, 26, 52, and 78 weeks (dark bars, n = 6, 11, 15, 9, and 8, respectively) and
WT mice aged 6–8, 8–16, 26, 52, and 78 weeks (light bars, n = 5, 9, 11, 8, and 9,
respectively). Data are expressed as mean ± SEM. ⁄P < .05, 2-tailed unpaired t test,
SPARC-null vs age-matched WT.

Fig. 5. Sensitivity to cutaneous sensory stimuli in ageing SPARC-null and WT mice. Sensitivity to mechanical (column I), cold (column II), and heat (column III) stimuli was
assessed at 6, 8, 10, 12, 16, 20, 24 26, 32, 36, 42, 48, 54, 61, 66, 72, and 78 weeks of age in SPARC-null (n = 9, black circle, black line) and WT (n = 9, open square, grey line) mice.
For each modality, 3 body sites were assessed whenever possible: hind paw (row A), low back (row B), and tail (row C). Data were analyzed by a nonlinear regression curve fit
program, and the SPARC-null and WT best fit curves were compared by an F test. When P > .05, the 2 strains were considered not significantly different, and only 1 curve was
graphed representing the data from both strains (dotted line). When P < .05, the 2 strains were considered significantly different, and the curve for each strain is shown
separately (black line = SPARC-null, grey = WT). When the 2 strains were significantly different, data for each time point were compared by 2-tailed unpaired t test: t = P < .1,
⁄P < .05, ⁄⁄P < .01, SPARC-null vs age-matched WT. Individual data points are expressed as mean ± SEM.
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the SPARC-null mice compared to those evoked by vehicle. This dif-
ference was not observed in the upper lip.

The region specificity observed with icilin injection was further
investigated as a function of age in SPARC-null and WT mice by
measurement of capsaicin-evoked behaviour in the upper lip and
the plantar surface of the hind paw in different cohorts of mice
of increasing ages (Fig. 8). When injected into the upper lip, age-
matched SPARC-null and WT mice were not significantly different
at any age. However, regardless of genetic background, older co-
horts were less sensitive to capsaicin administered to the upper
lip than were younger cohorts. When injected into the plantar sur-
face of the hind paw in young animals (6–8 and 8–16 weeks old),
SPARC-null and WT mice exhibited similar responses to capsaicin.
In contrast, in middle-aged mice (30 weeks old), SPARC-null mice
exhibited significantly more capsaicin-evoked behaviour than
was observed in age-matched WT. In very old mice (78 weeks of
age), regardless of the genetic background, both SPARC-null and
WT animals exhibited a strong and similar increase in capsaicin-
evoked behaviour.



Fig. 7. Icilin-evoked behaviour in the hind paw and upper lip of ageing SPARC-null
and WT mice. Twenty-four-week-old SPARC-null (n = 10) and WT (n = 11) mice
received a local injection of icilin (30 lg in 5 lL, s.c.) or vehicle (1% DMSO in saline)
in the plantar surface of the hind paw or in the upper lip. Each animal was used 4
times with a washout period of 3–4 days. The 4 treatments were randomly assigned
between the hind paw and lip, right and left side. The total evoked behaviour
(biting, scratching, liking, and checking) was measured during the 5 min after local
treatment. Data are expressed as mean ± SEM. ⁄P < .05, 1-tailed, paired t test, icilin
vs vehicle.

Fig. 8. Capsaicin-evoked behaviour in the hind paw and upper lip of ageing SPARC-
null and WT mice. Mice received a local injection of capsaicin (2.5 lg in 5 lL, s.c.) or
vehicle (0.25% DMSO, 0.25% ethanol, 0.125% Tween-80 in saline) in the plantar
surface of the hind paw or in the upper lip. The total evoked behaviour (biting,
scratching, liking, and checking) was measured during the 5 min after local
treatment. For the upper lip, mice aged 6–8, 8–16, 30, and 78 weeks for SPARC-null
(black bars, n = 3, 8, 15, and 5, respectively) and WT (grey bars, n = 5, 8, 10, and 9,
respectively) were used. For the plantar site, mice aged 6–8, 8–16, 30, and 78 weeks
for SPARC-null (black bars, n = 4, 8, 15, and 5, respectively) and WT (grey bars, n = 5,
8, 13, and 8, respectively) were used. Data are expressed as mean ± SEM. ⁄P < .05, 1-
tailed unpaired t test, SPARC-null vs age-matched SPARC-WT.
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In summary, SPARC-null mice developed hypersensitivity to
cold stimuli within the first few months of age. The hypersensitiv-
ity was limited to the hind paw and became progressively more se-
vere with age. In parallel, SPARC-null mice showed stable, slight
tactile hypersensitivity localized on the lower back region, and
hypersensitivity to icilin and capsaicin, localized to the hind paw,
developed in middle age. Ageing WT mice developed hypersensi-
tivity to cold and capsaicin starting in the second year of life that
was indistinguishable from the SPARC-null phenotype at 78 weeks
of age.

3.3. Axial LBP in ageing SPARC-null and WT mice

Behavioural signs of axial LBP were assessed in the grip force
and tail suspension assays. The grip force assay has been previ-
ously used to assess use-dependent chronic deep tissue pain in ro-
dents [44,79]. The tail suspension assay was used here to quantify
the response to gravity-induced stretching of the spine [55,76].

SPARC-null animals displayed significant impairment in the
grip force assay compared to WT mice at all time-points
(Fig. 9A). Whereas WT mice grew progressively stronger with
age, SPARC-null did not show any improvement.

In the tail suspension assay, animals can adopt 1 of 4 postures:
immobility (no movement), full extension (reaching for the floor),
rearing, and self-supported (holding on to either the tape or the
tail) (Fig. 9B). SPARC-null and WT mice displayed significantly dif-
ferent patterns of behaviour in this assay throughout the entire life
cycle, which we interpret as the deployment of different strategies
to cope with this uncomfortable position.

Specifically, WT mice rapidly increased the time spent in immo-
bility and reached a plateau at 18 weeks of age, where they spent
more than 80% of the test period in this posture (Fig. 9C). When
WT animals were not immobile, they spent very little time rearing
(Fig. 9E) or self-supported (Fig. 9F). Rather, the time not in immo-
bility was spent almost completely in full extension (Fig. 9D).

In comparison, during their first year of life, SPARC-null mice
spent significantly less time in immobility (Fig. 9C), or in full-
extension (Fig. 9D) than their WT counterparts. Rather, they ac-
tively avoided gravity-induced stretch and strain along the axis
of the spine by increased time spent rearing (Fig. 9E) or self-sup-
ported (Fig. 9F). During the second year of life, ageing SPARC-null
mice underwent changes in their pattern of behaviour: they in-
creased their time in immobility, and decreased their time self-
supported.

SPARC-null mice exhibited signs of axial LBP in both the grip
force assay (reduced resistive force) and during the tail suspension
assay (reduced tolerance of gravity-induced stretching and in-
creased active escape behaviour).

3.4. Physical function in ageing SPARC-null and WT mice

To assess physical function, we used 3 complementary ap-
proaches. (i) The classical accelerating rotarod assessed motor
impairment. (ii) Behaviour in an open field was measured for
5 min before and after tail suspension to determine whether strain
along the axis of the spine resulted in reduced spontaneous activ-
ity. (iii) Physical activity level was assessed during ambulation in
the 10-min FlexMaze assay to determine the impact of forced lat-
eral flexion on activity.

In the accelerating rotarod assay (Fig. 10), untrained SPARC-null
and WT mice performed similarly during the first 6 months of life.
As they aged and their exposure to the task was increased, WT



Fig. 9. Axial discomfort in ageing SPARC-null and WT mice. Axial discomfort was assessed in ageing SPARC-null mice (n = 9, black circle, black line) and WT mice (n = 9, open
square, grey line). (A) The grip force assay was performed at 6, 8, 10, 12, 16, 20, 24 26, 32, 36, 42, 48, 54, 61, 66, 72, and 78 weeks of age. (B–F) The tail suspension assay was
performed at 6, 12, 24, 30, 36, 42, 48, 54, 61, 66, and 78 weeks of age and time spend in immobility (C), full extension (D), rearing (E), or self-supported (F) were measured
over a 3-min observation period. An illustration of the different behaviours measured in the tail suspension assay is shown in (B). Data were analyzed by a nonlinear
regression curve fit program, and the SPARC-null and SPARC-WT best fit curves were compared by an F test. When P < .05, the 2 strains were considered significantly different,
and the curve for each strain is shown separately (black line = SPARC-null, grey line = WT). When the 2 strains were significantly different, data for each time point were
compared by 2-tailed unpaired t test: t = P < .07, ⁄P < .05, ⁄⁄P < .01, ⁄⁄⁄P < .01, SPARC-null vs age-matched WT. Individual data points are expressed as mean ± SEM.
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mice improved their performance and reached a plateau at 60–
70 weeks of age. SPARC-null mice also demonstrated improved
performance with age, but displayed significant motor impairment
when compared to age-matched WT controls at the age of peak
performance. Interestingly, all mice, regardless of their genetic
background, exhibited declining motor performance starting at
>70 weeks. Therefore, SPARC-null mice developed motor impair-
ment during the second year of life.

We also tested the effect of axial strain on voluntary motor
activity by comparison of total exploratory behaviour in the open
field before and after tail suspension. In WT animals, no significant
differences were observed in the total distance before vs after tail
suspension after 6 weeks of age, and behaviour in the open field
was stable over the entire life span (Fig. 11A).

Compared to WT counterparts, SPARC-null mice were signifi-
cantly more active in the open field at baseline (ie, before tail sus-
pension). However, in contrast to WT animals, total activity was
significantly reduced in the open field after tail suspension. This
tail suspension-induced impairment was observed at all ages
above 6 weeks (Fig. 11A). (SPARC-null vs WT, 1-tailed, unpaired t
test = P < .05, P < .01, P < .001, P < .01, P < .05, P = .056, and NS at
6, 12, 24, 36, 48, 61, and 78 weeks of age, respectively). Therefore,
for the majority of their life span, axial strain resulted in reduced
voluntary activity in SPARC-null mice.

In the FlexMaze assay, animals must undergo lateral flexion to
explore the maze. After 6 weeks of age, the global exploration
speed of WT mice did not change between the first 5-min period
in the maze vs the period between 5–10 min. This behaviour was
stable over the life span (Fig. 11B). The global speed of SPARC-null
mice during the first 5 min of exploration was similar to that of WT
mice at almost all ages. However, SPARC-null mice exhibited a
reduction in exploration speed during the second half of the test
that developed after 20 weeks of age. Therefore, beginning at
20 weeks of age, SPARC-null mice demonstrated signs of



Fig. 10. Locomotor capacity in ageing SPARC-null and WT mice. Locomotor capacity
was measured as the latency to fall from an accelerating rotarod in ageing SPARC-
null (n = 9, black circle, black line) and WT (n = 9, open square, grey line) mice. The
rotarod assay was performed at 6, 8, 10, 12, 16, 20, 24 26, 32, 36, 42, 48, 54, 61, 66,
72, and 78 weeks of age. Data were analyzed by a nonlinear regression curve fit
program, and the SPARC-null and SPARC-WT best fit curves were compared by an F
test. When P < .05, the 2 strains were considered significantly different, and the
curve for each strain is shown separately (black line = SPARC-null, grey line = WT).
When the 2 strains were significantly different, data for each time point were
compared by 2-tailed unpaired t test: t = P < .07, ⁄⁄P < .01, SPARC-null vs age-
matched WT. Individual data points are expressed as mean ± SEM.
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activity-induced decreases in physical function associated with
lateral flexion and spontaneously reduce their exploration speed.

SPARC-null mice gradually developed impaired physical func-
tion that can be detected at different ages depending on the assay.
The reduction in activity is first detected as early as 6 weeks of age
as a decrease in exploratory activity in the open field after axial
strain. In the FlexMaze assay, decreased voluntary activity with lat-
eral flexion is detected by 20 weeks of age as a reduction in the
Fig. 11. Movement-evoked discomfort in ageing SPARC-null and WT mice. (A) For the
explored) during a 5-min OF session before (pre) or just after (post) a 3-min tail-suspens
and WT (n = 9, white square, grey line, grey histograms) mice at 6, 12, 24, 36, 48, 61, a
suspension for the each strain at each time point. The right panel (A0) shows the differenc
each time point. (B) For the FlexMaze assay, the ambulation speed (number of double doo
10) min of the session was measured in SPARC-null (n = 9, black circle, black line, black h
36, 61, and 78 weeks of age. The difference in speed between the 5 first and the last 5 min
in B0 . A, B: 1-tailed paired t test pre vs post (A) or 0–5 vs 5–10 min (B); A0 , B0: 1-tailed unpa
Data are expressed as mean ± SEM.
speed of exploration in the second half of the assay. Finally, in
the accelerating rotarod assay, motor impairment developed dur-
ing the second year of life. These deficits in physical function model
the decrease in physical function observed in humans.

3.5. Pharmacological sensitivity to morphine in SPARC-null and WT
mice

In our previous study [55], plantar cold allodynia (ie, acetone
test) was attenuated by morphine but not gabapentin nor dexa-
methasone after systemic treatment in 9 month-old SPARC-null
mice. Therefore, we decided to determine the effects of systemic
morphine (6 mg/kg, i.p.) in 6 month-old SPARC-null and WT mice
in additional behavioural tests assessing cold allodynia, axial dis-
comfort, physical function, and motor impairment.

The effect of morphine on cutaneous hypersensitivity to cold
was measured in the cold water paw withdrawal assay. After mor-
phine treatment, the response latency was significantly elevated in
SPARC-null mice compared to saline-treated controls. Although a
similar trend was observed in WT mice, it was not significant
(Fig. 12A).

The effect of morphine on axial discomfort was measured in the
tail suspension assay. Morphine-treated SPARC-null mice spent
significantly more time in immobility in comparison to saline-trea-
ted animals (Fig. 12B). Morphine had no effect on WT mice in this
assay.

Although morphine treatment did not affect motor impairment
in the rotarod assay (Fig. 12C), it induced a significant increase in
exploratory activity in both WT and SPARC-null mice in the
post–tail suspension open field assay in comparison to saline-
treated controls (Fig. 12D).
open field (OF) assay, the total distance covered (number of peripheral squares
ion task was assessed in SPARC-null (n = 9, black circle, black line, black histograms)
nd 78 weeks of age. The left panel indicates the total distance before and after tail
e in total distance covered between the 2 OF sessions (Post � Pre) for each strain at
rs crossed per minute) in the FlexMaze corridor during the 5 first (0–5) or 5 last (5–

istograms) and WT (n = 9, white square, grey line, grey histograms) mice at 6, 10, 20,
of the assay (last 5 min � first 5 min) for the each strain at each time point is shown
ired t test, SPARC-null vs age-matched WT. t = P < .08, ⁄P < .05, ⁄⁄P < .01, ⁄⁄⁄P < .0001.



Fig. 12. Effect of morphine in SPARC-null and WT mice. The effect of morphine (6 mg/kg, i.p.) or vehicle (saline, i.p.) was determined 60 min after injection in 24–28-week-old
mice. (A) For cold paw immersion, the latency to withdraw was assessed in SPARC-null (morphine n = 11; saline n = 9) and WT (morphine n = 9; saline n = 24) mice. (B) For the
tail suspension assay, the time spend in immobility was assessed in SPARC-null (morphine n = 10; saline n = 20) and WT (morphine n = 20; saline n = 19) mice. (C) For the
rotarod, the latency to fall was measured in SPARC-null (morphine, n = 10; saline n = 20) and WT (morphine n = 7; saline n = 21) mice. (D) For the post–tail suspension open
field, the total distance covered (number of squares explored) was counted during a 5-min open-field exploration immediately after a 3-min tail suspension task in SPARC-
null (morphine n = 10; saline n = 22) and WT (morphine n = 7; saline n = 14) mice. Two-tailed unpaired t test: t = P < .1, ⁄P < .05, ⁄⁄P < .01, ⁄⁄⁄P < .0001, saline-treated (i.p.) vs
morphine-treated (6 mg/kg, i.p.), same strain. One-tailed unpaired t test: # P < .05, ## P < .01, ### P < .0001, saline-treated SPARC-null vs saline-treated SPARC-WT. Data are
expressed as mean ± SEM.
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In summary, systemic administration of morphine reduced
cutaneous sensitivity and axial discomfort in SPARC-null mice
compared to saline-treated controls. At 6 mg/kg, i.p., morphine
was not sedative in the rotarod assay and resulted in increased
exploratory activity in both SPARC-null and WT animals. The mor-
phine-induced increase in overall activity indicates that the in-
crease in immobility in the tail suspension assay in SPARC-null
mice might be due to a reduction in axial discomfort and not to
sedation.
4. Discussion

This study describes the development of behavioural signs of
axial and radiating LBP and reduced physical function with increas-
ing age and lumbar DD in SPARC-null mice. The SPARC-null mouse
models many aspects of the complex nature of LBP in humans,
incorporating both anatomic and functional components. Anatom-
ically, SPARC-null mice have reduced IVD height, increased wedg-
ing and histologic signs of degeneration. These anatomic signs of
DD are associated with age-dependent cutaneous hypersensitivity
(hind paw only), axial discomfort, and reduced physical function.
Systemic morphine attenuates both cutaneous hypersensitivity
and axial discomfort.

4.1. Radiating LBP in ageing SPARC-null and WT mice

The region-specific hypersensitivity to cold, capsaicin, and icilin
observed in the hind paw of the SPARC-null mouse is consistent
with the human condition in which individuals experience
coldness, radiating pain, and cold allodynia down one or both legs
[50,57,60,66]. It is unlikely that these phenomena are related to
nonspecific changes in either the peripheral tissues or in the ner-
vous system because they a) are region-specific, b) develop in
the absence of motor impairment, and c) are modality-specific.

Ageing WT mice also developed localized hind paw hypersensi-
tivity. Although it is not clear whether these behavioural changes
are related to the signs of DD also observed at this age [76], the re-
gion-specificity is consistent with a role for the vertebral column in
this phenomenon.

4.1.1. Is radiating LBP in SPARC-null mice radicular?
Radicular pain is described as a shooting or lancing pain that

travels along the length of the lower limb in a 2–3-inch-wide band
and is caused by ectopic discharges from a dorsal root or its gan-
glion [14]. These ectopic discharges may result from: (1) mechan-
ical compression of nerves or nerve roots exiting the spinal column
through narrowed spinal foramen (reduced DHI in SPARC-null
mice) or by direct compression due to disc bulging or herniation
[46,74], (2) exposure to pronociceptive or proinflammatory chem-
icals, such as escaping NP content [10,28,75,80], which result in
nerve damage and neuropathic pain [39,42,43,58].

4.1.2. Is radiating LBP in SPARC-null mice referred?
Referred LBP spreads into the lower limbs and is perceived in

regions innervated by nerves other than those innervating the
IVD. It does not involve stimulation of nerve roots, but rather is
produced by noxious stimulation of nerve endings within discs
[14] and is thought to be due to converging inputs onto second-
order spinal neurons. The existence of referred pain from the
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lumbar discs to the hind paw is consistent with overlapping inner-
vation of the hind paw (primarily L3–L6 DRG) and the dorsal aspect
of the L5 disc (L4–L5) [77].

4.1.3. Is radiating LBP in SPARC-null mice secondary hyperalgesia?
Converging neurons of the spinal cord can also become sensi-

tized, resulting in an exaggerated response to subsequent periph-
erally applied stimuli [48]. Central sensitization can be elicited
by ongoing pain [84] or muscle fatigue [73], the latter of which
typically develops in the gluteal and quadriceps muscles of LBP pa-
tients [18,29]. It is therefore possible that the cutaneous hypersen-
sitivity observed in the hind paw of SPARC-null mouse is the result
of central sensitization and subsequent secondary hyperalgesia
independent of peripheral nerve damage.

4.2. Axial LBP in ageing SPARC-null and WT mice

In humans, components of axial LBP include spontaneous and
movement-evoked discomfort, reduced flexibility and cutaneous
hypersensitivity in the low back region. The results from the grip
force and tail suspension assays suggest that SPARC-null mice
experience significant stretch-induced discomfort suggestive of ax-
ial LBP, the latter of which was sensitive to systemic morphine
treatment. The mechanisms underlying DD-induced axial LBP re-
main controversial and might include multiple pathological
pathways.

4.2.1. Is pathological disc innervation a source of axial LBP?
Under normal conditions, sensory and sympathetic innervation

is limited to the outer layers of the AF and to the posterior and
anterior ligaments that surround the disc. However, the depth
and density of nerve fibers are increased in degenerating lumbar
IVDs obtained from chronic LBP patients [24,30,45] or from animal
models [8,9]. Moreover, increased levels of nerve growth factor
(NGF) within the degenerative disc [31] are associated with in-
creased disc innervation, suggesting that pathological innervation
of degenerating IVDs contributes to discogenic pain [32].

4.2.2. Is spinal instability a source of axial LBP?
In addition to the IVDs themselves, DD influences other spinal

structures, and injury or instability in any of these segments can
result in pathological changes in adjacent tissues [38,65,66]. For
example, DD may cause increased strain on ligaments, facet joints
and muscles due to reduced spinal stability and redistribution of
load. These structures, which are themselves associated with
chronic LBP, may then contribute to DD-related LBP (for reviews,
see [3,14].

4.2.3. Is primary afferent sensitization a source of axial LBP?
In normal conditions, sensory nerve fibers are found in the out-

er AF [54]. During DD, levels of the algesic chemicals NGF, TNF and
IL-1b are elevated in the NP and can leak into the AF [1] where they
could sensitize primary afferents, resulting in hyperalgesia and/or
allodynia [10].

4.3. Physical function in ageing SPARC-null and WT mice

In people with LBP, increased movement-evoked fatigue, de-
creased physical activity, and reduced flexibility are commonly ob-
served [61], and are often used as outcome measures in clinical
studies. In human, some of these symptoms can result in physical
disability. In SPARC-null mice, decreases in physical function
developed with age and mirrored the severity of IVD degeneration
from disc thinning to herniation.

Reduced physical activity after both axial strain and repeated
lateral flexion are fully developed in SPARC-null mice by
approximately 6 months of age, when reduced disc height and
histologic signs of moderate DD (loss of compartmentalization be-
tween NP and AF) are also observed. These reductions in voluntary
activity could be due to pain, muscle weakness, and/or fatigue.
Although further studies are needed to distinguish between these
possibilities, the phenotype is consistent with that observed in
humans.

Motor impairment in the rotarod assay was observed in SPARC-
null mice and corresponded temporally with the emergence of
severe DD (disc bulging, herniation, and spinal cord compression).
The reduced performance in this assay may therefore be due to
compression of the spinal cord, nerve roots or DRG after herniation.
Interestingly, the already established behavioural signs of axial and
radiating LBP do not increase during this time period, further sup-
porting the hypothesis that those changes are not attributable to
disc herniation.

Physical function has been assessed in other rodent models of
LBP including IVD injury [62], paraspinal muscle inflammation
[56], neuropathy induced by exposure to NP [71], and transgenic
animals [5]. In those studies, assessment was largely based on
either rotarod assay or gait analysis. To our knowledge, the present
study is the first to assess physical function based on axial discom-
fort in rodents. Incorporating more measures of physical function
into preclinical studies, such as in the current study, will increase
the clinical relevance of these models.

4.4. Advantages and limitations of the SPARC-null mouse model of LBP

The SPARC-null mouse model of LPB due to DD results from a
slow, age-dependent degenerative process which progresses over
the entire life of the animal. It might therefore be a more accurate
representation of the natural course of the disease in humans than
previously described inducible models of discogenic [53,63] or
radiating pain [6,12,25,28,46], all of which involve selective, in-
tense, physical injury of discs and/or nerves. These models are ex-
tremely useful in the study of specific aspects of LBP. For example,
although IVD injury models support the study of disc innervation
[7,8], repair [2], and biomechanics [11], models involving DRG
compression [70] or nerve exposure to NP [39,42,43,52] study
radicular pain mechanisms. Although the interpretation of results
from the SPARC-null model may be more challenging, this model
offers the advantage of mimicking the complexity of the human
pathology.

The SPARC protein is involved in many physiological functions,
and additional explanations for the observed phenotype must be
considered. For example, 1-month-old SPARC-null mice have de-
creased collagen fibril diameter and reduced tensile strength in
the skin [16,68] that could affect sensitivity to cutaneous stimuli.
Although the modality and region specificity of the phenotype sug-
gests this is unlikely, the current lack of an inducible, tissue-spe-
cific genetic model is a significant limitation.

There is a common assumption that loading of the lumbar spine
in humans in greater than in quadrupeds. However, quadruped
spinal columns are under constant compressive anterior–posterior
forces from the paraspinal muscles and ligaments that result in
intradiscal pressures similar to those observed in humans [4]. Nev-
ertheless, it is unreasonable to expect the consequences of DD to be
identical in both species, and results should be interpreted
accordingly.

4.5. Conclusion

The exact relationship between DD and LBP is not clear, and the
underlying mechanisms of LBP are poorly understood. The current
study supports the hypothesis that DD is a risk factor for chronic
LBP and describes a clinically relevant model of DD-induced



1178 M. Millecamps et al. / PAIN
�

153 (2012) 1167–1179
chronic LBP. Ageing SPARC-null mice mirror many aspects of the
complex and challenging nature of LBP in humans and incorporate
both anatomic and functional components of the disease.
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