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Abstract
Objective—Mice with Col9a1 gene inactivation (Col9a1-/-) prematurely develop osteoarthritis
and intervertebral disc degeneration. In this study, we investigate Col9a1-/- mice for functional and
symptomatic changes that may associate with these pathologies.

Methods—Col9a1-/- and wildtype mice were investigated for reflexes, functional impairments,
(beam walking, pole climbing, wire-hang, grip-strength), sensorimotor skills (rotarod), mechanical
sensitivity (von Frey hair) and thermal sensitivity (hot plate/tail flick). Gait was also analyzed to
determine velocity, stride frequency, symmetry, percentage stance times, stride lengths, and step
widths. Post-mortem, serum was analyzed for hyaluronan, and knees and spines were graded
histologically for degeneration.

Results—Col9a1-/- mice had compensatory gait changes, increased mechanical sensitivity, and
impaired physical ability. Col9a1-/- mice ambulated with gaits characterized by increased
percentage stance times and shorter stride lengths. These mice also had heightened mechanical
sensitivity and were deficient in contact righting, wire-hang, rotarod, and pole climbing. Male-
Col9a1-/- mice had the highest mean serum hyaluronan levels and strong histological evidence of
cartilage erosion. Intervertebral disc degeneration was also detected, with Col9a1-/- mice having
increased incidence of disc tears.

Conclusions—These data describe a Col9a1-/- behavioral phenotype characterized by altered
gait, increased mechanical sensitivity, and impaired function. These gait and functional differences
suggest Col9a1-/- mice select locomotive behaviors that limit joint loads. The nature and
magnitude of behavioral changes were largest in males, which also had the greatest evidence of
knee degeneration. These findings suggest that Col9a1-/- mice present behavioral changes
consistent with anatomic signs of osteoarthritis and intervertebral disc degeneration.
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Introduction
Osteoarthritis (OA) and degenerative disc disease (DDD) are common musculoskeletal
disorders, and as chronic conditions, both have large economic costs (1). Clinically, OA and
DDD associate with joint pain, loss of function, and decreased quality of patient life.
Genetic predisposition to musculoskeletal diseases has been suggested as a determinant of
individual risk (2,3), and extracellular matrix mutations have been linked with premature
onset of OA and DDD (4-10). Type IX collagen is a heterotrimeric collagen that associates
with type II collagen fibrils and contains domains suited to promote extracellular matrix
cohesion (11). Type IX collagen mutations are hypothesized to weaken cartilaginous tissues
(8). Mice with inactivation of the Col9a1 gene, hereto referred to as Col9a1-/- mice, do not
form functional type IX collagen molecules (12) and develop spontaneous, premature
cartilage degeneration (as early as 3 months) in the intervertebral disc (IVD), knee, and
temporomandibular joint that worsens with age (up to 12 months) (12-14). It is not known,
however, if type IX collagen deletion associates with functional or symptomatic changes
characteristic of OA or DDD.

The objective of this study was to evaluate Col9a1-/- mice for functional and symptomatic
measures, towards the goal of determining a Col9a1-/- mouse behavioral phenotype
indicative of OA or DDD. Mice of advanced age (9-11 months) were studied to represent an
age of histological evidence of OA and DDD (12-14). Functional tests were selected to
measure physical capabilities that could be impaired due to OA or DDD. Tests include
reflexes, posture, strength, coordination, balance, sensorimotor skills, and gait. Symptomatic
pain was assessed through mechanical and thermal withdrawal thresholds. Histological
evidence of knee cartilage and IVD degeneration was evaluated as well as serum hyaluronan
(HA), an OA-related biomarker (15). Finally, functional and symptomatic measures were
compared to the prevalence and severity of OA and DDD. Data show that Col9a1-/- mice
have significant functional deficiencies and increased mechanical sensitivity. The pattern of
behavioral changes suggest a relationship to OA- and DDD-like degeneration observed in
mutant mice, such that the Col9a1-/- mouse model may provide the potential to study
interventions and their effects on the behavioral features of OA and DDD.

Materials and Methods
Wildtype (WT) and Col9a1-/- mice (C57BL/6) were obtained from a colony bred at Harvard
Medical School (Dr. BR Olsen), originally developed by Fassler and coworkers (12). Mice
were genotyped, bred, and housed at Duke University as described previously (13). At 9
months of age, male- and female-Col9a1-/- and WT mice were transferred to the Mouse
Behavioral and Neuroendocrine Analysis Core Facility (n=5 per sex-genotype). Mice were
evaluated for coordination, gait, and sensitivity through the following tests: 1) reflexes,
posture, and righting; 2) balance beam; 3) wire-hang; 4) grip-strength; 5) gait; 6)
accelerating rotarod; 7) constant-speed rotarod; 8) mechanical sensitivity; and 9) thermal
sensitivity. Test order is dictated by numbers and were separated by a minimum of 1 day.

Neuromuscular Screen
Animals were weighed and screened for reflexive behaviors by bringing a cotton swab into
contact with the whiskers, eye lashes, and pinna; twitch or withdrawal indicated normal
reflexes (16). Postural ability was determined by insuring a mouse could maintain posture
when an observation cage was displaced horizontally or vertically. Righting was assessed in
a contact righting tube; a mouse was placed on its back and its ability to regain footing was
scored as normal, delayed (1-5 sec), or impaired (>5 sec). Hind- and fore-limb grip-strengths
were determined on an automated meter (maximum force applied as the mouse is removed,
3 trials; Stoelting, Wood Dale, IL). Coordination and balance were assessed by recording
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wire-hang duration on a 3-mm diameter wire and time to climb up, down, or across a fabric-
lined pole (2 cm diameter, 43 cm long). Sensorimotor skills were studied on an accelerating
and constant-speed rotarod (4-40 rpm/5 min, 16 rpm/5 min - successive days; Stoelting).
Rotarod latencies were time to fall or passive rotation (4 trials per protocol, 5 min maximum
test length; Stoelting).

Gait
Subjects were placed in a custom-built acrylic gait arena with transparent floor and sides
(27″ × 3.5″, camera set to record 15″). Underneath the arena, a mirror oriented at 45°
allowed for recording in the sagittal and ventral planes. Multiple unprompted and prompted
trials were recorded for each animal. In unprompted trials, a mouse explored the arena with
no external stimulus (20-30 minutes). In prompted trials, movements were induced by
brushing the animal's hind quarters with a cotton swab (5-10 minutes). All trials were
recorded at 200 frames per second (1.5-4.0 secs of recorded data, Phantom V4.2; Vision
Research, Wayne, NJ). Video frame (time) and spatial position of the nose, tail, foot-strike
and toe-off events were determined by tracking nose, tail, and foot positions in
DLTdataviewer2 (17). Since steady-state gait was required for determination of gait
parameters, 16 trials with velocity fluctuations greater than 10% about the mean were
excluded from statistical models. In total, 60 trials were analyzed for unprompted gait (14
male-WT, 13 male-Col9a1-/-, 15 female-WT and 18 female-Col9a1-/- trials measured from 5
mice in each sex-genotype), and 39 trials were analyzed for prompted gait (11 male-WT, 9
male-Col9a1-/-, 9 female-WT and 10 female-Col9a1-/- trials measured from 5 mice in each
sex-genotype). The quantified gait parameters were velocity, percentage stance time
(percentage of stride time a limb is in ground contact), stride length, step width (distance
between left and right foot in the hind- or fore-limb pair orthogonal to the animal's midline),
stride frequency, and symmetry (time between left and right foot-strikes for the hind- or
fore-limb pair divided by the time between two left foot-strikes in the same limb pair).

Mechanical Sensitivity
Mice were acclimated to a wire-bottom cage and the von Frey hair testing procedure over 3
days. Using a protocol detailed by Fuchs and coworkers (18), withdrawal frequencies to a
series of von Frey hairs (2.83, 3.22, 3.61, 3.84, 4.08, 4.17, 4.31, 4.56; Stoelting) were
recorded over 8 trials (4 per hind-paw, applications separated by 1 minute for each subject).
Hairs were applied in ascending order with application occurring normal to the hind paw's
plantar surface (1-2 secs). Two graders detected the presence a positive response (paw flick,
lick or vocalization). Positive response frequencies were then plotted against each hair's
bending force and fit to a sigmoid function to determine the force at 50% likelihood of
postitive response (50% withdrawal threshold).

Thermal Sensitivity
A mouse was placed on a hot plate (52 ± 1°C; Columbus Instruments, Columbus, OH); paw
withdrawal latency was recorded. The mouse was then gently restrained in a towel, and heat
was applied to the tail base via a radiant light source (Columbus Instruments); tail
withdrawal latency was recorded. This sequence, hot-plate followed by tail-flick, was
repeated at 0, 15, 30, 60, 90, 120, and 240 minutes. Heat exposure in each trial did not
exceed 30 sec.

Serum HA Concentrations
Prior work has described serum HA concentration changes in human OA subjects (15,19)
and a mouse joint pathology model (20). To investigate serum HA changes in a model of
spontaneous cartilage wear, sera were obtained from WT and Col9a1-/- blood collected via
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retro-orbital bleed after euthanasia. Serum HA was quantified using a commercially
available ELISA (#029-001; Corgenix Inc., Westminster, CO). Briefly, HA reference and
mouse serum, diluted 1:100, were incubated in microwells coated with HA binding protein.
Serum HA concentrations were determined against a standard curve prepared from reference
solutions via colorimetric absorbance readings. The intra- and inter-assay coefficients of
variation were 4.2% and 6.3%, respectively.

Histology
Following euthanasia, mouse tissue was stored at -80°C for 2 months. Samples were thawed,
and spines and both knees were dissected, fixed in 10% neutral buffered formalin for 48
hours, decalcified in formic acid, and embedded in paraffin using routine methods (13).

To evaluate Col9a1-/- spine degeneration as previously described (13), a histological
processing and grading scheme was employed (13,21). Spines (n=20) were sectioned in the
sagittal plane (∼7 μm thick) with representative sections selected every 140 μm (6 per
spine). Alternate sections were stained with hematoxylin-eosin or Safranin O-fast green.
Images were acquired for two lumbar discs of each stained section; these were randomized,
and two blinded graders evaluated endplate and IVD regions using a scheme described by
Boos and coworkers (21). IVD degeneration was scored for tears/cleft formations (ordinal
rank range: 0-4), chondrocyte proliferation (0-6), mucous degeneration (0-4), cell death
(0-4), and granular changes (0-4). Vertebral endplate changes were scored for cracks/tears
(ordinal rank range: 0-4), cell proliferation (0-4), cartilage disorganization (0-4),
microfracture (0-2), new bone formation (0-2), and bony sclerosis (0-2). Lower rank
indicates less evidence of degeneration; descriptions of the severity observed at each rank
are described by Boyd and coworkers (13). Scores in each category were compared for inter-
observer reliability; when percentage agreement was below 70%, consensus was reached
between the blinded graders (13). Thereby, category grades were established by averaging
(>70% agreement) or taking consensus (<70% agreement) for each graded image.

To evaluate Col9a1-/- knee degeneration as previously described (14), a knee histological
processing and grading scheme was employed (14,22,23). Knees (n=40, 2 per animal) were
sectioned in the sagittal plane (∼8 μm). Sections from the medial and lateral cartilage load
bearing regions were stained with Safranin O-fast green. A single section representing the
most severe evidence of lesion formation was selected for each compartment. These images
were randomized, and two blinded graders evaluated the tibial and femoral cartilage using a
modified Mankin scheme (22,24). Degeneration was scored in cartilage structure (ordinal
rank range: 0-11), tidemark duplication (0-3), loss of Safranin O staining (0-8),
fibrocartilage formation (0-2), chondrocyte cloning above the tidemark (0-2), presence of
hypertrophic chondrocytes below the tidemark (0-2), and subchondral bone thickness (0-2).
Lower rank indicates less evidence of degeneration; descriptions of the severity observed at
each rank are described by Furman and coworkers (22). Scores for each image were
averaged between graders to obtain a separate grade for the tibial and femoral cartilage in
each joint's medial or lateral compartment.

Statistics
Continuous data were analyzed with full-factorial, two-factor analysis of variance
(ANOVA) treating genotype and sex as factors, with the following exceptions: percentage
stance time, stride frequency, stride length, rotarod latencies, and HA data. Percentage
stance time, stride frequency, and stride length co-vary with velocity; these data were
analyzed for deviations from expected values using a full-factorial generalized linear model
(GLM) that incorporated a linear dependence on velocity. Similarly, rotarod data are
dependent upon learning; these data were analyzed with a GLM that incorporated a linear
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dependence on trial number. HA data were not normally distributed; a log transformation
was performed, with normality of the transformed data verified by a Kolmogorov-Smirnov
test, prior to performing a full-factorial, two-factor ANOVA. Providing significance in an
ANOVA or GLM, post-hoc Tukey's HSD tests were performed to detect inter-group
differences. Ordinal data sets (contact righting and histological scores) were analyzed via
full-factorial ordinal logistic regression, treating genotype and sex as factors, with post-hoc
Kruskal-Wallis median test to detect inter-group differences for sex-genotype when
appropriate.

Results
While males were larger than females, no significant difference in weight was observed in
genotype (Table 1). With the exception of righting, Col9a1-/- reflexes were normal as mutant
mice responded to light touch and maintained posture (data not shown). Righting delays
were observed in Col9a1-/- mice (p<0.001), with delays observed in females and
impairments observed in males. Col9a1-/- mice also had increased pole climbing up latency
(p<0.001); latencies for climbing down or across were not significant. Col9a1-/- mice had
decreased wire-hang latencies (p<0.001) and appeared to have poor coordination in gripping
the wire with both the hind- and fore-limbs simultaneously. Finally, Col9a1-/- mice grasped
the automated grip-strength meter with more force than WTs with both their fore- and hind-
limbs (p<0.05).

Col9a1-/- mice had heightened sensitivity to mechanical stimuli, as demonstrated by a
decreased 50% withdrawal threshold (p<0.05, Table 1). In particular, the threshold for male-
Col9a1-/- mice was half that of male-WTs. No genotype differences were discerned in
thermal sensitivity.

In sensorimotor assessments, Col9a1-/- mice under-performed WTs (Figure 1). Deficiencies
were particularly notable in males, where rotarod latencies were shortened for male-
Col9a1-/- mice relative to male-WTs in both the accelerating and constant-speed paradigms
(p-values<0.01). Female-Col9a1-/- mice fell from the accelerating rotarod sooner than
female-WTs (p<0.05), but not for constant-speed trials.

In unprompted gait, Col9a1-/- mice locomoted at slower velocities than sex-matched WTs
(p<0.001; Figure 2). Moreover, at a given velocity, Col9a1-/- mice used higher hind-limb
percentage stance times (p<0.001). Col9a1-/- mice also differed in foot placement, using
shorter stride lengths (p<0.001), wider hind-limb step widths (p<0.001), and narrower fore-
limb step widths (p<0.01); these Col9a1-/--WT differences were largest in male mice. Due to
velocity dependence, hind-limb percentage stance time and stride length are presented as
deviations from expected values in Figure 2. Hind-limb percentage stance times ranged from
52-73% for WTs and 56-84% for Col9a1-/- mice, and stride lengths ranged from 4.4-8.0 cm
for WTs and 3.8-7.2 cm for Col9a1-/- mice.

In prompted gait, velocity increased in all mice, and genotype differences were less apparent
than those observed in unprompted trials (compare Figure 2 and 3). Significant differences
were not observed in velocity (Figure 3); however, Col9a1-/- mice used higher hind-limb
percentage stance times at a given velocity (p<0.05). Hind-limb percentage stance times
decreased due to increased velocity, ranging from 39-64% for WTs and 42-71% for
Col9a1-/- mice. Stride lengths increased due to increased velocity, ranging from 5.5-8.6 cm
for WT and 5.8-8.6 cm for Col9a1-/- mice (non-significant). Male-Col9a1-/- mice also
differed in fore-limb foot placement, using narrower fore-limb step widths (p<0.001).
Genotype differences in stride frequency and fore-limb percentage stance times were not
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observed for unprompted or prompted trials; moreover, gaits were largely symmetric [data
not shown].

Serum HA differences were not observed (p=0.11). However, serum HA concentrations
were greatest in male-Col9a1-/- mice (888±378 ng/mL, mean±SD), followed by male-WTs
(510±105 ng/mL), female-WTs (665±426 ng/mL), and female-Col9a1-/- mice (605±130 ng/
mL).

Col9a1-/- mice had more signs of IVD tears relative to WTs (p<0.001, Supplemental Table
1). Col9a1-/- discs graded as “not present (score=0, 8%),” “rare (score=1, 57%),” “moderate
(score=2, 33%),” or “abundant (score=3, 2%)” for evidence of IVD tears, while WT discs
graded as “not present (score=0, 33%),” “rare (score=1, 60%),” or “moderate (score=2,
7%).” In addition, female-Col9a1-/- mice had higher scores in IVD cell proliferation relative
to female-WTs (p<0.05). Female-Col9a1-/- discs scored as “no evidence (score=0, 33%),”
“increased cell density (score=1, 47%),” “connection of two cells (score=2, 13%),” or
“small-sized clones (score=3, 7%),” while female-WT discs were “no evidence (score=0,
73%)” or “increased cell density (score=1, 27%)”. While significant, cell proliferation
scores were relatively low on the grading scale (maximum score=6) (13, 21). Significant
differences were not observed in the other categories. IVD histology is consistent with an in-
depth report of spine degeneration in Col9a1-/- mice (13).

Knee scores indicate structural changes occurring through the cartilage depth (Figure 4); this
observation was associated with a significant difference in medial compartment structure
score between male-Col9a1-/- mice and all other groups (p<0.01, Table 2). The male-
Col9a1-/- median cartilage structure score for medial-femoral and medial-tibial cartilage was
“fibrillation or erosion extending through the tidemark (score=10)”. No other group's
median cartilage structure score in the medial compartment rose above “superficial
fibrillation, under half of surface (score=2).” Structural changes were less in the lateral
compartment, but differences were significant between both male- and female-Col9a1-/-

mice and their respective WTs (p<0.05). Col9a1-/- mice had a wide range of structural scores
for lateral compartment cartilage, with median scores tending to be larger in femoral
cartilage. Trends toward chondrocyte cloning in the non-calcified cartilage and increased
incidence of hypertrophic chondrocytes below the tidemark existed (0.05<p≤0.10), but near-
significance may be attributed to cartilage erosion (Supplemental Table 2). Knee histology is
consistent with an in-depth report of knee degeneration in Col9a1-/- mice (14).

Discussion
Our goal was to evaluate Col9a1-/- mice for an array of functional and symptomatic
measures that may be characteristic of OA and DDD. This study's data clearly identify
behavioral characteristics of pain and functional loss in Col9a1-/- mice. Col9a1-/- mice have
delayed righting, decreased sensorimotor skills, and altered gait. These effects occur in
concert with increased mechanical, but not necessarily thermal, sensitivity. Moreover,
cartilage degeneration was observed for Col9a1-/- mice, as mutant mice had elevated levels
of knee and IVD structural changes. Some or all of these functional and symptomatic
differences may be due to OA- and DDD-like pathologies in these same animals.

Severe cartilage degeneration is known to occur in Col9a1-/- mice at 9-11 months. We
selected this age because we anticipated behaviors associating with OA and DDD would be
large at this age. It is not yet known how behavioral changes correlate to developing
pathology; however, this study provides a basis from which these parameters can be selected
for longitudinal studies.
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Quantification of gait in Col9a1-/- mice is reported here for the first time. Col9a1-/- mice
presented with gaits characteristic of compensatory changes to reduce peak joint forces.
Col9a1-/- mice selected slower velocities in unprompted trials; and at these speeds, Col9a1-/-

mice used higher hind-limb percentage stance times, shorter stride lengths, and different step
widths. Since stride frequencies were similar between Col9a1-/- and WT mice, the higher
hind-limb percentage stance times observed were due to increased stance times. Bilateral
increases in hind-limb stance time reduce the periods where a single hind-limb must support
weight alone and represent both a relative and absolute increase in the time available to
generate force. While force was not directly measured in this study, higher bilateral hind-
limb percentage stance times do tend to correspond with lower peak ground reaction forces
for symmetric gaits (25,26). Similarly, slower velocities and shorter stride lengths
correspond with decreased peak forces (27-29). While the mechanics of quadruped and
biped gaits differ substantially, percentage stance time increases, slower velocities, shorter
stride lengths, and increased step widths have also been observed in human OA subjects
(30-32). Combined, these data indicate that gait can measure the functional consequences of
OA in both quadruped animal models and in the clinic.

Some of the observed Col9a1-/--WT gait differences were attenuated upon prompting
locomotion. As expected, velocities in prompted trials were higher than unprompted trials,
but differences in velocity and other gait abnormalities between Col9a1-/- mice and WTs
were either lost or reduced in magnitude. These data indicate that, when stressed, Col9a1-/-

mice can achieve velocities and gaits more comparable to WTs; however, when voluntarily
exploring, the Col9a1-/- gaits show substantial differences from WTs. As such, our gait data
likely describe locomotion compensation, not functional inability.

Altered neuromuscular skills were also observed for Col9a1-/- mice. The pattern of changes
in sex-genotype are similar in neuromuscular tests to that of gait. Male-Col9a1-/- mice
presented with the greatest impairments in contact righting, quickest latencies in
accelerating and constant-speed rotarod tests, largest wire-hang differences, and increased
latencies in climbing up a pole. Some similar effects were observed for female-Col9a1-/-

mice compared to female-WTs, although the significance and magnitude were less than that
of males. Since pole climbing, wire-hang, and rotarod tests are strenuous tasks with a
likelihood of generating large joint loads, these tasks may amplify the effects of joint-
loading induced pain in Col9a1-/- mice.

Wire-hang times, but not grip-strength forces, were higher for Col9a1-/- mice. Combined,
these data do not necessarily indicate a Col9a1-/- strength deficiency. Experimental
observations from the wire-hang tests noted Col9a1-/- mice had difficulty coordinating the
hind- and fore-limb pairs simultaneously -- a coordination behavior that was not required in
the grip-strength test. This coordination deficiency is likely a contributor to the apparent
conflict in strength data; however, muscle atrophy resultant from decreased activity and
contributions of hand, elbow, foot, and ankle degeneration can not be definitely ruled out in
this study.

Mechanical allodynia has been observed in models of knee pathology (33-36), facet joint
pathology (37), and radiculopathy and nerve root constriction (38,39). These studies
(conducted in the rat) induce disease characteristics through chemical or surgical insults.
Thus, pathology occurs acutely with post-procedural inflammation, but offers the advantage
of pre-disorder and contralateral comparisons. For Col9a1-/- mice, changes occur
spontaneously and progress over months, and thus, pre-disorder controls are biased by age.
WTs do offer a sham-like control, but it remains challenging to discern whether heightened
mechanical sensitivity for the Col9a1-/- mice, or even gait and neuromuscular deficits, are
driven by knee degeneration, spine degeneration, synergistic combinations from multiple
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pathologies, or the type IX collagen knockout itself. Nonetheless, Col9a1-/- mice did present
with significant signs of mechanical allodynia, which have been similarly described in other
knee and spine pathology models.

While heightened mechanical sensitivity was observed, changes in thermal sensitivity were
not. Currently, it is not known how joint nociceptors are affected by degenerative changes
that occur in the Col9a1-/- model. Aδ fibers, which conduct sharp pain information, may be
sensitized by local changes in pressure and mechanics associated with joint degeneration.
Conversely, C fibers may be relatively unaffected due to the lack of a chemical insult and
inflammatory response in this non-inflammatory model. Continued investigations are
necessary to explore these relationships.

As with many genetic models of human pathology, the effects of gene inactivation are not
confined to a single anatomical area; as such, the behavioral phenotype observed may result
from ubiquitous cartilage degeneration or from other effects of a type IX collagen deficiency
(40,41). In this manner, the broad profile of joint pathology observed in this model differs
from that observed in the human, in which a single anatomical site or IVD level may exhibit
pathology. As multiple factors are known or purported contributors to OA - including
loading history, genetics, inflammatory factors, or obesity - the recognized utility of the
Col9a1-/- mouse model is in the study of genetic background as a contributor to arthritis
amongst other joint pathologies. It should be recognized, however, that defects in type IX
collagen have been widely linked to the premature onset of IVD pathology (2), although not
OA, such that this mouse gene mutation model may be of particular relevance to human
disease.

Of the other known effects of type IX collagen deletion, inner ear malformations in the
Organ of the Corti (40,41) may affect some of the parameters measured. If the inner ear is
affected by the genetic alteration, animal balance may also be affected with unknown
contributions to the observed functional deficiencies, particularly decreased sensorimotor
skills and altered gait. In protocol development for these same animals, startle was observed
in all Col9a1-/- and WT mice to a 100 dB pulse (data not shown). While this test insures that
subjects were not deaf, it does not verify normal inner ear structure or that balance and
coordination were unaffected by an inner ear malformation. These possibilities further
underscore the challenge of separating behavioral effects in ubiquitous knockout models
where several pathologies may occur.

Like behavioral assessments, serum HA data are advantageous in that they may be tracked
longitudinally in the same research animal. However, serum HA was not statistically
significant in this model, despite trends in the predicted direction. Thus, while serum HA
provided additional information, behavioral parameters were more likely to detect
differences in Col9a1-/- mice.

We observed consistent and large sex-associated differences in knee degeneration. The
reasons for the greater OA severity in male-Col9a1-/- are unknown, but prior work has
detailed cartilage degeneration occurs at a higher incidence in male mice relative to females
in both spontaneous and induced models (42-47). These sex-associated differences in mice
are in contrast to that of human epidemiology and other OA animal models (46). Carlsen
and coworkers (48) found male-Col9a1-/- mice crossed against a DBA/1 background had
more severe “stress induced arthritis” than DBA/1-WTs; “stress induced arthritis” is not
observed in DBA/1 females, castrated males, or males housed individually (49). It should be
noted, however, that pathologic changes described in Carlsen and coworkers (48) are
evidence of joint swelling, and the DBA/1 model varies substantially from the histological
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changes associated with a non-inflammatory joint pathology described herein and in prior
publications (12,14).

The results of this study present new evidence for a detectable behavioral phenotype in
Col9a1-/- mice which includes functional impairment and increased mechanical sensitivity.
Many of these detected differences are coincident with cartilage degeneration; in the current
study, deficiencies in rotarod, pole climbing, and gait parameters were largest in male-
Col9a1-/- mice, which also had the highest degree of knee OA and serum HA. In females,
where histological and serum HA differences between WT and Col9a1-/- mice were lower in
magnitude, lesser differences in gait and other functional parameters were observed. The
detected differences appear to point toward protective behaviors in Col9a1-/- mice,
suggesting that Col9a1-/- mice choose locomotion patterns that limit peak joint forces and
behaviors that reduce induced pain sensation. In future work, these measures may help track
signs and symptoms as degeneration progresses and serve useful for evaluating the efficacy
of therapeutic interventions for musculoskeletal disorders.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Col9a1-/- mice have deficient sensorimotor skills (rotarod)
In rotarod tests, Col9a1-/- mice under-performed wildtype (WT) controls. In accelerating
trials, Col9a1-/- mice fell from the rotarod sooner than their sex-matched WT controls (male-
Col9a1-/- vs. male-WT: p<0.001; female-Col9a1-/- vs. female-WT: p<0.03). Although
latencies to fall from the accelerating rotarod for female-Col9a1-/- mice were lower than for
female-WTs, differences in constant-speed trials were only significant in males (male-
Col9a1-/- vs. male-WT: p<0.01). Data are presented as mean plus standard deviation (n=5
for each sex-genotype); the female-WT constant-speed trial 4 does not have a standard
deviation as all female-WTs remained on the rod for the 5 min limit.
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Figure 2. Col9a1-/- mice use an altered gait during unprompted trials
In gait trials where mice were freely exploring an open arena (unprompted trial), Col9a1-/-

mice had statistically significant differences in velocity, hind-limb percentage stance time,
stride length, and step widths. Both male and female-Col9a1-/- mice locomoted at slower
speeds (* p<0.001) and used higher hind-limb percentage stance times (* p<0.001) than WT
controls. Col9a1-/- mice also had differences in stride geometries, using shorter stride
lengths (* p<0.001), wider hind-limb step widths (* p<0.001), and narrower fore-limb step
widths (# p<0.01). Data are presented as quartile box blots of 14 male-WT, 13 male-
Col9a1-/-, 15 female-WT, and 18 female-Col9a1-/- trials measured from 5 mice in each sex-
genotype.
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Figure 3. Gait differences for Col9a1-/- mice exist in prompted trials, but are less extensive than
in unprompted trials
In prompted gait trials, mice were startled into movement by brushing their hind quarters
with a swab. When prompting this movement, most gait differences between Col9a1-/- mice
and wildtype (WT) controls diminished relative to those observed in unprompted trials (See
Figure 2). For velocity, male-Col9a1-/- mice tended to locomote at slower velocities than
male-WTs; however, these differences were not statistically significant. Col9a1-/- mice did
use higher hind-limb percentage stance times (* p<0.02), and mutant males used narrower
fore-limb step widths than WT controls (# p<0.001). When comparing these data with the
unprompted results, differences in prompted trials were smaller in magnitude and less
significant. Data are presented as quartile box blots of 11 male-WT, 9 male-Col9a1-/-, 9
female-WT, and 10 female-Col9a1-/- trials measured from 5 mice in each sex-genotype.
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Figure 4. Representative Histology Images for the Knee Structural Scores Observed
Representative images for the range of structural changes observed for the knee are shown
for Safranin O-Fast Green stained sections. Levels of degeneration increase from left to
right. Higher levels of structural changes associated with degeneration were more common
in Col9a1-/- mice relative the WTs (See Table 2).
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