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a b s t r a c t

A significant portion of equine lameness is localized to the stifle joint. Effective cartilage repair strategies
are largely lacking, however, recent advances in surgical techniques, biomaterials, and cellular thera-
peutics have broadened the clinical strategies of cartilage repair. To date, no studies have been performed
directly comparing neonatal and adult articular cartilage from the stifle across multiple sites. An un-
derstanding of the differences in properties between the therapeutic target cartilage (i.e., adult cartilage)
as well as potential donor cartilage (i.e., neonatal cartilage) could aid in selection of optimal harvest sites
within a donor joint as well as evaluation of the success of the grafted cells or tissues within the host.
Given the dearth of characterization studies of the equine stifle joint, and in particular neonatal stifle
cartilage, the goal of this study was to measure properties of both potential source tissue and host tissue.
Articular cartilage of the distal femur and patella (P) was assessed in regards to two specific factors, age of
the animal and specific site within the joint. Two age groups were considered: neonatal (<1 week) and
adult (4e14 years). Cartilage samples were harvested from 17 sites across the distal femur and patella. It
was hypothesized that properties would vary significantly between neonatal and adult horses as well as
within age groups on a site-by-site basis. Adult thickness varied by site. With the exception of water
content, there were no significant biochemical differences among sites within regions of the distal femur
(condyles and trochlea) and the patella in either the adult or neonate. Neonatal cartilage had a signifi-
cantly higher water content than adult. Surprisingly, biochemical measurements of cellularity did not
differ significantly between neonatal and adult, however, adult cartilage had greater variance in cellu-
larity than neonatal. Overall, there were no significant differences between neonatal and adult glycos-
aminoglycan content. Collagen per wet weight was found to be significantly higher in adult cartilage than
neonatal when averaged across all levels. In terms of biomechanical properties, aggregate modulus
varied significantly across the condyles of adult cartilage but not the neonate. Neonatal cartilage was
significantly less permeable, and the Young’s modulus of neonatal cartilage was significantly higher than
the adult. The tensile strength did not vary in a statistically significant manner between age groups. An
understanding of morphological, histological, biochemical, and biomechanical properties enhances the
understanding of cartilage tissue physiology and structure-function relationships. This study revealed
important differences in biomechanical and biochemical properties among the 17 sites and among the
six joint regions, as well as age-related differences between neonatal and adult cartilage. These location
and age-related variations are informative toward determining the donor tissue harvest site.
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1. Introduction

The stifle joint is notable as the most complex joint in the body.
Damage or developmental abnormalities affecting any component
of this complex synovial joint can result in lameness and decreased
mobility. Lameness associated with the stifle joint has been re-
ported to comprise approximately 40% of hindlimb lameness cases
[1]. The articular cartilage lining the ends of the long bones and
articulating surface of the patella (P) plays a critical role in proper
joint function. In addition to developmental disorders, traumatic
injury to the articular cartilage of the stifle joint, underlying the
subchondral bone, or soft tissue structures within and surrounding
the joint, such as ligaments, menisci, or joint capsule, can also result
in osteoarthritis (OA) [2]. The reports of the incidence of OA ranges
from 3 to 32% of all stifle lameness that may be attributed to the
disease process, with the medial femorotibial joint compartment
being the most commonly affected in horses [3]. Effective cartilage
repair strategies are largely lacking in both human and veterinary
medicine, however, recent advances in surgical techniques, bio-
materials, and cellular therapeutics have greatly broadened the
clinical strategies of cartilage repair [4e8].

Advanced strategies for cartilage repair include grafting pro-
cedures such as the osteochondral allograft transplantation system
and mosaicplasty, cellular-based strategies such as autologous
chondrocyte implantation (ACI) and matrix-assisted ACI, as well as
particulated cartilageebased procedures such as the cartilage
autograft implantation system [8]. A handful of these strategies
utilize tissue from neonatal and juvenile tissue donor sources,
including RevaFlex DeNovo Arthrex Biocartilage, capitalizing on the
higher regenerative capacity of chondrocytes from younger donor
sources [9]. While a number of these strategies are used routinely
in human medicine, they are largely confined to the realm of
research in the context of equine medicine. An ideal articular
cartilage repair product would result in production of novel hyaline
cartilage tissue that recapitulated the zonal architecture and hya-
line composition of native articular cartilage and achieve lateral
integration into surrounding healthy cartilage and underlying
subchondral bone. It is therefore important to understand the
properties of native cartilage to establish design criteria for po-
tential therapeutics.

Properties of equine articular cartilage in health have been most
extensively characterized in the metacarpophalangeal joint
[10e19], however, limited studies have been conducted in other
joints such as the carpus [20e25], cervical facet [26], and stifle [27].
To date, no studies have been performed directly comparing
neonatal and adult articular cartilage from the stifle on a site-by-
site basis. An understanding of the differences between neonatal
and adult cartilage can inform theories of the postnatal maturation
process, especially when interpreted in conjunction with kine-
matic/loading force studies. Equine neonatal cartilage may also
serve as donor tissue, both as a cell source for tissue engineering
efforts as well as a matrix source for allograft procedures [28,29].
An understanding of the differences in properties between the
therapeutic target cartilage (i.e., adult cartilage) as well as potential
donor cartilage (i.e., neonatal cartilage) could aid in selection of
optimal harvest sites within a donor joint as well as evaluation of
the success of the grafted cells or tissues within the host.

While a handful of studies have reported properties of the stifle
cartilage in the adult equine, most of these studies have only
examined compressive and biochemical properties and have only
measured properties from a small number of locations across the
joint surface. Given the dearth of characterization studies of the
equine stifle joint, and in particular neonatal stifle cartilage, the
goal of this study was to measure properties of both potential
source tissue and host tissue. Articular cartilage of the distal femur
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and patella was assessed in regards to two specific factors, age of
the animal, and location within the joint. It was hypothesized that
properties would vary significantly between neonatal and adult
horses as well as within age groups by location.

2. Materials and Methods

2.1. Native Tissue Sample Preparation

Equine stifle joints were isolated from six skeletally mature
horses (4e14 years old, mean¼ 6.7 years old) and six neonatal foals
(<1 week old). All animals died or were euthanized for reasons
unrelated to stifle joint pathology. Stifle joints were harvested
within 48 hours of time of death. Animals were stored at 4�C during
this interim period of up to 48 hours. Stifle joints were isolated from
the animal and stored at �20�C with joint capsule kept intact until
time of tissue harvest and testing. Upon opening the stifle joint, a
macroscopic inspection of the cartilage was performed to check for
any gross abnormalities suggestive of pathology, including OA and
osteochondrosis (OC). Horses whose cartilage showed gross signs
of OA and OC were excluded from this study. Articular cartilage
samples were isolated from the patella and five different regions of
the distal femuredthe medial condyle (MC), the lateral condyle
(LC), the medial ridge of the trochlea (MR), the lateral ridge of the
trochlea (LR), and the trochlear groove (TG). Within each of these
regions, multiple sites were tested, three sites on MC, three sites on
LC, three sites on MR, three sites on LR, three sites on TG, and two
sites on P (Fig. 1). Sites were isolated using an 8 mm biopsy punch
from the approximate locations detailed in Fig. 1. For adult samples,
the cartilage was trimmed off the underlying subchondral bone
with a #10 scalpel blade. Neonatal samples were trimmed to
~2mm thickness (approximate junction between articular cartilage
and underlying epiphyseal growth plate cartilage) using a custom
jig and microtome blade. Each 8 mm punch was portioned for
histologic, biochemical, high-performance liquid chromatography,
and biomechanical (compressive and tensile) evaluations (Fig. 1).

2.2. Biomechanical Evaluation

Creep indentation testing was performed on 3 mm cylindrical
punches taken from the central portion of the larger 8 mm speci-
mens collected from each region. This 3 mm punch was then
photographed using a custom built photography station to ensure
consistent distances during photography, and digital measuring
tools (ImageJ) were used to determine the thickness at the center of
the sample where the indenter tip was applied during testing. The
sample was subsequently glued to the base of a cylindrical sample
holder and submerged in PBS (Sigma). A 0.9 mm diameter, flat,
porous indenter tip was applied to the samples under a 2e12 g load
to achieve ~10% strain. The tissue was allowed to reach creep
equilibrium while the deformation was recorded over time. Creep
deformation data were then used to determine the aggregate
modulus, shear modulus, and permeability of each sample using a
linear biphasic model [30].

For uniaxial tensile testing, specimens were trimmed into a dog-
bone shape with a gauge length of 1.3 mm, in adherence with ASTM
International standards (ASTMD3039). Orientationof collagenfibers
was determined by pricking the cartilage sample surface with a
needle dipped in India ink, which allowed for visualization of a split
line running parallel to collagen fiber orientation. Specimens were
trimmed such that the long axis of thedogbonewasorientedparallel
to collagen fiber alignment based on the India ink staining. The
samples were photographed to obtain the cross-sectional area of
each sample using ImageJ. Paper tabs were glued to the samples
outside the gauge length. These tabs were loaded into the grips of a



Fig. 1. Articular cartilage from 17 sites across six regions of the distal femur and patella was characterized morphologically, histologically, biochemically, and biomechanically. The
inset image at top left shows the distal femur with the star denoting the most axial portion of the joint surface. MC ¼ medial condyle, LC ¼ lateral condyle, LR ¼ lateral ridge of the
trochlea, MR ¼ medial ridge of the trochlea, TG ¼ trochlear groove, P ¼ patella. The inset image at bottom right shows how the 8 mm punch from each site was portioned for
compression testing (CT), tensile testing (TT), biochemistry (BC), histology (Hist.), and high-performance liquid chromatography (HPLC).
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TestResourcesmechanical tester (TestResources Inc) andpulled at 1%
of the gauge length per second until sample failure. Load measure-
ments were recorded over the duration of the test and used to
generate stress-stain curves. Young’s modulus was obtained by a
least-squaresfit of the linear region of the curve, and ultimate tensile
strength (UTS) was determined from the maximum stress at failure.
2.3. Biochemical Evaluation

Full-thickness samples were portioned from each 8 mm biopsy
punch for biochemical analysis including water, collagen, glycos-
aminoglycan (GAG), and DNA content. The samples were weighed
before and after lyophilization to obtain wet weight (WW) and dry
weight (DW), respectively. Water content of the tissues was
determined using the difference between WW and DW for each
sample. The lyophilized samples were digested in 125 mg/mL
papain (Sigma) in 50 mM phosphate buffer (pH ¼ 6.5) containing
2mMN-acetyl cysteine (Sigma) and 2mMEDTA (Sigma) at 60�C for
18 hours. Sulfated GAG content was measured using the Blyscan
dimethyl methylene blue assay kit (Accurate Chemical). Collagen
content was quantified by a perchloric acid-free, chloramine-
Temodified hydroxyproline assay [31] after hydrolysis with 2 N
NaOH for 20 minutes at 110�C, and using Sircol collagen (Accurate
Chemical) as a standard. The Quant-iT PicroGreen dsDNA assay kit
(Invitrogen) was used to measure the DNA content.
3

2.4. High-performance Liquid Chromatography

Full-thickness samples were portioned from each 8 mm biopsy
punch for high-performance liquid chromatography (HPLC) to
quantify pyridinoline cross-link content. For the HPLC assay, the
lyophilized samples were digested in 6N HCl at 100�C for 24 hours
and then dried in a vacuum concentrator. Digested samples were
resuspended in 500 mL of a solution containing 1.67 nmol pyrox-
idine/mL, 8.3% acetonitrile, and 0.41% heptafluorobutyric acid
(HFBA) in water and then injected into a 25 mm C18 column
(Shimadzu). Two solvents, (1) 24% methanol and 0.13% HFBA in
water and (2) 75% acetonitrile and 0.1% HFBA in water, were
sequentially flowed through the column for sample elution and
column washing, respectively [32].
2.5. Histologic and Immunohistochemical Evaluation

Full-thickness samples partitioned from the 8 mm punch for
histologic processing were fixed in 10% neutral buffered formalin,
embedded in paraffin, and sectioned into 4 mm sections to expose
the full thickness of the tissue. The sections were stained with
Hematoxylin and Eosin (H and E), Safranin O/Fast Green for sulfated
GAGs, and Picrosirius red for collagen. Immunohistochemistry
(IHC) was performed to visualize collagen type I and collagen type
2. After antigen retrieval with citric acid (pH 6) at 95�C for

mailto:Image of Fig. 1|tif
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20 minutes and at room temperature for an additional 20 minutes,
anticollagen I antibody (ab34710, Abcam) was applied at a 1:300
dilution. Antigen retrieval using 4 mg/mL hyaluronidase (Sigma) in
PBS for 30 minutes followed by 3 mg/mL pepsin (Sigma) in 0.5%
acetic acid for 30 minutes was used before application of anti-
collagen II antibody (ab34712, Abcam) at a 1:600 dilution.

2.6. Statistical Analysis

An O’Brien test for unequal variances was performed for all
quantitative measures. If variances were unequal, a Welch’s test
was performed. In the case of equal variances, the analysis was
performed by linear mixed model ANOVA treating animal as a
random effect followed by Tukey’s post hoc test. The statistical
model included site (1, 2, and 3), region (lateral condyle, medial
condyle, lateral trochlear ridge, medial trochlear ridge, trochlear
groove, and patella), age (adult vs. neonatal), and the interaction of
joint region and age as fixed effects. Data are presented as mean ±
standard deviation, and different letters denote significantly
different groups at P < .05.

3. Results

3.1. Gross Morphology

All animals used in this study had articular cartilage of the
femoropatellar joint that appeared healthy, with a smooth, glossy,
white appearance. Thickness was measured for all sites in both
neonatal and adult cartilage (Table 1). Neonatal cartilage thickness
was limited to the depth of the biopsy punch, and, thus, thickness
was only measured for the purpose of compressive testing and was
not analyzed for significant differences among sites or regions.

The thicknesses of adult cartilage varied significantly among
sites within a region (Fig. 2A) and among different regions (Fig. 2B).
The thickness of theMC1, MC2, andMC3 sites were 1.51 ± 0.35 mm,
1.80 ± 0.40 mm, and 2.14 ± 0.34 mm, respectively. MC3 was
significantly thicker than MC1 and MC2. The thicknesses of the LC1,
Table 1
Thickness, hydration, and cross-links per collagen of neonatal and adult articular cartilag

Location Adult Neonatal

Thickness (mm) Hydration (%)

Medial condyle (MC)
1 1.51 ± 0.35 80.33 ± 1.75
2 1.80 ± 0.40 80.20 ± 3.35
3 2.14 ± 0.34 77.57 ± 2.07

Lateral condyle (LC)
1 1.50 ± 0.51 77.33 ± 0.75
2 0.98 ± 0.21 80.00 ± 1.67
3 0.75 ± 0.08 81.00 ± 0.75

Trochlear groove (TG)
1 1.70 ± 0.23 79.83 ± 2.50
2 1.56 ± 0.30 81.50 ± 1.67
3 1.60 ± 0.36 81.83 ± 1.55

Medial ridge (MR)
1 1.35 ± 0.32 83.33 ± 2.42
2 1.15 ± 0.20 82.50 ± 3.35
3 1.41 ± 0.38 81.83 ± 2.07

Lateral ridge (LR)
1 1.95 ± 0.34 81.67 ± 1.52
2 1.78 ± 0.17 82.67 ± 1.75
3 2.09 ± 0.30 81.83 ± 1.63

Patella (P)
1 1.95 ± 0.28 80.50 ± 1.37
2 1.66 ± 0.35 82.33 ± 1.17

Data are presented asmean ± s.d. Thickness of neonatal cartilage is not presented as neon
for the purposes of mechanical testing.
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LC2, and LC3 sites were 1.50 ± 0.51 mm, 0.98 ± 0.21 mm, and 0.75 ±
0.08 mm, respectively. LC1 was significantly thicker than LC3 but
not LC2. Interestingly, the thickness increased when moving from
cranial to caudal on the medial condyle but decreased when
moving from cranial to caudal on the lateral condyle. The thick-
nesses of the TG1, TG2, and TG3 sites were 1.70 ± 0.23 mm, 1.56 ±
0.30 mm, and 1.60 ± 0.36 mm, respectively. The thicknesses of the
MR1, MR2, andMR3 sites were 1.35± 0.32mm,1.15 ± 0.20mm, and
1.41 ± 0.38 mm, respectively. The thicknesses of the LR1, LR2, and
LR3 sites were 1.95 ± 0.34mm,1.78 ± 0.17mm, and 2.09± 0.30mm,
respectively. No significant differences were observed among the
three sites for each trochlear region, however, for all trochlear re-
gions the middle site (TG2, MR2, and LR2) was the thinnest site,
albeit not significantly thinner than sites 1 and 3. Finally, the
thicknesses of the P1 and P2 sites were 1.95 ± 0.28 mm and 1.66 ±
0.35 mm, respectively, and did not differ significantly. In the adult,
the overall thicknesses of each region were also compared, and it
was determined that the thickness of MC, TG, LR, and P were
significantly higher than those of MR and LC. The average thick-
nesses of MC, LC, TG, MR, LR and P were 1.82 ± 0.44 mm, 1.08 ±
0.44 mm,1.62 ± 0.29 mm,1.30 ± 0.31 mm,1.94 ± 0.29 mm, and 1.80
± 0.34 mm, respectively.
3.2. Histology

Histologic staining was used to visualize tissue morphology and
distribution of sulfated GAG and collagen (Fig. 3). H&E staining of
adult articular cartilage revealed that the condyles stained baso-
philic throughout all zones, whereas trochlear cartilage possessed
eosinophilic staining at the surface, and patellar cartilage had an
intermediate phenotype that was more basophilic than trochlear
cartilage but less basophilic than condylar cartilage. In neonatal
articular cartilage, this phenotype was reversed, with the condyles
showing less basophilic staining than the trochlea and P. Overall,
neonatal cartilage appeared more homogeneous and more cellular,
however, cell lacunae were more pronounced in adult cartilage.
Safranin-O (with a fast green counterstain) was used to visualize
e from specific regions and sites within each region.

Adult Neonatal Adult

HPLC/Col (ug/ug)

78.00 ± 2.10 0.33 ± 0.33 0.19 ± 0.22
81.33 ± 1.51 0.10 ± 0.10 0.60 ± 0.45
80.67 ± 2.58 0.14 ± 0.12 0.48 ± 0.59

78.33 ± 0.82 0.06 ± 0.03 0.40 ± 0.38
79.17 ± 1.47 0.09 ± 0.08 0.40 ± 0.42
80.33 ± 1.21 0.05 ± 0.02 0.45 ± 0.51

78.00 ± 1.22 0.07 ± 0.08 0.65 ± 0.40
78.00 ± 2.61 0.05 ± 0.02 0.52 ± 0.53
76.83 ± 0.98 0.19 ± 0.32 0.54 ± 0.46

76.50 ± 1.05 0.04 ± 0.06 0.55 ± 0.48
78.17 ± 1.60 0.02 ± 0.01 0.20 ± 0.30
77.17 ± 1.47 0.06 ± 0.05 0.40 ± 0.48

77.83 ± 0.75 0.06 ± 0.07 0.56 ± 0.49
78.33 ± 0.82 0.07 ± 0.07 0.57 ± 0.42
78.50 ± 1.52 0.11 ± 0.11 0.34 ± 0.38

77.33 ± 1.21 0.07 ± 0.03 0.32 ± 0.34
78.17 ± 0.41 0.06 ± 0.07 0.39 ± 0.33

atal cartilage thickness was limited to the depth of the punch and was only measured
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Fig. 2. Thickness of adult articular cartilage. All values are presented as mean ± s.d.
Thickness of neonatal cartilage was not assessed as the subchondral bone is not
completely mineralized in neonates. A) Average thickness at all sampled sites across
the joint. Each region is denoted by dashed gray vertical bars. Sites were compared
within each region, and starred bars (*) represent significant differences among sites
within an individual region. MC3 is thicker than MC1 and MC2, whereas LC1 is
significantly thicker than LC3. B) Average thickness across sites within each region.
Regions that share the same letter above the error bars do not differ significantly. MC,
TG, LR, and P are thicker than LC and MC, LR, and P are thicker than MR.
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sulfated GAG distribution. In both neonatal and adult cartilage,
stain intensity was generally highest in the deep zone. In many
regions of adult cartilage, staining was faint or absent in the most
superficial region. This is likely an artifact of tissue processing,
however, it suggests that this region may contain less GAG in adult
cartilage compared with neonatal cartilage. A picrosirius red stain
was used to visualize collagen distribution. Adult cartilage gener-
ally had higher staining intensity than neonatal cartilage, and in
many cases, staining was more intense in the superficial zone.
Immunohistochemistry for type I and II collaged showed consis-
tently strong collagen II staining and faint collagen I staining for
both adult and neonatal cartilages across all sites (Fig. 4).
3.3. Biochemical Properties

The biochemical content of articular cartilage in the different
sites for each age group is shown in Tables 1 and 2. With the
exception of water content, there were no significant biochemical
differences among sites 1, 2, and 3 for each region (MC, LC, TG, MR,
LR, and P) in either the adult or neonate. In the adult, the water
content of M1 was significantly greater than that of M2, whereas in
the neonate, the water content of M3was significantly less thanM2
and M1, and L1 was significantly less than L3. Averaging across all
sites, the water content of neonatal and adult cartilage differed
significantly with a meanwater content of 80.98 ± 1.33% and 78.36
± 1.06%, respectively. The variability in water content in neonatal
5

cartilage was also significantly greater than adult cartilage.
Comparing different regions within the neonatal cartilage revealed
that MR, LR, and P had significantly higher water content than both
condyles, whereas in adult, the lateral and medial condyles had the
highest water content (Fig. 5A).

Collagen cross-linking was measured on a per collagen weight
basis. There were no significant differences in collagen cross-
linking between age groups or among sites and regions. Cross-
linking trended higher in adult cartilage, however, the difference
in average cross-link content between adult and neonatal cartilage
was not statistically significant. Cross-link content in the adult had
greater variance among regions than neonatal cartilage (Fig. 5B).

There were no significant differences between neonatal and
adult GAG/WW or GAG/DW, nor were there any significant differ-
ences among regions in neonatal cartilage. Adult cartilage, how-
ever, did differ significantly among regions with LC having
significantly greater GAG/WW and GAG/DW than TG and MC.
Interestingly, MC had the lowest GAG content in both adult and
neonatal cartilage. GAG/WW averaged 2.86 ± 0.32% and 3.44 ±
0.60% in the neonate and adult, respectively. GAG/DW averaged
15.16 ± 2.20% 16.05 ± 2.70% in neonatal and adult, respectively
(Figs. 5C and 5D).

In regards to collagen content, Col/WW varied significantly be-
tween neonatal and adult cartilage when averaged across all levels
at 10.61 ± 2.23% and 13.80 ± 1.54%, respectively. Col/DW, however,
did not, with neonatal cartilage possessing 57.50 ± 14.24% and adult
possessing 64.69± 9.27%. In the neonate, the regions of the trochlea
had the highest collagen content, whereas in the adult, the con-
dyles had the highest collagen content (Figs. 5E and 5F).

Cellularity did not differ significantly between neonatal and
adult, however, adult cartilage had greater variability in cellularity
than neonatal. Making the assumption of 7.7 pg of DNA per cell [33],
the cells/WW and cells/DW were calculated and averaged 18,631 ±
1,720 cells/mg and 99,830 ± 12,674 cells/mg, respectively, in the
neonate and 24,209 ± 8,466 cells/mg and 112,706 ± 43,074 cells/
mg, respectively, in the adult. Also in the adult, the lateral condyle
had significantly greater cellularity than all other regions (Figs. 5G
and 5H).

3.4. Biomechanical Properties

The biomechanical properties at the different sites for each age
group are shown in Tables 3 and 4. In regards to compressive
properties, aggregate modulus varied significantly among sites 1, 2,
and 3 in MC and LC of adult cartilage but not neonatal. In the adult,
LC1 had a significantly higher aggregate modulus than LC3, and
both MC1 and MC2 were significantly higher than MC3. Comparing
adult and neonatal compressive properties revealed that adult
aggregate modulus had a significantly greater amount of variability
than neonatal, and neonatal cartilage possessed on average a
significantly higher aggregate modulus with an average of 354 ±
43 kPa than the adult with an average of 282 ± 47 kPa. There were
no significant differences among regions in the neonate, but in the
adult, P was significantly higher than MC (Fig. 6A).

Shear moduli also varied significantly among sites 1, 2, and 3 in
the adult only, with site 1 significantly higher than site 3 for both
MC and LC. There was no significant difference between the overall
shear modulus of neonatal and adult cartilage, which were 216 ±
28 kPa and 155 ± 24 kPa, respectively, nor were there significant
differences among regions in either age group (Fig. 6B).

Permeability of adult cartilage had greater variance than
neonatal cartilage and also significantly higher on average.
Neonatal cartilage had an average permeability of 3.26 ± 0.41 m4 �
10�15/N.s, whereas adult cartilage had an average permeability of
5.09 ± 0.66 m4 � 10�15/N.s. In the adult, permeability varied

mailto:Image of Fig. 2|eps


Fig. 3. Histologic evaluation of neonatal and adult articular cartilage cross sections from site 2 of each region. Neonatal cartilage stained more homogeneously basophilic with H&E
stain as compared to adult cartilage. Adult cartilage stained eosinophilic in the superficial zone of the trochlear and patellar samples with H&E. Safranin-O stain for GAG was
distributed through a greater proportion of neonatal cartilage compared to adult cartilage. Picrosirius red stain for collagen was more intense in adult cartilage compared to
neonatal, particularly in the superficial zone.
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significantly among sites on the MC, with MC1 being significantly
more permeable than both MC2 and MC3 (Fig. 6C).

In regards to tensile properties, there were no significant dif-
ference among sites 1, 2, and 3 in either the neonatal or adult. The
Young’s modulus of neonatal cartilage demonstrated greater vari-
ance than the adult and was also significantly higher on average.
Neonatal cartilage had a Young’s modulus of 16.2 ± 3.9 MPa, and
adult cartilage had a Young’s modulus of 9.6 ± 2.1 MPa, on average.
In the neonate, the Young’s modulus of MR was significantly lower
than the condyles and TG (Fig. 7A). The UTS did not vary signifi-
cantly between age groups. In the neonate, however, TG had a
significantly higher UTS than MR and LR (Fig. 7B).

4. Discussion

Despite its role as the most complex joint in the horse, the stifle
joint is largely understudied in terms of its articular cartilage
properties. Injury to the stifle joint is common in the equine athlete,
and repair strategies are lacking. Neonatal cartilage offers a po-
tential source for both allogeneic tissue grafts or chondrocytes that
may be used to generate repair tissue in vitro or in vivo. The purpose
of this study, therefore, was to characterize the morphological,
histological, biochemical, and biomechanical properties of the
distal femur and patella in both neonatal and adult horses across
the topography of the joint surface. It was hypothesized that these
properties would vary between neonatal and adult horses as well
as among locations within each age group. The hypothesis was
6

confirmed as significant differences were found between adult and
neonatal cartilage and among sites and regions within each age
group in regards to morphologic and histologic features, as well as
biochemical and biomechanical properties.

In terms of morphology, thickness of adult cartilage was
analyzed in this study for variability across sites. Variability in
thickness was most pronounced in the condylar regions: MC3 was
significantly thicker than MC1 and MC2, whereas LC1 was signifi-
cantly thicker than LC3 but not LC2. This pattern of increasing
thickness of the medial condyle and decreasing thickness of the
lateral condyle while moving from cranial to caudal across each
condylar surface is consistent with a previous study that topo-
graphically examined cartilage thickness of the equine distal femur
[27]. The thinner areas of each condyle (the cranial aspect of the
medial condyle and caudal aspect of the lateral condyle) corre-
spond to areas that have been demonstrated to experience the
greatest amount of contact with underlying meniscal tissue [34],
supporting the theory that cartilage thickness may be influenced by
mechanical forces [17,35].

Similar to thickness, compressive biomechanical properties and
aggregate and shear moduli varied significantly among sites 1, 2,
and 3 of the MC and LC of adult cartilage. This variability was not
observed in neonatal cartilage. While neonatal cartilage possessed
on average a significantly higher aggregate modulus, adult aggre-
gate modulus had a significantly greater amount of variability
across locations than neonatal cartilage. This finding is consistent
with a study comparing biomechanical properties of cartilage in

mailto:Image of Fig. 3|tif


Fig. 4. Immunohistochemical evaluation of neonatal and adult articular cartilage from site 2 of each region. Tendon, which is primarily composed of collagen I, served as control.
Both adult and neonatal cartilage stained more intensely for collagen II as compared with collagen I, whereas tendon stained more intensely for collagen I compared with collagen II.
Overall, there were no dramatic differences between neonatal and adult cartilage in terms of specific collagen content staining using immunohistochemistry.
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fetal, juvenile, and adult equine cartilage at multiple sites, which
found that fetal and juvenile cartilage possessed higher compres-
sive properties than adult cartilage but did not vary significantly
among sites [17]. The results of this study are also consistent with a
previous topographical study of the equine stifle, which found
higher compressive properties at the cranial aspect of the condyles
in adult horses [27]. Kinematic analysis of the equine stifle
demonstrated that cranial and central area of the condyles corre-
sponded with higher articular contact intensity than the more
7

caudal aspect of the condyles [36]. These regions of increased
contact intensity correspond with regions of higher compressive
properties in the adult but not the neonate, further supporting the
concept of a functional adaptation process in response to physio-
logic loading.

Interestingly, in the adult, the MC region had both the lowest
compressive and tensile properties than all other regions. In a
relatively small study of 47 horses, lesions in the medial femoral
condyle and medial meniscus were more prevalent compared with

mailto:Image of Fig. 4|tif
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the lateral condyle and meniscus [37]. The cranial pole of the
medial meniscus undergoes less cranial-caudal translation and
higher axial compressive strain than the lateral meniscus during
physiologic loading [38]. The forces required to generate this
meniscal strain on the cranial pole of the medial meniscus are
primarily transmitted through the cranial and central aspect of
the medial femoral condyle during locomotion and correspond
with areas of higher compressive properties within the medial
condyle. Over time, the high strain experience by the medial
condyle may result in accelerated wear to the cartilage in this
joint compartment and may explain the lower biomechanical
properties measured in this region.

Measurements of cellularity did not differ significantly be-
tween the neonate and adult, however, adult cartilage had
greater variance in cellularity with neonatal cartilage. Upon
histologic examination, neonatal cartilage appeared more ho-
mogeneous and more cellular compared with adult cartilage.
Studies of the equine fetlock joint in the adult have demon-
strated variations in DNA content as great as 1.7-fold across this
joint surface [13]. In this study, cellular content varied up to 1.9-
fold in the adult equine stifle, with areas of higher cell content
corresponding to areas with higher GAG content. This correla-
tion between cellularity and GAG content was not found in
neonatal cartilage, however. In general, cellularity of cartilage is
thought to decrease with age, so the finding in this study of
similar cellular content in both age groups was unexpected.
Cellularity was determined by measuring DNA content and
calculating cell number based on the assumption that most
mammalian cells contain approximately 7.7 pg of DNA per cell
[33]. This study measuring DNA quantity was performed in adult
rat cells, and it is uncertain whether neonatal cells also contain
comparable levels of DNA. Other studies of human, rat, frog,
crustacean, and plant cells have shown increases in cell volume
correlate strongly with increases in nuclear DNA mass [39].
Histologically, the neonatal chondrocytes appear to be smaller
than the adult chondrocytes, and therefore may contain less
nuclear DNA. This suggests that assuming neonatal and adult
equine chondrocytes have 7.7 pg of DNA per cell may be an
oversimplification and could inflate the number of adult chon-
drocytes compared with neonatal chondrocytes. Another po-
tential explanation for the relatively high cellularity of adult
cartilage in this study is that there may have been some early
degenerative changes in the samples tested that were not
detected upon gross examination, as one of the early changes in
OA is an increase in cellularity as well as GAG content [40,41].

Histologic staining also revealed that GAG distribution in
both neonatal and adult cartilage was generally highest in the
deep zone, and the superficial zone contained less GAG in adult
cartilage compared with neonatal cartilage. This variation in
GAG content corresponding with cartilage depth has also been
observed in the equine fetlock [42]. Moreover, similar to fetlock
cartilage, the degree of GAG variability across cartilage depth is
higher in adult cartilage than neonatal cartilage [42]. Biochem-
ical assays revealed that the MC region had the lowest GAG
content in both adult and neonatal cartilage, although, overall,
there were no significant differences between neonatal and
adult GAG content. This lower GAG content in theMC in the adult
may explain lower compressive properties observed in the adult
in this region, as GAG content has been shown to correlate
positively with compressive properties [43].

Adult cartilage generally had higher collagen staining than
neonatal cartilage, and in many cases, staining was more intense
in the superficial zone. Supporting this histologic observation,
Col/WW was found to be significantly higher in adult cartilage
than neonatal when averaged across all regions. This



Fig. 5. Biochemical characterization of regions and overall average for each age group: neonatal and adult. All values are presented as mean ± s.d. Starred bars (*) represent
significant differences between age groups while regions that do not share the same letter within each age group differ significantly. (A) Hydration varied among regions in both the
neonate and adult, and there was a significant difference of overall hydration between age groups. (B) Collagen cross-linking (HYP) on a per collagen weight basis did not vary
significantly among regions or between age groups, however, there was a trend for greater cross-linking in the adult. GAG varied among regions in the adult on a per wet weight
(WW) (C) and per dry weight (DW) (D) basis. Collagen varied among regions in both the neonate and the adult on a per WW (E) and per DW (F) basis. In addition, collagen/WW
differed overall between the neonate and adult (E). Cellularity varied among regions in the adult on a per WW (G) and per DW (H) basis but did not vary overall between the
neonate and the adult. Biochemical data are available in Tables 1 and 2
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Table 3
Compressive properties of neonatal and adult articular cartilage from specific regions and sites within each region.

Location Neonatal Adult

Aggregate Modulus (kPa) Shear Modulus (kPa) Permeability
(m4 � l015/N.s)

Aggregate Modulus (kPa) Shear Modulus (kPa) Permeability
(m4 � l015/N.s)

Medial condyle (MC)
1 356 ± 53 192 ± 62 3.07 ± 1.26 307 ± 82A 173 ± 79A 2.9 ± 0.84A

2 406 ± 110 252 ± 75 2.61 ± 1.02 370 ± 96A 157 ± 86A 2.95 ± .65A

3 448 ± 169 277 ± 67 3.01 ± 1.34 81 ± 42B 35 ± 56B 11.00 ± 4.7800

Lateral condyle (LC)
1 334 ± 120 199 ± 70 2.87 ± 0.84 410 ± 162A 241 ± 69A 5.12 ± 2.46
2 309 ± 38 199 ± 33 2.69 ± 0.84 270 ± 161 184 ± 72 5.80 ± 3.05
3 299 ± 59 182 ± 31 2.92 ± 0.62 204 ± 54B 71 ± 68B 5.13 ± 0.80

Trochlear groove (TG)
1 342 ± 86 204 ± 47 3.26 ± 1.57 204 ± 115 120 ± 103 5.80 ± 3.12
2 297 ± 105 169 ± 61 2.63 ± 0,88 307 ± 186 142 ± 137 6.40 ± 3.39
3 289 ± 76 174 ± 50 3.36 ± 1.40 370 ± 171 185 ± 15 4.66 ± 2.10

Medial ridge (MR)
1 284 ± 53 172 ± 33 3.30 ± 1,45 231 ± 128 132 ± 46 5.42 ± 3.86
2 320 ± 110 195 ± 74 3.40 ± 1.66 220 ± 148 131 ± 60 4.73 ± 1.68
3 372 ± 169 233 ± 101 3.38 ± 1.60 315 ± 95 177 ± 15 6.03 ± 3.78

Lateral ridge (LR)
1 394 ± 118 267 ± 88 4.45 ± 3.79 208 ± 120 107 ± 80 4.03 ± 2.87
2 372 ± 134 204 ± 46 3.09 ± 1,08 295 ± 108 161 ± 52 4.20 ± 2.94
3 358 ± 118 219 ± 74 2.88 ± 1.04 369 ± 149 198 ± 64 3.72 ± 2.12

Patella (P)
1 394 ± 118 267 ± 88 4.45 ± 3.79 445 ± 156 244 ± 60 4.84 ± 2.27
2 401 ± 119 234 ± 62 3.38 ± 2.25 272 ± 95 146 ± 80 4.30 ± 1.77

Data are presented as mean ± s.d. Sites that varied significantly within a region are bolded with a superscript letter; sites with unique superscript letters varied significantly.
Properties that varied significantly between adult and neonatal cartilage when averaged across all sites are highlighted in dark gray.
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phenomenon of higher collagen content in the superficial zone of
adult equine cartilage than neonatal equine cartilage has also been
previously observed in the fetlock joint [42]. In the neonatal stifle
joint, the regions of the trochlea had the highest collagen content,
whereas in the adult, the condyles had the highest collagen con-
tent. Collagen cross-linking trended higher in adult cartilage and
had greater variance than neonatal cartilage. This increase in cross-
linking as well as overall collagen content is similar to that
Table 4
Tensile properties of neonatal and adult articular cartilage from specific regions and site

Location Neonatal

Young’s Modulus (MPa) UTS (MPa)

Medial condyle (MC)
1 14.0 ± 4.1 6.6 ± 3.7
2 17 ± 5.9 7.5 ± 3.6
3 22.4 ± 10.7 7.0 ± 3.9

Lateral condyle (LC)
1 21.2 ± 8.9 6.2 ± 2.5
2 16.4 ± 8.9 6.2 ± 3.7
3 18.4 ± 10.9 8.2 ± 3.5

Trochlear groove (TG)
1 25.3 ± 10.7 12.1 ± 4.9
2 22.0 ± 9.6 8.6 ± 2.4
3 13.5 ± 4.1 6.4 ± 3.2

Medial ridge (MR)
1 10.2 ± 7.3 5,1 þ 2.2
2 11.0 ± 4,3 5,4 þ 2.0
3 8.6 ± 3.6 4,4 ± 3.4

Lateral ridge (LR)
1 15.2 ± 11.0 5,9 ± 2.5
2 13.7 ± 6.8 6,4 ± 3.2
3 10.1 ± 4,4 4,9 ± 2.9

Patella (P)
1 20.0 ± 11.3 7.5 ± 2.9
2 15.1 ± 4.3 5.6 ± 2.8

Data are presented as mean ± s.d. There was no significant variability among sites or reg
unique letter. Properties that varied significantly between adult and neonatal cartilage w

10
observed previously in a study comparing neonatal cartilage and
cartilage from yearling horses [19].

While collagen content and cross-linking generally correlate
positively with tensile properties [43], surprisingly, the stiffness
(Young’s modulus) of neonatal cartilage was significantly higher on
average in the neonate than the adult. In the neonate, the Young’s
modulus of MR was significantly lower than the condyles and TG.
Cartilage tensile strength (UTS) did not vary significantly between
s within each region.

Adult

Young’s Modulus (MPa) UTS (MPa)

10.9 ± 6.2 4.9 ± 2.3
4.1 ± 2.4 A 2.0 ± 1.7 AB

2.4 þ 1.1 3.7 ± 4.7

12.5 ± 11.2 5.8 ± 3.5
9.1 ± 3.1 A 5.3 ± 1.8 AB

11.1 ± 5.1 7.4 ± 4.1

7.0 ± 7.0 A 4.1 ± 2.2 A
9.4 ± 6.3 6.0 ± 2.8

12.5 ± 7.1 7.5 ± 4.1

10.3 ± 6.4 7.2 ± 2.8
9.5 ± 3.5 B 5.4 ± 1.7 B

14.4 ± 7.7 7.1 ± 4.7

8.8 ± 4.1 6.4 ± 4.3
9.7 ± 5.3 AB 5.1 ± 3.4 B
7.4 ± 3.5 4.0 ± 2.6

11.4 ± 4.7 AB 5.4 ± 1.7 AB
11.0 ± 6.6 4.6 ± 2.0

ions in the neonate. Regions that varied significantly in the adult are denoted with a
hen averaged across all sites are highlighted in dark gray.



Fig. 6. Characterization of compressive properties at each site within each region and overall average for each age group: neonatal and adult. All values are presented as mean ± s.d.
Starred bars (*) represent significant differences among sites within each region as well as between overall averages of each age group. For both aggregate modulus (A) and shear
modulus (B), MC1 and MC2 were significantly greater than MC3, and LC1 was significantly greater than LC3 in the adult. (C) Permeability was significantly greater in MC3 than MC1
and MC2 in the adult and varied significantly between the neonate and the adult overall. Compressive property data are available in Table 3.
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age groups. In the neonate, however, the TG had significantly
higher UTS than the MR and LR. The UTS values measured in the
adult stifle in this study are slightly lower (average 5.4 MPa) but
comparable with those of a study in which tensile strength was
measured at sites on the medial femoral condyle and medial
trochlear ridge and found to be 6.7 MPa and 10.7 MPa, respectively
[44]. Higher tensile stiffness in neonatal than adult cartilage has
been observed in a previous study of the equine meta-
carpophalangeal joint. This study [42] examined tensile properties
and collagen fiber arrangement in neonatal and adult cartilage and
found that tensile stiffness correlated with the amount of collagen
fibers that were arranged perpendicular to the surface (and thus
11
perpendicular to the axis of tension). In adult cartilage, collagen
fibers are primarily aligned parallel to the cartilage surface in the
superficial zone and perpendicular to the surface in the deep zone.
In neonatal cartilage, this collagen fiber alignment has not fully
developed and, as a result, a greater proportion of collagen may
have been aligned along the axis of tension, perhaps resulting in a
higher measured stiffness [42].

While much of this discussion highlights the statistical differ-
ences between neonatal and adult cartilage, there are a number of
similarities between cartilages of neonatal and adult horses as well.
In spite of those statistical differences, neonatal cartilage possesses
mechanical and biochemical properties comparable with adult
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Fig. 7. Characterization of tensile properties within each region and overall average for each age group: neonatal and adult. All values are presented as mean ± s.d. Starred bars (*)
represent significant differences between age groups. Regions that do not share the same letter within each age group differ significantly. For both Young’s modulus (A) and ultimate
tensile strength (UTS), (B) there were significant differences among regions in the neonate but not adult cartilage. Neonatal cartilage had a significantly higher Young’s modulus
overall as compared with adult cartilage (A) as well.

J.L. White, E.Y. Salinas, J.M. Link et al. Journal of Equine Veterinary Science 96 (2021) 103294
cartilage, suggesting that neonatal cartilage could withstand the
loading forces incurred in the adult. This has implications for
allograft techniques that may use a younger donor source for tissue.
Good long-term outcome of a graft is undoubtedly a function of
whether the graft tissue adequately recapitulates the properties of
surrounding native tissue, such that it is able to withstand physi-
ologic loading [45,46]. Furthermore, mismatch between repair
tissue and surrounding native tissue results in stress concentra-
tions at the interface between native and repair tissue, which can
result in an acceleration of tissue degradation and failure of repair
[47]. Using neonatal donor tissue offers the benefit of increased
regenerative capacity of tissue from a younger donor source [9,28],
which may facilitate lateral integration, while still closely matching
properties of host cartilage at time of implantation. Similarities
between adult and neonatal tissue properties may also be a
12
consideration in regard to use of neonatal chondrocytes harvested
from stifle joint tissue for tissue engineering purposes. It has been
demonstrated that neocartilage generated from various locations
within a joint possess mechanical properties that corresponded to
their tissue of origin, that is chondrocytes harvested from joint
regions with higher mechanical properties produced neocartilage
with higher mechanical properties than other joint regions [48].
Given that neonatal cartilage possesses properties comparable that
of adult cartilage, neonatal chondrocytes may produce tissue
engineered neocartilage with comparable properties with adult
tissue as well.

Overall, this study characterized multiple locations across the
distal femur and patella. As with any topographical study, the
resolution of the topographical mapping of the measured proper-
ties was limited by the number of sampling sites tested; increasing
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the number of sample sites would have allowed for a higher level of
understanding of the structure-function relationship between tis-
sue properties and tissue location within the joint. Loading forces
experienced by the joint vary in a topographical manner as well.
Therefore, to fully understand the relationship between tissue
properties and tissue function, concomitant studies to determine
forces experienced by articular cartilage during normal loading
cycles will also need to be carried out. Additional age groups would
further aid in the understanding of how loading influences matu-
ration of articular cartilage, and how this maturation process
manifests in regards to biochemical and biomechanical properties
of the tissue. Another limitation of this study was the inability to
acquire full-thickness neonatal articular cartilage samples, which
prevented comparison with the thickness of the adult cartilage, as
well as probing any relationships between cartilage thickness and
function in the neonate. However, while trimming may have
excluded a small portion of deeper neonatal cartilage, the lack of
distinct articular cartilage zonal variation in neonates likely
reduced the variability this technique could have caused in the
results of other assays [49]. Another major limitation of this study
was the heterogeneity of the patient population used in this study,
which undoubtedly contributed to the large amount of variability in
biochemical and biomechanical results. This study specifically
compared neonatal and adult cartilage as neonatal cartilage and
chondrocytes may serve as an ideal donor source for allografts or
chondrocytes for tissue engineering strategies aimed at repair of
damaged articular cartilage in the adult equine athlete. The results
of this study, therefore, can be used in the establishment of design
criteria for future engineered equine articular cartilage products as
well as aid in assessment of the performance of engineered tissues
in both in vitro and in vivo contexts.

5. Conclusion

This study provides qualitative and quantitative properties of
native articular cartilage from the stifle of both neonatal and skel-
etally mature adult horses. This study represents the first time
neonatal articular cartilage was comprehensively and quantita-
tively examined from the stifle and compared with adult cartilage
in a head-to-head manner. The examination revealed significant
differences as well as similarities in morphological, histologic,
biochemical, and biomechanical properties among sites within
joint regions as well as age-related differences between neonatal
and adult cartilage. An understanding of these location and age-
related differences in properties between the therapeutic target
cartilage (i.e., adult cartilage) as well as potential donor cartilage
(i.e., neonatal cartilage) could aid in selection of optimal harvest
sites within a donor joint as well as evaluation of the success of the
grafted cells or tissues within the host. In addition, this work fur-
thers the knowledge of cartilage tissue physiology and structure-
function relationships.
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