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Abstract

The purpose of this study was to investigate age-related changes in the morphological, biochemical and

mechanical properties of articular cartilage (AC) and subchondral bone in the rat tibial plateau. Female Wistar

rats were grouped according to age (1, 3, 5, 7, 9, 11, 13, 15, 16 and 17 months, with 10 rats in each group). The

ultrastructures, surface topographies, and biochemical and mechanical properties of the AC and subchondral

bone in the knee joints of the rats were determined through X-ray micro-tomography, histology,

immunohistochemistry, scanning electron microscopy (SEM), atomic force microscopy and nanoindentation. We

found that cartilage thickness decreased with age. This decrease was accompanied by functional condensation

of the underlying subchondral bone. Increased thickness and bone mineral density and decreased porosity were

observed in the subchondral plate (SP). Growth decreased collagen II expression in the tibial cartilage. The

arrangement of trabeculae in the subchondral trabecular bone became disordered. The thickness and strength

of the fibers decreased with age, as detected by SEM. The SP and trabeculae in the tibial plateau increased in

roughness in the first phase (1–9 months of age), and then were constant in the second phase (11–17 months of

age). Meanwhile, the roughness of the AC changed significantly in the first phase (1–9 months of age), but the

changes were independent of age thereafter. This study gives a comprehensive insight into the growth-related

structural, biochemical and mechanical changes in the AC and subchondral bone. The results presented herein

may contribute to a new understanding of the pathogenesis of age-related bone diseases.
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Introduction

Articular cartilage (AC) and subchondral bone constitute a

functional unit that maintains its own integrity through its

specific metabolic patterns, and this unit plays an important

role in distributing load and absorbing shock. These func-

tions can persist for decades under normal physiological

conditions. However, degenerative diseases targeting AC

can cause joint dysfunction, such as osteoarthritis (OA),

which affects half of people over 65 years old (Bijlsma et al.

2011). Therefore, considerable effort has been devoted to

studying the pathology of AC degeneration.

Articular cartilage degeneration is attributed to many fac-

tors, such as metabolism, age and overloading (Lotz & Loe-

ser, 2012). Notably, age changes the composition, structure

and mechanical properties of both the cartilage and sub-

chondral bone (Stolz et al. 2009; Temple et al. 2009; Lories

& Luyten, 2011; Lotz & Loeser, 2012; Li et al. 2015a,b). Nev-

ertheless, the extent to which age affects these structures

remains unknown. Thus, mechanisms by which the compo-

sition, structure, morphology, and mechanical properties of

cartilage and subchondral bone are modified during nor-

mal growth and development should be carefully described

to understand the mechanisms of cartilage degeneration.

The main components of AC include proteoglycans (PGs),

type II collagen fibers and water. PGs embedded in a mesh-

work of collagen fibrils form the principal matrix compo-

nents, which maintain the biomechanical properties of AC.

PGs, which primarily exist as aggregates, are formed by a

high concentration of negatively charged sulfated gly-

cosaminoglycans (sGAGs), which maintain the expanded

states and the elasticity of cartilage. Meanwhile, the
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meshwork of collagen fibrils is responsible for the tensile

strength of the tissue (Maroudas et al. 1980; O’Hara et al.

1990; Mow et al. 1992; Pearle et al. 2005). sGAG content

decreases with age, and collagen content is also affected by

age (Brama et al. 2000; Li et al. 2015a,b). The percentage of

water content also significantly decreases with age

(Kobayashi-Miura et al. 2016). Subchondral bone is mainly

composed of collagen (15–25%), minerals (30–50%) and

water (25–60%; Brama et al. 2002). The water content in

the subchondral bone significantly decreases with age,

whereas the contents of calcium and collagen increase with

age (Brama et al. 2002; Li et al. 2015a,b).

In terms of morphology, age-related cartilage defects and

fibrillation first occur in the superficial zone of AC (Arm-

strong & Mow, 1982; Hollander et al. 1995; Bae et al. 2003;

Lotz & Loeser, 2012). For instance, the surface topography

of the AC is altered during early degradation at the nanos-

cale (Peng & Wang, 2013). The orientation and organiza-

tion of the collagen fibrils change from parallel to the

articular surface to an arcade-like Benninghoff structure

with age (Otsuki et al. 2008; Van Turnhout et al. 2008; Car-

ames et al. 2012). In addition, the thickness of AC decreases

with age (Hudelmaier et al. 2001). Subchondral bone com-

prises two distinct anatomic entities, namely, the subchon-

dral bone plate and subchondral trabecular bone (ST; Ding

et al. 2002; Li et al. 2013). The thickness and density of the

subchondral bone plate increase with age. Furthermore,

the thickness of AC is negatively correlated with the thick-

ness of the subchondral bone plate, bone volume fraction

(BV/TV) and trabecular thickness (Tb.Th) of the ST, and it is

positively correlated with the porosity of the subchondral

bone plate (Hamann et al. 2013).

Regarding mechanical properties, the elastic modulus of

AC decreases with age, and its tensile strength decreases sig-

nificantly (Guo et al. 2007; Lau et al. 2008; Moriyama et al.

2012). The mechanotransduction during joint movements

can cause bone modeling that modifies the microstructure

of the subchondral bone, which becomes stiff with aging.

This effect is related to the increased mass and density, and

reduced porosity of bone (Ding, 2010; Wang et al. 2013).

Age-related changes in the composition and mechanical

properties of the cartilage and subchondral bone, as well as

their interaction, have been explored through histopathol-

ogy experiments and mechanical analysis (Ding et al. 2002;

Hamann et al. 2013, 2014). Nonetheless, the results from

different studies are not consistent because of intra-speci-

men differences, and variations in measurement conditions

and research methods. To overcome these limitations, we

systematically investigated age-related changes in AC and

subchondral bone through multi-modal approaches. Gener-

ally, the animal models of OA are classified into two cate-

gories, namely, spontaneous or induced. A spontaneous

OA-like phenotype has been found in various inbred strains

of mice, guinea pigs and macaques. All these models exhibit

the advantage of spontaneous disease phenotypes, but the

mechanism underlying the phenotype of some animal

strains may not necessarily be the same as that of OA in

humans. The major problem of these models is the individ-

ual variations in the incidence rate of OA. A rat model is

unsuitable for naturally occurring age-related joint diseases,

such as OA; however, old rats may develop joint diseases

naturally (Loeser, 2009). Thus, female Wistar rats aged 1, 3,

5, 7, 9, 11, 13, 15, 16 and 17 months were selected to char-

acterize the changes in the morphological, biochemical and

mechanical properties in knee joints. The relationships

between these age-related changes were also investigated.

This study may provide new insights into the pathogenesis

of age-related bone diseases.

Materials and methods

Materials

This study was performed in strict accordance with the recommen-

dations of the Laboratory Animal Standardization Committee. The

study protocol was approved by the Science and Ethics Committee

of the School of Biological Science and Medical Engineering in Bei-

hang University, China (Approval ID: 20150519). A total of 100

female Wistar rats aged 1, 3, 5, 7, 9, 11, 13, 15, 16 and 17 months (n

= 10/each age group) were purchased from the Experimental Animal

Center of Jilin University. These rats were housed under the same

conditions and provided a standard rodent diet (autoclaved NIH-31

with 6% fat; 18% protein; Ca:P, 1:1; and fortified with vitamins and

minerals) and tap water. The environmental temperature was 24�
2 °C in natural light. Knee joints were harvested for testing (Fig. 1).

Right knee joints were fixed in 4% paraformaldehyde (PFA) for 24 h

and prepared for X-ray micro-tomography (XMT), as well as histo-

logical and immunohistochemistry analyses. Left knee joints were

stored at �20 °C prior to atomic force microscopy (AFM), scanning

electron microscopy (SEM) and nanoindentation analyses.

Methods

Measurements of bone mineral density (BMD) and

microarchitecture parameters by XMT scanning

Whole knee joints were placed in the extended position during

scanning in the XMT system (Skyscan 1076, Bruker, Luxemburg, Bel-

gium) to obtain the morphological parameters of the subchondral

bone on both medial and lateral sides. The scanning parameters

included a voxel size of 18 lm, voltage of 70 kV and beam filter of

0.5 mm aluminum. After scanning, the knee joint was three-dimen-

sionally reconstructed by NRecon software (NRecon, Bruker, Luxem-

burg, Belgium). BMD and the thickness of the subchondral plate

(SP) were measured and calculated using CTAn software (CTAn, Bru-

ker, Luxemburg, Belgium). For ST, a cubic ROI beneath the ROI of

the SP was selected to calculate the BMD (g cm�3), bone volume

fraction (BV/TV, %), trabecular thickness (Tb.Th, lm), trabecular sep-

aration (Tb.Sp, lm) and trabecular number (Tb.N, 1 lm�1). In addi-

tion, the joint space width (JSW) between the medial femoral

condyle and the medial tibial plateau was measured by CTAn soft-

ware (Hellio & Mazzuca, 2009). Then, three operators followed the

standard image processing protocol. The reproducibility of each

parameter was determined using the coefficient of variation (%) as

described by Glueer et al. (1995).
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Histomorphometric analysis of the ultrastructure of knee

joints

After XMT scanning, knee joints were still fixed in 4% PFA for 3

days and decalcified in 10% ethylene diamine tetraacetic acid

(EDTA) solution at 4 °C for 4–5 weeks. The samples were then dehy-

drated and embedded in paraffin by the standard method. Twelve

serial sections were analyzed from each mid-medial tibial plateau in

the sagittal plane, and alternately stained with hematoxylin and

eosin (HE) and Safranin Orange-Fast Green. To analyze the ultra-

structure of the subchondral bone, ratios of pore area/total area at

the osteochondral junction and bone area/total area of the ST were

quantified to represent the ultrastructure of the SP and ST, respec-

tively (Otsuki et al. 2008). For histomorphometric analysis of the tib-

ial cartilage, sGAG integrated optical density (IOD) was calculated

(Martin et al. 1999). Optical density (OD) is defined as the logarithm

of the ratio of incident to transmitted radiant power through a

material, which is verified to be equal to absorbance. IOD is defined

as the sum of the ODs of the individual pixels within the structure

of the specimen. IOD can be calculated by the following formula:

IOD = ∑ODi, where ODi represents the OD of the pixel i. IOD can

reflect the integrated changes in the OD and area of the measured

structure, and it is proportional to the quality of the material, which

reflects the relative content of the material. Additionally, the thick-

ness of the cartilage was calculated. Twelve sections of mid-medial

tibial plateau were analyzed, and the means of the six HE-stained

sections and the six Safranin Orange-Fast Green-stained sections

were taken as the values for the animal for HE and Safranin

Orange-Fast Green, respectively. Five measurements in each image

were conducted using the image analysis software Image-Pro Plus

version 6.0 (Media Cybernetics, Rockville, MD, USA).

Immunohistochemistry of type II collagen

Sections were deparaffinized and washed in phosphate-buffered

saline (PBS). In addition, then endogenous peroxidase activity was

quenched with 5% hydrogen peroxidase in PBS for 15 min at room

temperature. The sections were repaired with 0.2% trypsin (Sigma

T9935, Sigma Aldrich, St Louis, MO, USA) at 37 °C for 5 min. After

natural cooling and several additional washes in PBS, the sections

were immersed in 10% normal goat serum (Invitrogen, Carlsbad,

CA, USA). The sections were then incubated in a moisture chamber

for 20 min at 37 °C and incubated overnight in a humid chamber at

4 °C with primary antibody rabbit polyclonal IgG of type II collagen

(Abcam, Cambridge, UK). On the second day, after washing in PBS,

the sections were incubated with rabbit polyclonal secondary anti-

body (Abcam, Cambridge, UK) for 20 min at 37 °C. The sections

were visualized by reaction with diaminobenzidine (DAB) substrate.

Images were captured by a microscope at 2009 magnification.

Measurements of indentation modulus and hardness

using nanoindentation tests

Subchondral bone samples cut 1 mm thick from the left tibia along

the median sagittal plane were used for nanoindentation tests. The

samples were dehydrated in graded ethanol solutions (80–100%).

All samples were embedded in epoxide resin (Epo-Thin low-viscosity

epoxy; Buehler, Lake Bluff, IN, USA). All the embedded samples

were metallographically polished using silicon carbide abrasive

papers of decreasing grit size (300, 800, 1000, 5000 and 7000 grit).

Nanoindentation tests were performed using Nano Indenter (Nano

G200, Agilent Technologies, Palo Alto, CA, USA). A sharp Berkovich

diamond indenter, a three-sided pyramid with an angle of 76°540

between the edges, was used for all measurements. The elastic

modulus (E) and hardness (H) were determined using the method

of Oliver & Pharr (1992).

All indents were made at the center of the samples based on the

optical microscopy observations to eliminate any local effects. The

sketch map of indentation areas and sites is shown in Fig. 1.

SEM analyses of the microarchitectural features of the

surface of the ST

Subchondral bone samples cut 1 mm thick from the left tibia along

the sagittal plane were used for SEM analysis. Specimens broken in

half lengthwise were mounted on aluminum sample holders and

sputter-coated with a thin layer of gold-platinum. Microarchitec-

tural features of the ST surface were observed using SEM (JSM-5600

LV, JEOL, Akishima, Tokyo, Japan) in the secondary electron (SE)

mode at an accelerating voltage of 8 kV. SEM images of the frac-

ture surface were captured and compared at a magnification of

550 9.

Fig. 1 Synopsis of site-specific measurements performed in the tibial articular cartilage (AC) and subchondral bone regions, and sketch map of

indentation areas and sites in sagittal plane of knee joints. Considering the structural differences between subchondral plate (SP) and trabecular

bone, the outer edge of the sample was set as a reference. According to the sample size, three–five semi-circles with 0.5 mm diameter were

selected as indentation areas of SP (A), and three–five circles with 0.8 mm diameter were selected as indentation areas of trabecular bone (B). The

red crosses in the sketch map were indentation sites, and three–five indentation sites were selected in each indentation area. Indentation sites

were dispersedly distributed in each indentation area to ensure that locations of bone tissue can be selected as much as possible for the nanoin-

dentation test; besides, the indentation sites should be far away from the edge in order to diminish the influence of embedding on the results.
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AFM analysis of surface characterization

Left tibias were dehydrated in graded ethanol solutions (85%, 90%,

95% and 100%, each for 2 h). Specimens (1 mm thick) were cut

along the sagittal plane of the left tibial plateau by using a low-

speed diamond saw. Each sample was placed horizontally onto the

sample disk and imaged by AFM (Agilent 5500, Agilent Technolo-

gies, USA). Images of the cartilage, SP and ST were obtained in stan-

dard AFM tapping mode. Commercial silicon AFM probes

(Tap300AL-G, Budget Sensors Instruments, Sofia, Bulgaria) with a

125 lm cantilever length, 40 Nm�1 constant force, 300 kHz resonant

frequency and tip radius lower than 10 nm were used for analysis

of the SP and trabecular bone samples, whereas probes (Tap150AL-

G, Budget Sensors Instruments, Sofia, Bulgaria) with a 125 lm can-

tilever length, 5 Nm�1 constant force, 150 kHz resonant frequency

and tip radius lower than 10 nm were used for analysis of the carti-

lage samples.

Nine locations were analyzed per sample, and 59 5 lm images

were acquired. Roughnesses of the cartilage, SP and ST were mea-

sured using PicoView version 1.14.4 (PicoView, Agilent Technolo-

gies, Palo Alto, CA, USA) by using the method described by

Milovanovic et al. (2011).

Statistical analysis

All data were processed to obtain the medians and quartiles of all

mechanical and morphological parameters of 1-, 3-, 5-, 7-, 9-, 11-,

13-, 15-, 16- and 17-month-old rats. Because the sample size is small

(n = 10), Kruskal–Wallis H test of K independent sample non-para-

metric test was used to assess the differences of all age groups. The

Nemenyi test of two independent samples was used to determine

the differences between all the biochemical, mechanical and mor-

phological parameters between every two groups. The statistical

power analysis, which was performed by G*Power software

(G*Power, Germany) when the study was planned, was 85% with

the sample size of 10 and the significance criterion (a) of 0.05, and

the effect size is 0.80 (Faul et al. 2007). Linear or polynomial regres-

sion analyses were performed to obtain correlations between ani-

mal age and morphological, mechanical and biochemical properties

in AC and subchondral bone. Interrelations between cartilage

parameters (cartilage thickness and cartilage biochemical proper-

ties) and SP parameters were analyzed using Pearson’s correlation

analysis. The coefficients of determination were reported as the

squares of the Pearson’s correlation coefficient (r2). The use of dif-

ferent regression models was justified by heteroscedasticity tests

and no transformations of variables were used. The selection of the

final regression form (linear, exponential or logarithmic) depends

on the coefficients of determination. For the piece-wise linear mod-

els, the points at which the relationships diverged were identified

based on data-based considerations. Data analysis was performed

with SPSS 20.0 software (SPSS Statistics 20.0, IBM, Armonk, NY,

USA), and a P-value < 0.05 was considered to be significant.

Results

BMD and thickness of the tibial SP were correlated

with animal age

Figure 2 shows typical XMT images and alterations of the

BMD and thickness of the tibial SP of 1-, 3-, 5-, 7-, 9-, 11-,

13-, 15-, 16- and 17-month-old rats. The variations in medial

and lateral BMD with age were biphasic (Fig. 2K,L). In the

first phase (1–9 months of age), medial and lateral BMD

increased linearly by 3.1% and 3.7% per month, respec-

tively, and the correlation between animal age and medial

BMD (r2= 0.667, P < 0.001) was weaker than that of age

and lateral BMD (r2= 0.7486, P < 0.001). In the second phase

(11–17 months of age), medial and lateral BMD increased

linearly by 4.2% and 3.3% per month until 17 months,

respectively (P < 0.001). In addition, medial BMD was much

higher than lateral BMD in the second phase. The variations

in medial and lateral thickness with age are showed in

Fig. 2M,N. The thickness of the tibial SP increased logarith-

mically with animal age (P < 0.001). The reproducibility

study showed that the measurements of the BMD and

thickness of the tibial SP were smaller than 6%.

BMD and microarchitectural parameters of the tibial

ST were correlated with animal age

Figure 3 shows typical XMT micro-computed tomography

(CT) images and changes in the BMD and microarchitecture

parameters of the tibial ST from 1-, 3-, 5-, 7-, 9-, 11-, 13-, 15-

, 16- and 17-month-old rats. The variations in the medial

and lateral BMD with age were biphasic (Fig. 3K,L). In the

first phase (1–9 months of age), medial and lateral BMD

increased linearly by 1.9% and 2.1% per month, respec-

tively, and the correlations with animal age were significant

(r2= 0.5749, P < 0.001 and r2= 0.5821, P < 0.001, respec-

tively). In the second phase (11–17 months of age), medial

and lateral BMD increased linearly by 3.9% and 3.5% per

month until 17 months, respectively (P < 0.001). Medial and

lateral BV/TV (Fig. 3M,N) showed biphasic patterns similar

to the BMD data. In the first phase (1–9 months of age),

medial and lateral BV/TV grew logarithmically with animal

age (P < 0.001), and they increased exponentially in the sec-

ond phase (11–17 months of age; P < 0.001).

Linear regression analysis showed that medial and lateral

Tb.Th increased linearly by approximately 6.67% and 6.37%

per month until 17 months, respectively (P < 0.001; Fig. 3O,

P), whereas medial and lateral Tb.Sp decreased exponen-

tially (Fig. 3Q,R).

Figure 3S,T shows the variation in medial and lateral Tb.N

with animal age, which exhibited biphasic behaviors. In the

first phase (1–9 months of age), medial and lateral Tb.N

increased linearly by 8.78% and 8.56% per month, respec-

tively, and the correlation between animal age and varia-

tion in medial Tb.N (r2= 0.8492, P < 0.001) was stronger

than that of age and lateral Tb.N (r2= 0.7506, P < 0.001). In

the second phase (11–17 months of age), medial and lateral

Tb.N decreased slightly.

Joint space width decreased exponentially until 17

months (P < 0.001; Fig. 3U).

The reproducibility studies showed that the errors in the

measurements of the BMD, BV/TV, Tb.Th, Tb.N and thick-

ness of the tibial SP were smaller than 6%.
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Microarchitectural parameters of osteochondral were

correlated with animal age

Morphological changes in the knee joint were observed by

HE staining (Fig. 4A–J). Linear regression analysis showed

that the pore area/total area ratio decreased linearly by

approximately 15.21% per month until 17 months (P <

0.001; Fig. 4L), whereas the ratio of bone area/total area

increased linearly by approximately 7.79% per month until

17 months (P < 0.001; Fig. 4M).

A B C

D E F

G

J

LK

NM

IH

Fig. 2 Typical X-ray micro-tomography (XMT)

images, bone mineral density (BMD) and

thickness of tibial subchondral plate (SP) from

1-, 3-, 5-, 7-, 9-, 11-, 13-, 15-, 16- and 17-

month-old rats (n = 100). (A–J) Typical XMT

images from 1-, 3-, 5-, 7-, 9-, 11-, 13-, 15-,

16- and 17-month-old rats, respectively. (K)

Medial BMD was plotted with animal age. (L)

Lateral BMD was plotted with animal age.

(M) Medial thickness was plotted with animal

age. (N) Lateral thickness was plotted with

animal age. #P < 0.05, compared with

1-month group; &P < 0.05, compared with

3-month group; *P < 0.05, compared with

5- month group; ▲P < 0.05, compared

with 7-month group; ●P < 0.05,

compared with 9-month group; ■P < 0.05,

compared with 11-month group;

◆P < 0.05, compared with 13-month group;
£P < 0.05, compared with 15-month

group; §P < 0.05, compared with 16-month

group.
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sGAG content and thickness of AC varied with age

As seen from Safranin O-Fast Green staining, there were

obvious changes in the composition of AC with age

(Fig. 5A–J). Figure 5K,L shows the variations in sGAG IOD

and thickness of AC with animal age, and the variations

were biphasic. In the first phase (1–9 months of age), sGAG

IOD and thickness of AC decreased linearly by 2.55% and

2.98% per month, respectively, and the correlation

between animal age and sGAG IOD (r2= 0.7558, P < 0.001)

A B C D E

F G H I

K L M N

O P Q R

S T U

J

Fig. 3 Typical X-ray micro-tomography (XMT) images, bone mineral density (BMD) and microarchitecture parameters of tibial subchondral trabecu-

lar bone (ST) from 1-, 3-, 5-, 7-, 9-, 11-, 13-, 15-, 16- and 17-month-old rats (n = 100) and joint space width (JSW). (A–J) Typical XMT images from

1-, 3-, 5-, 7-, 9-, 11-, 13-, 15-, 16- and 17-month-old rats, respectively. (K) Medial BMD was plotted with animal age. (L) Lateral BMD was plotted

with animal age. (M) Medial BV/TV was plotted with animal age. (N) Lateral BV/TV was plotted with animal age. (O) Medial Tb.Th was plotted with

animal age. (P) Lateral Tb.Th was plotted with animal age. (Q) Medial Tb.Sp was plotted with animal age. (R) Lateral Tb.Sp was plotted with animal

age. (S) Medial Tb.N was plotted with animal age. (T) Lateral Tb.N was plotted with animal age. (U) JSW was plotted with animal age. #P < 0.05,

compared with 1-month group; &P < 0.05, compared with 3-month group; *P < 0.05, compared with 5-month group; ▲P < 0.05, compared with

7-month group; ●P < 0.05, compared with 9-month group; ■P < 0.05, compared with 11-month group; ◆P < 0.05, compared with 13-month

group; £P < 0.05, compared with 15-month group.
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was stronger than that of age and AC thickness (r2= 0.6851,

P < 0.001). In the second phase (11–17 months of age), sGAG

IOD and thickness of AC increased slightly. The correlations

between sGAG IOD, thickness of AC, thickness of the medial

SP and ratio of pore area/total area at the osteochondral

junction were highly significant (Table 1).

Distribution of collagen II

Collagen II was present throughout all zones of AC in each

age group (Fig. 6A–J). Staining was weak with animal age,

and the staining was more obvious in the middle zone. In

addition, strong pericellular and interterritorial staining in

the superficial and transitional zones was observed in the

younger animals.

Indentation modulus and hardness measured by

nanoindentation test

Figure 7 shows typical microarchitectural features of the

surfaces of ST in the tibial plateau of 1-, 3-, 5-, 7-, 9-, 11-, 13-

, 15-, 16- and 17-month-old rats detected by SEM and

indentation modulus, and it shows the hardness of the SP

and ST in the tibial plateau measured by the nanoindenta-

tion test. The indentation modulus (Fig. 7K,L) and hardness

(Fig. 7M,N) of the SP and trabecular bone in the tibial pla-

teau determined by the nanoindentation test were found

to change with animal age. In the first phase (1–9 months

of age), the indentation modulus of the SP and trabecular

bone in the tibial plateau increased linearly by 7.54% and

9.95% per month, respectively (P < 0.001), and the hardness

of the SP and trabecular bone in the tibial plateau increased

linearly by 4.90% and 3.66% per month, respectively (P <

0.001). In the second phase, the indentation modulus and

hardness of the bone tissue decreased slightly. The correla-

tions between the indentation modulus of the SP, the thick-

ness of AC and sGAG IOD were highly significant (Table 1).

SEM analysis of the microarchitecture features of the

ST surface of the tibial plateau

Figure 7A–J shows the microarchitectural features of the ST

surfaces as detected by SEM. When the animals were young

(1–3 months of age), the trabecular number increased, and

the trabeculae thinned with animal age, whereas collagen

fibers arranged themselves in an orderly manner (Fig. 7A,

B). When the bone enters maturity (5–9 months of age), the

trabecular number decreased with animal age and the tex-

ture of the trabeculae became rough, and a plate-like tex-

ture was clearly observed in the bone samples (Fig. 7C–E).

However, physically, the samples exhibited a mixed rod-

plate texture. The collagen fibers were disordered, and

some of the plate had peeled off (11–13 months of age;

Fig. 7F,G). The structure of the trabecular bone gradually

became disordered (15–17 months of age), and the fibers

were thinner and more fragile. A large number of small

broken fibers was observed on the surface of the ST

(Fig. 7H–J).

AFM analysis

The roughness of AC and the subchondral bone mineral

grains in the tibial plateau varied with animal age and were

biphasic (Fig. 8A,B), and the mean roughness of AC on the

tibial plateau increased in a rapid linear fashion at a rate of

16.77% (P < 0.001) per month, whereas the roughness of

the SP and trabecular bone of the tibial plateau decreased

rapidly with the linear rates of 11.14% and 16.23%, respec-

tively (P < 0.001). The correlation between roughness of AC

and sGAG IOD was highly significant (Table 1).

Discussion

Female Wistar rats of different ages were investigated. The

age-related morphological, biochemical and mechanical

properties of AC and subchondral bone were measured by

a multi-modal approach. The process of bone growth con-

sists of two phases: the growth phase and the mature

phase. The growth plate of the tibial plateau does not close

during the lifetime of a rat. Despite the continued presence

of growth plates in aged rats, longitudinal growth no

longer occurs (Roach et al. 2003). The process of skeletal

maturation proceeds along a trajectory adequately pre-

dicted by a Gompertzian function; moreover, the tibial

length of female Sprague–Dawley rats increases until they

are 225 days old (Jason et al. 2010). Thus, the selected

growth phase of rat in our study is 1–9 months of age. The

mature phase ranges from 11 to 17 months of age. The

selection of a final regression form (linear, exponential or

logarithmic) was dependent on the coefficients of determi-

nation. Different stages of growth and the growth curves

obtained from previous studies were considered during the

selection of the regression forms (Hughes & Tanner, 1970;

Jason et al. 2010). A Gompertz function temporally

describes the growth process through successive phases of

rapid, decaying and asymptotic growth. With this function,

iterative regressions with exponential, logarithmic and lin-

ear models are used to estimate the age at which the transi-

tion between the respective growth periods occurs (Jason

et al. 2010). Therefore, appropriate models in this study

were selected from linear, exponential or logarithmic

models.

Age-related decreases in the thickness of uncalcified tibial

AC at the mature stage and the advancement of tidemark

with age were observed; this result is in good agreement

with previous findings (Brommer et al. 2005; Turnhout

et al. 2010; Moriyama et al. 2012). Notably, the percentage

decreases in cartilage thickness (�2.98% per month) were

similar to the amounts of sGAG evaluated by Safranin O-

Fast Green staining (�2.55% per month) in the first phase
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(1–9 months of age). This result is likely because sGAG is the

major constituent of cartilage.

Growth may lead to topographical variations of AC

(Hamann et al. 2014). To clarify this speculation, we per-

formed AFM analyses. The results showed that cartilage

roughness increased with age, but the amounts of sGAG in

the first phase (1–9 months of age) decreased. The results of

our correlation analyses showed that cartilage roughness

correlates negatively with the amount of sGAG (r =�0.68,

P < 0.01), which led us to speculate that the roughness of

AC might be influenced by the amount of sGAG in AC. Due

to the uniform staining pattern of sGAG in cartilage of all

age groups, it is difficult to estimate the amount of sGAG in

the superficial zone. We cannot conclude that the increase

in cartilage roughness is mainly due to the decrease in

sGAG. Denatured type II collagen was observed in the

superficial zone of human articular femoral condylar carti-

lage, indicating that damage to type II collagen in aging

starts at the articular surface (Hollander et al. 1995). Addi-

tionally, collagen fibrils of older mice appeared thicker on

the AC surface of the femoral heads of C57BL/6 mice (Stolz

et al. 2009). Thus, cartilage roughness seems to be influ-

enced by age-related changes in collagen II. Nevertheless,

the opposite has also been seen; type II collagen is lacking

in the surface of pig femoral groove cartilages (age 6

months) as observed by SEM (Fujioka et al. 2013). Notably,

the regions and species mentioned above are different

from those in our study. The superficial collagen content of

AC from different anatomical sites or species varies (Laasa-

nen et al. 2005; Turnhout et al. 2010). Whereas pig femoral

groove cartilages were investigated in that study (Fujioka

et al. 2013), we analyzed tibial cartilage, which likely differs

with respect to their type II collagen content and therefore

roughness.

As a functional unit, AC and the subchondral bone inter-

act with each other in the knee. The health and integrity of

the overlying AC depends on the mechanical properties of

the underlying subchondral bone (Lories & Luyten, 2011;

Hamann et al. 2013). The AC thickness decreased consider-

ably; the condensation of SP and ST bone within a normal

rat knee in relation to developmental status was also

observed. This result is in accordance with those of a previ-

ous study (Hamann et al. 2014). The ST bone is believed to

deliver nutrients to the adjacent cartilage through its capil-

laries, which need to pass the SP (Malinin & Ouellette,

2000). This function seems to be limited by the

condensation and thickening of SP, which further changes

the contents of collagen II or sGAG in AC. Our results

revealed strong correlations among the contents of sGAG in

AC, thickness of medial SP and ratio of pore area/total area

at the osteochondral junction. This result suggests that the

microarchitecture of SP may influence the composition of

AC.

Increases in the indentation modulus and hardness of SP

and ST bone in the first phase (1–9 months of age) were

also observed in our study; these increases are associated

with the changes in bone mineral content and organization

(Brama et al. 2002; Hamann et al. 2013; Zuo et al. 2016).

Moreover, condensation of SP may result in nanostructural

changes in the mineral grains, which probably accounts for

changes in the mechanical properties of subchondral bones

(Brama et al. 2002). Correlations between the content of

sGAG in AC and indentation modulus of SP were highly sig-

nificant in our study. sGAG and collagens are responsible

for the mechanical properties of AC. Therefore, the

mechanical properties of AC may be affected by the

mechanical properties and structure of the underlying sub-

chondral bone. However, the AC aggregate modulus (com-

pressive modulus) decreased during growth, which was

weakly correlated with alterations in its underlying sub-

chondral bone structure (seen by comparing 7-week-old

and 13-week-old female Sprague–Dawley rats; Moriyama

et al. 2012). This may be because the mechanical properties

of the AC do not increase linearly during development,

thereby indicating that they are highly dependent on the

developmental stage and the time at which they are investi-

gated (Julkunen et al. 2009). Hence, the mechanical proper-

ties of AC and those of subchondral bone should be

investigated simultaneously across a full range of ages to

fully understand the interaction between the two struc-

tures. Unfortunately, mechanical testing of AC could not be

performed in our study because AC was destroyed during

sample preparation for nanoindentation testing of the sub-

chondral bone.

This study also had a few limitations. First, the samples

were dehydrated in a series of graded ethanol solutions

prior to the AFM observation. These dehydrated samples

were different from fresh samples. The contribution of the

hydrated extracellular matrix (ECM) to the actual surface

roughness was neglected when measuring the surface

properties of dehydrated cartilage. Although the surface

roughness may be affected to some extent, all samples were

Fig. 4 Typical histology images with hematoxylin and eosin (HE) staining of articular cartilage (AC) in tibial plateau from 1-, 3-, 5-, 7-, 9-, 11-, 13-,

15-, 16- and 17-month-old rats, histological image of tibial plateau of female Wistar rats at the age of 7 months and quantitative analysis of the

microarchitecture of trabecular bone in tibial plateau. (A–J) Typical histological images with HE staining from 1-, 3-, 5-, 7-, 9-, 11-, 13-, 15-, 16-

and 17-month-old rats, respectively. (K) Typical image of pore area at osteochondral junction (tagged 1) and subchondral trabecular bone (ST) area

of tibial plateau (tagged 2) at the age of 7 months. (L) Ratio of pore area/total area varied with animal age. (M) Ratio of bone area/total area var-

ied with animal age. Bars represent a length of 500 lm. #P < 0.05, compared with 1-month group; &P < 0.05, compared with 3-month group;

*P < 0.05, compared with 5- month group; ▲P < 0.05, compared with 7-month group; ●P < 0.05, compared with 9-month group; ■P < 0.05,

compared with 11-month group; ◆P < 0.05, compared with 13-month group.
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treated with the same processing procedures, and thus all

experimental results were acquired under the same condi-

tions. In addition, a previous report showed that AFM is

suitable for measuring the surface roughness of cartilage

after ethanol dehydration (Ghosh et al. 2013). In our future

studies, a multi-modal approach on fresh samples will be
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Fig. 5 Typical histology images with Safranin O-Fast Green of articular cartilage (AC) in tibial plateau from 1-, 3-, 5-, 7-, 9-, 11-, 13-, 15-, 16- and

17-month-old rats and microarchitecture parameters of AC in tibial plateau. (A–J) Typical histology images with Safranin O-Fast Green from 1-, 3-,

5-, 7-, 9-, 11-, 13-, 15-, 16- and 17-month-old rats, respectively. (K) Sulfated glycosaminoglycan (sGAG) integrated optical density (IOD) varied

with animal age. (L) Thickness of AC varied with animal age. Bars represent a length of 100 lm. #P < 0.05, compared with 1-month group; &P <

0.05, compared with 3-month group; *P < 0.05, compared with 5-month group; ▲P < 0.05, compared with 7-month group.
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carried out for actuality. The contribution of hydrated ECM

to the surface properties will also be further investigated.

Second, the animals in this study were purchased at full-

term age for multi-level experiments. The OARSI score was

not designed in the experimental procedures to assess carti-

lage degeneration semi-quantitatively. In future studies,

Table 1 The correlation coefficients between all biochemical, mechanical and morphological parameters of SP and AC.

R

SP AC

Med. BMD Med.Th Ratio Modulus Hardness sGAG IOD Thickness Roughness

AC sGAG IOD �0.46* �0.71* 0.67* �0.54* �0.43* 1 0.72* �0.68*

Thickness �0.49* �0.68* 0.64* �0.52* �0.47* 0.72* 1 �0.64*

Roughness 0.34* 0.64* �0.60* 0.64* �0.50* �0.68* �0.64* 1

AC, articular cartilage; IOD, integrated optical density; Med. BMD, bone mineral density of medial SP; Med.Th, thickness of medial

subchondral plate; Ratio, ratio of pore area/total area; sGAG, sulfated glycosaminoglycan; SP, subchondral plate.

*P < 0.01.
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Fig. 6 Immunohistochemistry images of collagen II expression of articular cartilage (AC) in tibial plateau from 1-, 3-, 5-, 7-, 9-, 11-, 13-, 15-, 16-

and 17-month-old rats. (A–J) Typical immunohistochemistry images of collagen II expression of AC in tibial plateau from 1-, 3-, 5-, 7-, 9-, 11-, 13-,

15-, 16- and 17-month-old rats, respectively. Bars represent a length of 100 lm.
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the OARSI score will be designed to analyze age-dependent

cartilage degeneration semi-quantitatively. Third, the reac-

tion on the DAB substrate was catalyzed by peroxidase to

produce water-insoluble brown material to develop the

color. The OD was calculated through microscope observa-

tions and imaging analysis to determine the content. More-

over, the DAB concentration, pH, primary antibody

concentration, secondary antibody concentration and bind-

ing time in the immunohistochemical process of type II col-

lagen were the same in this study. Thus, the experimental

error was small. The brown material in the reactants can be

used to locate and semi-quantitatively analyze the content

of collagen II. Given that the immunohistochemistry of col-

lagen II cannot be used to quantitatively analyze the

Fig. 8 Typical atomic force microscopy (AFM) topographic images (5 9 5 lm) and roughness of articular cartilage (AC) in tibial plateau, subchon-

dral plate (SP) and subchondral trabecular bone (ST) from 1-, 3-, 5-, 7-, 9-, 11-, 13-, 15-, 16- and 17-month-old rats. (A) AFM topographic images

varied with animal age. (B) Rougness varied with animal age. #P < 0.05, compared with 1-month group; &P < 0.05, compared with 3-month group;

*P < 0.05, compared with 5- month group; ▲P < 0.05, compared with 7-month group; ●P < 0.05, compared with 9-month group; ■P < 0.05,

compared with 11-month group.

Fig. 7 Typical microarchitecture features of the surfaces of subchondral trabecular bone (ST) in tibial plateau from 1-, 3-, 5-, 7-, 9-, 11-, 13-, 15-,

16- and 17-month-old rats detected by scanning electron microscopy (SEM) and indentation modulus and hardness of subchondral plate (SP) and

ST in tibial plateau measured by nanoindentation test (n = 100). (A–J) Typical SEM images of the surfaces of ST in tibial plateau from 1-, 3-, 5-, 7-,

9-, 11-, 13-, 15-, 16- and 17-month-old rats, respectively. Bars represent a length of 300 lm. The white arrows indicate age-related changes of

ST. (K) The indentation modulus of SP in tibial plateau was plotted with animal age. (L) The indentation modulus of ST in tibial plateau was plotted

with animal age. (M) The hardness of SP in tibial plateau was plotted with animal age. (N) The hardness of ST in tibial plateau was plotted with

animal age. #P < 0.05, compared with 1-month group.
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content of collagen II, a remarkably convincing approach is

needed in future studies to analyze the content of this sub-

stance quantitatively. Fourth, the samples were dehydrated

during histomorphometric analysis, which consequently

affected cartilage thickness. Although cartilage commonly

shrinks during ethanol dehydration in histochemical pro-

cessing, all the samples were treated with the same process-

ing procedures. Furthermore, histological methods have

been used to measure cartilage thickness in many studies

(O’Connor, 1997; Nomura et al. 2017). In our future studies,

other methods for measuring cartilage thickness will be

used to obtain a result close to the true value. The effect of

ethanol dehydration on cartilage thickness will also be fur-

ther investigated.

In summary, a multi-modal approach was used to charac-

terize the changes in the morphological, biochemical and

mechanical properties of tibial AC and subchondral bone of

female rats of different ages. Age-related changes in AC

and bone properties changing among multi-levels will pro-

vide a theoretical basis for clinical research on age-related

bone diseases.
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