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Abstract

Once damaged, the articular cartilage has very limited intrinsic capacity for self-renewal
due to its avascular nature. As a result, damaged cartilage often leads to pain if left
untreated, and gradually develop OA overtime. Stem cell based approach have been
focused on repairing damaged cartilage in the patient with early stage of OA. However,
there are no effective source for mesenchymal stem cells (MSCs) to repair the defect.

In the recent study adipose-derived mesenchymal stem cells (ASCs) have been
demonstrated to be superior to Bone marrow derived MSCs (BM-MSCs) for the cartilage
regeneration. Therefore, the present study aimed to establish the potential of using
scaffold free cartilage construct derived from ASCs as a new therapy for cartilage
regeneration in a rat model of osteochondral defect. The in vitro characteristics between
ASCs from infrapatellar fat pad and subcutaneous tissue were evaluated. There was no
difference in the number of CFUs and size of CFUs between IPFP and SC sources.
ASCs isolated from both sources had a normal karyotype. The mesenchymal stem cells
(MSCs) markers on flow cytometry was equivalent. IPFP-ASCs demonstrated
significantly higher expression of SOX-9 and RUNX-2 over ASCs isolated from SC (6.19
+ 5.56-, 0.47 + 0.62-fold; p value = 0.047, and 17.33 + 10.80-, 1.56 + 1.31-fold; p value
= 0.030, resp.). The one of the TGF-b signal pathway of ASCs infrapatellar knee namely

GDF-5 has been evaluated from the patients with OA in the different severities (KL 3



and KL 4). GDF-5 expression from synovial tissue is correlated with the severity
according to KL score. Moreover, the TGF-b signal pathway including pathway activity
signature genes, TGF beta superfamily Ligans, TGF beta Superfamily receptors,
Transcription factors and regulators as well as SMAD Target genes were significantly
higher expression in IPFP-ASCs. However, in the preclinical study using osteochondral
model for cartilage construct implantation, there was no statistically difference in
macroscopic observations and histological examination of IF-ASCs and SC-ASCs at 4
weeks post-implantation. The quantitative measurement of immunostaining for type |l
collagen and aggrecan also revealed that no significant differences were also observed
between these constructs. In this study, the infrapatellar fat pad tissue could serve as
the potential source for cartilage repair. It is suggested that implantation of scaffold free
cartilage construct derived from IF-ASCs may be served as an alternative approach to

repair the cartilage defect. However, further studies are required to confirm this finding.
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Objectives:

(1) To characterize adipose derived MSCs from subcutaneous and infrapatellar knee fat
sources

(2) To determine and compare in vitro potential of chondrogenic differentiation from
subcutaneous and infrapatellar knee fat source

(3) To evaluation differentiation TGF-b signal pathway of ASCs from subcutaneous and
infrapatellar knee during chondrogenic differentiation

(4) To determine and compare chondrogenic regeneration potential of ASCs from

subcutaneous and infrapatellar knee fat source in cartilage injury model in rodent



Materials and Methods:

Experimental I: To establish ASCs bank and compare the characteristic of ASCs from

subcutaneous and infrapatellar knee fat source

a) Preparation of adiposed-derived mesenchymal stem cell (ASCs)

ASCs will be harvested from two different sources, including infrapatellar fatpad tissue and
subcutaneous adipose tissue. Infrapatellar fatpads will be collected from patients who are
assigned for total knee arthroplasty. For another group, subcutaneous adipose tissues will be
collected from patients who are planning for cosmetic surgery by using lipoaspiration. After
harvesting, AT-MSCs will be isolated and culture in Ramathibodi hospital’s research center until
Srd passage.

Total 20 participants in either undergoing TKA or undergoing cosmetic liposuction will
be included in this study. Patient’s age/ Sex/ BMI will be recorded. Radiographic parameter by

KL classification also determined.

b) ASCs characterization

ASCs will then be evaluated for immunophenotypes (CD73, CD90, CD105, CD 34, CD45 and
HLA-DR) by using flow cytometry. In addition, ASCs’ karyotype, bacterial contamination, colony-
forming units (CFUs), differentiation abilities to chondrogenic-, adipogenic- and osteogenic-ASCs

will also be determined.

Experimental Il: To confirm and compare the differentiation of chondrocytes by determining the
expression of chondrogenic related genes of ASCs from subcutaneous and infrapatellar knee

sources
a) Confirmation of chondrogenic differentiation

To demonstrate the chondrogenic differentiation potential of MSCs, passage 3-4 MSCs were
cultured in vitro under chondrogenic conditions. to induce chondrogenesis using the micromass
culture technique, 4 x 10° cells were resuspended in polypropylene tubes, centrifuged gently to
form a micromass, then cultured in serum-free medium containing high-glucose DMEM
supplemented with 100 nM dexamethasone, 1x Insulin-transferrin-selenium plus premix (ITS
Premix, from BD®); final concentration: 6.25 [ g/mL bovine insulin, 6.25 (& g/mL transferrin,
6.25 UL g/mLselenous acid, 5.33 L g/mL linoleic acid and 1.25 (& g/mL bovine serum
albumin), 50 W g/mL ascorbic acid, 100 L g/mL sodium pyruvate, 50 L g/mL proline, and 20
ng/mL transforming growth factor-b3 (TGF-b3). The medium was changed every 3 days. After 3

weeks, cultured pellets were frozen, sectioned (6 (L m thick), and stained with Alcian blue.



c) Determination of SOX-9 expression

Expression of SOX-9 gene will be quantified using quantitative real-time RT-PCR. Comparative
gene expression will be used for quantification. RNA extraction will be performed using tissue
RNA extraction kit (Zymo Research, Irvine, California, USA). RNA will be converted to cDNA
using SuperScript® VILO™ cDNA Synthesis Kit (Gibco, Life technology, Grand Island, NY,
USA). KAPA SYBR®Fast qPCR Master Mix (2x) Universal (KAPA Biosystem, Woburn, MA
USA) will be used. Rotorgene 6000 (Qiagen, Hilden, Germany) real-time PCR platform will be

used.
d) Confirmation of immunohistology

Cell pellet s were processed by standard histological procedures. They were then stained with
Hematoxylin and Eosin (H&E) to detect general morphology. In addition, immunohistochemical
staining for aggrecan and type-Il collagen were also assessed by using standard

immunochemistry techniques.

Experimental Ill: To evaluation differentiation TGF-b signal pathway of ASCs from subcutaneous

and infrapatellar knee during chondrogenic differentiation
a) Sample preparation
For the PCR array, RNA samples were collected and quantified as detailed in the experiment Il.
To obtain the best results from the PCR array, all RNA samples were selected by the following
criteria: i) A260:A230 ratio should be greaterthan 1.7, ii) A260:A280 ratio should be 1.8 to 2.0,
iii) concentration determination byA260 should be greater than 40 (& g/ml total RNA; iv) No RNA
degradation (checked by ribosomal RNA band integrity). RNA 1.5 (U g from each sample was
used to make cDNA using a RT2 First Strand Kit (SABiosciences, Qiagen, Crawley, Sussex,
UK). RNA samples were first mixed with 2 L | GE (5 x gDNA Elimination Buffer) andnuclease-
free H20 added up to 10 UL I. The mix was incubated at 420C for 5 min and chilled on ice
immediately for at least 1 min. Then, 10 UL | RT cocktail that included 4 1 | BC3 (56 X RT
Buffer3), 1 1L | P2 (Primer & External Control Mix), 2 1 | RE3 (RT Enzyme Mix 3), and 3 UL |
Nuclease free water; was added to each 10 (L | RNA mixture. The synthetic reaction mixture
was incubated at 420C for exactly 15 min, and there action was immediately stopped by heating
at 950C for 5 min. Finally, 91 U | ofnuclease-free H20 was added to each 20 L | of reaction
mixture. The cDNA wasstored at -200C for later use. For RT2 ProfilerTM PCR Array (PAHS-
035A: Human TGF-b BMP Signaling Pathway) The PCR array was conducted using the RT2
PCR Array. The experimental cocktail was prepared as follows: 1350 UL | 2X SABiosciences
RT2 gPCR master mix, 102 U | diluted first strand cDNA synthesis reaction, and 1248 L |
nuclease-free water. This experimental cocktail (25 UL 1) was added to each well.iii) For PCR
arrays, a two-step cycling program was used on the Bio-Rad by detecting the fluorescent signal

released from SYBR-green. Data from each PCR array were input into the respective Excel-



based RT2 RNA QCPCR Array Data Analysis template or RT? Profiler PCR Array Data Analysis

Template v3.3 (http://www.sabiosciences.com/pcrarraydataanalysis.php).

This array will screen for expressed genes in TGF-b BMP Signaling Pathway. Growth and

differentiation factor is main interesting molecule as it is involved in chodrogenic differentiation.

Experimental IV: To compare the alternative source of ASCs from infrapattellar fatpad (IF)

and subcutaneous tissue (SC) in a rat model of cartilage defect

The present study is designed to further investigate whether culture of cartilage progenitor cells
derived from either IF-ASCs or SC-ASCs could retain their characteristics and differentiation
abilities after implantation in a rat model of cartilage defect in a similar manner to that observed
in our preliminary in vitro study, in which IF-ASCs are found to exhibit a superior chondrogenic
and osteogenic differentiation than that of SC-ASCs. To investigate this, the 3D culture of
cartilage constructs derived from either IF-ASCs or SC-ASCs will be implanted into the full-
thickness osteochondral defects of the rats and the chondrogenic differentiation markers will be
examined by using histological and immunochemistry analyses, in which hyaline cartilage is

stained for safranin-O and immunostained for type Il collagen.

a) Preparation of three-dimension (3D) cartilage constructs
ASCs will be induced into in the conical tube for 3D culture technique for 21 days using micro-
mass technique Cell staining with Alcian-blue staining will be applied to the chondrocyte

differentiation.

b) Animal experimentation

Six weeks old male (160-180 g) wistar rats will be allowed to acclimatize to the new
environment for a week and then they will be randomly divided into two main groups that are
differed in the duration of convalescence following implantation with cartilage constructs as
shown below.

Group A (n=6): Implantation with cartilage construct-derived from IF on one side of femoral
condyle and with cartilage-derived construct from SC on the other side of femoral condyle for 4
weeks

Group B (n=6): Implantation with cartilage construct-derived from IF on one side of femoral
condyle and with cartilage-derived construct from SC on the other side of femoral condyle for 12

weeks

c¢) Induction of cartilage defect

After the rats anesthetized, a medial parapatellar incision will be made on the right knee joint of the
animal. The patellar will be dislocated laterally to expose a better access to the articular surface of

the femoral condyle. Two full-thickness osteochondral defects with a diameter of 1.2 mm will be


http://www.sabiosciences.com/pcrarraydataanalysis.php

created by using Kirschner wires (K-wires) to drill on both medial and lateral femoral condyles until
reaching the bone marrow region. The cartilage constructs-derived from either IF or SC will be
randomly implanted into either the lateral or medial femoral condyle. The joint capsule and skin will
be closed with vicryl 4-0 braided absorbable suture and monofilament 3-0 Nylon threads,
respectively. After recovery from surgery, all rats will be returned to cages in groups of two, with

free access to food and water.

d) Necropsy (Gross examination of rat knee joint):

At the end of each post implantation time points, animals will be euthanized and a gross necropsy
will be performed to assess the knee joint regeneration. Photographs will be taken of each joint at
the surgical site. Then knee joint tissues from both hind limbs will be collected for further

histological and immunohistochemistry analysis.

e) Histological and immunohistochemistry analyses

In brief, tibiofemoral joints from both knees of each animal will be dissected by cutting mid-femur
and tibia and submerged in 10% buffered formalin for 72 h and decalcified with 10% EDTA for 3
weeks, and embedded in paraffin. Sectioning (4 um sections) will then conducted using standard
microtome and will be stained with hematoxylin and eosin (H & E) and safranin-O. Histopathological
analysis will be assessed in a semiquantitative blinded fashion and scored according to the scoring
system.

For the immunostaining of type Il collagen, the joint tissues will be processed by standard
immunochemistry techniques. In brief, sections will be deparaffinized and the endogenous
peroxidase activity will be blocked with 0.5% hydrogen peroxide in methanol and washed in 0.1%
bovine serum albumin (BSA) in Tris-buffered saline (TBS). The sections will be treated with
testicular hyaluronidase, in which a non-specific staining will be reduced by incubation with horse
serum. The sections will then be incubated with monoclonal antibody against human type I
collagen and the immunostaining will be performed using the Vectastain avidin-biotin peroxidase

complex (ABC) kit (Vector Laboratories, Burlingame, CA, USA).



Results:

(1) Characterization of IMSCs and SMSCs (objective 1 and 2)
Abbreviations
IMSCs = Infrapatellar fatpad mesenchymal stem cells
SMSCs = Subcutaneous mesenchymal stem ceslls
Demographic data

In this study, 5 female participants were underwent total knee arthroplasty operation.
Infrapatellar fatpad tissue was collected by sterile technique then ASCs was extracted. Range of
patient’ age was from 53-77 years and range of BMI was from 20.24-26.53 kg/mz. All participants
were diagnosed OA Right knee stage 4 by KL classification. The infrapatellar fat tissue was
measured for weight range from 8.63-14.75 gram and for yield for cell extraction, range from
7.88x106-67.79x106 cell/ml/gram. Timing for cell culture from passage 0th to passage 2nd was about
15-28 days and number of ASCS in passage 2" was counted by hemocytometer and range from

0.30x106—3.37x106 cell/ml (Table 1).

Table 1: Baseline characteristics of ASCs from infrapatellar fatpad

Case 1 Case 2 Case 3 Case4 Caseb5

Sex Female Female Female Female  Female
Age (yrs) 77 53 7 66 62
BMI (kg/mz) 26.53 27.01 24.44 20.50 20.24
Side of TKA operation Right Right Right Right Right
OA classification Stage 4 Stage 4 Stage 4 Stage 4  Stage 4
Fatpad weight (gram) 13.49 13.49 10.25 8.63 14.75
Number of ASCs isolation(P 0%)

6 9.10 1.25 6.95 1.43 1.16
(x10 cells/ml)
Yield of ASCs Collection(P 0%)

4 67.46 9.27 67.79 16.51 7.88
(x10 cells/ml/gram)
Incubation time to P2** (days) 17 28 17 17 15
Number of ASCs at P2**(x1060ells/ml) 3.30 3.37 2.26 0.30 2.30

* Passage 0th

nd
** Passage 2



In evaluation ASC’s properties in other source (subcutaneous tissue, N=5), we found non-statistical
significant in gender and BMI of participants both group (p-value=1.000 and p-value=0.001,
respectively) but the mean age in subcutaneous group was lower than infrapatellar fat pad group (p-
value=0.001). Weight of adipose tissue from lipoaspiration was more than TKA operation
(49.75+20.57, 12.12+2.57; p-value=0.014). Number of ASCs isolation after sample collection was
counted by hemocytometer and found non-statistical significantly in both groups (p-value=0.923) but
infrapatellar fatpad group had yield of ASCs collection more other group (33.78+31.07 and
9.28+7.23, respectively; p-value=0.076). ASCS was cultured in T25 plate though to passage 2"
about 18.80+5.22 and 23.00+7.52 days, respectively (p-value=0.341) and the number of ASCs was

found non-statistical significant in ASCs number in both groups (p-value=0.877), as shown in table 1

ASCs immunophenotypes

We found non-statistical significantly of ASCs’ phenotype from flow cytometry in both
groups. Positive markers for MSCs were shown by CD73, CD 90 and CD105. Negative markers for
MSCs were shown by CD 34, CD 45 and HLA-DR (Table 2, figure 1)
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Figure 1: Flow cytometry of IMSCs(case No.4); First row shown positive markers(CD90-FITC,

CD105-PE and CD73-APC) and second row shown negative markers(CD34-APC, CD45-PE,

HLADR-APC).



Colony forming unit evaluation
After ASCs were cultured in polypropylene 6-well plates for 10 days then CFU counting had

done (Figure 2). We found IMSCs had less of CFU’s number (3.13+£1.71 and 3.99+1.52) and size
(9.91£4.72 and 3.99+1.52) than other group but non-statistical significantly different (P-value=0.428

and 0.263, respectively).

Figure 2: CFU of IMSCs(Case No.4) under light microscope(magnifier4x)

Safety assessment
All MSCs culture samples were not found bacterial or pathogen contamination from

aerobe/anaerobe culture, PCR for mycobacterium, mycoplasma detection (official report by

department of pathology, Ramathibodi hospital, 4 Dec 2014) and normal cell karyotypes (Figure 3).
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Figure 3: Normal karyotype of IMSCs (46, XX)




Table 2: Comparison of baseline characteristics between ASCs from infrapatellar fatpad and

subcutaneous tissue

Gender

Male

Female
Age (yrs)*
BMI (kg/m’)*
Weight of fat collection(gram)*
Number of ASCs isolation(P 0) (x106 cells/ml) *
Number of ASCs(P 0) per weight
(x104cells/mI/gram) *
Incubation time to P 2 (days)*
Number of ASCs at P 2 (x106cells/ml)*
ASCs Markers
Positive markers  CD 73(%)*
CD 90(%)*
CD 105(%)*
Negative markers CD 34(%)*
CD 45(%)*
HLA-DR(%)*
Colony forming units (/100 cells)*
Size of CFU (mm)*

Infrapatellar fatpad
(N=5)
n (%)

5(100.00)
65.80 + 9.09
23.75 + 3.23
12.12 + 2.57
3.98 £ 3.77

33.78 £ 31.07

18.80 + 5.22
231+1.24

99.69 £ 0.26
91.43 £ 10.79
90.63 £ 9.49
1.24 + 1.54
0.17 £ 0.08
0.55 + 0.69
3.13 £ 1.71
9.91£4.72

Subcutaneous
(N=5)
n (%)

1(20.00)
4(80.00)
30.40 + 13.16
23.52 + 7.82
49.75 + 20.57
3.79 £ 1.75

9.28 +7.23

23.00 £ 7.52
243 +£1.12

99.60 + 0.26
93.85 + 6.71
87.85 £ 19.79
1.46 + 2.22
0.16 £ 0.12
1.08 + 2.01
3.99 + 1.52
12.99 £ 3.26

P-Value

1.0001

0.001
0.953
0.014
0.923

0.076%

0.341%
0.877

0.591
0.917%
0.917%
0.917%
0.882
0.834%
0.428
0.263

* Mean £ SD., T Fisher's exact test, ¥ Mann-Whitney U test



ASCs differentiation and histology

Pre-ASCs differentiation morphology detected under light microscope that flat polygonal
cells were seen both groups. Post-ASCs differentiation in each cell lines, chondrogenic-/ adipogenic-
and osteogenic induced, were staining by specific staining solution and shown positive staining both

groups (Figure 4-6).

T

Figure 5: ASCs differentiation to adipocyte from Infrapatellar fatpad(A) and subcutaneous tissue(B) which staining

by Oil Red-O(magnifier 20x). Osteogenic differentiation to from Infrapatellar fatpad(C) and subcutaneous tissue(D)

which staining by Alizalin Red(magnifier 20x).
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Figure 4(Left): Comparison of SOX-9 and RUNX-2 expression in IF-MSCs and SC-MSCs.
(Right): Comparison of PPAR-Y expression in IF-MSCs and SC-MSCs.

Figure 6: ASCs differentiation to chondrocyte from Infrapatellar fatpad and subcutaneous tissue

which staining by Alcian Blue. Both groups shown blue staining the spheroid of chondrocyte.




(2) Gene express of growth and differentiation factor 5 in synovial tissue (objective 3)

Demographic data

There were 30 OA knee patients who underwent Total knee arthroplasty procedure included in this
study. The severity of radiographic appearance was classified according to the KL score into KL3
(n=15) and KL4 (n=15). Baseline characteristics of the patients between the KL3 and KL4 groups
including sex, age, onset of the disease, BMI, history of labor work, excessive kneeling activity,

smoking and WOMAC score showed no statistical difference (Table 3).

Level of Gene expression in the different severity of OA knee
The level of GDF-5 gene expression using real time PCR between the radiographic severity groups
showed a statistically significant difference in gene expression with median expression folds of 1.81

(0-9.46) and 3.5 (1.45-13.62) for the KL3 and KL4 group respectively (p-value = 0.0327) (Table 4).

Radiographic severity and Degree of synovititis

Selected synovial tissue of 10 samples from knee OA patients (n=5 for KL3 and n=5 for KL4) were
determined their general histomorphlogy and graded for their degree of synovitis. The synovial tissue
samples both the KL3 and the KL4 groups showed low-grade synovitis in hematoxylin and eosin stain
(Table 5) with 2 or 3 layers of the synovial lining cells and slight increase in cellularity (Figure 6 Lt) and
some infiltration of the inflammatory cells (Figure 6 Rt). There was no statistical difference in the synovitis

score between both groups.



Table 3. Baseline characteristics between KL groups

KL grading scale

Patient characteristics KL3 KL4 P-value
(n =15) (n=15)

Sex

Male No.(%) 3(0.2) 1(0.07) 0.6

Female No.(%) 12 (0.8) 14 (0.93)

Age

Mean (SD**) 68.73 (10.03) 64.53 (7.53) 0.21

range 53 -83 50 - 77

Onset of disease

Mean (SD) 62.07 (10.5) 55.87 (7.54) 0.07

range 46 - 81 45 - 67

BMI

Mean (SD) 27.8 (6.38) 29.7 (5.58) 0.39

range 21.2-41 19.6 - 39.2

History of labor work

Yes (%) 2 (0.13) 1 (0.07) 1.0

No (%) 13 (0.87) 14 (0.93)

Excessive kneeling activity

Yes (%) 0 (0) 1 (0.07) 1.0

No (%) 15 (100) 14 (0.93)

Smoking

Yes (%) 1 (0.07) 2 (0.13) 1.0

No (%) 14 (0.93) 13 (0.87)

WOMAC score

Mean (SD) 119.6 (43.29) 126.4 (42.47) 0.67

range

55 - 184

46 - 189




Table 4. GDF5 expression between KL groups

KL grading scale
GDF5 expression
KL3 KL4 P-value
(folds)
(n=15) (n =15)
Median (MAD) 1.81 (0.92) 3.5 (1.59) 0.0327
range 0-9.46 1.45 - 13.62
Table 5. Synovitis grading between KL groups
KL grading scale
Synovitis grading KL3 KL4
(n=3) (n=75)
No synovitis (%) - 1
Low-grade synovitis (%) 5 4
High-grade synovitis (%) - -

Figure 6. The synovial lining cells that form 2-3 layers with cellularity slightly increased (Lt) and few

inflammatory cells infiltration (Rt)

(3) Evaluation differentiation TGF-b signal pathway of ASCs from subcutaneous and

infrapatellar knee during chondrogenic differentiation (objective 3)

Members of the transforming growth factor beta (TGFB) superfamily of secreted factors play
essential roles and contribute to the development of cartilage formation and maintenance. The
expression of genes related to TGF-Beta Pathway was determined using TGFR / BMP Signaling
Pathway Plus RT2 Profiler PCR Array. The findings showed an up-regulation of genes related to



TGFb BMP Signaling Pathway including Pathway Activity Signature Genes, TGF beta superfamily
Ligands, TGF beta Superfamily receptors, Transcription Factors and Regulators and SMAD Target
genes in the IF-MSCs. Table 6 shown the fold change of targeted genes in IF-MSCs compare to
SC-MSCs.

Table 6 the TGF-b signal pathway related genes from IF-MSCs compared to SC-MSCs

Pathway Activity Signature Gene

Gene Fold change Sig.

PMEPA1 3 P<0.001
THBS1 2.53 P<0.01

KLHL24 2.72 P<0.001
STK38L 14.27 P<0.001
SERPINE1 2.42 P <0.05
FAS 2.35 P <0.05

TGF beta superfamily Ligans

Gene Fold change Sig.

BMP3 8.79 P<0.001
GDF5 2.94 P<0.001
TGFB3 2.74 P<0.001
BMP6 4.72 P<0.001

TGF beta Superfamily receptors

Gene Fold change Sig.
ACVRLI1 5.57 P<0.001
ACVR2A 9.19 P<0.001

Transcription Factors and Regulators

Gene Fold change Sig.
MYC 4.95 P<0.001
PDGFB 6 P<0.001

SMAD Target genes

Gene Fold change Sig.
IFRDI 2.52 P<0.01
ID1 3.21 P<0.001
COL1A1 5.06 P<0.001

BMPER 5.02 P<0.001



(4) Determine the animal models (Establish an appropriated model) (objective 4)

Time course for development of OA-related pain

At one-week post-surgery, a maximal level of change in the %HLWD was clearly observed in each
experimental group except for the naive group, in which a significant reduction in the mean %HLWD
was observed in both surgically-induced OA groups compared to sham group (Fig.7). In addition, no
significant difference in the mean %HLWD was noted at this period between these two models.
Interestingly, the mean %HLWD in the rat osteochondral injury group was returned to the pre-
operative status within 3-weeks post-surgery. However, this was not observed in the ACLT group, in
which the mean %HLWD was partially reversed and remained significantly lower than those sham

and osteochondral injury groups throughout the study period.
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Figure 7. Percentage of weight on a surgical leg

Histopathological evaluation in the articular cartilage

Histopathological changes were assessed from H&E stained sections obtained from the rat femoral
condyle. These changes were determined in parallel with the time course for development of pain
behaviour. No changes were observed in the quality of cartilage for both naive and sham groups at
12 weeks post-surgery, in which the surface of the articular cartilage is smooth with normal
distribution of cartilaginous cells and intact osteochondral junction (Fig. 8a & 8b). For the ACLT
group, histopathological changes in the articular cartilage surfaces were observed such as surface
discontinuous with cloning of chondrocytes in transitional zone (Fig.8c), vertical fissure caused by
erosion extended to transitional zone (Fig.8d), and extensive erosion, loss of matrix and

hypocellularity chondrocytes (Fig.8e) at 4, 8 and 12 weeks post-surgery, respectively. Interestingly, it



was observed that the histopathological changes in the articular cartilage surfaces observed in the
osteochondral injury model was different from the ACLT model. These changes include surface
irregularity and disorientation chondrocytes (Fig.8f), erosion of superficial layer with hypocellularity
chondrocytes (Fig.8g) and reparative tissue with fibrocartilage formation (Fig.8h) at 4, 8 and 12

weeks post-surgery, respectively.

Figure8. H&E histological sections of rat femoral condyle 100x. Sections were score with OARSI
scale. (a) Good quality cartilage of Naive 15 weeks. The surface is smooth without irregularity and
intact osteochondral junction. (b) Sham 15 weeks. Also show smooth surface with normal distribution
of cartilaginous cells. (c) Surface discontinuous with cloning of chondrocytes in transitional zone of
ACL model 4 weeks (d) Erosion causes vertical fissure extended to transitional zone of ACL model 8
weeks. (e) Extensive erosion, loss of matrix and hypocellularity chondrocytes of ACL model 12 week.
(f) Surface irregularity and disorientation chondrocytes of Osterochondral defect 4weeks. (g) Erosion
of superficial layer with hypocellularity chondrocytes of Osteochondral defect 8 weeks. (h) Reparative

tissue with fibrocartilage formation of Osteochondral defect 12 weeks.

These changes were further evaluated by using the OASRI histopathology score. The mean (+SEM)
OASRI scores for the ACLT group, observed at 4, 8 and 12 weeks post-surgery were 7.2 + 0.7
(n=5), 10.5 + 1.0 (n=6) and 15.2 £+ 0.6 (n=6), respectively (Fig. 9a). A significant difference (p<0.05)
in the OASRI score was also observed at 12 weeks compared with those observed at 4 and 8
weeks post-surgery. In contrast to ACLT group, no significant difference in the mean (+SEM) OASRI
scores was observed among all study period groups post-surgery obtained from the osteochondral
defect group, suggesting that osteochondral defect did not contribute to the progression of OA in this
model. In addition, the results from histology grading also revealed that the defect areas obtained

from the ACLT animals were in between stage 3 (25-50% involvement) and stage 4 (>50%



involvement), while the defect areas observed in the osteochondral injury animals were only in

between 10-25% (stage 2 and 3).

a) ACLT model b) Osteochondral defect model

OARS| Scores

OARSI Scores
¢

Time after surgery (woeks) Time after surgery [weeks)

Figure 9. OARSI scores obtained from the ACLT model group and osteochondral defect model
group at different study time points, including at 4, 8 and 12 weeks post-surgery. Values were

expressed as mean + SEM, ** p < 0.01 and **** p < 0.0001.

Moreover, the severity of OA progression in both models was also evaluated, in which the OASRI
scores of both models were compared at the end of the follow up period (12 weeks post-surgery).
There was a significance difference (p <0.05) in the mean (xSEM) OASRI scores between both
models and the sham and naive groups. In addition, the mean (x SEM) OASRI of ACLT model was

significant higher than those of osteochodral injury model (15.2 + 0.6 and 6.0 + 1.2) (Fig. 10).
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Figure 10 OARSI scores obtained from the ACLT model group and osteochondral defect model

group at the end of the follow up period. Values were expressed as mean + SEM, **** p < 0.0001.



(5) Comparative analysis of the alternative source of ASCs in a rat model of osteochondral

defect: IF-ASCs VS. SC-ASCs (objective 4)

After 21 days of culture in chondrogenic media, both IF-ASCs and SC-ASCs cartilage
constructs displayed round with white opaque color in which more solid texture was noted for IF-
ACSs (Fig. 11). Histologically, staining of these cartilage constructs with H&E revealed cells with
fibroblast-like structure, in which they were surrounded by an abundant extracellular matrix. In
addition, the results also revealed that both cartilage constructs stained strongly for type Il collagen
and slightly for aggrecan when compared with IgG isotype controls (Fig. 12). Both cartilage construct

was implanted into an osteochondral model. The model was selected from the previous experiment.

Figure 11 3D cartilage constructs of adipose-derived mesenchymal stem cells from subcutaneous

adipose tissue (SC-ASCs) (Left) and infrapatellar fat pad (IF-ASCs) (Right).
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Figure 12 Immunohistochemistry staining of 3D cartilage constructs of IF-ASCs, SC-ASCs and IgG
staining as controls. H&E staining: representative images of cells with round morphology (A, B).
Immunohistochemical analyses of cartilage constructs of IF-ASCs and SC-ASCs: representative IHC
images showed strongly stained for type Il collagen (C, D) and slightly stained for aggrecan (E, F).

Negative control of IHC: IgG isotype (G, H). Magnification 10X. Scale bars at 100 ym as indicated.

After 4 weeks of implantation, there was no marked difference at the surface
appearance of defects implanted with either IF-ASCs or SC-ASCs. In addition, gross observations
revealed that both implanted defects were almost completely filled with cartilaginous white tissue.
However, they could still be clearly distinguished from surrounding areas, suggesting an
improvement of the repaired defect regardless of their source of origin (Fig. 13 A). For histological

examinations, it was found that the portion of both IF-ASCs and SC-ASCs cartilage constructs can



clearly be seen and remained in the defect region after 4 weeks of implantation. The viability of cells
in the constructs can also be observed as evidenced by the presence of nuclear material (Fig. 13 B,
C). Moreover, immunohistochemical staining for type Il collagen revealed that most of these cells are
mature chondrocytes which exhibited a chondrocytic phenotype, including large round cells
encapsulated in lacunae. The reparative tissues showed a combination of flattened fibrous tissue
and mature chondrocytes. The existence of differentiated chondrocytes surrounded by type Il
collagen matrix was well-defined in IF-ASCs and SC-ASCs groups. Interestingly, chondrocytes were
markedly seen to be in columns-oriented distribution in IF-ASCs (Fig. 13 D, E) compared to those in
SC-ASCs. Consistent with type Il collagen, there was also a more intense of immunostained for
aggrecan in IF-ASCs constructs than those in SC-ASCs (Fig. 13 F, G). Despite of this, no significant
difference in the histological scoring between two sources of constructs were observed (Fig. 14).
Similarly, the quantitative measurement of immunostaining for type Il collagen and aggrecan also

revealed that no significant differences were also observed between these constructs (Fig. 15).



Type II collagen

Aggrecan

Figure 13 Macroscopic observations and histological examination of IF-ASCs and SC-ASCs at 4
weeks post-implantation. Gross appearance showed a slightly rough surface of the femoral condyle
regardless of the source of ASCs (A). H&E (B, C), type Il collagen (D, E) and aggrecan (F, G)
staining of tissues 1gG isotype (H, 1). Magnification 4. Scale bars at 200 um as indicated.
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Figure 14 Histological grading scores of the regenerated tissue in the repaired osteochondral defect.
Results from IF-ASCs (n = 6) and SC-ASCs (n = 6) groups are shown. All data were expressed as

the mean and SEM.
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Figure 15 The quantitative measurement of immunohistochemistry staining for type Il collagen and
aggrecan. Results from IF-ASCs (n = 6) and SC-ASCs (n = 6) groups are shown. All data were

expressed as the mean and SEM.



Discussion and Further research:

Many in vitro studies have recently been reported the application of ASCs for hyaline cartilage
regeneration. However, to our knowledge, only limited in vivo study is available that compared the
chondrogenic differentiation characteristics as well as the ability to regenerate damaged hyaline
cartilage between ASCs that harvested from IF and SC. Therefore, the major aim of the present
study was to investigate whether scaffold free cartilage construct of IF-ASCs and SC-ASCs can
enhance the regeneration of hyaline cartilage.

This study was focused on ASCs preparation from 2 different sources, namely subcutaneous tissue
(SC) and infrapatellar fatpad (IPFP). Their sterility and karyotype were evaluated in this study to
ensure for safety concerns. There was no contamination during the process of cell isolation and
culture expansion. For their general morphology, they were exhibited fibroblast liked appearance and
plasticity in both groups with no significant difference. Their cell surface profiles demonstrated by
flow cytometry assessment CD 73, 90, 105 for positive markers and CD 34, 45, HLA-DR for negative
markers, those were similar in both groups. Their proliferation potentials were evaluated using
cologenicity and chronogenicity by number and size of CFUs. The results were shown no difference
between both groups. For evaluation of their differentiation abilities, ASCs from IPFP source showed
superiority in the osteogenic and chondrogenic differentiation than SC source demonstrating by
SOX-9 and RUNX-2 expression which in represents for chondogenic-differentiation pathway,
andosteogenic-differentiation pathway, respectively. Thus, it is assumed from in vitro study that
infrapatellar may be a good candidate source for cartilage regeneration.

Moreover, it was demonstrated that hyaline cartilage could be successfully regenerated in a rat
model of osteochondral defect by implantation with scaffold free cartilage constructs of either IF-
ASCs or SC-ASCs. The chondrogenic differentiation characteristics of these constructs were first
confirmed prior to implantation by determining the expression of SOX-9 and COL2A1 genes. In the
present study, it was revealed that scaffold free cartilage constructs of IF-ASCs exhibited superior
SOX-9 expression compared to those of SC-ASCs. However, the current finding did not see any
significant difference in the COL2A1 expression between IF-ASCs and SC-ASCs. One possible
explanation for this inconsistent finding might be due to the difference in the expression level of
COL2A1 which was obtained from different sources. The present study, SC was harvested by
liposuction from patients who received cosmetic surgery whereas in the previous study obtained SC
from knee. Another possibility could be due to a limited number of donors in the present study.
Histologically, staining of both IF-ASCs and SC-ASCs constructs with H&E revealed cells with
fibroblast-like appearance, which they were surrounded by an abundant extracellular matrix as
indicated by immunostaining with collagen type Il and aggrecan. This result suggested that the
cartilage constructs obtained from both sources can produce type Il collagen and proteoglycans
matrix, which are the main components in the articular cartilage, confirming their chondrogenic
differentiation ability. Based on these results together with the concomitant increase in the
expression of SOX-9 and type Il collagen protein in both constructs, these data confirmed the

chondrogenic differentiation potential of both constructs.



After the chondrogenic differentiation potential of both IF-ASCs and SC-ASCs constructs was
confirmed and compared in an in vitro study, further investigation in an in vivo was performed to
investigate whether their differentiation potentials can be retained after implantation into an
osteochondral defect of the rat knee for 4 weeks. One important question might be raised
concerning the viability of the cells in cartilage constructs that were implanted into defect site of the
animal, particularly in the middle part of the constructs. The H&E staining results revealed that most
cells in the constructs were viable as indicated by the presence of a nucleus and absence of
apoptotic cells.

The present results also observed cartilage lacunae, which are the indicative of mature
chondrocytes, in the implanted of both constructs as well as the surrounding repaired area after 4
weeks of implantation. These data suggested that the immature chondrocytes with fibroblast-like
structure that were observed in the constructs can differentiate into mature chondrocytes via
chondrogenesis process after implantation. This chondrogenic differentiation ability of the constructs
after implantation was also confirmed by a positive immunostaining for type Il collagen and
aggrecan. Moreover, the present finding also found that the mature chondrocytes in the IF-ASCs
constructs were markedly arranged in column-oriented compared to SC-ASCs constructs. This may
be explained by the fact that IF-ASCs construct has a higher expression level of SOX-9 protein than
that of SC-ASCs construct. Despite of this, no significant difference in the histological scoring and
intensity level of immunohistochemistry staining was observed, suggesting that the regeneration of
hyaline cartilage can be enhanced by implantation with the scaffold free cartilage constructs of ASCs
derived from either IF or SC-ASCs. Based on the above finding, this study demonstrated that both
IF-ASCs and SC-ASCs constructs can retain their chondrogenic differentiation potential as well as
enhancing the hyaline cartilage regeneration after implantation for 4 weeks.

Further study, IF-ASCs constructs were used for implantation to further investigate their regenerative
potential in large animal such as rabbit. More explanation in the mechanisms for IF-ASCs construct
based on its ease of harvest and a higher chondrogenic potential than those of SC-ASCs construct

should be further investigated.

Conclusion:

In summary, this study demonstrated that scaffold free cartilage constructs of either IF-ASCs or SC-
ASCs can be successfully implanted into the osteochondral defect of rat model and retained for up
to 6 weeks post-implantation. This provided novel and interesting insights into their differentiation
ability to support the current hypothesis that human 3D cartilage construct obtained from adipose
tissues may be used as an alternative source to repair the cartilage defect and IF-ACSs should be

considered as the potential source and could be used for cellular based therapy for cartilage injury.
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Objectives

In this study, we compared the pain behaviour and osteoarthritis (OA) progression between
anterior cruciate ligament transection (ACLT) and osteochondral injury in surgically-induced
OA rat models.

Methods

OA was induced in the knee joints of male Wistar rats using transection of the ACL or induc-
tion of osteochondral injury. Changes in the percentage of high limb weight distribution
(%HLWD) on the operated hind limb were used to determine the pain behaviour in these
models. The development of OA was assessed and compared using a histological evaluation
based on the Osteoarthritis Research Society International (OARSI) cartilage OA histopathol-
ogy score.

Results

Both models showed an increase in joint pain as indicated by a significant (p < 0.05)
decrease in the values of %HLWD at one week post-surgery. In the osteochondral injury
model, the %HLWD returned to normal within three weeks, while in the ACLT model, a sig-
nificant decrease in the %HLWD was persistent over an eight-week period. In addition, OA
progression was more advanced in the ACLT model than in the osteochondral injury model.
Furthermore, the ACLT model exhibited a higher mean OA score than that of the osteochon-
dral injury model at 12 weeks.

Conclusion

The development of pain patterns in the ACLT and osteochondral injury models is different
in that the OA progression was significant in the ACLT model. Although both can be used as
models for a post-traumatic injury of the knee, the selection of appropriate models for OA in
preclinical studies should be specified and relevant to the clinical scenario.

Cite this article: Bone Joint Res 2018;7:244-251.

Keywords: Surgically induced osteoarthritis model, Anterior cruciate ligament transection, Osteochondral injury, Pain, Osteoarthritis progression

in the ACLT model than in the osteochon-
dral injury model.

Article Focus
The comparison of pain behaviour and
osteoarthritis progression between ante-
rior cruciate ligament transection (ACLT)
and osteochondral injury in a rat model.

Strengths and limitations
The different types of knee injury models
in rats, including ACLT and osteochon-
dral injury models, were directly com-

Key Messages pared in terms of the pain behaviour and

The pain behaviour patterns developed
differently in the ACLT and osteochondral
injury models.

Certain types of knee injury can affect the
progression of osteoarthritis (OA), in
which more severe OA tended to develop

OA progression.

This study has demonstrated only the
pain pattern and the OA progression,
however, the underlying mechanisms
that caused these differences have not
been determined to date.
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Introduction
Osteoarthritis (OA) commonly affects the weight-bearing
joints,” and is associated with articular cartilage degen-
eration and subchondral bone sclerosis at the joint mar-
gins.?2 The common clinical features of OA include joint
pain, swelling, stiffness and crepitation, with loss of joint
function that results in a reduced quality of life in
patients.? In approximately 12% of patients, OA may be
secondary to an underlying condition, including prior
joint injury, abnormal mechanical loading (i.e. bowed
legs), an inflammatory arthropathy such as gout, and
metabolic conditions such as diabetes. In addition, OA
may be secondary to trauma, and injury to the joint is
either by direct cartilage injury, or disruption to the liga-
mentous stabilizers of the joint, and may be one of the
aetiologies of post-traumatic secondary OA.4>

Initially, OA changes in the joint may be asympto-
matic, and it may take some years for either symptoms or
physical signs to become evident. A variety of animal
models have been developed to enable investigators to
study the development of OA over a limited time scale.5”
Animals of various species have been investigated and
the pathological features observed in human OA can be
replicated in the animal model.58 However, no single
model is sufficient to reproduce all aspects of the pathol-
ogy of human OA.¢ Animal OA models can be broadly
classified into three groups, including naturally occurring
(i.e. a spontaneous disease), chemically-induced, and
surgically-induced joint instability models.*1°

As secondary OA is often post-traumatic, surgically-
induced OA models, such as those of anterior cruciate
ligament transection (ACLT), and osteochondral injury,
were used in this study to mimic human joint trauma.
The ACLT model is one of the most widely used, and may
reproduce the post-traumatic OA changes, as reported in
humans.®'! The anterior cruciate ligament (ACL) is one of
the four primary stabilizers of the knee, and prevents
anterior translation of the tibia.’2 In animals, OA can be
surgically induced by transection of the ACL, which leads
to symptomatic joint pain and structural joint changes.
The ACLT model can be developed and reproduced in a
variety of species, including rats, mice, guinea pigs, rab-
bits, cats, dogs, sheep and monkeys.’* This model can
demonstrate osteoarthritic features similar to those
observed in human OA, including articular cartilage deg-
radation, subchondral bone sclerosis and osteophyte
formation.™15

Cartilage or osteochondral injury is strongly associ-
ated with a higher incidence of OA.'¢ Similar to an ACL
injury, an osteochondral injury can be post-traumatic
and may be the result of sports injuries or other accidents.
There has been increased clinical interest in treating focal
cartilage injuries to eliminate symptomatic joint pain and
prevent the progression of OA.'7 Direct injury to the joint,
including creation of a focal osteochondral defect, is a

common method to induce cartilage loss, and can be
used to investigate the treatment strategy for cartilage
regeneration in preclinical studies.’® However, there is lit-
tle evidence of an osteochondral injury contributing to
the progression of OAin an animal model, and so whether
a localised cartilage injury can result in secondary OA
changes, remains a controversial topic of debate.’®

In recent years, various small animal models of OA
have been established, and have been used in a number
of studies to understand the pathophysiology of OA and
to evaluate new treatment options for OA.20.21 There is,
however, a lack of information regarding the relationship
between OA-related pain behaviour in surgically-induced
OA models, and the progression of OA over time. While
pain outcomes have not been described for osteochon-
dral injury models, they have been reported for ACLT,
including data on temporal patterns and its relationship
to OA pathology. Thus, the objectives of this study were
to compare the development of OA-related pain behav-
jour patterns and the histopathological progression of
OA between these two animal models of OA. The find-
ings of this study may help better to understand the clini-
cal manifestation of articular pain and the natural history
of different injury types regarding the progression of the
secondary OA resulting from direct cartilage injury and
ligament injury.

Materials and Methods

Experimental animals. The experimental protocols were
approved by the Animal Ethics Committee at the Faculty
of Science, Mahidol University of Thailand (Protocol No.
212 and MUSC58-009-324). The study was conducted
on a total of 51 male Wistar rats at six weeks of age that
weighed 140 g to 180 g at the time that the animals
were received. The rats were obtained from the National
Laboratory Animal Centre, Mahidol University, Thailand,
and they were housed in pairs and allowed to acclimatize
to the laboratory housing conditions for a week prior to
starting the experimental procedures. The rats were kept
in a temperature-controlled room (mean 20°C, sp 2°C)
maintained at a mean humidity of 60% (sD 10%) with
a 12-by-12-hour dark-light cycle. Standard laboratory rat
food and water were supplied ad libitum.

Surgical procedure. Following anaesthesia using a mix-
ture of xylazine (5 mg/kg, Thai Meiji Pharmaceutical Co.
Ltd, Bangkok, Thailand) and Zoletil (40 mg/kg, Virbac
Laboratories, Carros, France) administered by a single
intraperitoneal injection, the surgical areas around the
right knee joint were shaved and disinfected with povi-
done iodine. A longitudinal incision was made over the
patella, and after blunt soft-tissue dissection, the medial
side of the joint was opened with a scalpel and the patella
was dislocated laterally to expose the femoral condyles.
In the ACLT model, the ACL was transected (Fig. 1a) as
previously described,’>2223 and the transection was
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Fig. 1a

Fig. 1b

Images showing the induction of surgically induced osteoarthritis models: a)
anterior cruciate ligament transection; b) osteochondral defect.

confirmed by an anterior drawer test.?3 For the osteo-
chondral injury model, the injury was created using a
1.4mm diameter Kirschner (K-) wire to a depth of 3 mm
in the medial femoral condyle, until it reached the bone
marrow region (Fig. 1b).24 Sham animals underwent the
same operation as OA-induced animals, without tran-
section of the ACL or an osteochondral injury. After the
procedure, the wound was closed in layers with Vicryl
4-0 braided absorbable sutures and 4-0 silk sutures to the
skin. (Ethicon, Livingston, United Kingdom). Cefazolin
(Cefaben 20 mg/kg; L.B.S Laboratory Ltd, Part, Bangkok,
Thailand) was administered via subcutaneous injection
30 minutes prior to surgery and every day after the pro-
cedure for four days to prevent postoperative infection.
Assessment of pain-related behaviour. A total of 31
male Wistar rats were randomly assigned into four
groups: Group 1 - control naive group (n = 6); Group
2- sham group (n = 7); Group 3- ACLT group (n = 10)
and Group 4- osteochondral injury group (n = 8). The
pain assessment was carried out weekly for up to eight
weeks after operation using the hind limb weight-bear-
ing test (Incapacitance meter; Columbus Instruments
International, Columbus, Ohio). This technique measures
the difference in weight bearing between the operated
and non-operated contralateral limbs. Changes in the
hind limb weight distribution (%HLWD) on the operated
hind limb were used to determine the degree of knee
joint pain. The %HLWD was determined as described
previously.??

Tissue preparation and histopathological evaluation. In
addition to the animals used in the pain-related behav-
iour study, an additional group of 20 male Wistar rats
was obtained for histopathological study, and the ani-
mals were randomly assigned to four groups (n = 5/
group) according to the animal model (ACLT or osteo-
chondral defect groups) and experimental endpoints (4
or 12 weeks after surgery). Following the last pain assess-
ment at week 8 for pain-related behaviour study, as well
as at 4 and 12 weeks post-surgery for histopathological

study, the animals were euthanized via intraperitoneal
injection of thiopental (Nembutal, 100 mg/kg; Ceva
Santé Animale, Libourne, France). The knee joints on the
operated hind limb were collected for histopathological
comparisons between the two surgically-induced models
and control groups (naive and sham) at each timepoint.

The knee joint on the operated hind limb was pre-
served in 10% neutral buffered formalin (NBF) for three
days, and it was subsequently decalcified for three weeks
in 10% ethylenediaminetetraacetic acid. The decalcified
joints were then embedded in paraffin and cut into coro-
nal sections of 4 ym to 5 pm through the medial tibial
plateau surfaces. The tissue slides were stained with
haematoxylin and eosin (H&E) to evaluate the general
morphology of the joint cartilage. The histopathological
progression of OA in all experimental groups was deter-
mined twice for each animal (one section per joint) by an
experienced pathologist in a blinded manner, and the
average of scores were used for analysis according to the
Osteoarthritis Research Society International (OARSI) his-
topathology score.?

On each section, the following parameters were deter-
mined: matrix loss, cartilage degeneration, subchondral
involvement and osteophytes. A multiplication of the
assessment based on both the severity (grade) and extent
(stage) of OAin the articular cartilage was calculated. The
morphological features of articular surface were divided
into seven grades, depending on the severity: Grade O,
normal and both matrix and cells are intact; Grade 1,
superficial and intact with mild fibrillation; Grade 2, sur-
face discontinuity; Grade 3, vertical fissures (clefts) involv-
ing the mid-zone; Grade 4, matrix loss/delamination of
the superficial layer; Grade 5, denudation of the surface
with subchondral bone involvement; and Grade 6, defor-
mation of the joint. Grades 1 to 4 involve articular carti-
lage changes only, whereas grades 5 and 6 involve the
subchondral bone.

The OA stages were defined according to the horizon-
tal extent (width) of the involved cartilage surface irre-
spective of underlying OA grade. Based on the
microscopic section, the representative involvement was
as follows:

Stage 1; < 10%
- Stage 2; 10% to 25%
- Stage 3; 25% to 50%
Stage 4; > 50%.

In this study, the whole area of the tibial plateau was
considered to be 100%. This score allowed standardiza-
tion and comparison of results between two surgically
induced OA models in the present study.

Statistical analysis. All data were expressed as the mean
and standard error of the mean (SEm). Statistical signifi-
cance was determined using one-way analysis of vari-
ance (ANOVA) followed by Tukey’s post hoc test for
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Fig. 2

Graph showing the course of time for the development of an osteoarthritis
(OA)-related pain profile in surgically-induced OA models. The pain-related
behavioural results were expressed as the mean percentage of weight-bearing
distribution on the operated hind limb (*p < 0.05 versus sham and naive
groups). Each point represents the mean and standard error of the mean of
each group. ACLT, anterior cruciate ligament transection.

multiple comparisons. Statistical analysis was performed
with GraphPad Prism (La Jolla, California) (version 6.0). A
p-value < 0.05 indicated a significant difference between
groups.

Results

Time course for development of OA-related pain. One
week after surgery, a maximal level of change in the
%HLWD was clearly observed in each experimental group
(except for the naive group,) and a significant reduction
in the mean %HLWD was observed in both surgically

Fig. 3e Fig. 3f
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induced OA groups compared with the sham group
(Fig. 2). This outcome was accompanied by a significant
(p < 0.05) decline in the %HLWD of the ACLT group and
osteochondral group, which decreased from 49.9% (SEm
0.2%) to 35.6% (SEM 1.9%) and from 50.0% (sEmM 0.1%)
to 38.2% (SEM 1.0%), respectively (Fig. 2).

There was no significant difference in the mean
%HLWD at this one-week time period between the two
models. After this, the mean %HLWD in the osteochon-
dral injury group returned to its preoperative status
within three weeks of surgery. In contast, this was not
observed in the ACLT group (41.7%, SEM 0.9%), and the
mean %HLWD remained significantly lower compared
with the sham (49.6%, SEeMm 0.6%) and osteochondral
injury (49.6%, seMm 0.5%) groups throughout the study
period.

Histopathological evaluation in the articular cartilage.
Histopathological changes were assessed from H&E-
stained sections obtained from the femoral condyle.
These changes were determined in parallel with the
time course for the development of pain behaviour.
No changes were observed in the quality of cartilage
for either the naive or sham groups at 12 weeks post-
surgery, in which the surface of the articular cartilage
is smooth with a normal distribution of cartilaginous
cells and an intact osteochondral junction (Figs 3a and
3b). For the ACLT group, histopathological changes in
the articular cartilage surfaces were observed, includ-
ing delamination of the articular surface with cloning of
chondrocytes in the transitional zone (Fig. 3c), a vertical
fissure caused by erosion extending into the transitional
zone (Fig. 3d), and extensive erosion, loss of matrix and
hypocellularity chondrocytes (Fig. 3e) at four, eight and
12 weeks post-surgery, respectively. In the osteochon-
dral injury group, different histopathological changes

e 3
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Fig. 3h

Fig. 3g

Histopathological evaluation of representative haematoxylin and eosin (H&E) staining sections of articular cartilage from the rat femoral condyle in the (a) naive
and (b) sham groups at 12 weeks post-surgery, and in the (c to e) anterior cruciate ligament transection (ACLT) and (f to h) osteochondral injury groups at four,

eight and 12 weeks post-surgery, respectively (original magnification, x 100).
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Fig. 4b

Graphs showing Osteoarthritis Research Society International (OARSI) scores obtained from the anterior cruciate ligament transection (ACLT) (a) and osteochon-
dral defect (b) model groups at different study timepoints, including at four, eight and 12 weeks post-surgery. Values were expressed as the mean and standard

error of the mean (** p < 0.01 and **** p < 0.0001).
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Fig. 5

Graph showing Osteoarthritis Research Society International (OARSI) scores
obtained from the anterior cruciate ligament transection (ACLT) and osteo-
chondral defect model groups at the end of the follow-up period. Values were
expressed as the mean and standard error of the mean (**** p < 0.0001).

in the articular cartilage surfaces was found and these
changes included surface irregularity and disorientation
chondrocytes (Fig. 3f), erosion of a superficial layer with
hypocellularity chondrocytes (Fig. 3g), and reparative tis-
sue with fibrocartilage formation (Fig. 3h) at four, eight
and 12 weeks post-surgery, respectively.

These changes were further evaluated by using the
OARSI histopathology score. The mean (SEM) OARSI
scores for the ACLT group, which were observed at four,
eight and 12 weeks post-surgery, were 7.2 (SEM 0.7)
(n=15),10.5(sEM 1.0) (n = 5) and 15.2 (SEM 0.6) (n = 5),
respectively (Fig. 4a). A significant difference (p < 0.05)
in the OARSI score was also observed at 12 weeks com-
pared with scores observed at four and eight weeks post-
surgery. In contrast to the ACLT group, no significant
difference in the mean (semM) OARSI scores was observed
in the osteochondral defect group at any time period,

which suggests that the osteochondral defect did not
contribute to the progression of OA in this model. In
addition, the results from histological grading also
revealed that the OA area in the ACLT animals were
between stage 3 (25% to 50% involvement) and stage 4
(> 50% involvement), while in the osteochondral injury
animals, the OA areas found were only between 10% and
25% involvement (stages 2 and 3).

The severity of OA progression in both models was
evaluated, and the OARSI scores of both models were
compared at the end of the follow-up period (12 weeks
post-surgery). There was a significant difference (p <
0.05) in the mean (SeM) OARSI scores between both
models and the sham and naive groups. In addition, the
mean (SEM) OARSI score of the ACLT model was signifi-
cantly higher than that of the osteochondral injury model
(15.2, sem 0.6; 6.0, seM 1.2) (Fig. 5).

Discussion

In this study, the development of OA-related pain behav-
iour patterns and the histopathological progression of
OA were determined and compared between ACLT and
osteochondral injury models. Pain-related behaviour was
observed in both surgical groups, but the pain patterns
were different. In the osteochondral injury model, pain
had subsided by week 3 after surgery, whereas in the
ACLT model, pain persisted throughout the study period.
Consistent with this finding, the OARSI score of the ACLT
model increased over a 12-week period, and was signifi-
cantly higher than the osteochondral injury model score
at week 12 after the operation, which suggests that the
ACLT model can induce the development of OA pain in
parallel with the progression of OA. The findings demon-
strated that joint pain and the subsequent structural
changes occur in the rat ACLT model, which is similar to
previously reported results.’*5> The finding in the ACLT
animal model of progressive degenerative changes over
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time with persistent pain induced behaviour might pro-
vide a good experimental model to better understand the
natural history of the ACL deficient knee in humans.

A number of animal models have been described to
produce OA in animal joints and these have been devel-
oped to mimic different aspects of OA. There is no single
model that can reproduce all the different causes of OA. It
is reported that the risk of post-traumatic OA ranges from
approximately 20%, to more than 50%.2¢ Understanding
the natural history of post-traumatic pain may help to
improve treatment of patients with joint injuries, and
prevent further development of OA. Joint instability can
result in pain and dysfunction and ultimately the devel-
opment of OA.?7 Injury to the ACL is common, particu-
larly in the young adult population.?® In a long-term
cohort study, it was reported that patients who sustained
an ACL injury were at a substantially increased risk for the
development of secondary OA in both patellofemoral
and tibiofemoral joints.2%:30 Although ACL reconstruction
can reduce symptoms of knee instability, a 14-year fol-
low-up study of a randomized controlled trial, which
included patients who underwent ACL reconstruction,
showed a three-fold increase in OA compared with the
contralateral healthy knee.3

Articular cartilage injury or trauma has been reported in
36% of athletes, and that incidence is more than two times
higher than the general population.3? Cartilage damage
may be due to a direct traumatic injury, or associated with
arepetitive injury of the joint, and it is likely to progress to
OA over time. A 14-year clinical and radiological follow-up
study in 28 youngathletes who had isolated severe chon-
dral damage in the weight-bearing condyles demonstrated
a significant decline in athletic activity with radiological
evidence of OA.33 A number of techniques have been
described to induce a reparative process for cartilage
defects to restore the normal structure of cartilage in order
to eliminate pain, improve function, and delay the pro-
gression of OA. In this study, the cartilage defect was pro-
duced using a K-wire inserted into the medial femoral
condyle until it reached the bone marrow. The osteochon-
dral injury is classified as international cartilage repair soci-
ety (ICRS) grade 4, which is the most severe type of
cartilage defect, and should represent the highest grade of
cartilage injury.3* However, the results of the histological
scoring of OA did not increase over a 12-week period,
which suggests there was no progression of the localized
osteochodral defect to OA. This failure to progress may be
as a result of the relatively short timescale between injury
and histological analysis. Clinically, after an osteochondral
injury pain may subside without intervention,3* but pro-
gression in deterioration of the cartilage and the develop-
ment of secondary OA progression will only be observed
with long-term follow-up studies.

Pain is a common clinical feature of joint injury and
can be observed in both animals and humans. The evalu-
ation and quantification of pain in animals may be useful

and relevant for clinical situations. There are several
behavioural tests that can be used to assess OA pain in
rodent models.3¢-38 Weight-bearing asymmetry of the
limb has been used as an surrogate indicator of static
joint pain.3 and will result in a robust and reproducible
measure.*%41 In this study, the pain-related behaviour
was assessed by measuring changes in the mean percent-
age of weight-bearing distribution on the operated rat
hind limb. It was observed that in both the ACLT and
osteochondral injury models, there was pain related
behaviour one week after surgery, but this pain only per-
sisted in the ACLT model, for the entire study period. The
pain may be caused by either knee instability or progres-
sion of the OA, or both pathologies. In contrast, the pain
related behaviour disappeared by three weeks post-
surgery in the osteochondral injury model. The initial
pain possibly occurred from the injury and the surgery
and it is likely that with healing of the surgical wound and
the chondral defect, pain subsided. However, OA did not
develop in the osteochondral injury as early as in the
ACLT model. From this finding, we conclude that the
OA-related pain behaviour induced by different types of
injuries were different, and that the progression rate of
OA also depends on the type of surgical model used.
The two animal models that we have studied are often
used to reproduce a common orthopaedic condition in
humans. Although this study in rats has shown a relation-
ship between the pain-related behaviour and the pro-
gression of OA in both the ACLT and osteochondral injury
models, there are some limitations: a small animal model
may not directly reflect the clinical findings in humans,
and while a larger animal model may be more clinically
relevant, due to ethical concerns and the timescale
required for OA to develop, studies in small animals are
more appropriate for proof of concept. A further limita-
tion in the osteochondral injury model is the standard-
ized 1.4 mm focal defect created using K-wire. The type
of injury produced in an animal model should be consist-
ent to produce a standard change in the knee and obtain
reproducible results in a preclinical study. Clinically, the
osteochondral defects in the human knee will of course
vary in size and degree of severity. The osteochondral
defect model we have used may not be considered the
standard for OA. However, this study was designed to
determine the pain behaviour and the progression of OA
caused by different types of injury, and to compare with
the ACLT model, which is more commonly used for OA.
Although we did not find OA progression in the osteo-
chondral injury model, this may be due to the relatively
short follow-up period, and further investigation over a
longer study period may be required. The primary aim of
this study was focused on the severity of cartilage degra-
dation, we did not evaluate the degree of the associated
synovitis. Further studies examining the synovitic changes
may also help better to understand the relationship
between synovitis, pain and OA progression. In addition,
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the relevant underlying molecular mechanism of OA
could be further investigated from this model.#? The pain
of OA is multifactorial and includes both peripheral and
central nervous system components. The present study
only assessed the peripheral pain by measuring the abil-
ity of the animal to bear weight on an affected limb, and
although the other causes of pain in OA will not be
assessed, we believe that this approach is acceptable and
has been reported to produce rapid, robust and repro-
ducible measurements in rat OA models.%1343 The pain
response to injury observed in both animals*4 and
humans*s varies with age, and so the experimental find-
ings of the model that uses young animals may not be
applicable to older ones. In addition, OA progression
after injury also varies with age, and so it is important to
compare the findings with other studies that use animals
in a similar age range.

In conclusion, this study demonstrated that the pain
patterns in the ACLT and osteochondral injury models are
different. In addition, after histological analysis, we noted
that the ACLT model produced significant OA changes, in
contrast the osteochondral injury model resulted in mini-
mal OA changes. These findings may reflect the variation
in clinical findings after a knee injury, and so the selection
of an appropriate model for OA in preclinical studies
should be specific and relevant to the clinical scenario.
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