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Abstract: Objectives: Animal models are needed to reliably separate the effects of mechanical joint instability and 
inflammation on posttraumatic osteoarthritis (PTOA) pathogenesis. We hypothesized that our modified intra-articu-
lar drilling (mIAD) procedure induces cartilage damage and synovial changes through increased inflammation with-
out causing changes in gait. Methods: Twenty-four Yucatan minipigs were randomized into the mIAD (n=12) or sham 
control group (n=12). mIAD animals had two osseous tunnels drilled into each of the tibia and femur adjacent to the 
anterior cruciate ligament (ACL) attachment sites on the left hind knee. Surgical and contralateral limbs were har-
vested 15 weeks post-surgery. Cartilage degeneration was evaluated macroscopically and histologically. Synovial 
changes were evaluated histologically. Interleukin-1 beta (IL-1β), nuclear factor kappa B (NF-κB), and tumor necrosis 
factor alpha (TNF-α) mRNA expression levels in the synovial membrane were measured using quantitative real-time 
polymerase chain reaction. IL-1β and NF-κB levels in chondrocytes were assessed using immunohistochemistry. 
Load asymmetry during gait was recorded by a pressure-sensing walkway system before and after surgery. Results: 
The mIAD surgical knees demonstrated greater gross and histological cartilage damage than contralateral (P<.01) 
and sham knees (P<.05). Synovitis was present only in the mIAD surgical knee. Synovial inflammatory marker (IL-
1β, NF-κB, and TNF-α) expression was three times higher in the mIAD surgical knee than the contralateral (P<.05). 
Chondrocyte IL-1β and NF-κB levels were highest in the mIAD surgical knee. In general, there were no significant 
changes in gait. Conclusions: The mIAD model induced PTOA through inflammation without affecting gait mechan-
ics. This large animal model has significant applications for evaluating the role of inflammation in PTOA and for 
developing therapies aimed at reducing inflammation following joint injury.
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Introduction

Posttraumatic osteoarthritis (PTOA) refers to 
cartilage degeneration caused by some form of 
joint trauma such as injury or surgery [1, 2]. 
PTOA comprises 12% of the overall prevalence 
of osteoarthritis cases and disproportionately 
affects the youth population because they sus-
tain more recreation-related injuries [1, 2]. A 
range of injuries, such as intra-articular frac-
tures, dislocations, and ligamentous disrup-
tions, are linked to the development of PTOA 
[3-6]. Unfortunately, surgical treatment that 
attempts to restore joint mechanics does not 

fully reduce the risk of PTOA [5, 7-9]. The patho-
genesis of PTOA following surgical repair is 
hypothesized to be caused by (1) residual 
changes in joint loading leading to mechanical 
cartilage damage and (2) inflammatory media-
tors, such as interleukin-1 beta (IL-1β), nuclear 
factor kappa B (NF-κB), and tumor necrosis fac-
tor alpha (TNF-α), that initiate and maintain bio-
logical cartilage degradation through a catabol-
ic cascade [10-14]. It remains unknown which 
factor is dominant. 

Large animals such as the Yucatan minipig 
have been used to study PTOA because of their 
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sufficient joint tissue for molecular analysis, 
similar joint biomechanics compared to hu- 
mans, and ease of surgery [15-20]. In addition, 
the minipig model exhibits features of osteoar-
thritis common to those seen in humans [16, 
21, 22]. However, large animal models, such as 
anterior cruciate ligament (ACL) transection or 
medial meniscus destabilization (DMM), can-
not be used to reliably distinguish the role of 
inflammation because of the interaction be- 
tween mechanical and biological changes that 
lead to cartilage damage [10, 11]. Due to the 
potentially modifiable nature of early-stage 
inflammation, there is an impetus to develop 
pre-clinical large animal models that can reli-
ably isolate the role of inflammation on PTOA 
development and allow for the specific study of 
anti-inflammatory therapies. As a result, Heard 
et al. developed an “idealized” ACL reconstruc-
tion (IACLR) model to study the PTOA-initiating 
effects of inflammatory mediators while con-
trolling for mechanical changes in sheep [23]. 
In the model, the femoral attachment of the 
native ACL was cored out and immediately reat-
tached as an ideal graft to restore normal bio-
mechanics [23]. However, while attempting to 
replicate the procedure on minipigs, we found 
that the coring procedure induced additional 
damage to the joint, including major trauma to 
the lateral extra-articular structures and cut-
ting some of the fibers of the normal ACL. 

In this study, we developed a modified intra-
articular drilling model (mIAD) in the minipig to 
isolate and study the effects of inflammation in 
PTOA [14]. We drilled two osseous tunnels 
through both the tibia and femur adjacent to 
the intra-articular tibial and femoral ACL inser-
tions on non-articulating surfaces, thus avoid-
ing the risk of mechanically damaging the intra-
articular ligaments, the lateral extra-articular 
structures, or articular cartilage. We hypothe-
size that the mIAD procedure would induce car-
tilage damage in the surgical knee through 
inflammatory factors but would not cause 
mechanical changes during gait. 

Materials and methods

Study design

The study was approved by the Institutional 
Animal Care and Use Committee of our institu-
tion and the Animal Care and Use Review Office 

from the Department of Defense (Protocol 
number: 19-04-0001). The study was designed 
to meet the ARRIVE guidelines [24]. Twenty-four 
Yucatan minipigs (age 15-16 months old, 12 
castrated males, 12 females, weight 54±6.5 
kg) were randomly allocated to an mIAD surgi-
cal (n=12) and sham control group (n=12) with 
each group counterbalanced by sex. All animals 
were housed individually in adjacent pens (min-
imum pen size of 2.1 m2) for 15 weeks. 

Surgical technique

The animals were anesthetized, and a medial 
arthrotomy was performed on the left hind 
knee to access the ACL. A commercial drill sys-
tem (Cordless Driver 4; Stryker, Kalamazoo, MI, 
USA) was used to perform the drilling proce-
dure with Kirschner wires. Two osseous tunnels 
2 mm in diameter and 15 mm deep were drilled 
into the tibial bone adjacent to the anterior and 
posterior edges of the tibial ACL insertion. The 
drilling procedure was repeated at the anterior 
medial and posterior lateral edges of the femo-
ral ACL insertion similarly to the procedure pre-
viously described by Huebner et al. in rabbits 
[14]. The wound was then irrigated with sterile 
saline. The knee was closed in layers with bur-
ied absorbable sutures (Vicryl, Ethicon, Rari- 
tan, NJ, USA): Arthrotomy: 0, interrupted; Bursa: 
2-0, running; Subcutaneous tissue: 2-0, inter-
rupted; and Subcuticular layer: 3-0 interrupted. 
Post-operative pain was managed using a fen-
tanyl patch placed on the dorsum of the pig for 
3 days. Animals were treated with ondansetron, 
an anti-vomiting agent, immediately post-oper-
ation. Animals were kept in pens for the dura-
tion of the study. They were not forced to  
exercise, though they appeared active when 
checked daily. The sham control group under-
went the same arthrotomy procedure but  
without the intra-articular drilling. The animals 
were euthanized with a euthanasia solution 
(Beuthanasia-D Special, Merck, Madison, WI, 
USA) at 15 weeks, and both hind knees were 
harvested. The contralateral knee was used as 
an internal control.

Macroscopic cartilage assessment

The medial and lateral articulating surfaces of 
the tibial plateau and femoral condyle of both 
surgical and contralateral mIAD hind limbs and 
the surgical left limbs of the sham animals were 
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stained with India ink and photographed. The 
length and width of India Ink-stained lesions 
were measured using calipers. The lesion area 
was approximated as an ellipse [25].

Histological preparation

Osteochondral slabs from the central medial 
and lateral compartments of the tibial plateau 
and femoral condyles were dissected from the 
knee. Each slab covered the entire width of  
the tibial plateau and femoral condyles (medial 
and lateral separate). They were fixed in 10% 
formalin for 48 hours and stored in 70% etha-
nol. The tissue was rinsed in running tap water 
for 30 minutes, placed in cassettes, and trans-
ferred to buffered formic acid decalcification 
solution at room temperature (20% formic  
acid, 10% sodium citrate in dH2O). Bone out-
side the region of interest was scored with a 
razor blade to improve reagent penetration as 
needed. Bones were bifurcated along the long 
axis on day 3. The solution was changed every 
3-4 days, and the decalcification progress was 
monitored by X-ray. The endpoint was reached 
at 7-10 days, depending on tissue size. 
Decalcified tissue was rinsed in running tap 
water for 30 minutes and then transferred to 
70% ethanol at room temperature. The tissue 
was loaded onto an automated tissue proces-
sor for dehydration and paraffin infiltration 
under pressure/vacuum. After infiltration, the 
tissue was trimmed to fit into embedding mol- 
ds and oriented so that the two halves were 
embedded bifurcation-side down in the embed-
ding mold. Embedded blocks were stored in a 
block filing box protected from light at room 
temperature. Embedded samples were sec-
tioned with a rotary microtome at 6 μm onto 
positively charged slides. Slides were stained 
with Safranin O-fast green. 

Microscopic cartilage assessment

Slides stained with Safranin O-fast green were 
scored according to a modified Osteoarthritis 
Research Society International (OARSI) grading 
system that characterized the severity of carti-
lage damage in large animals [15]. Four items, 
structure (0-10), chondrocyte density (0-4), cell 
cloning (0-4), and interterritorial Safranin O- 
fast green (0-4), were evaluated by 6 blinded 
evaluators [15]. The extent of surface area 
affected by structural damage was assessed 
according to the OARSI grading system [15]. 

Synovial tissue preparation

We sampled synovial tissue from the suprapa-
tellar fold so that the sub-intimal fibrosis could 
be scored. Frozen synovium sections (10 µm) 
were prepared for hematoxylin & eosin stain-
ing. Synovium features were evaluated using a 
modified OARSI grading system [15]. Three 
items, intimal hyperplasia (0-3), inflammatory 
cell infiltration (0-3), and vascularity (0-3), were 
evaluated by three blinded evaluators [15]. At 
least three randomly selected areas of the 
synovium were scored per section for each 
observation. 

Real-time quantitative reverse transcription 
PCR for inflammatory mediators

Gene expression levels of IL-1β, NF-κB, and 
TNF-α from synovial membranes were analyz- 
ed using real-time quantitative reverse tran-
scriptase-polymerase chain reaction (qRT-PCR) 
according to published protocols (iQ SYBR 
Green Supermix, Bio-Rad, Hercules, CA, USA). 
After synovial membrane tissues were homog-
enized in TRIzol reagent (cat# 15596026, 
Invitrogen, Waltham, MA, USA) using a homog-
enizer, total RNA was extracted with the TRIzol 
reagent and purified further using the RNeasy 
Mini Kit (cat# 74004, Qiagen, Hilden, Germany). 
Gene expression was measured through two 
methods: first-strand cDNA synthesis using a 
reverse transcription kit (cat# 1708890, Bio-
Rad, Hercules, CA, USA) and qRT-PCR using  
the iQTM SYBR Green Supermix kit (cat# 170-
8887, Bio-Rad, Hercules, CA, USA) in a real-
time PCR system (CFX Connect, Bio-Rad, 
Hercules, CA, USA). A total of 1 μg of RNA was 
used for cDNA synthesis. 

Priming was conducted at 25°C for five min-
utes. Reverse transcription was conducted at 
40°C for 20 minutes. Reverse transcriptase 
inactivation was done at 95°C for one minute. 
For qRT-PCR testing, 18S ribosomal RNA, a 
well-known reference gene, was used as an 
internal control. Swine-specific primers were 
designed and synthesized by Integrated DNA 
Technologies (IDT, Coralville, IA, USA) as speci-
fied in Table 1. PCR was performed for 40 cy- 
cles after an initial denaturation step at 95°C 
for 3 minutes. Each cycle involved an additional 
denaturation step for 15 seconds at 95°C, 
annealing for 60 seconds at 55°C or 58°C, and 
extension for 40 seconds at 72°C. The reaction 
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Table 1. Primers used for real-time quantitative reverse 
transcription polymerase chain reaction evaluation of 
inflammatory mediators in the synovial membrane
Target gene Primer Sequences
IL-1β Forward 5’-CTG CAA ACT CCA GGA CAA AGA-3’

Reverse 5’-GGG TGG CAT CAC AGA AAA-3’
TNF-α Forward 5’-CCT ACT GCA CTT CGA GGT TATC-3’

Reverse 5’-ACG GGC TTA TCT GAG GTT TG-3’
NF-κB Forward 5’-ACT TGC CAG ACA CAG ATG AC-3’

Reverse 5’-GTC GGT GGG TCC ATT GAA A-3’
18S Forward 5’-GTA ACC CGT TGA ACC CCA TT-3’

Reverse 5’-CCA TCC AAT CGG TAG TAG CG-3’

was terminated at 70°C after a 10-minute 
extension. Three independent PCR experi-
ments were performed to obtain the relative 
level of expression for each gene.

Immunohistochemistry

Cartilage specimens were analyzed using  
the Immunohistochemistry Detection System 
(TL-015-HD, Epredia, Kalamazoo, MI, USA) to 
assess IL-1β and NF-κB levels. Staining was 
done according to the manufacturer’s instruc-
tions. The sections were digested with 5 mg/
mL of hyaluronidase in phosphate-buffer sa- 
line. The sections were then incubated with 
20.8 µg/mL of antibody against rabbit NF-κB 
(cat# 10745-1-AP Proteintech Group, Rose- 
mont, IL, USA) and 40 µg/mL of antibody 
against rabbit IL-1β (cat# 420B, Invitrogen, 
Waltham, MA, USA) at 4°C overnight. The im- 
munohistochemistry kit utilizes a universal sec-
ondary antibody formulation conjugated to an 
enzyme-labeled polymer that recognizes rabbit 
antibodies. Coverslips were then mounted for 
visualization under the microscope. 

Gait assessment

Gait mechanics indicators were used as a proxy 
measure of joint instability. Load asymmetry 
during gait was recorded by a pressure sensing 
walkway system (23” × 130”) (Tekscan, Boston, 
MA, USA) before (week 0) and four times after 
surgery (weeks 4, 8, 12, and 15). Before gait 
testing, the walkway system was calibrated fol-
lowing the manufacturer’s instructions [26]. 
During gait testing, the loading curves were 
checked to ensure the system was operating 
properly. Five successful walkway trials were 
performed and recorded at each time point for 
each animal. The differential hind limb loading 

between the left (surgical) and right hind 
limb was calculated across gait cycles 
and expressed as a ratio for six gait 
parameters: maximum force, contact 
area, peak pressure, impulse, stance 
time, and swing time [26]. 

Statistical methods

Data were imported into statistical soft-
ware (SAS version 9.4; SAS Institute Inc., 
Cary, NC) for hypothesis testing. Ge- 
neralized estimating equations (GEE) 
were used to compare macroscopic dam-
age, microscopic damage, synovial mem-

brane changes, qRT-PCR levels, and gait ratios 
across experimental conditions. GEEs were 
chosen as the analytic method because they 
allow appropriate handling of data structures 
associated with repeated and/or clustered 
measurements and maximize the information 
from subjects with missing observations. The 
Gaussian distribution with an identity link was 
used for the macroscopic cartilage damage, 
synovial qRT-PCR, and gait measures while a 
binomial distribution with a logit link was used 
for the microscopic cartilage damage and mi- 
croscopic synovial membrane measures. These 
distributions and link functions were deter-
mined by examining the distribution of the 
dependent variables and the model residuals. 
Synovial qRT-PCR data was analyzed as cycles 
to threshold and then transposed into fold-
changes for interpretation. Classical sandwich 
estimators were used to protect against possi-
ble model misspecification. Pairwise compari-
sons between experimental conditions were 
conducted within the models via orthogonal 
contrasts. The Holm test was used for multiple 
comparisons to maintain a two-tailed family-
wise alpha of 0.05 across the comparisons 
tested. An adjusted P-value <0.05 was used  
to determine statistical significance. Power for 
the microscopic OARSI damage scores was 
estimated to be 80% for detecting a 6-point  
difference using a one-tailed pairwise compari-
son. A sample size of 12 minipigs per group 
allowed us to maintain at least 80% power for 
all hypothesis tests. 

Results

Macroscopic cartilage assessment

All animals in the mIAD group showed macro-
scopic cartilage degeneration in the surgical 
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Figure 1. Macroscopic cartilage damage. A. Images of median lesion areas stained with India Ink for each group: 
modified intra-articular drilling (mIAD) surgical, mIAD contralateral, and sham. B. Total lesion area for each group: 
mIAD surgical, mIAD contralateral, and sham. Error bars represent the standard deviation. * indicates significant 
differences between mIAD surgical and sham. # indicates significant differences between mIAD surgical and con-
tralateral.

knee (Figure 1A). Seven of the twelve animals 
showed minor degeneration in the mIAD con-
tralateral knee (Figure 1A). In the sham group, 
six of the twelve animals showed moderate 
degeneration in the surgical knee (Figure 1A). 
Mean lesion area was greater in the mIAD  
surgical knee compared with the mIAD contra-
lateral (P=.004) and sham surgical knees 
(P=.049) (Figure 1B). There were no significant 
differences in total lesion area between the 
mIAD contralateral and sham surgical knees 
(P=.192) (Figure 1B). In the mIAD surgical  
knee, lesions were predominantly located in 
the medial femoral condyle (MFC) (17.4±13.5 
mm2) and medial tibial plateau (MTP) (19.7± 
16.9 mm2), with some present in the lateral 
femoral condyle (LFC) (4.5±7.0 mm2) and later-
al tibial plateau (LTP) (2.9±6.9 mm2). In both 
the mIAD contralateral and sham surgical 
knees, there were occasional slight lesions in 
the MFC (mIAD contralateral: 5.3±7.8 mm2; 
sham: 8.2±15.0 mm2) and MTP (mIAD contra-
lateral: 0.7±1.5 mm2; sham: 4.2±8.1 mm2).

Microscopic cartilage assessment

The total severity of cartilage damage score 
(MFC, MTP, LFC, and LTP) was significantly high-
er in the mIAD surgical knee compared with the 
mIAD contralateral (P<.001) and sham surgical 
knees (P=.010) (Figure 2A-D). There was no 
significant difference in the severity of micro-
scopic damage between the mIAD contralater- 
al and sham surgical knees (P=.431) (Figure 
2D). The total extent of surface area damaged 
score was significantly higher in the mIAD surgi-
cal knee compared with the mIAD contralateral 
(P<.001) and sham surgical knees (P=.013) 
(Figure 2E). There was no significant difference 
in the extent of surface area damaged between 
the mIAD contralateral and sham surgical 
knees (P=.664) (Figure 2E). Furthermore, in the 
mIAD surgical knee, the severity of microscopic 
damage score was higher in the medial com-
partment (MFC: 9.3±7.4; MTP: 8.0±4.6) than 
the lateral compartment (LFC: 3.7±5.9; LTP: 
2.6±2.4). The extent of surface area damaged 
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Figure 2. Microscopic cartilage damage. Histological images of the median medial femoral condyle and medial tibial 
plateau stained with Safranin O-fast green for (A) modified intra-articular drilling (mIAD) surgical, (B) mIAD contra-
lateral, and (C) sham. (D) Summed modified Osteoarthritis Research Society International (OARSI) scores from all 
compartments of the joint measuring structure, chondrocyte density, cell cloning, and interterritorial staining. (E) 
Summed scores for the extent of surface area damaged. Error bars represent the standard deviation. * indicates 
significant differences between mIAD surgical and sham. # indicates significant differences between mIAD surgical 
and contralateral. 

score followed a similar pattern (MFC: 1.2±1.2; 
MTP: 1.9±1.3; LFC: 0.67±0.9; 0.6±0.6). This 
was similarly observed for the mIAD contralat-
eral and sham surgical knees. 

In the medial compartment of the mIAD surgi-
cal knee, we observed degeneration affecting 
10-25% of the cartilage surface area, severe 
surface irregularities, decrease in chondrocyte 
density, formation of chondrocyte clusters, de- 
creased interterritorial Safranin-O staining to 
the mid zone, and occasional erosions to the 
deep zone (Figure 2A). In the mIAD contralat-
eral (Figure 2B) and sham surgical knees 
(Figure 2C), we observed degeneration affect-
ing less than 10% of the cartilage surface area, 

slight to moderate surface irregularities, mini-
mal changes in chondrocyte density, minimal 
chondrocyte cell cloning, and no changes in 
interterritorial Safranin-O staining.

Changes in the synovial membrane

We observed moderate diffuse hyperplasia, dif-
fuse inflammatory cell infiltration, and the pres-
ence of vascular elements in the mIAD surgical 
knees (Figure 3A). On the other hand, we 
observed minimal changes in hyperplasia, 
inflammatory cell infiltration, and vascularity in 
the mIAD contralateral knees (Figure 3B) and 
sham surgical knees (Figure 3C). The synovial 
membrane scores of the mIAD surgical knees 
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Figure 3. Synovitis from modified intra-articular drilling (mIAD) surgery. (A) Histological images of the median syno-
vial membrane from the suprapatellar fold for mIAD surgical, (B) mIAD contralateral, and (C) sham. (D) Microscopic 
synovial membrane scores. Error bars represent the standard deviation. * indicates significant differences between 
mIAD surgical and sham. # indicates significant differences between mIAD surgical and contralateral.

Figure 4. Differential mRNA expression of inflammatory mediators in the sy-
novial membrane of the modified intra-articular drilling (mIAD) and sham 
groups. A. Fold change of interleukin-1 beta (IL-1β), nuclear factor kappa B 
(NF-κB), and tumor necrosis factor alpha (TNF-α) mRNA in the mIAD group. 
B. Fold change of IL-1β, NF-κB, and TNF-α mRNA in the sham group. (Black 
= left knee, grey = right knee). Error bars represent the standard deviation. 
* indicates significant differences.

were significantly higher than the mIAD contra-
lateral (P<.001) and sham surgical knees 

(P<.001), while the synovial 
membrane scores of the con-
tralateral knees were not sig-
nificantly different from the 
sham surgical knee (P=.180) 
(Figure 3D).

The contralateral knees of 
each animal were used as 
internal controls to assess  
the changes in IL-1β, NF-κB,  
and TNF-α mRNA expression 
levels in the synovial mem-
branes within individual ani-
mals. Expression of IL-1β, 
NF-κB, and TNF-α mRNA in the 
synovial membrane of mIAD 
surgical knee was, on aver-

age, three times the level in the mIAD contralat-
eral knee (IL-1β: P=.031; TNF-α: P=.002; NF-κB: 
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P=.020) (Figure 4A). No significant differences 
were observed between the sham surgical and 
sham contralateral knees (Figure 4B). 

Inflammation in chondrocytes

Immunohistochemistry staining for IL-1β and 
NF-κB revealed that some degree of inflamma-
tion affected chondrocytes of all groups when 
compared to the negative control, which 
showed no positive staining for IL-1β or NF-κB 
(Figure 5). However, chondrocytes of the mIAD 
surgical knees displayed markedly higher levels 
of IL-1β and NF-κB than the mIAD contralateral 
knees and sham surgical knees, whereas IL-1β 
and NF-κB levels were similar between mIAD 
contralateral and sham surgical knees.

Gait analysis

There was no significant difference in gait ratios 
between preoperative (week 0) and all postop-

erative (weeks 4, 8, 12, and 15) timepoints in 
the sham group for all six gait parameters 
(Figure 6). Similarly, for the mIAD group, there 
was no significant difference in gait ratios 
between preoperative and postoperative time-
points for maximum force, impulse, stance 
time, and swing time. However, gait ratios for 
peak pressure (P=.005) and contact area 
(P=.013) at 8 weeks after surgery were signifi-
cantly different from preoperative values. In 
addition, there was no significant difference 
between sham and mIAD gait ratios for all indi-
cators at corresponding timepoints. 

Discussion

In this study, we developed an inflammation-
driven model to induce PTOA in the Yucatan 
minipig by drilling non-articulating surfaces 
adjacent to the tibial and femoral ACL attach-

Figure 5. Interleukin-1 beta (IL-1β) and nuclear factor kappa B (NF-κB) in chondrocytes of the medial femoral con-
dyle. A. Representative IL-1β immunohistochemistry staining for modified intra-articular drilling (mIAD) surgical, 
mIAD contralateral, sham, and negative control. B. Representative NF-κB immunohistochemistry staining.
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ment sites. Minipigs undergoing mIAD experi-
enced significant cartilage degeneration and 
demonstrated synovitis in the surgical knees. 
Furthermore, the synovial membrane of surgi-
cal knees demonstrated elevated IL-1β, NF-κB, 
and TNF-α expression, and the chondrocytes 
similarly expressed higher levels of IL-1β and 
NF-κB. Moreover, gait assessment revealed no 
meaningful changes in mechanical stability fol-
lowing mIAD. These present findings support 
our primary hypothesis that the mIAD proce-
dure induces PTOA in the surgical knee through 
inflammatory factors but does not cause 
mechanical changes during gait. 

Clinically, patients suffering from traumatic 
joint injuries are still at risk of developing PTOA 
despite receiving surgical treatments to repair 
the joint [5, 7-9]. Although the joint may be gen-
erally restabilized, many investigators specu-
late that catabolic inflammatory alterations 
remain and cause irreversible cartilage dam-
age [5, 7, 13, 27], which may be exacerbated by 
residual knee motion abnormalities that persist 
following surgery [28-30]. Thus, studying the 
damaging effects of inflammation while control-

ling for mechanical alterations may open ave-
nues for inflammation-targeted therapies that 
can reduce PTOA cartilage degeneration in a 
stable joint. However, there is currently no ideal 
animal model that can reliably separate the two 
factors. The present study meets the gap in 
current animal models and provides a model 
that isolates the effects of inflammation on 
PTOA.

The minipig provides a valuable model to study 
PTOA [15, 16]. Previous models induced PTOA 
by physically damaging soft tissues such as the 
ACL or meniscus through ACL transection or 
DMM, respectively [22, 23, 25, 31, 32]. These 
soft tissues are integral to maintaining joint 
stability and modulating the intra-articular  
loading environment [33, 34]. Similarly, models 
that induce PTOA by applying a compressive 
force to cause an osteochondral fracture per-
turb the intra-articular surfaces involved in nor-
mal joint loading [35, 36]. Thus, there is an 
interplay of mechanical and biological factors 
in these existing injury models with chronic 
mechanical abnormalities, likely overshadow-
ing the effects that biological changes alone 

Figure 6. Line charts of the six gait indicators expressed as a ratio of left to right hind limb (A) Maximum force, (B) 
contact area, (C) peak pressure, (D) impulse, (E) stance time, and (F) swing time. Error bars show the mean ± SD. * 
indicates significant differences between gait ratios of preoperative and postoperative timepoints for the modified 
intra-articular drilling (mIAD) group.
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may play [10]. Acute inflammatory response to 
injury through IL-1β, NF-κB, and TNF-α expres-
sion stimulates pathways that induce expres-
sion of cartilage degrading enzymes that would 
be heightened by the presence of altered joint 
contact mechanics [10]. Though Heard et al. 
developed the IACLR in sheep to study PTOA 
while controlling for altered mechanics [23], we 
found that their coring procedure induced addi-
tional damage to the joint when applied in  
minipigs. As a result, we developed the mIAD 
that could induce PTOA without iatrogenic inju-
ry. Similar to clinical ACL reconstruction and  
the coring model, our mIAD procedure involved 
controlled osseous drilling at the tibia and 
femur, albeit to an extent that is less traumatic 
than ACL reconstruction in order to prevent 
altered biomechanics [37]. Ultimately, we dem-
onstrated that our mIAD drilling model, similar 
to the model described by Huebner et al. in rab-
bits, can reliably induce PTOA through inflam-
matory changes with limited mechanical per-
turbation, while also offering several advantag- 
es over the original IACLR coring model [14]. 

The present macroscopic and microscopic find-
ings demonstrate that the mIAD procedure con-
sistently induces PTOA-like joint degeneration 
in the cartilage and synovium. By 15 weeks, 
mIAD surgical joints already showed significant 
increases in cartilage degeneration compared 
to contralateral and sham groups in gold-stan-
dard measurements of cartilage damage [15]. 
In our PTOA model, cartilage damage was pri-
marily located in the medial compartment of 
the femoral condyle and tibial plateau but was 
minimal in the lateral compartment. These 
damage patterns are similar to the results of 
other large-animal PTOA models [18, 22, 
38-43] and, importantly, patterns described in 
early human PTOA [44]. In a prior PTOA minipig 
study using ACL transection, Karamchedu et al. 
noted significant macroscopic degeneration, 
namely erosion to the subchondral bone, in the 
medial compartment of the tibial plateau [41]. 
In addition, Murray and Fleming also found sig-
nificant macroscopic degeneration in the medi-
al femoral condyle of minipigs undergoing ACL 
transection [22]. When evaluating the medial 
femoral condyle microscopically, Sieker et al. 
and Costa et al. reported significant increases 
in OARSI microscopic damage scores and 
PTOA-like changes in chondrocytes within 4 
weeks of ACL transection in the minipig [18, 

43]. Our microscopic histology results align 
well with these prior investigations in Yucatan 
minipigs. 

Furthermore, histological observations of syno-
vitis present only in the mIAD surgical knee fol-
lowed the abnormal features of the synovial 
membrane previously documented in human 
osteoarthritis development [12, 13]. In addi-
tion, we observed significantly higher mRNA 
levels of IL-1β, NF-κB, and TNF-α expression in 
the synovial membrane of the mIAD surgical 
knee compared with the contralateral. These 
mRNA profiles align with observations of syno-
vitis while having known downstream catabolic 
effects on the cartilage extracellular matrix. 
Past studies have established the role of these 
mediators in suppressing aggrecan and colla-
gen synthesis in chondrocytes and activating 
proteolytic enzymes [12, 13]. The presence of 
high levels of IL-1β, NF-κB, and TNF-α in the 
synovium in our results indicates that the carti-
lage is engulfed in an inflammatory environ-
ment [12]. As a result, the cartilage matrix is 
subject to collagenase and aggrecanase activ-
ity and subsequent degradation. In addition, 
IL-1β, NF-κB, and TNF-α signaling may initiate 
and/or perpetuate already existing chondro-
cyte inflammation, resulting in further biologi-
cal changes that promote cartilage damage. 
The relative increase of IL-1β and NF-κB in 
chondrocytes of the mIAD knee compared to 
the mIAD contralateral and sham surgical 
knees further supports our view that inflamma-
tion is present in the cartilage. Inflammation in 
the cartilage is known to contribute to the acti-
vation of degenerative pathways [12, 13, 45]. 
However, the mechanisms of inflammation are 
not clear. Possible mechanisms by which intra-
articular bone drilling could induce synovitis 
and subsequent cartilage damage include (1) 
residual bleeding in the joint that wound irriga-
tion did not attenuate and (2) bone elements in 
the joint acting as damage-associated molecu-
lar patterns that trigger an innate immune 
response. 

To monitor potential changes in joint loading 
following intra-articular drilling, load asymme-
try during gait was measured. Gait analysis is a 
robust tool used to detect changes in joint load-
ing and has been used extensively in both 
human [46] and animal [26] studies of PTOA. 
While others have shown prolonged hindlimb 
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loading asymmetry in quadrupeds immediately 
following procedures that destabilize the joint 
[26, 41], the gait indicators we evaluated were 
not sensitive to either mIAD or sham surgery. 
Although we observed transient significant dif-
ferences in the contact area and peak pressure 
gait parameters at 8 weeks compared with 0 
weeks for the mIAD group, there were no signifi-
cant differences at 4, 12, or 15 weeks com-
pared with 0 weeks. Of note, however, is that 
the gait ratios at 8 weeks for both contact  
area and peak pressure were within 10% of 
baseline values. The increase in the peak pres-
sure gait ratio suggests an increase in mIAD 
surgical limb loading, which would contrast the 
direction we would expect if mechanical insta-
bility was truly present [41]. Furthermore, no 
significant mIAD changes were detected in the 
four other gait parameters. In addition, the 
ratios for all gait indicators were close to and 
centered at 1, demonstrating that hind limb 
loading was relatively symmetrical. When inter-
preted collectively, these results suggest that 
mIAD does not induce noticeable mechanical 
changes during gait and that the joint likely 
remains stable. 

There are several advantages to the mIAD pro-
cedure as an inflammation-driven model of 
PTOA. Firstly, the procedure involves drilling 
non-articulating surfaces as opposed to tran-
secting or injuring joint stabilizing structures, 
which prevents mechanical changes and allows 
for the isolation of cartilage damage induced by 
inflammation. Secondly, the procedure is easi-
er to perform and less strenuous for the ani-
mals because it induces less mechanical dam-
age to the joint and requires less operating 
time, thereby reducing recovery time from 
anesthesia. Thirdly, the minipig is an estab-
lished pre-clinical model [16], so the present 
mIAD model is useful for further investigation 
of therapies for inflammation in PTOA. Fourthly, 
the drilling procedure induced PTOA in 15 
weeks which allows for studying PTOA within a 
short timeline. In future studies, we aim to use 
the mIAD procedure to study the effectiveness 
of anti-inflammatory agents in reducing the 
acute post-injury inflammation and subsequent 
PTOA. 

There are several limitations to consider. First, 
the PTOA degenerative changes were moni-
tored only for 15 weeks. At this timepoint, there 
were minimal detectible changes in hind limb 

loading. However, if the cartilage damage we 
observed continues to worsen over time, we 
could expect to observe a gradual increase in 
limb loading asymmetry as others have noted 
in a similar, but more invasive model [26]. 
Nevertheless, any change in limb loading and 
presumably mechanical environment of the 
joint would be secondary to the inflammation-
initiated damage we isolated here. Second, 
there was evidence of occasional damage in 
the mIAD contralateral and sham groups, which 
may represent pre-existing cartilage damage. 
Other minipig studies have shown similar 
results, with minor damage in the contralateral 
knee [22, 23] and sham procedures [23]. 
However, there was significantly more damage 
in the mIAD knee, which indicates that this sur-
gical procedure successfully induced PTOA. 

Conclusion

In conclusion, mIAD in a minipig model did not 
affect hind limb loading during gait and reliably 
induced PTOA at 15 weeks after surgery, pri-
marily due to inflammatory factors. The model 
isolated the effects of inflammation in PTOA 
pathogenesis and could be used in future pre-
clinical studies to develop inflammation-target-
ed PTOA therapies.
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