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� Synovial fibrosis was positively
correlated with pain sensitivity in
KOA rats.

� Synovial fibrosis was most prominent
in DMM group 14 days after
modeling.

� ACLT replaced DMM to be the most
typical at 28 days after modeling.

� Increased synovial sensory
innervation followed the same trend
as fibrosis.

� ACLT is more applicable for KOA pain
research.
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Introduction: Knee osteoarthritis (KOA) showed synovial fibrosis and hyperalgesia, although the correla-
tion between the two is unclear. Besides, the specific changes of sensory innervation in animal models are
still controversial, which makes it difficult to choose the modeling methods for KOA pain research.
Objectives: Study the characteristics of sensory innervation within three commonly used KOA rat models
and the correlation between synovial fibrosis and hyperalgesia.
Methods: KOA models were induced by destabilization of medial meniscus (DMM), anterior cruciate liga-
ment transection (ACLT), and monoiodoacetate (MIA), respectively. Mechanical, cold and thermal with-
drawal threshold (MWT, CWT and TWT) were measured. The harvested tissues were used for
pathological sections, immunofluorescence and quantitative analysis.
Results: KOA synovium showed more type I collagen deposition, increased expression of CD31, VEGF and
TGF-b. These changes were most pronounced in surgical models, with DMM presenting the most
r; DMM,
factor-b;
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prominent at Day 14 and ACLT at Day 28. Day 14, changes in mechanical hyperalgesia and cold hyperal-
gesia were most typical in DMM model and statistically different from MIA. There was a negative corre-
lation between the percentage of type I collagen and MWT value (r = �0.88), as well as CWT value
(r = �0.95). DMM synovium showed more axonal staining, upregulated CGRP, TRPV1, NGF and Netrin1
compared with MIA. Above changes were also observed at Day 28, but ACLT replaced DMM as the most
typical. In DRG, only the levels of CGRP and NGF were different among KOA models at Day 14, and the
highest in DMM, which was statistically different compared with MIA.
Conclusions: This study described the details of sensory innervation in different KOA model of rats, and
the degree of synovial fibrosis was positively correlated with the pain sensitivity of KOA model rats.
Additionally, surgical modeling especially ACLT method is more recommended for KOA pain research.
� 2021 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction

Knee osteoarthritis (KOA) is the most prominent form of syn-
ovial joint disease, which includes joint degeneration, intermittent
inflammation, and peripheral neuropathy [1]. Joint pain is the first
and foremost clinical symptom of KOA patients and a medical
problem urgently to be solved. As disease advances, ongoing
inflammatory stimulation and progressive damage to local tissues,
such as synovial inflammation and cartilage degradation, may lead
to pain sensitivity, the abnormal responsiveness from changes in
nociceptive processing in the peripheral or central nervous system
[2,3]. In consequence, neither the degree of subchondral bone
degeneration shown on X-Ray, nor the volumetric change of syn-
ovium evaluated under magnetic resonance imaging is consistent
with KOA pain, which also makes it more difficult to study the pain
from KOA [2,3]. Besides, as the main pathological changes of KOA
synovium, synovitis has always been considered to cause pain per-
ception directly, but whether synovial fibrosis, one outcome of
synovitis, could lead to pain remains controversial [4,5]. Therefore,
further efforts are still needed in discovering the pathological
mechanisms of KOA, especially those related to pain.

Sensory innervation consists of nerve fibers and receptors,
which are directly involved in the pain delivery. In KOA,
small-diameter dorsal root ganglion (DRG) neurons and associated
Ad-fiber, C-fiber afferents located in Lumbar 3-5 are critical for
detecting noxious stimuli and initiating pain sensation. DRG
respond to stimuli and transmit stimulus signals to the spinal cord,
emerging up-regulations of the immediate early gene c-fos [6]. And
those perivascular, unmyelinated nerve fibers containing calci-
tonin gene-related peptide (CGRP) are also implicated in mediating
sustained burning pain described by KOA patients [7]. A similar
situation occurs in transient receptor potential vanilloid type 1
(TRPV1), a ligand-gated calcium ion (Ca2+) channel expressed in
sensory neurons and nerve endings in synovium, has been con-
firmed to mediate peripheral hyperalgesia and considered to be
nociceptor of KOA [8]. Besides, nerve growth factor (NGF) is widely
recognized as a mediator of chronic pain. Evidence for the contri-
bution of NGF to KOA pain includes increased NGF in synovial fluid,
at the synovium and cartilage [9].

Animal models are perfect candidates for laboratory studies of
KOA pain [10–12]. Surgical destabilization of the knee is often used
to mimic the mechanical instability that occurs in human knees of
KOA. Among them, anterior cruciate ligament transection (ACLT)
and destabilization of the medial meniscus (DMM) are the most
commonly used surgical techniques [13]. ACLT changeswere identi-
cal to human KOA histological findings, such as cartilage damage,
subchondral sclerosis, and osteophyte formation, while the changes
caused by DMMaremoremodest. Intra-articular injection ofmono-
sodium iodoacetate (MIA) or collagenase creates other models for
the study of acute cartilage degradation and joint pain. However,
sinceMIA is ametabolic poison, chondrocyte cell death in thismodel
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is extensive, unlike in human KOA [10–14]. Recently, using the KOA
model mice induced by DMM, Obeidat et al reported an increase of
fibers and nociceptors in the deeper layers of the medial synovium
[15]. This increased nociceptive innervation could also be observed
in subchondral bone of the DMM mice, and be blamed for the
Netrin1, a secreted axon guidance molecule that can trigger attrac-
tion or repulsion by binding to different receptors, induced sensory
nerve axonal growth [16]. In contrast, others reported decrease in
sensory innervation in the synovium, particularly peptidergic fibers,
with collagenase-induced or MIA models [17–19]. It is difficult to
determine whether this discrepancy is due to different modeling
approaches, but such results truly make it difficult to choose exper-
imental models. According to Miller, of the animal models used for
KOA pain research, MIA model accounted for 54%, surgery model,
mainly DMM and ACLT, for 28%, and collagenase-induced model
for 3%, since 2008 [13]. Meanwhile, a parallel comparison of sensory
innervation in synovium of rats within different KOAmodels, to our
knowledge, has not yet been reported.

In addition, all experimental models of KOA-like joint damage
are accompanied by synovial fibrosis, an imbalance caused by the
extracellular matrix (ECM) disturbance and vascular hyperplasia.
Transforming growth factor-b (TGF-b) and vascular endothelial
growth factor (VEGF) play the central roles in the fibrotic cascade
[20,21]. Previous studies have proven synovial fibrosis in KOA
was accompanied with angiogenesis like RA, and highly associated
with VEGF [22]. The angiogenesis marker CD31 has also been
shown to be highly expressed in synovium from patients with
KOA. On the other hand, specific angiogenesis inhibitor PPI-2458
could reduce pain behavior and TGF-b might stimulate NGF pro-
duction in KOA rats [23,24], suggesting that synovial fibrosis may
be one of the reasons leading to pain, although the correlation
between them remains poorly understood.

Therefore, in this study, three different kinds of KOA models
were constructed to observe the sensory innervation and fibrosis
in synovium, aiming to describe distinction of these models in
KOA pain research and to study the correlation between synovial
fibrosis and pain.

Material and methods

Ethics statement

All experiments involving animals were conducted according to
the ethical policies and procedures approved by the Animal Care
and Use Committee of the Nanjing University of Chinese Medicine
(Approval no. 201905A002).

Animal experimental design

Eighty SD male rats, weight ranging from 240 g to 280 g (pro-
vided by Nanjing Qinglongshan Animal Farm), were used. Animals
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were housed in a specific pathogen-free, laminar-flow housing
apparatus under controlled temperature, humidity and 12 h
light/dark regimen, and maintained on standard rodent pellet diet.
Rats were randomly numbered and divided into four groups:
Normal, ACLT, DMM, MIA. After one week of adaptive feeding,
modeling started and that day was recorded as Day 0. Experimen-
tal animals were anesthetized with Nembutal and all the modeling
procedures were performed by six researchers with orthopedic
surgery background on the same day. Briefly, the medial menis-
cotibial ligament in the DMM model was transected while in the
ACLT model the anterior cruciate ligament was destroyed as
described previously [14], both knees. MIA model was induced
by intra-articular injection of 1 mg monosodium iodoacetate
(MIA), dissolved in 50 ll sterilized physiologic saline, both knees.
Behavioral tests for KOA pain

Behavioral testing was conducted within ten rats from each
group on Day14 and Day 28, respectively. The mechanical with-
drawal threshold (MWT) was applied for assessing mechanical
allodynia by use of a calibrated electronic von Frey filament
(BME404, Institute of Biomedical Engineering, Chinese Academy
of Medical Sciences) on the plantar surface of hind paws as
described previously [25]. Thermal withdrawal threshold (TWT)
and cold withdrawal threshold (CWT) were employed to deter-
mine the pain response to a radiant heat (50 ± 2 �C) or cold
(0 ± 2 �C) with a temperature-adjustable plate system (35150–
001, Ugo Basil SLR, Italy). Recorded the values if the rat exhibits
rapid reactions, such as clawing, lifting, or licking feet. Each process
was repeated thrice with a 10-minute interval.
Histological analysis

Synovial tissues were fixed in 10% neutral formalin after rats
executed, embedded in paraffin, and cut into slices, for routine
HE staining. Sirius red and Masson staining were carried out
according to the instructions of Sirius Red Stain Kit and Masson’s
Trichrome Stain Kit (Solarbio Life Sciences, Beijing, China), respec-
tively. Sections were mounted and viewed under a Leica DMI3000B
microscope (Leica, Germany) or a Nikon Eclipse E100 (Nikon,
Japan), with the use of bright field. Semi-quantification of synovial
fibrosis was evaluated by calculating the percentage of collagen I
positive areas with ImageJ.
Silver staining for nerve fibers

The paraffin sections were dewaxed with xylene and anhydrous
ethanol and then invaded into the acidic formaldehyde dye. After
washing, sections were immersed into the glycine silver dye.
Finally, the water seal slices were stained with the reducing solu-
tion and the images were collected with a Nikon Eclipse E100
(Nikon, Japan).
Table 1
Nucleotide sequences of primers used for RT-PCR amplification.

Target gene Forward primer

TRPV1 CAGCGAGTTCAAAGACCCAGA
CGRP ATCTGGTCCTTCCTCACACTGTC
NGF CCAGCCTCCACCCACCTCTTC
Netrin-1 CCTTCCTCACCGACCTCAACAA
TGF-b TGCGCCTGCAGAGATTCAAG
VEGF CACGACAGAAGGGGAGCAGAA
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Immunohistochemical (IHC)

Briefly, sections were incubated in antigen retrieval buffer to
unmask the antigen after a standard deparaffinization and rehy-
dration process. Sections were treated with hydrogen peroxide,
then Triton X-100, and blocked with BSA. The primary antibody
and species-matched HRP-labelled secondary antibody were added
successively. DAB was used as chromogen and hematoxylin was
used to counterstain. Images were captured and semiquantitative
analysis was measured by determining percentage of positive
areas with ImageJ.
Immunofluorescence

Briefly, antigen repair was carried out after the paraffin section
was dehydrated, and autofluorescence quenching agent was
added, then BSA. The primary antibody and the fluorescent sec-
ondary antibody were added successively. Attention was paid to
the coloration of the species of the primary antibody and the color
of the secondary antibody. Finally, the nucleus was stained by
DAPI, and sections were observed and captured at the correspond-
ing excitation wavelength using a Nikon Eclipse E100 (Nikon,
Japan).
Quantitative real-time PCR

Total RNA was extracted with Trizol and assessed by spec-
trophotometer. Then, reverse transcription of RNA was performed
using Prime Script RT reagent Kit (Beyotime Biotechnology, Shang-
hai, China). Primer was designed and synthesized by Shanghai
Biotechnology Service Company in accordance with Gene sequence
in GenBank Gene sequence design, together with Oligo v6.6
(Sequences as Table 1). qPCR was performed using Premix Ex Taq
SYBR-Green PCR (Takara) according to the manufacturer’s instruc-
tions on an ABI PRISM 7300 (Applied Biosystems, Foster City, CA,
USA). The mRNA level of individual genes was normalized to
GAPDH and calculated by the 2�DDCTdata analysis method.
Western blotting

Briefly, synovial or DRG tissues were mixed with RIPA lysate
containing 0.1% PMSF and grinded for 10–15 min. Quantified the
protein levels were with a BCA protein assay kit (Beyotime
Biotechnology, Shanghai, China). Then samples were elec-
trophoresed in SD-PAGE to separate protein bands, then trans-
ferred from gel onto PVDF membrane, blocked with 5% non-fat
dry milk for 2 h. The membrane was incubated with first antibody
(1:1000, Abcam, Cambridge, UK) for overnight at 4℃, and then sec-
ond antibody (1:3000, Thermo Fisher Scientific, Shanghai, China)
for 2 h. Later bands were visualized by exposure to ECL method
and the overall gray value of protein bands was quantified, GAPDH
as internal marker, namely, target protein gray value/ internal ref-
erence overall gray value.
Reverse primer

GAC GGAGCAGAGCGATGGTGTCATTC
C TCATCCGTCTTCAGCTTGGCATTC

GCTTGCTCCTGTGAGTCCTGTTG
TC CTTCTTGCCGAGCGACAGAGTG

AGACAGCCACTCAGGCGTAT
AG GGCACACAGGACGGCTTGAAG
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Fig. 2. Correlation between synovial fibrosis and pain behavior on Day14. (A). MWT value for rats in each group. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (B).
CWT value for rats in each group. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (C). TWT value for rats in each group. *P < 0.05 vs. the other three groups. (D).
Correlation analysis of synovial fibrosis degree and mechanical stimulation pain in rats. (E). Correlation analysis of synovial fibrosis degree and cold stimulation pain in rats.
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Statistical analysis

All experiments were performed independently at least thrice,
and data were presented as mean ± standard deviation (SD). Statis-
tical analysis was performed using GraphPad Prism 6.0 Software
(San Diego, CA, USA). Group comparisons were assessed with Stu-
dent’s t-test or one-way ANOVA for comparison of multiple col-
umns. A value of P < 0.05(two-tailed) was considered as
statistically significant. Pearson correlation tests were used to ana-
lyze the association between synovial fibrosis scores and data
obtained from behavioral tests for KOA pain.

Results

Synovial fibrosis in KOA models on Day 14

We recorded the detailed process of modeling surgery (Supple-
mental Fig. 1A). In order to better show the anatomical results of
the knee joint, the incision was enlarged appropriately, and the
actual incision was much smaller. HE staining (Fig. 1A) showed
increased inflammatory cell infiltration, disordered cell arrange-
ment and augmented distance between nuclei, in the synovial lin-
ing layer of the three KOA model rats compared with that of the
Normal group, which confirmed the successful establishment of
the KOA model. In the Sirius Red stain, Masson stain and collage
Fig. 1. Synovial fibrosis in KOA models on Day 14. Notes: (A). Representative synovial tiss
stain for collagen Ⅰ in synovial tissues of each group, 200�, scale bar = 200 lm. IHC for coll
type I collagen positive area in Sirius red stain. *P < 0.05 vs. the other three groups, #P
*P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (D). Percentage of type I col
Percentage of CD31 positive area. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA
other three groups, #P < 0.05 vs. the MIA. (G). Relative protein level of VEGF and TGF-b
Typical protein bands of VEGF and TGF-b.

3
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I IHC for (Fig. 1A-D), synovial tissue of the three KOA models
showed deeper collagen staining than that of the Normal, and
the percentage of type I collagen positive area was increased
(P < 0.05). Among them, the upregulation was the most obvious
in DMM group, indicating synovial fibrosis was the most severe
in the DMM group, which was statistically different from that in
MIA group (P < 0.05). The IHC for CD31 showed the same trend
(Fig. 1A, E). Consistent with this, both gene and protein expressions
(Fig. 1F-H) of pro-fibrosis markers VEGF and TGF-b were higher in
the three KOA models than in Normal (P < 0.05), and the level was
the highest in the DMM group, which was statistically different
from that in MIA (P < 0.05).

Correlation between synovial fibrosis and pain behavior on Day14

At Day 14, we measured the pain behavior of animals for the
first time (Fig. 1A-C). The three groups of KOA model showed
reduced tolerance to pain, and the values of MWT, CWT and TWT
were all lower than that of Normal (P < 0.05). Besides, among the
three groups of KOA models, rats in the DMM group were most
sensitive to mechanical and cold stimuli, and the data of MWT
and CWT were the lowest, which was statistically different than
that of MIA (P < 0.05). However, no difference was observed
between the three in TWT (Fig. 2C). In addition, we analyzed the
correlation between the MWT and CWT values of the correspond-
ues of each group stained with HE, 100�, scale bar = 200 lm. Sirius red and Masson
agen Ⅰ, CD31 in synovium of each group, 200�, scale bar = 200 lm. (B). Percentage of
< 0.05 vs. the MIA. (C). Percentage of type I collagen positive area in Masson stain.
lagen positive area. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (E).
. (F). Relative gene expression of VEGF and TGF-b in synovial tissues. *P < 0.05 vs. the
in synovial tissues. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (H).



Fig. 3. Sensory innervation in synovium of rats within different KOA models on Day14. (A). Representative silver staining of synovial tissues in each group, 200�, scale
bar = 200 lm. (B). Representative co-localization of Netrin1 and CGRP observed in synovium of DMM model, 400�, scale bar = 100 lm. (C). Relative gene expression of CGRP,
TRPV1, NGF and Netrin1 in synovial tissues. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (D). Relative protein level of CGRP, TRPV1, NGF and Netrin1 in synovial
tissues. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (E). Typical protein bands of CGRP, TRPV1, NGF and Netrin1.
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ing numbered rats and the percentage of type I collagen (Fig. 2D, E),
the R values were 0.88 and 0.95, respectively, which indicating that
the degree of synovial fibrosis in rats with KOA was positively cor-
related with the sensitivity to mechanical stimulation pain and
cold stimulation pain.
Sensory innervation in synovium of rats within different KOA models
on Day14

To further investigate the sensory innervation in synovial tissue,
silver staining which allowed the nerve fibers to appear black or
brown was performed. Compared with Normal, synovium of the
three KOA models showed deeper staining and wider positive area,
suggesting increased sensory innervation (Fig. 3A). Subsequently,
we examined the location of Netrin1 (Fig. 3B), an inducer of sen-
sory innervation, in relation to CGRP positive nerves, as Netrin1
had been reported to play a key role in inducing increased sensory
innervation in subchondral bone tissue. The co-localization of
Netrin1 and CGRP was observed in all three groups of KOA models,
suggesting that the increase in sensory innervation in synovium
may also be related to Netrin1. In addition, we analyzed the
expression of CGRP, TRPV1, NGF and Netrin1 which were closely
related to pain sensation (Fig. 3C-E), consistent with the trend of
pro-fibrosis markers, the above markers were upregulated in all
KOA models than Normal (P < 0.05), and the difference was more
significant in the DMM group than MIA (P < 0.05).
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Changes in DRG tissue of different KOA models on Day14

To move one step further, we observed c-fos in DRG by
immunofluorescence, as previous studies had confirmed the
immediate early gene c-fos is rapidly and transiently expressed
in neurons in response to stimulation. Consistent with that, the flu-
orescence intensity of c-fos in DRG of KOA animals in all three
groups was higher than that in Normal (Fig. 4A). Besides, both
mRNA and protein levels of CGRP, TRPV1, NGF and Netrin1 in
DRG tissues were investigated (Fig. 4B-D). All the above markers
were also upregulated in all KOA models than Normal (P < 0.05).
Unexpectedly, only the expressions of CGRP and NGF were signif-
icantly increased in DMM compared with MIA (P < 0.05), while
the expressions of TRPV1 and Netrin1 were not significantly differ-
ent among the three groups.
Synovial fibrosis in KOA models on Day 28

At Day 28, we executed the remaining 10 rats in each group.
Similar to Day 14, all the KOAmodels showed pathological features
of synovitis and fibrosis (Fig. 5A). Interestingly, the synovial fibro-
sis in the ACLT model was the most typical among the three
groups. The percentage of type I collagen positive area (Fig. 5B-
D) was upregulated in ACLT compared with MIA (P < 0.05), while
all the KOA models showed an increased positive percentage com-
pared with Normal (P < 0.05). The IHC for CD31 showed the same



Fig. 4. Changes in DRG tissue of different KOA models on Day14. (A). Representative c-fos immunofluorescence for DRG tissues in each group, 200�, scale bar = 200 lm. (B).
Relative gene expression of CGRP, TRPV1, NGF and Netrin1 in DRG tissues. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (C). Relative protein level of CGRP, TRPV1,
NGF and Netrin1 in DRG tissues. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (D). Typical protein bands of CGRP, TRPV1, NGF and Netrin1.
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trend (Fig. 1A, E). The gene and protein expressions of the fibrotic
markers VEGF and TGF-b supported the characteristics observed by
HE and Sirius red staining (Fig. 5F-H).

Sensory innervation associated changes within different KOA models
on Day28

Finally, we observed the sensory innervation associated
changes at 28 days in the synovial tissue and DRG tissue within dif-
ferent KOA models, respectively. As shown in Fig. 6A, silver stain-
ing of synovial tissue in the three KOA models showed more
neuronal axon staining than normal, which was consistent with
the degree of synovial fibrosis, and ACLT seemed to be the most
prominent group. Besides, both mRNA and protein level (Fig. 6B-
D) of CGRP, TRPV1, NGF and Netrin1 in were also upregulated in
all KOA models compared with Normal (P < 0.05). Meanwhile,
the expressions of all the above markers were significantly
increased in ACLT compared with MIA (P < 0.05), but were not
always significantly different between ACLT and DMM. In addition,
higher fluorescence intensity of c-fos (Supplemental Fig. 2A) were
observed in DRG of all the KOA model rats, indicating the continu-
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ous existence of injury stimulus signals. Interestingly, although the
protein expression of CGRP, TRPV1, NGF and Netrin1 in DRG was
higher in KOA model groups than that in Normal, there was no dif-
ference among the three KOA models (Supplemental Fig. 2B, C).
Discussion

In this study, we constructed three commonly used KOA mod-
els, including two surgical models and one chemical drug injection
model. HE staining of synovium were used to confirm the estab-
lishment of the KOA model. On the 14th and 28th day after mod-
eling, all the KOA synovium showed higher percentage of type I
collagen, increased expression of CD31, VEGF and TGF-b, indicating
a greater degree of synovial fibrosis. These findings were consistent
with the others, who reported elevated VEGF and TGF-b in ACLT,
DMM, or MIA models, not only in the synovium, but even in sub-
chondral bone or the synovial fluid [26–29]. Meanwhile, the cen-
tral role of TGF and VEGF in fibrosis cascade had been widely
recognized. Notably, the two types of surgically induced KOA
model showed more serious synovial fibrosis than the MIA model
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Fig. 6. Sensory innervation associated changes within different KOA models on Day28. (A). Representative silver staining of synovial tissues in each group, 200�, scale
bar = 200 lm. (B). Relative gene expression of CGRP, TRPV1, NGF and Netrin1 in synovial tissues. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (C). Relative protein
level of CGRP, TRPV1, NGF and Netrin1 in synovial tissues. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (D). Typical protein bands of CGRP, TRPV1, NGF and
Netrin1.
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at both Day 14 and Day 28, with DMM presenting the most promi-
nent synovial fibrosis at day 14 and ACLT at day 28. We could not
neglect the effect of surgical modeling itself on synovial fibrosis,
but in practice, ACLT often had the largest surgical wound. There-
fore, in the process of synovial fibrosis formation in KOAmodel, the
DMM model might be more intense in the short term than the
ACLT model, while the influence of ACLT would last longer. Besides,
the fibrosis process generated by MIA model excludes the influence
of surgery, and it may better simulate the synovial fibrosis process
of human KOA. Similarly, Glasson SS et al. evaluated the ACLT and
DMM at 4 weeks, 8 weeks post-surgery and confirmed the ACLT
model gave severe OA, while DMMwas less invasive than the ACLT
procedure [24]. It was also reported that ACLT had more significant
pain from the first week after surgery than the KOA model induced
with surgically cartilage injury [30].

On the other hand, we compared the pain behavior of rats in
each group on Day 14. Compared with the Normal group, all the
three KOA models showed obvious sensitivity to mechanical, cold
and thermal stimulation. No difference was observed in thermal
hyperalgesia among the three models, while changes in mechani-
cal hyperalgesia and cold thermal hyperalgesia were similar to
the degree of synovial fibrosis, which were most typical in DMM
model and statistically different from MIA model. Therefore, we
analyzed the correlation between the MWT and CWT values of
the corresponding numbered rats and the percentage of type I col-
lagen. There was a negative correlation between the percentage of
type I collagen and MWT (r = �0.88), suggesting that the more sev-
ere the synovial fibrosis, the more sensitive the mechanical hyper-
algesia. The same trend also occurred between the percentage of
Fig. 5. Synovial fibrosis in KOA models on Day 28. (A). Representative synovial tissues of
for collagen Ⅰ in synovial tissues of each group, 200�, scale bar = 200 lm. IHC for collagen
I collagen positive area in Sirius red stain. *P < 0.05 vs. the other three groups, #P < 0.05 vs.
the other three groups, #P < 0.05 vs. the MIA. (D). Percentage of type I collagen positive ar
positive area. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (F). Relative gene e
#P < 0.05 vs. the MIA. (G). Relative protein level of VEGF and TGF-b in synovial tissues. *P
VEGF and TGF-b.
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type I collagen and CWT (r = �0.95). In concordance with current
observations, inflammatory cell infiltration to the infrapatellar fat
pad was observed on day 3 and reached synovial membrane on
day 7 after MIA injection, according to Inomata K et al., and they
also proved that the extensive fibrosis throughout the infrapatellar
fat pad plays critical roles during persistent pain development in
KOA [31]. Besides, in clinical trials, the degree of synovial thicken-
ing on magnetic resonance imaging was correlated with qualitative
microscopic features such as surface fibrin deposition, fibrosis [32].
And these thickening of the synovial membrane was the result of
an overexpression of type III collagen shifting the turnover balance
towards formation instead of degradation, linked to KOA pain sen-
sitization [33]. We did not repeat this experiment at Day 28
because the MIA-induced KOA model, although time-dose-
dependent, still showed faster progression of KOA than the surgical
model [34]. Besides, due to the possible neurotoxicity caused by
MIA, KOA structural pathology as measured only partially explains
the MIA-induced phenotype [15,35]. In addition, it had also been
reported that synovitis and pain sensitivity induced by MIA pre-
sented some self-healing characteristics, even within 14 days
[36–38].

Subsequently, sensory innervation changes associated with
pain sensitization in synovial and DRG tissues were observed. On
Day 14, silver staining revealed more axonal staining in the syn-
ovial tissue of DMM model than other model groups, indicating
the increase of nerve fiber density. The gene and protein expres-
sions of CGRP and TRPV1 in each model group were higher than
those in the normal group, and the highest was found in the
DMM group, which had a statistical difference compared with
each group stained with HE, 100�, scale bar = 200 lm. Sirius red and Masson stain
Ⅰ, CD31 in synovium of each group, 200�, scale bar = 200 lm. (B). Percentage of type
the MIA. (C). Percentage of type I collagen positive area in Masson stain. *P < 0.05 vs.
ea. *P < 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (E). Percentage of CD31
xpression of VEGF and TGF-b in synovial tissues. *P < 0.05 vs. the other three groups,
< 0.05 vs. the other three groups, #P < 0.05 vs. the MIA. (H). Typical protein bands of
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MIA, but no statistical difference compared with ACLT, suggesting
that the increase of CGRP-labeled nerve fibers and nociceptor
TRPV1 was most significant in the synovial tissue of the DMM
model. Pain mediator NGF and Netrin1 showed the same trend.
The subsequent immunofluorescence co-localization of Netrin1
and CGRP confirmed that the location of the two in synovial tissue
was highly consistent. suggesting that the guiding effect of axonal
guidance factors on CGRP-labeled neurons might be the potential
cause of increased sensory innervation. Notably, the difference of
Netrin1 expression within KOA models were only observed in syn-
ovial tissue, but not in DRG, indicating that Netrin1 is more likely
to be produced through local tissue cells of knee joint. Although
the origin of Netrin1 could not be determined, it could be specu-
lated that the increased sensory innervation might be highly corre-
lated with Netrin1. Consistently, as an axon guidance, Netrin1
signals were not only required in axon outgrowth and disassembly
of adhesive structures together with cytoskeletal dynamics, but
also necessary in regulating patterning of the vascular system,
involved in the pathological process of KOA, especially peripheral
sensitization [14,39,40]. At Day 28, the changes observed in syn-
ovial tissues in each group were roughly the same as those
observed at Day 14. Notably, ACLT replaced DMM as the most rep-
resentative KOA model, both in terms of the degree of synovial
fibrosis and the levels of indicators related to sensory nerve inner-
vation including CGRP, TRPV1, NGF and Netrin1.

Meanwhile, in DRG tissue, c-fos showed higher fluorescence
intensity in each model group than the Normal at both Day 14
and 28, suggesting that in KOA model, DRG continuously
responded to harmful stimuli. The expression levels of CGRP,
TRPV1, NGF and Netrin1 in all model groups were higher than
those in Normal, suggesting that DRG was involved in the periph-
eral sensitization and sensory nerve innervation of KOA. Interest-
ingly, only at Day 14, the levels of CGRP and NGF were observed
to be different among the three model groups, and the highest in
the DMM model group, which was statistically different than that
in the MIA group. At Day 28, these indicators did not differ
between the three model groups, and it seemed that once KOA
peripheral sensitization was established, DRG would respond to
stimulation in an independent manner, rather than depending on
the signals from the knee. But such a view requires further
observation.

In previous studies, it seems that all the methods used to con-
struct KOA have been used to study KOA pain, because they all
mimic the local pathological changes in KOA and induce pain sen-
sation [13]. However, in this study, we observed that from 14 days
after modeling, synovial fibrosis and sensory innervation of ACLT
increased more rapidly than that of DMM and MIA, showing more
advantages in pain research. The gentler development of DMM
may be more suitable for smaller animals, such as mice [14], and
MIA cannot simulate the pathological changes of human KOA as
well as ACLT. Combined with other studies supporting ACLT, we
believe that ACLT is more applicable for KOA pain research.

In summary, we found evidence of increased sensory innerva-
tion in three animal models commonly used for KOA, and the
degree of synovial fibrosis was positively correlated with pain sen-
sitivity to KOA mechanical stimulation and cold mechanical stim-
ulation. We found that surgical modeling was more suitable for
the study of KOA pain and pain sensitivity. The DMM model had
higher degree of fibrosis, more obvious pain sensitivity, and more
intensive sensory innervation at 14 days of modeling, while the
ACLT model had more advantages at 28 days and longer. Combined
with the observation and comparison of the above models used to
simulate KOA in previous studies [14,30,34], ACLT is more recom-
mended in the selection of KOA models in the future. However, the
current study still has a few limitations. Although we observed
relationships between structural histopathology and pain, we can-
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not fully conclude that the pain observed in these rats are primar-
ily mediated by the pathology. The increased sensory innervation
is only one possibility of the relationship observed between KOA
synovial fibrosis and pain sensitivity.

Conclusions

In conclusion, this study confirmed that there is an increase in
pain-related sensory innervation in synovial and DRG tissues of
KOA rat model, which may be the structural basis of peripheral
pain sensitivity of KOA. Besides, the degree of synovial fibrosis
was positively correlated with pain sensitivity to KOA mechanical
stimulation and cold mechanical stimulation in model rats. Addi-
tionally, surgical modeling appears to be more advantageous in
the field of pain research in KOA than MIA, not only because of
the more sensitive pain behavioral characteristics, but also the
more abundant sensory innervation. ACLT method is more recom-
mended for KOA pain research in the future.
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