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S U M M A R Y

Objectives: To clarify the effects of mechanical unloading on joint components, including the articular cartilage by
knee compartments, synovial membrane, and the infrapatellar fat pad (IFP), using a hindlimb suspension rat
model.
Design: Twenty-five male rats were divided into the three following experimental groups: the baseline, control
(CON), and hindlimb unloading (HU) groups. Rats in the HU group were subjected to periods of hindlimb
unloading by tail suspension. The joint components were evaluated by histopathological and histomorphometric
analyses.
Results: The unloading condition caused articular cartilage thinning and decreased matrix staining. The tendency
of these histological changes in articular cartilage was similar between the knee compartments. In general, the
unloading environment resulted in no critical histological changes to the synovial membrane and IFP. At 4 weeks,
thickening of the synovial membrane and synovial-like tissue invasion were observed in the HU group, but there
was no significant change in inflammation. There was no obvious histological change to the IFP caused by
unloading.
Conclusion: The unloading environment caused disuse histological changes in the articular cartilage; however, the
tendency of the changes was similar between compartments. Furthermore, the unloading condition caused no
critical histological changes to the synovial membrane or IFP. Clinically, the unloading environment without joint
immobilization over a short period may not have caused critical histological changes to the joint components.
1. Introduction

Moderate mechanical stress, including joint loading, is essential for
histological and functional maintenance of the musculoskeletal system.
Immobility and underactivity cause disuse histological changes in skel-
etal muscle and bone. Similarly, in 2019, Vincent andWann reported that
disuse histological changes occurred in the articular cartilage due to the
unloading condition and proposed this event as disuse atrophy in the
articular cartilage [1]. These histological changes mainly include carti-
lage thinning and matrix loss; they are unaccompanied by chondrocyte
necrosis or surface irregularities, such as osteoarthritis (OA) [1]. Several
studies have investigated the histological effects of the unloading con-
dition on articular cartilage, and these studies have reported chondrocyte
hypertrophy and clustering, tidemark advancement, and subchondral
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vascular encroachment into the cartilage [2–7].
The knee joint consists of the following three compartments: the

patellofemoral, lateral, and medial tibiofemoral compartments (PFC,
LTFC, and MTFC, respectively) [8,9]. These compartments exhibit
different structural, pathomechanical, and clinical characteristics [10].
The structure and style of joint movements differ kinematically among
these compartments [9,11,12]. Therefore, considering these differences,
it is possible that the histological influence induced by the unloading
condition may differ among compartments. However, the histological
changes in the articular cartilage induced by the unloading condition on
each knee compartment remain unclear.

In addition to the articular cartilage, the important joint structures
surrounding the knee joint include the synovial membrane [13,14] and
infrapatellar fat pad (IFP) [15–17]. The influence of histological changes
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on joint immobilization of these two joint structures has been well
studied with the use of a joint contracture model. Many studies con-
ducted with the use of a joint contracture model have reported that joint
immobilization induces degeneration, fibrosis, and decreased matrix
staining in articular cartilage, adhesion to the synovial membrane, and
adipocyte atrophy and fibroblast hyperplasia of the IFP [18–20]. Recent
studies have focused on the roles of these joint structures in the patho-
genesis of OA [21–23]. However, the histological changes in the synovial
membrane and IPF induced by the unloading condition remain unclear.

Considering the above information, the purpose of this study was to
histologically clarify the effect of unloading on the articular cartilage
separately for the PFC, LTFC, and MTFC as well as on the synovial
membrane and IFP in the knee using a hindlimb unloading (HU) rat
model by tail suspension.

2. Method

2.1. Experimental animals and animal care

This study protocol was approved by the Animal Research Committee
of the Graduate School of Medicine of Kanazawa University (Kanazawa,
Japan; approval no. 183933) and was conducted in accordance with the
ARRIVE guidelines [24] and the guidelines for the care and use of lab-
oratory animals of Kanazawa University.

Twenty-five male Wistar rats (8 weeks old) were purchased from
Japan SLC (Shizuoka, Japan) and housed under normal conditions for 1
week before the start of the experiments to acclimatize the animals to
their new environment. One or two rats were housed per cage in a san-
itary ventilated room under controlled temperature and humidity con-
ditions, and a 12-h light-dark cycle with ad libitum access to food and
water.

Five randomly selected rats were killed at 9 weeks old for baseline
measurements, while the remaining 20 were randomly allocated to one
of the two following experimental groups: the control (CON) group or the
HU group. The animals in each experimental group were assigned to two
subgroups according to the experimental period as follows: 2 and 4weeks
(n ¼ 5 per subgroup). After the start of the experiment, other than tail
suspension in the HU group, no further interventions were performed
during the experimental period. No analgesics or anti-inflammatory
drugs were administered.

2.2. Hindlimb suspension

Rats in the HU group were subjected to tail suspension throughout the
experiment. In the present study, hindlimb suspension was performed
according to the modified tail suspension method described by Ferreira
et al. [25–27]. Briefly, under inhalation anesthesia with isoflurane, the
tail of each rat was disinfected. A sterile steel wire was then used to drill
into the proximal coccyx, in which the wire remained and was shaped
into a ring. The tail ring was then connected to a track hung above the
cage using another wire, thereby enabling the animals to move freely on
their forelimbs in the cage.

2.3. Histological preparation

Within the first few minutes after the discontinuation of the
inhalation-induced anesthesia with isoflurane, all animals regained
consciousness and were mobile. None of the rats exhibited any signs of
tail infection or died during the experimental period. Decalcified paraffin
sections were prepared for histology as described previously [27]. The
right and left knees were excised via the sagittal approach into the three
following specimens: lateral, central, and medial. Thereafter, the speci-
mens were cut into 3-μm-thick sections and stained separately with he-
matoxylin and eosin and 0.05% toluidine blue [28]. Finally, the sections
were viewed under a light microscope and imaged using a digital camera
(BX-51 and DP-50; Olympus Corporation, Tokyo, Japan) to evaluate the
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histopathological features of the articular cartilage, synovial membrane,
and IFP.

2.4. Selection of the regions for assessment

Based on the results of previous studies and our preliminary experi-
ment, we decided to evaluate the following regions: the articular carti-
lage, synovial membrane, and IFP [7,29–32].

The lateral, central, and medial specimens from both knees were used
to analyze the articular cartilage in the PFC, LTFC, andMTFC. The central
specimens were serially sliced at the center of the patellar groove to
observe the cruciate ligaments at the center of the medial and lateral
condyles. The central regions of the patella and femoral trochlea were
determined as the evaluation regions of the articular cartilage in the PFC
(Fig. 1-A). The lateral and medial specimens were serially sliced at the
center of the LTFC and MTFC to observe the region where the articular
cartilage of the femur and tibia could be in direct contact without
involvement of the meniscus. The posterior region of the femur condyle
and tibia were determined as the evaluation regions of the articular
cartilage in the LTFC and MTFC (Fig. 1-B and C).

We determined the evaluation region of the synovial membrane and
IFP of the central specimens. The specimens of both knees were used to
histopathologically and histomorphometrically analyze the synovial
membrane and IFP. The region located in front of the femur was deter-
mined to be the evaluation region of the synovial membrane (Fig. 1-D
and E).

2.5. Histological and histomorphometrical analyses

Histological and histomorphometrical analyses for articular cartilage
were performed to evaluate the following four parameters: cartilage
thickness, intensity of matrix staining with toluidine blue, chondrocyte
density, and modified Mankin score (MMS, Supplementary Method 1; for
details, see Supplementary Method 2). We evaluated these parameters at
six regions of three specimens of each knee. For four parameters, the data
obtained from the regions of the patella and femur in the PF joint were
considered as the data of the PFC. In the sameway, the data from the tibia
and femur in the lateral and medial TF joints were considered as the data
of the LTFC and MTFC, respectively. Then, all data of all three com-
partments were considered as the data of the whole knee joint.

Histological and histomorphometrical analyses for the synovial
membrane and IFP were performed to evaluate the following four pa-
rameters: the scoring system for synovitis [33] (SSS, Supplementary
Method 1), thickness and length of the synovial membrane that invaded
the joint cavity for the synovial membrane, and the entire area and one
fat cell of the IFP (Supplementary Method 2).

2.6. Statistical analysis

All statistical analyses were performed using JMP 14 software (SAS
Institute, Cary, NC, USA). The sample size was five for each group, which
included two knees per rat, corresponding to 10 knees per group. All
continuous and categorical data were assessed for normality using the
Shapiro–Wilk test and for homoscedasticity using the Levene test. To
evaluate the differences among the five groups (baseline, CON, and HU at
2 and 4 weeks) in the parametric continuous data, an analysis of variance
with a subsequent post hoc Tukey's honestly significant difference test
was used. For the nonparametric continuous data or categorical data, the
Kruskal–Wallis test with subsequent post hoc Steel–Dwass test was used.
P-values of <0.05 were considered statistically significant for all ana-
lyses. Exact P-values are shown in the figures.

3. Results

Inflammation was macroscopically and microscopically well-
controlled. The body weights of the rats throughout the experimental
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period are shown in Supplementary Result 1. In all groups, significant
increases in the body weight were observed over time. However, the
body weight of the HU group decreased significantly compared with that
of the SE group at 2 and 4 weeks. In the MTFC, synovial plica was
frequently observed in the joint space between the femur and tibia
(baseline group, 8/10; CON group, 8/10 and 5/10 at 2 and 4 weeks; HU
group, 8/10 and 7/10 at 2 and 4 weeks; Fig. 1-C). No synovial plica was
observed in the PFC or LTFC.
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3.1. Articular cartilage thickness

In the whole knee joint and PFC, the cartilage thickness of the HU
group was significantly thinner at 2 weeks than that of the CON group
(Fig. 2-A, B, and E). Furthermore, in the whole knee joint and MTFC, the
cartilage thickness of the HU group was significantly thinner at 4 weeks
than that of the CON group (Fig. 2-A, D, and E). However, there was no
significant difference in the LTFC between the two groups (Fig. 2-C). For
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details, see Supplementary Result 2.

3.2. Toluidine blue staining intensity of the matrix

In the whole knee joint (Fig. 3-A), LTFC (Fig. 3-C, E), and MTFC
(Fig. 3-D, E), the intensity of the matrix staining of the HU group at 2
weeks decreased significantly, as compared with that of the CON group,
but there was no significant difference at 4 weeks. In the PFC, there was
no significant difference in the intensity of the matrix staining between
the two groups at 2 and 4 weeks (Fig. 3-B). For details, see Supplemen-
tary Result 3.

3.3. Chondrocyte density

In the whole knee joint (Fig. 4-A) and all compartments (Fig. 4-B, C,
D, and E), there was no significant change in the chondrocyte density
between the two groups throughout the experimental period. At 2 weeks,
the staining intensity of the chondrocyte nuclei of the HU group had
decreased, but at 4 weeks, the staining intensity had recovered (Fig. 4-E).
For details, see Supplementary Result 4.

3.4. Modified mankin score

In the whole knee joint (Fig. 5-A) and all compartments (Fig. 5-B, C,
and D), the MMS was significantly higher in the HU group, as compared
with the CON group, at 2 and 4 weeks. For details, see Supplementary
Result 5.

3.5. Synovial membrane and IFP

Throughout the experimental period, the synovitis scores remained
low, with no significant difference between the two groups at any time
point (Fig. 6-A). Furthermore, there was no significant difference in sy-
novial membrane thickness between the two groups at 2 weeks. How-
ever, at 4 weeks, the synovial membrane thickness was significantly
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Fig. 3. Changes to the intensity of the matrix staining by toluidine blue in the whole
image of the intensity of the matrix staining. Scale bar ¼ 200 μm.
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greater in the HU group (Fig. 6-Ba). Although thickening of the synovial
membrane and multiple layers of synovial cells were observed, there was
no obvious inflammatory cell infiltration (Fig. 6-Bb). There was no sig-
nificant difference in the length of invading tissue between the two
groups at 2 and 4 weeks (Fig. 6-Ca). Invading tissue was observed on the
peripheral and/or central side of the patella. The presence/absence, re-
gion, and length of the invading tissue varied among the samples (Fig. 6-
Cb). For details, see Supplementary Result 6.

The total area and one cell area of the IFP were maintained
throughout the experimental period, with no significant differences be-
tween the two groups at 2 and 4 weeks (Fig. 7-Aa and Ba). No obvious
fibrous tissue proliferation or fibrosis was observed (Fig. 7-Ab and Bb).
For details, see Supplementary Result 7.

4. Discussion

The purpose of this study was to clarify the differences in histological
changes to the articular cartilage among the PFC, LTFC, and MTFC and to
clarify the histological changes to the synovial membrane and IFP of the
knee using a HU rat model. As results, four major findings became clear.
First, the results of the present study provided the physiological and
histological data for the normal articular cartilage in each knee
compartment (see Supplementary Results 2–4). Second, the unloading
condition induced disuse histological changes of articular cartilage,
which included decreased cartilage thickness and matrix staining in-
tensity, but no change in chondrocyte density. Third, there were no
obvious differences in the tendency of histological changes in the artic-
ular cartilage of each knee compartment. Fourth, the unloading condition
caused no critical histological changes to the articular cartilage, synovial
membrane, or IFP.

In regard to the first finding, to the best of our knowledge, no phys-
iological or histological characteristics have yet been reported for each
compartment of the knee joint. Therefore, the basic data obtained in this
study may be useful for the clinical treatment of various diseases of the
knee joint, including OA and articular cartilage defects. In regard to the
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second and third findings, the histological changes observed in this study
due to disuse have already been reported (i.e., articular cartilage thin-
ning, decreasedmatrix staining intensity, SB expansion, and no change in
chondrocyte density) [1–5,7]. Therefore, the results of the present study
support those of previous studies. As mentioned above, several re-
searchers have reported differences in the structure, clinical character-
istics, kinematics, and type of movement between the PF and TF joints
[9–12,34]. However, the tendency and extent of the histological changes
of articular cartilage caused by the unloading condition were similar for
most parameters, and there were no notable differences between the
compartments. Such differences among the three compartments might
not affect the histological changes caused by the unloading condition.
Therefore, the data obtained in this study provide new histological evi-
dence regarding disuse histological changes in the articular cartilage.
With regard to the fourth finding, although significant changes were
observed in the articular cartilage, overall, the unloading condition
caused only slight histological changes in the joint components. The
experiments were performed in an unloading environment with unlim-
ited joint movement. The joint immobilization model is often used
because of the lack of models of mechanical stress. With this model, it has
been reported that severe histological changes of these joint components
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occur early after joint immobilization [7,18–20,31,35–38]. Furthermore,
Matsuzaki et al. examined the effects of unloading and joint immobili-
zation on joint components and reported that more severe histological
changes and joint contracture were observed in the joint immobilization
group [39]. Based on these findings, joint motion may be more important
than loading for histological maintenance of the joint components.
Clinically, there are situations wherein the surgical lower limb must
remain unloaded after surgery for fractures or cartilage defects [40,41].
In such situations, early or excessive loading can exert an adverse effect
on tissue repair, such as irregularities, displacement, and subsidence [26,
42,43]. Therefore, the use of continuous passive motion and exercise of
the range of motion by physical therapists may be useful for histological
maintenance and to inhibit disuse histopathological changes to the joint
components.

There were four potential limitations to this study. First, although the
unloading condition was achieved by tail suspension during the experi-
mental period, joint motion (with or without muscle contraction) was not
restricted. Mechanical stress including shear and compressive forces
induced by joint motion may affect the histological changes. Second, the
weight of the HU group was significantly lower than that of the CON
group throughout the experimental period. Evaluating the nutritional
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status by measuring food and water consumption and serum albumin and
total protein levels throughout the experiment may be required. Third,
the sample size in this study was considerably small. With regard to the
study design, using a larger sample size for the statistical analysis is
recommended. Fourth, this HU model of rat and mice by the tail sus-
pension test has been established to analyze body adaptations to
unloading environments [25]; however, the model has been unreliable
for modeling human joint unloading. Rodents are quadruped and their
knee joint is in a flexed position under a physiological environment;
conversely, humans are biped, and their knee is in an extension position.
However, despite these limitations, the present results of the histological
and histomorphometrical analyses enhance the understanding of the
histological change of joint components induced by the unloading
condition.

In conclusion, the results of the present study revealed that the
unloading environment caused disuse histological changes in
articular cartilage; however, the tendency of the changes was
6

similar between compartments. Furthermore, the unloading condi-
tion caused no serious or critical histological changes to the sy-
novial membrane or IFP. Clinically, the unloading environment
without joint immobilization over a short period may not have
caused critical histological changes to the joint components.
Further studies are required to assess the effects of re-loading and
exercise intervention on the disuse histological change to the
articular cartilage.
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