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30 SUMMARY:
31 Here, we present a protocol to describe a minimally invasive technique for knee joint
32  immobilization in a rat model. This reproducible protocol, basing on muscle-gap separation
33  modus and the mini-incision skill, is suitable for studying the underlying molecular mechanism of
34  acquired joint contracture.
35
36 ABSTRACT:
37 Joint contracture, resulting from a prolonged joint immobilization, is a common complication in
38 orthopedics. Currently, utilizing an internal fixation to restrict knee joint mobility is a widely
39 accepted model to generate experimental contracture. However, implanting application will
40 inevitably cause surgical trauma to the animals. Aiming to develop a less invasive approach, we
41  combined a muscle-gap separation modus with a previously reported mini-incision skill during
42  the surgical procedure: Two mini skin incisions were made on the lateral thigh and leg, followed
43 by performing muscle-gap separation to expose the bone surface. The rat knee joint was
44  gradually immobilized by a preconstructed internal fixation at approximately 135° knee flexion
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without interfering essential nerves or blood vessels. As expected, this simple technique permits
rapid postoperative rehabilitation in animals. The correct position of the internal fixation was
confirmed by an x-ray or micro-CT scanning analysis. The range of motion was significantly
restricted in the immobilized knee joint than that observed in the contralateral knee joint
demonstrating the effectiveness of this model. Besides, histological analysis revealed the
development of fibrous deposition and adhesion in the posterior-superior knee joint capsule over
time. Thus, this mini-invasive model may be suitable for mimicking the development of
immobilized knee joint contracture.

INTRODUCTION:

Joint contractures are defined as a restriction in the passive range of motion (ROM) of a
diarthrodial jointY2. The current therapies aiming to prevent and treat joint contracture have
achieved some success®>*. However, the underlying molecular mechanism of acquired joint
contracture remains largely unknown®. The etiology of joint contractures in different social
communities is highly diverse and includes genetic factors, posttraumatic states, chronic
diseases, and prolonged immobility®. It is widely accepted that immobility is a critical issue in the
development of acquired joint contracture’. People who suffer from major joint contracture may
ultimately result in physical disability®. Thus, a stable and reproducible animal model is necessary
for investigating the potential pathophysiological mechanisms of acquired joint contracture.

The currently built immobilization-induced knee joint contracture models are mostly achieved by
utilizing non-invasive plaster casts, external fixations, and internal fixations. Watanabe et al.
reported the possibility of the use of plaster cast immobilization on rat knee joints®. By wearing
a special jacket, one side of the lower limb joint of the rat is immobilized by a cast. The rat knee
joint can remain fully flexed without any surgical trauma®*!, However, both the hip and ankle
joint movements are also affected by this form of immobilization, which may increase the degree
of muscle atrophy in quadriceps femoris or gastrocnemius*?. In addition, edema and congestion
of the hind limbs must be avoided by replacing the cast at set time points, which may affect the
continuity of immobility. Another accepted method for the establishment of a knee joint
contracture model is using external surgical fixation. Nagai et al. combined Kirschner wire and
steel wire into an external fixator, which immobilized the knee joint to approximately 140° of
flexion!3. In this method, a resin is used to cover the surface to prevent skin scratches. Although
external fixation immobilization is robust and reliable'**>, percutaneous Kirschner wire pin tracks
may increase the risk of infection®. In our own experience, using the external fixation technique
may reduce the daily activity of rats due to an increase in the conditioned lick behavior.

Alternatively, Trudel et al. described a well-accepted model of joint contracture in the rat knee
joint based on a surgical internal fixation’ (this method was modified from the one used by Evans
and colleagues'®). Notably, this method highlights the importance of utilizing a mini-incision
technique to minimize the surgical wounds. The efficient development of joint contracture has
been proved in this model®. However, the protocol on how to perform a minimal dissection to
expose the bone surface is still unclear?®. Also, the precise position where the screw is drilling is
not fully understood. The implantation of the internal fixation through a subcutaneous or
submuscular way is still controversial?!. To solve these problems, we have modified this method
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by including an appropriate muscle-gap separation modus, which allows a mini-invasive exposure
of the bone surface and the placement of the implantation through a submuscular channel. This
protocol led to rapid postoperative rehabilitation in rats after surgery. Animals developed a
limited joint range of motion after joint immobilization, which was consistent with morphological
changes of capsular adhesion obtained from the histological analysis. We also describe an exact
possible location of the drilled screws as confirmed by X-ray analysis or micro-CT analysis. Thus,
this study aimed to describe in detail a minimal-invasive technique in a knee joint contracture
model that was established by a muscle-gap separation modus combined with a mini-incision
method. We believe that minimally invasive techniques can both reduce animal trauma and
effectively mimic the pathological process of joint flexion contracture.

PROTOCOL:

All procedures were carried out in accordance with the Guide for the Care and Use of Laboratory
Animals and were approved by The Third Affiliated Hospital of Sun Yat-sen University institutional
animal care and use committee (permission number: 02-165-01). All the animal experiments
were performed according to the ARRIVE guidelines.

1. Preoperative preparation
NOTE: Figure 1 shows the design of the surgical procedure.

1.1. Rigidly immobilize the knee joint with a plastic plate and two metal screws at approximately
135° flexion.

NOTE: Perform the surgery at the proximal femur and the distal tibia without violating the joint
component.

1.2. Prepare materials and instruments for internal fixation.

1.2.1 Construct a medical grade polypropylene plastic plates by cutting a 5 mL syringe (Figure 2a)
using a surgical scissor to fit the following dimensions: length, 25 mm; width, 10 mm; thickness,
1 mm (Figure 2b). Smooth the perimeter of the plate with a scalpel vertically. Rinse the plate with
sterile saline to wash off the debris by three times.

1.2.1.1. Sterilize with 75% ethanol for 4 h followed by irradiating with ultraviolet light for 3 h.

1.2.2. Pre-drilling holes in the plastic plate: Prepare a hand-held low-speed electric drill with a
speed of about 0-4000 rpm (Figure 2c). Drill two holes at both ends of the plate, diameters are 1
mm and 0.9 mm, respectively (Figure 2d). Match both ends of the plate with M 1.4 mm x 8 mm
and M 1.2 mm x 6 mm steel screws, respectively (Figure 2e).

1.2.2.1. Wipe with 75% ethanol and sterilize with UV light for 3 h before use.
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1.3. Prepare surgical instruments: 1 straight Mosquito-Type hemostatic clamp, 1 smooth curved
forceps, 2 eyelid retractors, 1 needle-holder, 1 tissue forceps, 1 suture scissor, 1 micro tissue
scissor and 1 scalpel (Figure 2f). Sterilize the surgical instruments by autoclaving at 121.3 °C for
20 min and drying.

1.4. Experimental animals

1.4.1. Use Specific Pathogen Free (SPF) grade skeletally mature male Sprague-Dawley (or Wistar)
rats, weighing between 250 - 350 g in the experiment.

NOTE: Choose either female or male rats for the experiment.

1.4.2. Place the rats in cages and keep in a 12 h light/12 h dark cycle-controlled laboratory room.
Provide adequate food and water.

2. Surgery

2.1. Adjust the temperature. Place a warming pad on a surgical platform in a thermostatic
operating room.

2.2. Anesthesia and skin preparation

2.2.1. Weigh the rat with an electronic scale and record.

2.2.2. Place the rats into inhalational anesthetic machines to induced anesthesia. Restrain the rat
and perform an intraperitoneal injection of sodium pentobarbital (30 mg/kg). Confirm that the
animal is sufficiently anesthetized loss of its righting reflex?2. Cover the eyes with gauze to protect

from drying.

2.2.3. Shave the lower body of the rat including the two hind limbs with an electric clipper and
disinfect with a tincture of povidone iodine twice and 75% ethanol three times.

2.2.4. Place the rat laterally, and cover with the surgical drape exposing one side hind leg and hip.
2.2.5. Disinfect the surgical area again with povidone iodine.
2.3. Immobilize the knee joint with internal fixation using a mini-invasive technique.

NOTE: Keep the incision properly moist with sterile saline during the operation. The surgery
usually requires two surgeons.

2.3.1 Mark the direction of skin incision. At the distal end of the femur greater trochanter, draw
aline along the body surface projection of the muscle gap between the vastus lateralis and biceps
femoris (Figure 3a). Incise the epidermis skin along the drawing line approximate 1.5 cm (Figure
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3b).

2.3.2. Bluntly dissect the muscle gap between vastus lateralis and biceps femoris with a tissue
forceps until the femoral shaft is exposed approximately 1 cm in length (Figure 3c). Use the
retractor to facilitate continuous separation of the muscle gap.

2.3.3. Incise the epidermis skin approximate 1 cm along the body surface projection of the muscle
gap between the tibialis anterior and fibularis longus on the distal lower extremity (Figure 3d).
Bluntly dissect the muscle gap until the tibia is exposed approximately 1 cm in length (Figure 3e).

2.3.4. Separate the soft tissues by the retractor and the smooth forceps, keep perpendicular and
drill one 1.0 mm diameter hole into the femoral shaft at a speed of 1,500 rpm using an electric
drill (Figure 3f). The proper drilling position is approximate 8 mm below the lower edge of the
greater trochanter. Quickly press the wound to stop bleeding.

NOTE: Proper drilling diameter can avoid intraoperative fractures.

2.3.5. Drill one 0.9 mm diameter hole into the tibia approximate 4 mm below the edge of the
tibiofibular fusion (Figure 4a). Perform the drilling carefully to prevent the crushing of muscles or
tendons.

2.3.6. Use the straight Mosquito-Type hemostatic clamp to form a submuscular course from the
tibia hole to femur hole. The submuscular tunnel passes below the gastrocnemius in the tibia end
and above the gluteus medius, below the biceps femoris in the femur end.

2.3.7. Use one M 1.4 mm x 8 mm steel screw to secure one end of the plastic plate (with the 1.0
mm diameter hole) in the proximal femur (Figure 4b). Use one M 1.2 mm x 6 mm steel screw to
secure another end of the plastic plate (with the 0.9 mm diameter hole) in the distal tibia (Figure
4c). Ensure the knee joint without varus deformity.

2.4. Close the wound: Suture the myofascia, deep fasciae, and subcutaneous tissue using 4-0
absorbable sutures (Figure 4d). Close the skin with silk sutures (Figure 4f).

3. Postoperative management

3.1. Apply postoperative analgesia through intravenous injection of Flurbiprofen at 12.5 mg/kg.
Add 5 mg/mL Neomycin into drinking water for 5 days after the surgery.

3.2. Apply Flumazenil (0.2 mg/kg) and Atipamezole (1 mg/kg) through subcutaneous injection to
antagonize the anesthesia.

3.3. Check whether the hind limb had over-edema in case of vascular injury. Made sure that the
rats can walk normally in the case of nerve injury during surgery.
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4. Postoperative examination

4.1. Observe the healing of the surgical incision and physically examine the knee joint to evaluate
early signs of infection every other day postoperatively. Check the degree of swelling of the ankle
and metacarpophalangeal joint in case of continuous edema.

NOTE: Early postoperative infection can cause wound exudate, leg swelling, and delayed wound
healing.

4.2. Perform X-ray imaging of the hindlimb to ensure that correctly placed the screws on the first
postoperative day.

NOTE: A Micro-CT scan analysis is another alternative option to display the proper location and
the direction of the steel screws.

4.3. Measure the passive range of motion (ROM) to evaluate the development of contracture.
Take a knee joint ROM measurement at different time cohorts postoperatively as described
previously?°,

4.3.1. In brief, euthanize the rats and skin the hindlimbs. Remove the immobilizer and measure
the knee joint angle using a mechanical arthrometer at two torques (667 or 1,060 g/cm)%.

4.3.2. Calculate the ROM as a result of the total contracture, the myogenic contracture, and the
arthrogenic contracture separately based on the investigation objectives?*.

NOTE: Set different time cohorts (i.e., 1, 2, 4, 8, 16, and 32 weeks) according to the research
objectives. The contralateral knee joint (non-operative or sham-operated) can serve as a control?.

4.4. Histological analysis of the posterior knee joint capsules.

4.4.1. Prepare the joint tissues. Dissect the knee joint tissue and fix it with 4% paraformaldehyde.
Decalcify and embed it in paraffin as previously reported?®. Cut the sections (5 um) at the medial
midcondylar level in the sagittal plane.

NOTE: Choose to perform different evaluating staining including HE, aldehyde-fuchsin-Masson
Goldner (AFMG), Elastica—Masson, or Immunohistochemistry staining for histological study in the
joint capsule based on your study objectives!?,

4.4.2. Observe histomorphometric changes in the posterior knee joint capsules. Photograph the
posterior region of the knee joint. Observe fibrous deposition and adhesion changes between
the diaphysis-synovium junction and the meniscus®.

NOTE: Pathological changes of joint capsule are considered to be a pathogenic factor for knee
joint contracture. Measure the length, the thickness, and the capsular areas of the posterior
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capsule as previously described according to the research content?’.

REPRESENTATIVE RESULTS:

We observed that rats received minimally invasive surgery can return to the regular diet just one
day postoperatively. In particular, the surgical incision has scarred without exudate (Figure 5a).
The swelling of the ankle and metacarpophalangeal joints in the operative hindlimb has almost
wholly disappeared two days postoperatively (Figure 5b) when compared with the contralateral
side (Figure 5c). None of the signs of early infection were found in the rats. Rats can stand and
exercise regularly (Figure 5d). The surgical wounds had healed entirely on day twelve
postoperatively (Figure 5).

Visually, the immobilized knee joint was contracted after four weeks of immobilization, while the
mini-invasive surgery had no visible effect on the contralateral limb (Figure 6a). The X-ray image
shows the correct placement of the steel screws in the femur or the tibia (Figure 6b), although it
did not show the location of the plastic plate. We also employed a high-resolution micro-CT
scanner to image the immobilized lower limb. The 3D reconstruction analysis demonstrated that
the screws were drilled laterally (Figure 6c¢). The drilling position is approximate 8 mm below the
lower edge of the greater trochanter at the proximal femur and just (approximate 4 mm) below
the edge of the tibiofibular fusion at the distal tibia (Figure 6c).

We measured six rats at the end of two times (28 days and 56 days), respectively, to compare
the arthrogenic ROM deficits on the immobilized knee joint and the contralateral side after
myotomies of the transarticular muscles?. The contralateral knee joint (non-operative) serves as
a control. After 28 days of immobilization, the average arthrogenic deficits in extension ROM was
29.4 + 3.3° for the immobilized knee joint, significantly higher than that in control (4.8 + 2.8°, P<
0.05). The arthrogenic deficits in ROM increased during immobilization in a time-dependent
manner, demonstrated by the average arthrogenic deficits of 40.7 + 4.3° for the immobilized
knee joint, significantly greater than that in control, 11.2 £ 3.8° on the 56 days of immobilization
(p < 0.05) (Figure 7).

Using Elastica—Masson-Staining, we analyzed the posterior-superior knee joint capsule at three-
time points. On day one immobilization, no adhesion was observed in the joint space between
the postero-superior joint capsule and the femur in the immobilized or the contralateral side
knee joint (Figure 8a,d). However, we observed that there was fibro-adipose tissue deposited
and adhesion had developed in the joint space after 28 days of immobilization (Figure 8e). The
fibrous tissues even partially replaced this deposition after 56 days of immobilization (Figure 8f)
while this type of adhesion was not observed in the contralateral side at different time points
(Figure 8 a,b,c).

FIGURE AND TABLE LEGENDS:
Figure 1: Graphical illustration of a lateral view of the knee joint immobilized with an internal

fixation at 135° of flexion.

Figure 2: Design the polypropylene plastic plate into an internal fixation. (a-b) A polypropylene
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plastic plate was cleaved from the syringe. The dotted lines represent the approximate plate
range. The plate has the following dimensions: length, 25 mm; width, 10 mm; thickness, 1 mm.
(c) Photograph of the hand-held electric drill. (d) Drills with the 0.9 mm and 1.0 mm diameter at
each end of the plate. The specification of the screw is 1.4 x 8 mm and 1.2 x 6 mm respectively.
(e) The final form of a preconstructed internal fixation. (f) The surgical instruments.

Figure 3: Macrographs of surgical exposure the middle femur and the distal tibia using the mini-
invasive technique. (a) A black line indicates the skin incision between the vastus lateralis (upper
marked area) and biceps femoris (lower marked area). The dotted lines represent the
approximate muscle range. (b) The surgical incision between the muscles is illustrated. The
incision is away from the sciatic nerve. The black line represents the orientation of the sciatic
nerve. (c) The exposure of the femoral midshaft by muscle-gap separation with the vastus
lateralis and capput vertebralis indicated. (d-e) The exposure of the tibia is shown in relation to
the fibularis longus. (f) The drill hole in the femoral shaft is illustrated with the vastus lateralis,
and capput vertebralis indicated.

Figure 4: Implantation of internal fixation. (a) The hole made in the tibia is illustrated with the
fibularis longus, and the flexor digitorum profundis indicated. (b-c) The plastic plate screwed into
the drill hole is illustrated in relation to the caput vertebralis (b) and the fibularis longus (c). (d-e)
Wound closure using vicryl suture. The dotted line (e) represents the approximate plastic plate
range. (f) Postoperative overall view of the mini-incision.

Figure 5: Observation of surgical incision healing. (a) The surgical incision has scarred two days
postoperatively. (b-c) The swelling of the ankle and metacarpophalangeal joints in the
postsurgical limb (b) has almost completely disappeared two days postoperatively. Arrowheads
indicate the ankle joints. (d) A rat can stand normally. (e-f) The wound has completely healed
twelve days postoperatively. Black arrows indicate surgical healing incision.

Figure 6: Evaluation of knee joint immobilization. (a) The macroscopic image illustrates a
contraction of the left knee joint after four weeks of immobilization. (b) Overall x-ray image
shows the placement of the screws. (c) Microcomputed tomography analysis of the immobilized
knee joint. The white arrows represent the fixed screws.

Figure 7: Analysis of arthrogenic deficits in joint extension range of motion (ROM). Data are
presented as mean * SEM (n = 6 per group). The arthrogenic deficits in extension ROM of the
immobilized knee joints are significantly higher than that of the contralateral, nonoperative side
(serve as a control group). Limitation in ROM represents joint immobilization induced a typical
knee flexion contracture. Statistical analysis: The Equality of Variances was performed using
Levene's Test, ROM differences between the contralateral and immobilized groups were
compared at two-time point (28 and 56 days) by two tails Student’s t test. Significance difference
was determined by *P < 0.05 from the control.

Figure 8: Histological changes in the posterior-superior knee joint capsule analyzed by Elastica—
Masson-Staining at different time points. Representative images of the posterior-superior joint
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capsule in the contralateral knee joint (non-operative, upper panels), and the immobilized knee
joint (operative, lower panels) on day 1, 28, and 56 during joint immobilization. After a day of
immobilization, synovium was thick, and no adhesion was observed in the joint space between
the postero-superior joint capsule and the femur (indicated by asterisks in a left row). After 28
days of immobilization, there was fibro-adipose tissue deposited in the joint space and adhesion
had developed between postero-superior joint capsule and the femur (indicated by arrowhead).
On days 56 of immobilization, the deposits still existed, and there was fibrous tissue increasingly
appeared (indicated by arrow). The black border in the bottom left corner represents the
magnified image of the joint space between the postero-superior joint capsule and the femur. F:
femur; T: tibia; M: meniscus, the posterior horn; JS: joint space. Scale bar = 50 um.

DISCUSSION:

This study aimed to elucidate a step-by-step knee joint immobilization method using a mini-
invasive technique that permits rapid postoperative rehabilitation in animals after surgery.
Conventionally, the muscle-gap separation approach is thought to be a minimally invasive
technique in orthopedic surgery. As expected, we found that rats can return to a normal diet and
activities just one day postoperatively, which was consistent with the previous study. Moreover,
no artery or nerve injury occurred after the surgery, evidence that the muscle-gap separation
modus ensured an adequate and safe bone exposure method. Although the invasive surgical
effects can be reduced by using plaster casts, the possibility of edema occurrence in the hind
limbs may affect the continuity of immobility. In this study, the ankle or toe swelling caused by
surgical procedures disappeared entirely after two days postoperatively. These results highlight
areliable and stable jointimmobilization model created by a mini-invasive technique aligned with
the principle of rapid recovery. Clinically, the flexion contracture that is caused by immobilization
is closer to a non-inflammatory course®. Edema can lead to the release of inflammatory
mediators®. Therefore, using plaster casts to induced joint contracture cannot indeed be
harmless. In the present study, two separate small incisions (of 1-1.5 cm) were performed on the
femoral and tibial sides, respectively. The incision lengths were similar to the size of the incision
that is required for K-wire drilling. Therefore, the mini-invasive effect of this method is more
conducive to reducing trauma to that of external fixation. Besides, a previous randomized
controlled trial demonstrated a possible correlation between the application of external fixation
(percutaneously) and the increased risk of infection in the limb®. Considering there no rats had
an early infection sign in the research, we assumed that the muscle gap separation technique is
the key to this model because it can reduce bleeding and unnecessary cutting. Also, the internal
fixator was trimmed down from the syringe, it is low cost and most importantly, non-toxic to
animals. Although both the lateral and medial surgical approaches can establish an effective rat
model of knee flexion contracture?®, this small-invasive technique, however, may only be
implemented using the lateral approach rather than using the medial approach.

To our best knowledge, the precise screw drilling position at the proximal femur or distal tibia is
not fully understood. Choosing to drill a hole in the middle section of the tibia may affect the
blood supply in the tibia. The results obtained from the micro-CT analysis indicated that the
proper drilling position is approximate 8 mm below the lower edge of the greater trochanter and
approximate 4 mm below the edge of the tibiofibular fusion. The proper drilling position can help
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avoid effects on the joint component or blood supply. However, the implantation of the internal
fixation through a subcutaneous or submuscular way is still controversial. Interestingly,
performing the muscle-gap separation technique is convenient for placing the implantation
through a submuscular channel to a certain extent.

The results from the joint angle measurement were consistent with the histological analysis,
demonstrating that knee joint contracture was successfully induced in the immobilized hindlimb.
The average arthrogenic deficits in extension ROM was 29.4 £ 3.3°, 40.7 + 4.3° on the immobilized
knee joint at the end of 28 days and 56 days of immobilization, respectively, which were
significantly higher than that in control (P < 0.05). We also found that typical adhesion had
developed between in the joint space between the postero-superior joint capsule and the femur
in the immobilized side knee joint (Figure 8e,f), which indicates that using the mini-invasive
technique will not interfere with the occurrence of joint contracture. Taken together, the
research indicates that this mini-invasive model produces stable results and is effective in
inducing acquired joint flexion contracture.

This mini-invasive model still has some limitations. First, the tibia side screw will inevitably irritate
the nearby tendons, including the fibularis longus. Second, drilling into the cortical bone may
cause fractures. Third, there is still a chance of fixation failure. We believe that the use of 3D-
built individualized splints is a possible option for building a non-invasive knee joint contracture
model in the future®.

In conclusion, the present study describes a mini-invasive knee joint contracture model that is
based on a combination of the muscle gap separation modus and the mini-incision method. Given
that internal surgical fixations can produce a well-accepted model of joint contracture, this mini-
invasive technique may be useful in the study of immobilization-induced knee flexion
contracture.
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1. Defined Terms. As used in this Article and Video
License Agreement, the following terms shall have the
following meanings: “Agreement” means this Article and
Video License Agreement; “Article” means the article
specified on the last page of this Agreement, including any
associated materials such as texts, figures, tables, artwork,
abstracts, or summaries contained therein; “Author”
means the author who is a signatory to this Agreement;
“Collective Work” means a work, such as a periodical issue,
anthology or encyclopedia, in which the Materials in their
entirety in unmodified form, along with a number of other
contributions, constituting separate and independent
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“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the
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http://creativecommons.org/licenses/by-nc-
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condensation, or any other form in which the Materials may
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of the Materials; “JoOVE” means MyJove Corporation, a
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of Visualized Experiments; “Materials” means the Article
and / or the Video; “Parties” means the Author and JoVE;
“Video” means any video(s) made by the Author, alone or
in conjunction with any other parties, or by JoVE or its
affiliates or agents, individually or in collaboration with the
Author or any other parties, incorporating all or any portion

of the Article, and in which the Author may or may not
appear.

2. Background. The Author, who is the author of the
Article, in order to ensure the dissemination and protection
of the Article, desires to have the JoVE publish the Article
and create and transmit videos based on the Article. In
furtherance of such goals, the Parties desire to memorialize
in this Agreement the respective rights of each Party in and
to the Article and the Video.

3. Grant of Rights in Article. In consideration of JoVE
agreeing to publish the Article, the Author hereby grants to
JoVE, subject to Sections 4 and 7 below, the exclusive,
royalty-free, perpetual (for the full term of copyright in the
Article, including any extensions thereto) license (a) to
publish, reproduce, distribute, display and store the Article
in all forms, formats and media whether now known or
hereafter developed (including without limitation in print,
digital and electronic form) throughout the world, (b) to
translate the Article into other languages, create
adaptations, summaries or extracts of the Article or other
Derivative Works (including, without limitation, the Video)
or Collective Works based on all or any portion of the Article
and exercise all of the rights set forth in (a) above in such
translations, adaptations, summaries, extracts, Derivative
Works or Collective Works and(c) to license others to do any
or all of the above. The foregoing rights may be exercised in
all media and formats, whether now known or hereafter
devised, and include the right to make such modifications
as are technically necessary to exercise the rights in other
media and formats. If the “Open Access” box has been
checked in Item 1 above, JoVE and the Author hereby grant
to the public all such rights in the Article as provided in, but
subject to all limitations and requirements set forth in, the
CRC License.
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teaching classes, and to post a copy of the Article on the
Institution’s website or the Author’s personal website, in
each case provided that a link to the Article on the JoVE
website is provided and notice of JoVE's copyright in the
Article is included. All non-copyright intellectual property
rights in and to the Article, such as patent rights, shall
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5. Grant of Rights in Video — Standard Access. This
Section 5 applies if the “Standard Access” box has been
checked in Item 1 above or if no box has been checked in
Item 1 above. In consideration of JoVE agreeing to produce,
display or otherwise assist with the Video, the Author
hereby acknowledges and agrees that, Subject to Section 7
below, JoVE is and shall be the sole and exclusive owner of
all rights of any nature, including, without limitation, all
copyrights, in and to the Video. To the extent that, by law,
the Author is deemed, now or at any time in the future, to
have any rights of any nature in or to the Video, the Author
hereby disclaims all such rights and transfers all such rights
to JOVE.

6. Grant of Rights in Video — Open Access. This
Section 6 applies only if the “Open Access” box has been
checked in Item 1 above. In consideration of JoVE agreeing
to produce, display or otherwise assist with the Video, the
Author hereby grants to JoVE, subject to Section 7 below,
the exclusive, royalty-free, perpetual (for the full term of
copyright in the Article, including any extensions thereto)
license (a) to publish, reproduce, distribute, display and
store the Video in all forms, formats and media whether
now known or hereafter developed (including without
limitation in print, digital and electronic form) throughout
the world, (b) to translate the Video into other languages,
create adaptations, summaries or extracts of the Video or
other Derivative Works or Collective Works based on all or
any portion of the Video and exercise all of the rights set
forth in (a) above in such translations, adaptations,
summaries, extracts, Derivative Works or Collective Works
and (c) to license others to do any or all of the above. The
foregoing rights may be exercised in all media and formats,
whether now known or hereafter devised, and include the
right to make such modifications as are technically
necessary to exercise the rights in other media and formats.
For any Video to which this Section 6 is applicable, JoVE and
the Author hereby grant to the public all such rights in the
Video as provided in, but subject to all limitations and
requirements set forth in, the CRC License.

7. Government Employees. If the Author is a United
States government employee and the Article was prepared
in the course of his or her duties as a United States
government employee, as indicated in Item 2 above, and
any of the licenses or grants granted by the Author
hereunder exceed the scope of the 17 U.S.C. 403, then the
rights granted hereunder shall be limited to the maximum
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rights permitted under such statute. In such case, all
provisions contained herein that are not in conflict with
such statute shall remain in full force and effect, and all
provisions contained herein that do so conflict shall be
deemed to be amended so as to provide to JoVE the
maximum rights permissible within such statute.

8. Protection of the Work. The Author(s) authorize
JOVE to take steps in the Author(s) name and on their behalf
if JoVE believes some third party could be infringing or
might infringe the copyright of either the Author’s Article
and/or Video.

9. Likeness, Privacy, Personality. The Author hereby
grants JoVE the right to use the Author’s name, voice,
likeness, picture, photograph, image, biography and
performance in any way, commercial or otherwise, in
connection with the Materials and the sale, promotion and
distribution thereof. The Author hereby waives any and all
rights he or she may have, relating to his or her appearance
in the Video or otherwise relating to the Materials, under
all applicable privacy, likeness, personality or similar laws.
10. Author Warranties. The Author represents and
warrants that the Article is original, that it has not been
published, that the copyright interest is owned by the
Author (or, if more than one author is listed at the beginning
of this Agreement, by such authors collectively) and has not
been assigned, licensed, or otherwise transferred to any
other party. The Author represents and warrants that the
author(s) listed at the top of this Agreement are the only
authors of the Materials. If more than one author is listed
at the top of this Agreement and if any such author has not
entered into a separate Article and Video License
Agreement with JoVE relating to the Materials, the Author
represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them
had been a party hereto as an Author. The Author warrants
that the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate,
infringe and/or misappropriate the patent, trademark,
intellectual property or other rights of any third party. The
Author represents and warrants that it has and will
continue to comply with all government, institutional and
other regulations, including, without limitation all
institutional, laboratory, hospital, ethical, human and
animal treatment, privacy, and all other rules, regulations,
laws, procedures or guidelines, applicable to the Materials,
and that all research involving human and animal subjects
has been approved by the Author's relevant institutional
review board.

11. JoVE Discretion. If the Author requests the
assistance of JOVE in producing the Video in the Author’s
facility, the Author shall ensure that the presence of JoVE
employees, agents or independent contractors is in
accordance with the relevant regulations of the Author's
institution. If more than one author is listed at the
beginning of this Agreement, JoVE may, in its sole
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Article and Video License Agreements from each such
author. JOVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to
accept or decline any work submitted to JoVE. JoVE and its
employees, agents and independent contractors shall have
full, unfettered access to the facilities of the Author or of
the Author’s institution as necessary to make the Video,
whether actually published or not. JoVE has sole discretion
as to the method of making and publishing the Materials,
including, without limitation, to all decisions regarding
editing, lighting, filming, timing of publication, if any,
length, quality, content and the like.

12. Indemnification. The Author agrees to indemnify
JoVE and/or its successors and assigns from and against any
and all claims, costs, and expenses, including attorney’s
fees, arising out of any breach of any warranty or other
representations contained herein. The Author further
agrees to indemnify and hold harmless JoVE from and
against any and all claims, costs, and expenses, including
attorney’s fees, resulting from the breach by the Author of
any representation or warranty contained herein or from
allegations or instances of violation of intellectual property
rights, damage to the Author’s or the Author’s institution’s
facilities, fraud, libel, defamation, research, equipment,
experiments, property damage, personal injury, violations
of institutional, laboratory, hospital, ethical, human and
animal treatment, privacy or other rules, regulations, laws,
procedures or guidelines, liabilities and other losses or
damages related in any way to the submission of work to
JoVE, making of videos by JoVE, or publication in JoVE or
elsewhere by JoVE. The Author shall be responsible for, and
shall hold JoVE harmless from, damages caused by lack of
sterilization, lack of cleanliness or by contamination due to
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the making of a video by JoVE its employees, agents or
independent contractors. All sterilization, cleanliness or
decontamination procedures shall be solely the
responsibility of the Author and shall be undertaken at the
Author’s expense. All indemnifications provided herein
shall include JoVE's attorney’s fees and costs related to said
losses or damages. Such indemnification and holding
harmless shall include such losses or damages incurred by,
or in connection with, acts or omissions of JOVE, its
employees, agents or independent contractors.

13. Fees. To cover the cost incurred for publication,
JoVE must receive payment before production and
publication the Materials. Payment is due in 21 days of
invoice. Should the Materials not be published due to an
editorial or production decision, these funds will be
returned to the Author. Withdrawal by the Author of any
submitted Materials after final peer review approval will
result in a US$1,200 fee to cover pre-production expenses
incurred by JoVE. If payment is not received by the
completion of filming, production and publication of the
Materials will be suspended until payment is received.

14. Transfer, Governing Law. This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE's successors and assignees. This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to
any conflict of law provision thereunder. This Agreement
may be executed in counterparts, each of which shall be
deemed an original, but all of which together shall be
deemed to me one and the same agreement. A signed copy
of this Agreement delivered by facsimile, e-mail or other
means of electronic transmission shall be deemed to have
the same legal effect as delivery of an original signed copy
of this Agreement.
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SUMMARY:

Here, we present a protocol to describe a minimally invasive technique for knee joint
immobilization in a rat model. This reproducible protocol, basing on muscle-gap separation
modus and the mini-incision skill, is suitable for studying the underlying molecular mechanism of
acquired joint contracture.

ABSTRACT:

Joint contracture, resulting from a prolonged joint immobilization, is a common complication in
orthopedics. Currently, utilizing an internal fixation to restrict knee joint mobility is a widely
accepted model to generate experimental contracture. However, implanting application will
inevitably cause surgical trauma to the animals. Aiming to develop a less invasive approach, we
combined a muscle-gap separation modus with a previously reported mini-incision skill during
the surgical procedure: Two mini skin incisions were made on the lateral thigh and leg, followed
by performing muscle-gap separation to expose the bone surface. The rat knee joint was
gradually immobilized by a preconstructed internal fixation at approximately 135° knee flexion
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without interfering essential nerves or blood vessels. As expected, this simple technique permits
rapid postoperative rehabilitation in animals. The correct position of the internal fixation was
confirmed by an x-ray or micro-CT scanning analysis. The range of motion was significantly
restricted in the immobilized knee joint than that observed in the contralateral knee joint
demonstrating the effectiveness of this model. Besides, histological analysis revealed the
development of fibrous deposition and adhesion in the posterior-superior knee joint capsule over
time. Thus, this mini-invasive model may be suitable for mimicking the development of
immobilized knee joint contracture.

INTRODUCTION:

Joint contractures are defined as a restriction in the passive range of motion (ROM) of a
diarthrodial joint'2. The current therapies aiming to prevent and treat joint contracture have
achieved some success®*. However, the underlying molecular mechanism of acquired joint
contracture remains largely unknown®. The etiology of joint contractures in different social
communities is highly diverse and includes genetic factors, posttraumatic states, chronic
diseases, and prolonged immobility®. It is widely accepted that immobility is a critical issue in the
development of acquired joint contracture’. People who suffer from major joint contracture may
ultimately result in physical disability®. Thus, a stable and reproducible animal model is necessary
for investigating the potential pathophysiological mechanisms of acquired joint contracture.

The currently build immobilization-induced knee joint contracture models are mostly achieved
by utilizing non-invasive plaster casts, external fixations, and internal fixations. Watanabe et al.
reported the possibility of the use of plaster cast immobilization on rat knee joints®. By wearing
a special jacket, one side of the lower limb joint of the rat is immobilized by a cast. The rat knee
joint can remain fully flexed without any surgical trauma®!l. However, both the hip and ankle
joint movements are also affected by this form of immobilization, which may increase the degree
of muscle atrophy in quadriceps femoris or gastrocnemius*?. In addition, edema and congestion
of the hind limbs must be avoided by replacing the cast at set time points, which may affect the
continuity of immobility. Another accepted method for the establishment of a knee joint
contracture model is using external surgical fixation. Nagai et al. combined Kirschner wire and
steel wire into an external fixator, which immobilized the knee joint to approximately 140° of
flexion®3. In this method, a resin is used to cover the surface to prevent skin scratches. Although
external fixation immobilization is robust and reliable!*%*, percutaneous Kirschner wire pin tracks
may increase the risk of infection®. In our own experience, using the external fixation technique
may reduce the daily activity of rats due to an increase in the conditioned lick behavior.

Alternatively, Trudel et al. described a well-accepted model of joint contracture in the rat knee
joint based on a surgical internal fixation'’ (this method was modified from the one used by Evans
and colleagues'®). Notably, this method highlights the importance of utilizing a mini-incision
technique to minimize the surgical wounds. It has been proved that the efficient development of
joint contracture in this model*®. However, the protocol on how to perform a minimal dissection
to expose the bone surface is still unclear®. Also, the precise position where the screw is drilling
is not fully understood. The implantation of the internal fixation through a subcutaneous or
submuscular way is still controversial?. To solve these problems, we have modified this method
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by including an appropriate muscle-gap separation modus, which allows a mini-invasive expose
of the bone surface and to place the implantation through a submuscular channel. This protocol
led to rapid postoperative rehabilitation in rats after surgery. Animals have developed a limited
joint range of motion after joint immobilization which was consistent with morphological
changes of capsular adhesion obtained from the histological analysis. We also describe an exact
possible location of the drilled screws that confirmed by X-ray analysis or micro-CT analysis. Thus,
this study aimed to describe in detail, in a knee joint contracture model, a minimal-invasive
technique that was established by a muscle-gap separation modus combined with a mini-incision
method. We believe that minimally invasive techniques can both reduce animal trauma and
effectively mimic the pathological process of joint flexion contracture.

PROTOCOL:

All procedures were carried out in accordance with the Guide for the Care and Use of Laboratory
Animals and were approved by The Third Affiliated Hospital of Sun Yat-sen University institutional
animal care and use committee (permission number: 02-165-01). All the animal experiments
were performed according to the ARRIVE guidelines.

1. Preoperative Preparation

1.1. Design of the surgical procedure (Figure 1). Rigidly immobilize the knee joint with a plastic
plate and two metal screws at approximately 135° flexion.

NOTE: Perform the surgery at the proximal femur and the distal tibia without violating the joint
component.

1.2. Prepare materials and instruments for internal fixation.

1.2.1 Construct a medical grade polypropylene plastic plates by cutting a 5mL syringe (Figure 2a)
using a surgical scissor to fit the following dimensions: length, 25 mm; width, 10 mm; thickness,
1mm ([Figure be. Smooth the perimeter of the plate with a scalpel vertically. Rinse the plate with
sterile saline to wash off the debris by three times. Sterilize with 75 % ethanol for 4 h followed
by irradiating with ultraviolet light for 3 h.

1.2.2. Pre-drilling holes in the plastic plate: Prepare a hand-held low-speed electric drill with a
speed of about 0-4000 rpm (Figure 2c). Drill two holes at both ends of the plate, diameters are 1
mm and 0.9 mm, respectively (lFigure Zd‘). Mach both ends of the plate with M 1.4 mm * 8 mm
and M 1.2 mm * 6 mm steel screw, respectively (Figure 2e). Wipe with 75 % ethanol and sterilize
with UV light for 3 h before use.

1.3. Prepare surgical instruments: 1 straight Mosquito-Type hemostatic clamp, 1 smooth curved
forceps, 2 eyelid retractors, 1 needle-holder, 1 tissue forceps, 1 suture scissor, 1 micro tissue
scissor and 1 scalpel (Figure 2f). Sterilize the surgical instruments by autoclaving at 121.3 °C for
20 min and drying.
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1.4. Experimental Animals.

1.4.1. Use Specific Pathogen Free (ﬁPF\) grade skeletally mature male Sprague-Dawley (or Wistar)
rats, weighing between 250 - 350 g in the experiment.

NOTE: Choose either female or male rats for the experiment.

1.4.2. Place the rats in cages and keep in a 12 h light/12 h dark cycle-controlled laboratory room.
Provide adequate food and water.

2. Surgery process

2.1. Adjust the temperature. Place a warming pad on a surgical platform in a thermostatic
operating room.

2.2. Anesthesia and skin preparation.

2.2.1. Weight the rat with an electronic scale and record.

2.2.2. Place the rats into inhalational anesthetic machines to induced anesthesia. Restrain the rat
and perform an intraperitoneal injection of sodium pentobarbital (30 mg/kg). Confirmed the
animal is sufficiently anesthetized as determined by losing its righting reflex?2. Cover the eyes

with gauze to protect from drying.

2.2.3. Shave the lower body of the rat including the two hind limbs with an electric clipper and
disinfect with a tincture of iodine twice and 75% ethanol three times.

2.2.4. Place the rat laterally, cover with the surgical drape exposing one side hind leg and hip.
2.2.5. Disinfect the surgical area again with Povidone IodineH
2.3. Immobilize of the knee joint with internal fixation using a mini-invasive technique.

NOTE: Keep the incision properly moist with sterile saline during the operation. The surgery
usually requires two surgeons.

2.3.1 Mark the direction of skin incision. At the distal end of the femur greater trochanter, draw
aline along the body surface projection of the muscle gap between the vastus lateralis and biceps
femoris (Figure 3a). Incise the epidermis skin along the drawing line approximate 1.5 cm (Figure
3b).

2.3.2. Bluntly dissect the muscle gap between vastus lateralis and biceps femoris with a tissue
forceps until the femoral shaft is exposed approximately 1 cm in length (Figure 3c). Use the
retractor to facilitate continuous separation of the muscle gap.
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2.3.3. Incise the epidermis skin approximate 1 cm along the body surface projection of the muscle
gap between the tibialis anterior and fibularis longus on the distal lower extremity (Figure 3d).
Bluntly dissect the muscle gap until the tibia is exposed approximately 1 cm in length (Figure 3e).

2.3.4. Separate the soft tissues by the retractor and the smooth forceps, keep perpendicular and
drill one 1.0 mm diameter hole into the femoral shaft at a speed of 1,500 rpm using an electric
drill (Figure 3f). The proper drilling position is approximate 8 mm below the lower edge of the
greater trochanter. Quickly press the wound to stop bleeding.

NOTE: Proper drilling diameter can avoid intraoperative fractures.

2.3.5. Again, drill one 0.9 mm diameter hole into the tibia approximate 4 mm below the edge of
the tibiofibular fusion (Figure 4a). Perform the drilling carefully to prevent the crushing of
muscles or tendons.

2.3.6. Use the straight Mosquito-Type hemostatic clamp to form a submuscular course from the
tibia hole to femur hole. The submuscular tunnel passes below the gastrocnemius in the tibia end
and above the gluteus medius, below the biceps femoris in the femur end.

2.3.7. Use one M 1.4 mm * 8 mm steel screw to secure one end of the plastic plate (with the 1.0
mm diameter hole) in the proximal femur (Figure 4b). Use one M 1.2 mm * 6 mm steel screw to
secure another end of the plastic plate (with the 0.9 mm diameter hole) in the distal tibia (Figure
4c). Ensure the knee joint without varus deformity.

2.4. Close of the wound: Suture the myofascia, deep fasciae, and subcutaneous tissue using 4-0
absorbable sutures (Figure 4d). Close the skin with silk sutures (Figure 4f).

3. Postoperative management

3.1. Apply postoperative analgesia through intravenous injection of Flurbiprofen at 12.5 mg/kg.
Add Neomycin 5 mg/mL into drinking water for five days after the surgery.

3.2. Apply Flumazenil (0.2 mg/kg) and Atipamezole (1 mg/kg) through subcutaneous injection to
antagonize the anesthesia.

3.3. Check whether the hind limb had over-edema in case of vascular injury. Made sure that the
rats were able to walk normally in the case of nerve injury during surgery.

4. Postoperative examination
4.1. Observe the healing of the surgical incision and physical examine the knee joint to evaluate

early signs of infection every other day postoperatively. Check the degree of swelling of the ankle
and metacarpophalangeal joint in case of continuous edema.
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Note: Early postoperative infection can cause wound exudate, leg swelling, and delayed wound
healing.

4.2. Perform X-ray imaging of the hindlimb to ensure that correctly placed the screws on the first
postoperative day.

NOTE: A Micro-CT scan analysis is another alternative option to display the proper location and
the direction of the steel screws.

4.3, Measure the passive range of motion (ROM) to evaluate the development of contracture.
Take a knee joint ROM measurement at different time cohorts postoperatively as described
previously?®. In brief, euthanasia the rats and skin the hindlimbs. Remove the immobilizer and
measure the knee joint angle using a mechanical arthrometer at two torques (667 or 1,060
g/cm)?3. Calculate the ROM as a result of the total contracture, the myogenic contracture, and
the arthrogenic contracture separately based on the investigation objectives?*

NOTE: Set different time cohorts (i.e., 1, 2, 4, 8, 16, and 32 weeks) according to your research
objectives. The contralateral knee joint (non-operative or sham-operated) can serve as a control?.

PL4. Histological analysis of the posterior knee joint capsules\.

FL4.1. \Prepare the joint tissues. Dissect the knee joint tissue and fix it with 4 % paraformaldehyde.

Decalcify and embed it in paraffin as previously reported?®. Cut the sections (5-pum) at the medial
midcondylar level in the sagittal plane.

Note: Choose to perform different evaluating staining including HE, aldehyde-fuchsin-Masson
Goldner (AFMG), Elastica—Masson, or Immunohistochemistry staining for histological study in the
joint capsule based on your study objectives 126,

4.4.2. Observe histomorphometric changes in the posterior knee joint capsules. Photograph the
posterior region of the knee joint. Observe fibrous deposition and adhesion changes between
the diaphysis-synovium junction and the meniscus®.

NOTE: Pathological changes of joint capsule are considered to be a pathogenic factor for knee
joint contracture. Measure the length, the thickness, and the capsular areas of the posterior

capsule as previously described according to the research content?’.

REPRESENTATIVE RESULTS:‘

We observed that rats received minimally invasive surgery can return to the regular diet just one
day postoperatively. In particular, the surgical incision has scarred without exudate (Figure 5a).
The swelling of the ankle and metacarpophalangeal joints in the operative hindlimb has almost
wholly disappeared two days postoperatively (Figure 5b) when compared with the contralateral
side (Figure 5c). None of the signs of early infection were found in the rats. Rats can stand and
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exercise regularly (Figure 5d). The surgical wounds had healed entirely on day twelve
postoperatively (Figure 5).

Visually, the immobilized knee joint was contracted after four weeks of immobilization, while the
mini-invasive surgery had no visible effect on the contralateral limb (Figure 6a). The X-ray image
shows the correct placementl of the steel screws ‘in the femur or the tibia (Figure 6b), although it

did not show the location of the plastic plate. We also employed a high-resolution micro-CT
scanner to image the immobilized lower limb. The 3D reconstruction analysis demonstrated that
the screws were drilled laterally (Figure 6c¢). The drilling position is approximate 8 mm below the
lower edge of the greater trochanter at the proximal femur and just (approximate 4 mm) below
the edge of the tibiofibular fusion at the distal tibia (Figure 6c).

We hired six rats at the end of two times (28 days and 56 days), respectively, to compare the
arthrogenic ROM deficits on the immobilized knee joint and the contralateral side after
myotomies of the transarticular muscles?’. The contralateral knee joint (hon-operative) serves as
a control. After 28 days immobilization, the average arthrogenic deficits in extension ROM was
29.4 + 3.3° for the immobilized knee joint, significantly higher than that in control (4.8 + 2.8°, P<
0.05). The arthrogenic deficits in ROM increased during immobilization in a time-dependent
manner, demonstrating by the average arthrogenic deficits was 40.7 *+ 4.3° for the immobilized
knee joint, significantly greater than that in control, 11.2 + 3.8° on the 56 days immobilization (p
< 0.05) (Figure 7). \

Using Elastica—Masson-Staining, we analyzed the posterior-superior knee joint capsule at three-
time points. On day one immobilization, no adhesion was observed in the joint space between
the postero-superior joint capsule and the femur in the immobilized or the contralateral side
knee joint (Figure 8a, d). However, we observed that there was fibro-adipose tissue deposited
fibrous tissues even partially replaced this deposition after 56 days immobilization (Figure 8f)
while this type of adhesion was not observed in the contralateral side at different time points
(Figure 8 a,b, c).

FIGURE AND TABLE LEGENDS:
Figure 1: Graphical illustration of a lateral view of the knee joint immobilized with an internal
fixation at 135° of flexion.

Figure 2: Design the polypropylene plastic plate into an internal fixation. (a-b) A polypropylene
plastic plate was cleaved from the syringe. The dotted lines represent the approximate plate
range. The plate has the following dimensions: length, 25 mm; width, 10 mm; thickness, 1 mm.
(c) Photograph of the hand-held electric drill. (d) Drills with the 0.9 mm and 1.0 mm diameter at
each end of the plate. The specification of the screw is 1.4 * 8 mm and 1.2 * 6 mm respectively.
(e) The final form of a preconstructed internal fixation. (f) The surgical instruments.

Figure 3: Macrographs of surgical exposure the middle femur and the distal tibia using the mini-
invasive technique. (a) A black line indicates the skin incision between the vastus lateralis (upper
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marked area) and biceps femoris (lower marked area). The dotted lines represent the
approximate muscle range. (b) The surgical incision between the muscles is illustrated. The
incision is away from the sciatic nerve. The black line represents the orientation of the sciatic
nerve. (c) The exposure of the femoral midshaft by muscle-gap separation with the vastus
lateralis and capput vertebralis indicated. (d-e) The exposure of the tibia is shown in relation to
the fibularis longus. (f) The drill hole in the femoral shaft is illustrated with the vastus lateralis,
and capput vertebralis indicated.

Figure 4: Implantation of internal fixation. (a) The hole made in the tibia is illustrated with the
fibularis longus, and the flexor digitorum profundis indicated. (b-c) Screwe the plastic plate
screwed into the drill hole is illustrated in relation to the caput vertebralis (b) and the fibularis
longus (c). (d-e) Wound closure using vicryl suture. The dotted line (e) represents the
approximate plastic plate range. (f) Postoperative overall view of the mini-incision.

Figure 5: Observation of surgical incision healing. (a) The surgical incision has been scarred two
days postoperatively. (b-c) The swelling of the ankle and metacarpophalangeal joints in the
postsurgical limb (b) has almost completely disappeared two days postoperatively. Arrowheads
indicate the ankle joints. (d) A rat can stand normally. (e-f) The wound has completely healed
twelve days postoperatively. Black arrows indicate surgical healing incision.

Figure 6: Evaluation of knee joint immobilization. (a) The macroscopic image illustrates a
contraction of the left knee joint after four weeks of immobilization. (b) Overall x-ray image
shows the placement of the screws. (c) Microcomputed tomography analysis of the immobilized
knee joint. The white arrows represent the fixed screws.

Figure 7: Analysis of arthrogenic deficits in joint extension range of motion (ROM). Data are
presented as mean + SEM (n = 6 per group). The arthrogenic deficits in extension ROM of the
immobilized knee joints are significantly higher than that of the contralateral, nonoperative side
(serve as a control group). Limitation in ROM represents joint immobilization induced a typical
knee flexion contracture. Statistical analysis: The Equality of Variances was performed using
Levene's Test, ROM differences between the contralateral and immobilized groups were
compared at two-time point (28 and 56 days) by two tails Student’s t test. Significance difference
was determined by *P < 0.05 from the control.

]Figure 8: ‘Histological changes in the posterior-superior knee joint capsule analyzed by Elastica—

Masson-Staining at different time points. Representative images of the posterior-superior joint
capsule in the contralateral knee joint (non-operative, upper panels), and the immobilized knee
joint (operative, lower panels) on day 1, 28, and 56 during joint immobilization. After a day of
immobilization, synovium was thick, and no adhesion was observed in the joint space between
the postero-superior joint capsule and the femur (indicated by asterisks in a left row). After 28
days of immobilization, there was fibro-adipose tissue deposited in the joint space and adhesion
had developed between postero-superior joint capsule and the femur (indicated by arrowhead).
On days 56 of immobilization, the deposits still existed, and there was fibrous tissue increasingly
appeared (indicated by arrow). The black border in the bottom left corner represents the
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magnified image of the joint space between the postero-superior joint capsule and the femur. F:
femur; T: tibia; M: meniscus, the posterior horn; JS: joint space. Scale bar = 50 um.

I

DISCUSSION:

This study aimed to elucidate a step-by-step knee joint immobilization method using a mini-
invasive technique that permits rapid postoperative rehabilitation in animals after surgery.
Conventionally, muscle-gap separation approach is thought to be a minimally invasive technique
in orthopedic surgery. As expected, we found rats can return to normal diet and activities just
one day postoperatively, which were consistent with the previous study. Moreover, no artery or
nerve injury was occurred after the surgery, evidence that the muscle-gap separation modus
ensured an adequate and safety bone exposure method. Wthough the invasive surgical effects
can be reduced by using plaster casts, the possibility of edema occurrence in the hind limbs may
affect the continuity of immobility.\ ]In our study, the ankle or toe swelling caused by surgical

procedures disappeared entirely after two days postoperatively. \These results highlight areliable

and stable joint immobilization model created by a mini-invasive technique in lines with the
principle of rapid recovery. Clinically, the flexion contracture that is caused by immobilization is
closer to a non-inflammatory course®. Edema can lead to the release of inflammatory mediators®.
Therefore, using plaster casts to induced joint contracture cannot indeed be harmless. In the
present study, two separate small incisions (of 1-1.5 cm) were performed on the femoral and
tibial sides, respectively. The incision lengths were similar to the size of the incision that is
required for K-wire drilling. Therefore, the mini-invasive effect of this method is more conducive
to reducing trauma to that of external fixation. Besides, a previous randomized controlled trial
demonstrated a possible correlation between the application of external fixation
(percutaneously) and the increased risk of infection in the limb?e. Considering there were no rats
have an early infection sign in our research, we assumed that the muscle gap separation
technique is the key to this model because it can reduce bleeding and unnecessary cutting. Also,
the internal fixator was trimmed down from the syringe, it is low cost and most importantly, non-
toxic to animals. Although both the lateral and medial surgical approaches can establish an
effective rat model of knee flexion contracture??, this small-invasive technique, however, may
only be implemented using the lateral approach rather than using the medial approach.

To our best knowledge, where the precise screw drilling position at the proximal femur or distal
tibia is not fully understood. Choosing to drill a hole in the middle section of the tibia may
affecting the blood supply in Tibia. Our results obtained from Micro-ct analysis indicate that the
proper drilling position is approximate 8 mm below the lower edge of the greater trochanter and
approximate 4 mm below the edge of the tibiofibular fusion. The proper drilling position leads to
avoid affecting the joint component or blood supply. Somehow, the implantation of the internal
fixation through a subcutaneous or submuscular way is still controversial. Interestingly,
performing the muscle-gap separation technique is convenient for placing the implantation
through a submuscular channel to a certain extent.

The results from the joint angle measurement were consistent with the histological analysis,
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demonstrating that knee joint contracture was successfully induced in the immobilized hindlimb.
The average arthrogenic deficits in extension ROM was 29.4 + 3.3°,40.7 £ 4.3° on the immobilized
knee joint at the end of 28 days and 56 days immobilization respectively, which were significantly
higher than that in control (P<0.05). We also ffound that typical adhesion had developed between
in the joint space between the postero-superior joint capsule and the femur in the immobilized
side knee joint (figure 8 e,f), which indicates that using mini-invasive technique will not interfere
with the occurrence of joint contracture\. Taken together, our research indicates that this mini-
invasive model produces stable results and is effective in inducing acquired joint flexion
contracture.

This mini-invasive model still has some limitations. First, the tibia side screw will inevitably irritate
the nearby tendons, including the fibularis longus. Second, drilling into the cortical bone may
cause fractures. Third, there is still a chance of fixation failure. We believe that the use of 3D-
built individualized splints is a possible option for building a non-invasive knee joint contracture
model in the future?®.

In conclusion, the present study describes a mini-invasive knee joint contracture model that is
based on a combination of the muscle gap separation modus and the mini-incision method. Given
that internal surgical fixations can produce a well-accepted model of joint contracture, this mini-
invasive technique may be useful in the study of immobilization-induced knee flexion
contracture.

ACKNOWLEDGMENTS:

This work was supported by grants from National Natural Science Foundation of China (No.
81772368), Natural Science Foundation of Guangdong Province (No. 2017A030313496), and
Guangdong Provincial Science and Technology Plan Project (No. 2016A020215225; No.
2017B090912007). The authors thank Dr. Fei Zhang, M.D. from the Department of Orthopaedic
Surgery, The Eighth Affiliated Hospital of Sun Yat-sen University for his technical assistance during
modification.

DISCLOSURES:
The authors have nothing to disclose.

REFERENCES:

1 Akeson, W. H., Amiel, D. & Woo, S. L. Immobility effects on synovial joints the
pathomechanics of joint contracture. Biorheology. 17 (1-2), 95-110, (1980).

2 Trudel, G., Uhthoff, H. K. & Brown, M. Extent and direction of joint motion limitation after

prolonged immobility: an experimental study in the rat. Archives of physical medicine and
rehabilitation. 80 (12), 1542-1547, (1999).

3 Arsoy, D. et al. Joint contracture is reduced by intra-articular implantation of rosiglitazone-
loaded hydrogels in a rabbit model of arthrofibrosis. Journal of orthopaedic research :
official publication of the Orthopaedic Research Society. 10.1002/jor.24068, (2018).

4 Glaeser, J. D. et al. Anti-Inflammatory Peptide Attenuates Edema and Promotes BMP-2-
Induced Bone Formation in Spine Fusion. Tissue engineering. Part A.

\, Commented [A41]: How?

Commented [A42R41]: There was typical fibro-adipose
tissue deposited and adhesion had developed in the joint
space between postero-superior joint capsule and the
femur (figure 8 e,f).




441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

10

11

12

13

14

15

16

17

18

10.1089/ten.TEA.2017.0512, (2018).

Fergusson, D., Hutton, B. & Drodge, A. The epidemiology of major joint contractures: a
systematic review of the literature. Clinical orthopaedics and related research. 456 22-29,
(2007).

Wong, K., Trudel, G. & Laneuville, O. Noninflammatory Joint Contractures Arising from
Immobility: Animal Models to Future Treatments. BioMed research international. 2015
848290, (2015).

Clavet, H., Hebert, P. C., Fergusson, D., Doucette, S. & Trudel, G. Joint contracture following
prolonged stay in the intensive care unit. CMAJ : Canadian Medical Association journal =
journal de I'Association medicale canadienne. 178 (6), 691-697, (2008).

Dehail, P. et al. Joint contractures and acquired deforming hypertonia in older people:
Which  determinants?  Annals of physical and rehabilitation  medicine.
10.1016/j.rehab.2018.10.005, (2018).

Watanabe, M., Kojima, S. & Hoso, M. Effect of low-intensity pulsed ultrasound therapy on
a rat knee joint contracture model. Journal of physical therapy science. 29 (9), 1567-1572,
(2017).

Goto, K. et al. Development and progression of immobilization-induced skin fibrosis
through overexpression of transforming growth factor-ss1 and hypoxic conditions in a rat
knee joint contracture model. Connective tissue research. 58 (6), 586-596, (2017).
Sasabe, R. et al. Effects of joint immobilization on changes in myofibroblasts and collagen
in the rat knee contracture model. Journal of orthopaedic research : official publication of
the Orthopaedic Research Society. 35 (9), 1998-2006, (2017).

Sakakima, H., Yoshida, Y., Sakae, K. & Morimoto, N. Different frequency treadmill running
in immobilization-induced muscle atrophy and ankle joint contracture of rats.
Scandinavian journal of medicine & science in sports. 14 (3), 186-192, (2004).

Nagai, M. et al. Contributions of biarticular myogenic components to the limitation of the
range of motion after immobilization of rat knee joint. BMC musculoskeletal disorders. 15
224, (2014).

Matsuzaki, T., Yoshida, S., Kojima, S., Watanabe, M. & Hoso, M. Influence of ROM Exercise
on the Joint Components during Immobilization. Journal of physical therapy science. 25
(12), 1547-1551, (2013).

Kaneguchi, A., Ozawa, J., Kawamata, S. & Yamaoka, K. Development of arthrogenic joint
contracture as a result of pathological changes in remobilized rat knees. Journal of
orthopaedic research : official publication of the Orthopaedic Research Society. 35 (7),
1414-1423, (2017).

Hargreaves, D. G., Drew, S. J. & Eckersley, R. Kirschner wire pin tract infection rates: a
randomized controlled trial between percutaneous and buried wires. Journal of hand
surgery. 29 (4), 374-376, (2004).

Trudel, G. Differentiating the myogenic and arthrogenic components of joint contractures.
An experimental study on the rat knee joint. International journal of rehabilitation
research. Internationale Zeitschrift fur Rehabilitationsforschung. Revue internationale de
recherches de readaptation. 20 (4), 397-404, (1997).

Evans, E. B., Eggers, G. W. N., Butler, J. K. & Blumel, J. Experimental Immobilization and
Remobilization of Rat Knee Joints. JBJS. 42 (5), 737-758, (1960).



485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518

19

20

21

22

23

24

25

26

27

28

29

Hagiwara, Y. et al. Expression patterns of collagen types | and Ill in the capsule of a rat

knee contracture model. Journal of orthopaedic research : official publication of the

Orthopaedic Research Society. 28 (3), 315-321, (2010).

Trudel, G. & Uhthoff, H. K. Contractures secondary to immobility: is the restriction articular

or muscular? An experimental longitudinal study in the rat knee. Archives of physical
medicine and rehabilitation. 81 (1), 6-13, (2000).

Hagiwara, Y. et al. Increased elasticity of capsule after immobilization in a rat knee

experimental model assessed by scanning acoustic microscopy. Upsala journal of medical
sciences. 111 (3), 303-313, (2006).

Adelsperger, A. R., Bigiarelli-Nogas, K. J., Toore, |. & Goergen, C. J. Use of a Low-flow Digital

Anesthesia System for Mice and Rats. Journal of visualized experiments : JoVE.

10.3791/54436 (115), (2016).

Trudel, G., O'Neill, P. A. & Goudreau, L. A. A mechanical arthrometer to measure knee joint
contracture in rats. IEEE transactions on rehabilitation engineering : a publication of the

IEEE Engineering in Medicine and Biology Society. 8 (1), 149-155, (2000).

Campbell, T. M. et al. Using a Knee Arthrometer to Evaluate Tissue-specific Contributions
to Knee Flexion Contracture in the Rat. Journal of visualized experiments : JoVE.

10.3791/58084 (141), (2018).

Moriyama, H. et al. Alteration of knee joint connective tissues during contracture

formation in spastic rats after an experimentally induced spinal cord injury. Connective
tissue research. 48 (4), 180-187, (2007).

Onoda, Y. et al. Joint haemorrhage partly accelerated immobilization-induced synovial

adhesions and capsular shortening in rats. Knee surgery, sports traumatology,

arthroscopy : official journal of the ESSKA. 22 (11), 2874-2883, (2014).

Trudel, G., Jabi, M. & Uhthoff, H. K. Localized and adaptive synoviocyte proliferation

characteristics in rat knee joint contractures secondary to immobility. Archives of physical
medicine and rehabilitation. 84 (9), 1350-1356, (2003).

Jiang, S. et al. Endoplasmic reticulum stress-dependent ROS production mediates synovial

myofibroblastic differentiation in the immobilization-induced rat knee joint contracture

model. Experimental cell research. 369 (2), 325-334, (2018).

Pithioux, M. et al. An Efficient and Reproducible Protocol for Distraction Osteogenesis in

a Rat Model Leading to a Functional Regenerated Femur. Journal of visualized experiments :
JoVE. 10.3791/56433 (128), (2017).



