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Abstract

Elbow trauma can lead to joint contracture and reduced range of motion (ROM).

Nonsurgical interventions can improve ROM, but in some cases capsule release

surgery is required. Although surgery can improve ROM, it often does not restore

full ROM. Thus, alternatives are needed. One approach is to target activated

myofibroblasts, which are commonly associated with fibrotic tissue. Mechanical and

biochemical cues drive a feedback loop that can result in normal or pathological

healing. We hypothesize that this feedback loop exists in joint contracture and can

be manipulated so that myofibroblast activity is reduced, normal healing is achieved,

and ROM is improved. We previously demonstrated that blebbistatin can inhibit

myofibroblast contractile forces and reduce collagen synthesis in vitro. Thus, the

purpose of this study was to assess the use of blebbistatin in an animal model of

elbow contracture, which was induced in 7 groups of 4 rats each (n = 28). All elbows

were mechanically and histologically tested. The uninjured contralateral elbows

of each rat were used as a control group. Capsule release surgery significantly

improved (p < 0.01) outcomes 1 week after surgery compared to injury alone and

was not significantly different from uninjured elbows. Three weeks after surgery,

outcomes worsened, indicating joint stiffening consistent with what is observed

clinically. The addition of blebbistatin did not significantly improve outcomes. Future

work will investigate relationships among treatment, fibrotic tissue deposition,

myofibroblast activity, and biomechanics to determine if blebbistatin is a useful

adjunctive therapy for treating joint contracture.
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1 | INTRODUCTION

The elbow is the second most dislocated joint with about 5 in

100,000 people 10 years of age or older experiencing an elbow

dislocation each year.1 Up to 50% of patients with elbow dislocations

experience stiffness and permanent loss of joint range of motion

(ROM) after the injury.2 Furthermore, about 8% of patients with

surgically repaired elbow fractures experience joint contracture

within a year after surgery.3 Overall, between 10% and 15% of elbow

fractures and dislocations lead to severe joint contractures that

require surgical treatment.4,5 Adjacent joints compensate poorly for

loss of elbow ROM, resulting in functional disability of the upper limb,

which limits a patient's ability to perform activities of daily living

(e.g., tying shoes, brushing teeth, drinking from a cup).6

Current treatment strategies focus on prevention of capsular

contracture by beginning physical therapy of the elbow joint as soon

as possible after injury. Despite early mobilization, contracture of the

elbow is still common.7,8 If contracture is severe enough and does not

respond to nonsurgical intervention, then surgical capsular release

may be performed.9 Capsule release surgeries generally improve

but do not normalize elbow ROM.5,10–12 Charalambous and Morrey

found in 9 out of 21 clinical outcome studies that open release

surgery failed to improve average patient postoperative ROM to a

functional range.13 Thus, new alternative or adjunctive treatments

are needed urgently to improve patient outcomes, either through

prevention or correction of established contractures.13,14

The loss of ROM seen in joint contractures is often attributed

to changes in cellular activity within the joint capsule that render

it abnormally thick and stiff.15 Several studies have observed a sig-

nificant increase of activated myofibroblasts in the contracted joint

capsule of both human elbows16–18 and rabbit knees.19–21 Results

suggest that myofibroblasts are a driving force behind posttraumatic

joint contracture.

Myofibroblasts in a healing wound exert contractile forces on the

extracellular matrix (ECM) and synthesize collagen and other ECM

proteins in a manner that is modulated in part by both mechanical forces

and biochemical factors (e.g., transforming growth factor (TGF)‐β1).22

These components interact dynamically and reciprocally with myofi-

broblasts, such that the wound healing response proceeds in a feedback

loop that results in either a normal or a pathological healing outcome.23

We hypothesize that this feedback loop is operational in the injured joint

capsule, where the combination of mechanical and biochemical cues

ultimately leads to capsule thickening, stiffening, and contracture.

Hildebrand has postulated a similar mechanism underpinning

contracture in the elbow referred to as the myofibroblast–mast

cell–neuropeptide axis of fibrosis.24 Central to both hypotheses is the

idea that multiple stimuli amongst multiple cell phenotypes interact in a

complex manner, such that overactive myofibroblasts are triggered by

mechano‐chemical cues to produce fibrotic tissue. Therefore, strategies

that can modulate components of this feedback loop could be useful

targets to prevent contracture and encourage normal healing.

One such treatment target is the force sensing/generating

machinery of the myofibroblast.25 Non‐muscle myosin II (NMMII) is a

critical component of the cytoskeleton implicated in tissue fibrosis.26,27

Phosphorylated NMMII engages with actin microfilaments to generate

force through the anchoring junctions (i.e., focal adhesions) with the

ECM.28,29 These contractile forces trigger the release and activation of

ECM‐bound TGF‐β1, which can further upregulate alpha smooth muscle

actin (α‐SMA) expression, contractile forces, and collagen synthesis,

such that fibrotic tissue is formed. Blebbistatin is a membrane permeable

small molecule that quickly and reversibly inhibits NMMII in a dose‐

dependent manner.30,31 Myofibroblasts exposed to blebbistatin exhibit

diminished mechanosensitivity and stimulation from TGF‐β1, and thus

respond by reducing both traction forces and collagen production until

the drug wears off.

Previously, we demonstrated that blebbistatin significantly

reduced fibroblast force development and collagen production

in vitro.32,33 The use of this drug in conjunction with capsule release

surgery might offer a way to maintain ROM gains from release

surgery that are generally lost during convalescence. To test this idea,

we adopted a validated Long‐Evans rat model of elbow contracture

developed by Lake et al.34–36 We then adapted the model to inves-

tigate the effects of capsule release surgery on improving ROM and

the impact of adjunctive treatment with blebbistatin.

2 | MATERIALS & METHODS

2.1 | Animal study design

This protocol (#2072222) was approved by the University of Iowa

Institutional Animal Care and Use Committee (IACUC). All animals

were housed at the University of Iowa Animal Research Surgicenter

in 30.8 × 30.8 × 18.72 cm cages with a floor area of 742.2 cm2. Two

rats were housed per cage and were fed 7913‐Irradiated NIH‐31

Modified 6% Mouse and Rat Diet. Rats were paired according

to their euthanasia date and were housed in the same cages

throughout the duration of this study. Evidence of previous joint‐

related pathology (e.g., healed periarticular fracture) was grounds

for exclusion from this study.

Long‐Evans rats were selected for this study due to their ana-

tomical and physiological similarities with the human elbow.37–39

Joint contracture was induced in n = 28 male rats between 12 and 15

weeks of age (average weight 0.472 ± 0.037 kg,) via the surgical

injury described in Lake et al.34 and in the next section. During a

bandage change, one rat died unexpectedly and inexplicably 3 weeks

after injury leaving the number of rats tested at n = 27. Consequently,

rats were randomly split into 1 group of 3 and 6 groups of 4. No other

rats were excluded from this study.

Seven treatment groups were investigated following the time-

line outlined in Figure 1. After contracture was established (6 weeks

post‐injury) the first group of 3 rats was euthanized. This group

provided a reference for untreated injury (referred to as Injury Only).

The remaining 6 groups had restraints removed (i.e., remobilization)

and were allowed to freely use their injured arms for either 3 or 6

weeks in the same environment in which they were immobilized.
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The second and third groups were euthanized after 3 and 6 weeks

of remobilization (referred to as 3W Remobile and 6W Remobile,

respectively) and provided a reference for natural recovery. The

fourth and fifth groups received capsule release surgery (CRS) after

3 weeks of remobilization, followed by either 1 or 3 weeks of

recovery (CRS + 1W Recovery and CRS + 3W Recovery, respectively).

After 3 weeks of remobilization, the sixth and seventh groups

received capsule release surgery and treatment with either 3 weeks

of daily injections of blebbistatin (CRS + 3W Daily Blebb) or daily

vehicle (CRS + 3W Daily Vehicle), as indicated in Figure 1. The vehicle

was 0.9% saline with 6.7% dimethyl sulfoxide (DMSO) and 25%

hydroxypropyl β‐cyclodextrin (w/v), a complexing agent that im-

proves blebbistatin solubility. The contralateral uninjured arms of all

rats were used as a normal uninjured control group.

2.2 | Injury model

All surgical procedures were performed at the University of Iowa

Animal Research Surgicenter. Anesthesia was induced using

0.5%–3% isoflurane in oxygen. Antibiotic prophylaxis consisted

of a single subcutaneous dose of enrofloxacin at 5 mg/kg and a

single dose of extended‐release buprenorphine at 1 mg/kg was

given for analgesia. A 2 cm incision was then made on the lateral

aspect of the left elbow centered at the lateral epicondyle. Blunt

dissection exposed the lateral aspect of the triceps and the

common extensor origin at the lateral epicondyle. The anterior

compartment muscles of the brachium were lifted allowing

anterior capsulotomy followed by transection of the lateral col-

lateral ligament. The forearm was then supinated, and the elbow

extended, subluxating the elbow joint. The joint was immediately

reduced with the lateral collateral ligament left unrepaired.

Wound closure was performed in two layers, the deep fascial and

skin, with absorbable sutures (Vicryl). Immediately following

surgery, the injured arm was immobilized against the body with

the elbow in approximately 135 degrees of flexion. A piece of

tubular elastic netting was cut and placed around the upper torso

of each animal with an access hole cut in the netting to allow

unrestricted use of the uninjured right limb. A piece of self‐

adhering wrap (Vetrap, 3M Maplewood, MN) was then wrapped

around the same portion of the torso three times with access

holes cut to leave the right limb unconstrained. This procedure is

illustrated in Figure 2. The injured arm was kept immobile for 6

weeks to create contracture. Postoperative pain was reduced via

2 mg/kg subcutaneous doses of meloxicam 24 and 48 h after

surgery.

2.3 | Capsule release surgery

Capsule release surgery was performed after 3 weeks of

remobilization (Figure 3). Anesthesia was induced using 0.5‐3%

isoflurane in oxygen. Antibiotic prophylaxis again consisted of a

single subcutaneous dose of enrofloxacin at 5 mg/kg and a single

dose of extended‐release buprenorphine at 1 mg/kg was given

for analgesia. A 2 cm skin incision was made over the lateral

elbow utilizing the previously made incision. The lateral border of

the humerus was identified, and the muscles of anterior com-

partment of the brachium were elevated off the anterior cortex of

the humerus. Proceeding in a proximal to distal direction (towards

the elbow joint) the anterior joint capsule was eventually en-

countered and elevated from the anterior cortex and articular

surface of the distal humerus. The lateral collateral ligament was

not transected or released. No elevation of the triceps or pos-

terior joint capsule release was performed. The elbow was then

gently extended until full extension was achieved. Closure of the

deep fascial and skin layers was again performed with absorbable

sutures.

2.4 | Blebbistatin

Blebbistatin (ab120425 Abcam) was diluted to 1 mg/mL in a

vehicle of 0.9% saline with 6.7% dimethyl sulfoxide (DMSO) and

F IGURE 1 Timelines for the seven treatment groups. Contracture was induced in all groups via surgical injury followed by 6 weeks with the
injured arm immobilized. Groups other than the Injury Only group had restraints removed (remobilization) after the 6‐week immobilization
period and were handled as indicated. CRS – capsule release surgery.
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25% hydroxypropyl β‐cyclodextrin (w/v). Rats received drug via

systemic daily injections, delivered in a single injection at a dosage

of 5 mg/kg. For the first 4 days postrelease, rats received injec-

tions intraperitoneally to ensure that peak drug concentrations

were reached quickly during the early phases of healing.40 Sub-

cutaneous injections were performed thereafter both to reduce

handling of the forelimbs during injection, which could aggravate

the healing elbow, and to lessen the potential for internal injury or

injection into organs.

2.5 | Mechanical measurement

Following euthanasia, the arms of all rats underwent mechanical

testing similar to Lake et al.34 Briefly, the arm was dissected

carefully to minimize disruption of any fibrotic tissue in and

around the joint. The humeral head was exposed, and the paw

removed at the wrist. The humeral head and wrist were mounted

into polycarbonate plastic tubing and the wrist was secured to

the tube with self‐curing acrylic cement (Duz‐All, Keystone

Industries). The humoral head was secured with cyanoacrylate

adhesive and braced with 3/8‐inch diameter, 4.5 oz., orthodontic

rubber bands (IVORIE®). The arm was then mounted into a

custom‐built mechanical testing system. The wrist tube was fixed

in place while the humeral end was mounted into a movable lever

arm (Figure 4). The testing system was controlled with a Bose

ElectroForce Planar Biaxial TestBench Instrument (TA Instru-

ments) that interfaced with a custom‐built rack and pinion system

that moved the elbow through a load‐controlled cyclical motion

of flexion and extension from ± 10 N·mm torque. The total ROM

and maximum extension angle that each arm reached during

testing were used as the primary outcome measurements.

F IGURE 2 (A) An incision was made on the lateral aspect of the left elbow. (B) Blunt dissection exposed the lateral aspect of the triceps.
(C, D) The anterior muscles of the brachium were lifted; capsulotomy and transection of the lateral collateral ligament were performed. (E) The
arm was extended to subluxate the joint. (F) Vicryl sutures were used to close the surgical site. (G) A second layer of sutures closed the skin.
(H) Tubular elastic netting was placed around the upper torso with a hole cut to allow unrestricted use of the right limb. (I) Vetrap was wrapped
around the torso, securing the injured arm in place while allowing full motion of the uninjured arm.
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2.6 | Histology

After mechanical testing was completed, each arm was fixed in 10%

neutral buffered formalin. Samples were decalcified in 5% formic acid

and processed on an automated processor overnight. The samples

were then embedded in paraffin and cut on a microtome. Sections

5 μm thick were obtained at a depth in the specimen where the

capitulum of the humerus, the radial head, and part of the anterior

capsule were visible. Each section was picked up on a charged slide.

Following deparaffinization in xylene, slides were either stained using

hematoxylin and eosin (H&E) or processed on a Discovery Ultra using

3,3′‐Diaminobenzidine (DAB) and an α‐SMA mouse monoclonal

antibody (CMC20229060, Cell Marque™, Millipore Sigma) coupled

with horseradish peroxidase (Discovery OmniMap Anti Mouse HRP

760‐4310, Roche Diagnostic). Immunostained sections were then

counterstained with hematoxylin. Slides were imaged using an

F IGURE 3 (A) An incision was made in the skin of the lateral elbow. (B) The lateral border of the humerus was identified, and the anterior
capsule was released subperiosteally from the anterior cortex of the humerus. (C) The elbow was fully extended. (D, E) Absorbable sutures were
used to close the wound.

F IGURE 4 A custom‐built flexion‐extension testing system (left) was used to obtain a torque‐angle curve (right). Several biomechanical
measurements can be extracted from a curve, including range of motion (ROM) and maximum extension.
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Olympus slide scanner and examined for differences in synovial

fibrosis and the number of α‐SMA‐positive cells.

Peri‐articular tissues found along the capitulum between the

radial and olecranon fossae were targeted for analysis of synovial

fibrosis. This region was chosen as it consistently had intact

synovial lining and adipose tissue that, upon histological ex-

amination, appeared minimally disturbed, if at all, by the surgical

procedures. Fibrosis of this tissue was determined by the degree

that dense connective tissue infiltrated into white adipose

tissue,41 assessed via image analysis using ImageJ 1.49p (NIH).

For each sample, a region of interest (ROI) was drawn on the peri‐

articular tissue where both the synovial lining and adipose tissue

were visible. The ROIs were then converted to 8‐bit gray-

scale images. Thresholding was applied to obtain black and white

images, where white pixels represent connective tissue. The

number of white pixels divided by the total number of pixels was

used to obtain connective tissue density for each sample

(Figure S1). Connective tissue density was used as a metric for

changes in synovial fibrosis.

The fibrous tissue on the anterior portion of the joint was tar-

geted for α‐SMA analysis, as α‐SMA is commonly used to identify

myofibroblasts.22,42 Images of this tissue at 5x magnification were

collected from the full scan of each immunostained sample. Bone,

cartilage, and muscle tissues were cropped out of each image. The

number of α‐SMA positive and negative cells were then counted

using the AI software platform, Biodock (Biodock 9, AI Software

Platform. Biodock 2023). Briefly, a model was trained by manually

selecting positive and negative cells on 5–7 subsections of three

example images (Figure S2). The first version of the model classified

cells in adjacent subsections of each image. Cell classifications were

then manually corrected. The model was retrained using the

corrected subsections. This process was repeated until no additional

corrections were needed, which occurred after six iterations. All

images were then analyzed with this trained model and the per-

centage of α‐SMA positive cells was used as the outcome measure of

each sample.

2.7 | Statistical analysis

In each treatment group, the mean, standard deviation, coefficient of

variation (standard deviation divided by mean), and 95% confidence

intervals were calculated for ROM, maximum extension, connective

tissue density, and the percentage of α‐SMA positive cells. One‐way

ANOVA was used to determine if there was a significant relationship

between groups for each outcome variable. Tukey's test was used

to find significant differences between individual groups. Linear

regression analysis was used to determine correlations between

each outcome measure. Statistical analysis was performed in Prism

GraphPad 10.0.2 (GraphPad Software). A p‐value less than 0.05 was

considered to be significant.

3 | RESULTS

3.1 | Remobilization after injury improves but does
not normalize elbow range of motion

Representative torque‐angle curves (Figure 5A) clearly indicate sig-

nificant reductions in ROM and maximum extension due to injury and

immobilization, followed by some recovery after remobilization. The

total ROM (Figure 5B) and maximum extension angles (Figure 5C,

F IGURE 5 (A) Selected torque‐angle curves for the Uninjured, Injury Only, 3W Remobile, and 6W Remobile groups. The range of motion (ROM)
(B) and max extension angles (C) extracted from the torque‐angle data. Lines denote the mean and error bars indicate the standard deviation for
each group. Data points marked with a crossed diamond denote the data that correspond to the representative torque‐angle plots in (A).
**p < 0.01, ***p < 0.001.
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Table 1 & Supporting Information S1: Table S1) for uninjured elbows

were 114 ± 9.4° and 16 ± 6.7°, respectively. Both ROM and maximum

extension significantly worsened (p < 0.001) with injury and 6 weeks

of immobilization (ROM: 35 ± 21°, Max Extension: 97 ± 22°). These

ROM values were comparable to those reported by Lake

et al. for uninjured (107.3 ± 10.2°) and injured (50 ± 10.6°) Long Evans

rat elbows.34 ROM and extension improved (but were highly variable)

after 3 weeks with free use of the injured arm (ROM: 65 ± 41°,

Max Extension: 70 ± 37°). An additional 3 weeks (6 weeks total) of

remobilization reduced variability but did not on average improve

elbow ROM (64 ± 18°); however, maximum extension (58 ± 16°) did

significantly (p < 0.01) improve compared to the injury group.

TABLE 1 Descriptive statistics for each outcome variable and each treatment group. SD–standard deviation, CoV–coefficient of variation,
CI–95% confidence interval.

Group Parameter Mean ± SD CoV CI

Uninjured ROM [degrees] 114 ± 9.4 8.20% [111, 118]

Max extension [degrees] 16 ± 6.7 42% [14, 19]

Percent α‐SMA [%] 4.98 ± 7.4 149% [1.7, 8.26]

Connective tissue density [%] 45 ± 6.3 14% [41, 48]

Injury Only ROM [degrees] 35 ± 21 60% [−17, 86]

Max extension [degrees] 97 ± 22 23% [42, 151]

Percent α‐SMA [%] 29.6 ± 50.3 170% [−95.3, 154]

Connective tissue density [%] 70 ± 1.5 2.2% [66, 73]

3W Remobile ROM [degrees] 65 ± 41 62% [0.64, 130]

Max extension [degrees] 70 ± 37 53% [11, 130]

Percent α‐SMA [%] 34 ± 31.2 91.7% [−15.6. 83.7]

Connective tissue density [%] 60 ± 6.5 11% [49, 70]

6W Remobile ROM [degrees] 64 ± 18 28% [35, 93]

Max extension [degrees] 58 ± 16 28% [32, 84]

Percent α‐SMA [%] 0.58 ± 0.67 116% [−0.49, 1.65]

Connective tissue density [%] 47 ± 1.7 3.7% [44, 50]

CRS + 1W Recovery ROM [degrees] 90 ± 7.6 8.50% [78, 102]

Max extension [degrees] 34 ± 6.2 18% [24, 44]

Percent α‐SMA [%] 15.2 ± 12.5 82.3% [−4.7, 35.1]

Connective tissue density [%] 60 ± 6.9 11% [49, 71]

CRS + 3W Recovery ROM [degrees] 81 ± 8.2 10% [68, 94]

Max extension [degrees] 51 ± 16 31% [26, 77]

Percent α‐SMA [%] 4.47 ± 5.35 120% [−4.05, 13]

Connective tissue density [%] 68 ± 6.7 9.9% [57, 78]

CRS + 3W Daily Vehicle ROM [degrees] 84 ± 3.6 4.30% [78, 90]

Max extension [degrees] 43 ± 5.5 13% [34, 52]

Percent α‐SMA [%] 0.31 ± 0.2 64.3% [−0.01, 0.63]

Connective tissue density [%] 70 ± 6.9 9.8% [59, 81]

CRS + 3W Daily Blebb ROM [degrees] 79 ± 9.1 12% [65, 94]

Max extension [degrees] 41 ± 9.6 23% [26, 56]

Percent α‐SMA [%] 0.74 ± 0.59 79.5% [−0.2, 1.68]

Connective tissue density [%] 61 ± 6.2 10% [51, 71]

Abbreviations: CI, 95% confidence interval; CoV, coefficient of variation; SD, standard deviation.
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3.2 | Capsule release surgery improves elbow
extension but some initial gains are lost after recovery

Compared to the injury‐only group, capsule release surgery (Figure 6A)

significantly improved (p <0.001) ROM and maximum extension both 1

week (ROM: 90 ± 7.6°, Max Extension: 34 ± 6.2°) and 3 weeks after

surgery (ROM: 81 ± 8.2°, Max Extension: 51 ± 16°). Neither ROM nor

maximum extension 1 week after surgery were significantly different

from the uninjured group (Figure 6B,C, Table 1 and Supporting Infor-

mation S1: Table S1). Three weeks after surgery, ROM and maximum

extension worsened, though not significantly, compared to 1 week. This

regression in joint biomechanics reflects the loss of ROM after capsule

release surgery often observed clinically.43

3.3 | Blebbistatin injections do not provide
mechanical benefits

Torque‐angle curves (Figure 7A) indicate no differences between vehicle

and blebbistatin injections. Total ROM and maximum extension angles

(Figure 7B,C, Table 1 & Supporting Information S1: Table S1) between

the groups that received daily blebbistatin (ROM: 79 ±9.1°, Max

F IGURE 6 (A) Selected torque‐angle curves for the Uninjured, Injury Only, CRS + 1W Recovery, and CRS + 3W Recovery groups. The ROM
(B) and max extension angles (C) extracted from the torque‐angle data. Lines denote the mean and error bars indicate the standard deviation for
each group. Data points marked with a crossed diamond denote the data that correspond to the representative torque‐angle plots in
(A). **p < 0.01, ***p < 0.001. CRS, capsule release surgery; ROM, range of motion.

F IGURE 7 (A) Selected torque‐angle curves for the Uninjured, Injury Only, CRS + 3W Daily Vehicle, and CRS + 3W Daily Blebb groups. The
ROM (B) and max extension angles (C) extracted from the torque‐angle data. Lines denote the mean and error bars indicate the standard
deviation for each group. Data points marked with a crossed diamond denote the data that correspond to the representative torque‐angle plots
in (A). Only nonsignificant relationships are shown for clarity. CRS, capsule release surgery; ROM, range of motion.
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Extension: 41 ± 9.6°) and daily vehicle injections (ROM: 84 ± 3.6°, Max

Extension: 43 ± 5.5°) were not significantly different from each other or

from capsule release surgery alone, indicating that blebbistatin had no

benefit for improving joint biomechanics.

3.4 | Histological analysis of the synovial lining
reveals differences in connective tissue density

Compared to the uninjured controls, increased capsular fibrosis,

synovial lining thickness, and infiltration of dense connective tissue

into white adipose tissue were observed in the H&E staining of all

groups (Figure 8). The synovial lining of the CRS + 3W Daily Blebb

group (Figure 8L,P) shows some thickening, but not to the degree

seen in the other injured groups.

The connective tissue density (Figure 9, Table 1 & Supporting

Information S1: Table S2) for all groups other than 6W Remobile was

significantly greater (p < 0.01) compared to the uninjured group. Com-

pared to injury alone, the 6W Remobile group was the only treatment

group to have significantly reduced connective tissue density (p< 0.001).

Three weeks of remobilization (3W Remobile) led to a reduction in

connective tissue density, but this was not a significant improvement

F IGURE 8 Representative images of hematoxylin and eosin stained sections for the following groups: Uninjured (A, E), Injury Only (B, F), 3W
Remobile (C, G), 6W Remobile (D, H), CRS + 1W Recovery (I, M), CRS + 3W Recovery (J, N), CRS + 3W Daily Vehicle (K, O), and CRS + 3W Daily Blebb
(L, P). Peri‐articular tissues that contain white fat are marked by rectangles with labels that correspond to the higher magnification images of
each sample. Thin double‐sided arrows highlight differences in synovial thickness. Thick arrows highlight infiltration of the dense connective
tissue in the white fat. CRS, capsule release surgery.
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compared to injury alone. One week after capsule release surgery

(CRS + 1W Recovery), elbows had lower connective tissue density than

the injury‐only group, but connective tissues returned 3 weeks after

surgery (CRS + 3W Recovery). Neither the CRS+ 1W Recovery nor the

CRS+ 3W Recovery groups were significantly different from injury alone,

or from each other. The addition of blebbistatin injections mitigated the

return of connective tissue, ending with similar densities to those seen 1

week after capsule release and after 3 weeks of remobilization.

3.5 | The percentage of α‐SMA‐positive cells may
not be linked to arthrofibrosis

The percentage of α‐SMA‐positive cells (Figure 10) in the

3W Remobile group was significantly higher than uninjured controls

(p < 0.05), which was the only significant difference observed among

the treatment groups. The majority of injured elbows (23/27; 85.2%)

had percentages lower than 22%, which was the highest percentage

found in uninjured arms (Figure 11).

An examination of the relationships between the four main out-

come variables, examined via linear regression analysis (Figure 12,

Supporting Information S1: Table S3), revealed a strong correlation

(r2 = 0.914, p< 0.001) between maximum extension angle and total

ROM. No correlation was found between the connective tissue density

and the percentage of α‐SMA‐positive cells. Weak correlations were

observed between all other outcome measurements.

4 | DISCUSSION

Our data from mechanical testing were consistent with Lake et al.34

and indicate that the Long Evans rat elbow contracture model is

reproducible. Overall, capsule release surgery improved maximum

extension, ROM, and connective tissue density. However, the

improvements observed after 1 week were reduced at 3‐weeks

postsurgery, indicating that the contracture may return following

surgery. This reversal appeared in both our mechanical data and

histological analysis. The return of contracture is often observed

clinically in patients that undergo capsular release surgery, which can

be frustrating for both patient and surgeon. Although the improve-

ments were not statistically significant, the fact that our model

reflects the clinical situation is an encouraging development that

could help us better understand what is responsible for the con-

tracture and how this surgical procedure can impact the process of

healing. Further, it could help us evaluate the effectiveness of various

therapeutic strategies.

By itself, remobilization of the injured arm was not enough to

improve mechanical outcomes, similar to what was observed in a

previous study using this model.35 We noticed that variability in the

healing response was quite large after 3 weeks of remobilization,

and that this variability diminished considerably after an additional 3

weeks of remobilization. We speculate that 3 weeks of remobilization

was not enough time to realize mechanical improvements for all

animals, but 6 weeks was enough, hence the drop in variability.

Interestingly, the connective tissue density seen in the

6W Remobile group was similar to that of the Uninjured group. A

return to a comparable ROM and maximum extension, however, was

not reflected in the mechanical data for 6W Remobile. We speculate

that 12 weeks after injury (6W Remobile) is enough time for

some inflammation and fibrosis to resolve such that the rest of the

capsule returns to normal while the anterior portion remains fibrotic.

Such a response would result in restricted joint movement and create

a disconnect between the mechanical and histological outcomes

we observed. In contrast, 6 weeks (Injury Only) and 9 weeks

(3W Remobile) after the initial surgical injury is not enough time for

inflammation and fibrosis in the joint capsule to subside. Similarly,

although capsule release surgery ultimately improved joint bio-

mechanics compared to the 3W and 6W Remobile groups, the surgery

itself acted as an injury that sustained the inflammatory response.

F IGURE 9 The connective tissue density of each group. Lines
denote the mean and error bars indicate the standard deviation for
each group. Refer to Supporting Information S1: Table S2 for
significant relationships, which are not shown here for clarity. CRS,
capsule release surgery.

F IGURE 10 The percentage of α‐SMA‐positive cells in each
treatment group. Lines denote the mean and error bars indicate the
standard deviation for each group. Since negative percentages are
not possible, the x‐axis is bound from 0 to 100, cutting off the error
bars for the Uninjured, Injury Only, and CRS + 3W Recovery groups.
*p < 0.05. CRS, capsule release surgery.
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This renewed inflammatory response may be responsible for the

return of contracture observed in our model and in the clinic.

In this study, the addition of daily blebbistatin injections appeared

to reduce the connective tissue density, indicating that the drug may be

mitigating the return of contracture. The reduction in connective tissue

density following 3 weeks of blebbistatin injections is similar to what

was found 1 week after capsule release surgery (CRS + 1W Recovery)

and 3 weeks of remobilization (3W Remobile). However, these histo-

logical changes again were not observed in our mechanical data (ROM

and max extension). One explanation might be that blebbistatin had

limited access to the fibrous tissue on the anterior aspect of the joint at

sufficient concentrations to have an effect mechanically.

The lack of effect from blebbistatin treatment could also be

because the drug was cleared from the circulation faster than ther-

apeutic amounts were able to influence the anterior joint capsule.

Previous in vitro research has found that blebbistatin has a half‐life of

20.2 min in rat hepatocytes.44 In vivo, blebbistatin was found to

accumulate in the skeletal muscle of rats over the course of 45min to

about 15 μM after a 1mg (~3.6mg/kg) intraperitoneal dose of

blebbistatin in DMSO. Blebbistatin concentration decreased below

5 μM in blood, cardiac muscle, brain, kidney, lung, and liver samples in

the same rats.44 The amount of blebbistatin that was present in the

joint was not measured in this study. Earlier work that examined the

biodistribution of another hydrophobic small molecule, sulfasalazine,

found that its concentration in synovial fluid is similar to its plasma

concentration with an average synovial fluid‐to‐plasma ratio

of 1.07 μg/mL.45 If blebbistatin distributes in a similar fashion as

sulfasalazine, we could assume that concentrations found in the

synovial fluid would be under 5 μM, well below the 50 μM used to

reduce fibrin gel compaction and force generation in our previous

in vitro studies.32,33 Moreover, subcutaneous injections of small

molecules have been shown to have decreased systemic exposure

compared to intraperitoneal injections.46 Thus, the switch to sub-

cutaneous injection, made to reduce the chance of aggravating the

elbow, may have further limited blebbistatin's efficacy.

If further work is to be done using blebbistatin, it may need to be

delivered locally since, due to limited solubility, there is little room to

increase the amount of drug delivered systemically. Our previous

work using a rabbit model of knee arthrofibrosis found that sulfasa-

lazine, delivered locally, reduced knee stiffness.47 From this, we know

that arthrofibrosis can be treated pharmacologically and that local

drug delivery is a viable option. We are also exploring the use of lipid

nanoparticles as a localized, injectable drug delivery system for

hydrophobic molecules, such as blebbistatin and sulfasalazine.

This strategy could potentially overcome issues regarding low or

unsustained drug concentration in the joint capsule.

Other possible reasons for the lack of effect from blebbistatin

treatment could be that cells other than myofibroblasts are respon-

sible for contracture or that myofibroblasts are only temporarily

present in the joint space. While myofibroblasts are often found in

F IGURE 11 H&E stained (A–D) sections of different groups along with immunolabeled sections in the same location (E–H). Panels I–L show
the magnified regions of the immunolabeled sections. Different treatments did not exhibit differences in α‐SMA expression. CRS, capsule release
surgery.
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fibrotic joints, their presence and persistence do not appear to be

universal for all joints and injuries. For example, some studies have

reported an absence of myofibroblasts in frozen shoulders,48,49

potentially because the patients were in the early inflammatory stage

of the disease. In other studies, myofibroblasts were only present in

the early stages of contracture in a rabbit knee model19 and the

human elbow.50 In contrast, Hildebrand et al. reported that myofi-

broblasts were abundant in both early21 and chronic stages of

posttraumatic joint contracture in both humans and rabbits.17,20

Our results found no correlation between the connective tissue

density and the percentage of α‐SMA‐positive cells and only weak

correlations between the mechanical data and α‐SMA‐positive cells,

which supports the idea that myofibroblasts may not be responsible

for contracture, at least in the Long Evans Rat elbow model of

contracture. More work needs to be done to clarify if and when myo-

fibroblasts are present in the elbow joint capsule following trauma to

better inform when adjunctive treatments should be applied.

Only 4 out of the 27 injured arms had percentages of α‐SMA‐

positive cells greater than 30%. Most had percentages lower than

20%. There was also only one significant difference between groups

(Uninjured vs. 3W Remobile). The apparent disconnect α‐SMA has

with connective tissue density and mechanical outcomes might be

due to differences in how fibrotic tissue forms. Usher et al. suggests

that there are two types of arthrofibrosis, active and residual.51

Active arthrofibrosis describes a condition where inflammatory

processes and ECM deposition are continuous and driven by positive

feedback loops. Patients with active fibrosis are those that experi-

ence pain and swelling in addition to reduced ROM. Residual ar-

throfibrosis describes joints with reduced ROM, but the inflammatory

phase has resolved. In our study, the elbows that exhibited reduced

mechanical parameters without the corresponding increase in

α‐SMA‐positive cells may be examples of residual arthrofibrosis.

Elbows that had increased percentages of α‐SMA‐positive cells may

be examples of active arthrofibrosis. Future studies that examine

inflammatory cytokines are needed to determine if this is the case.

A previous study using this model found that male and female

rats developed similar deficits in mechanical outcomes.52 Therefore,

only male rats were used in this study to reduce sample numbers and

cost. It is possible, however, that sex‐dependent differences could

emerge from using different treatment strategies, such as blebbis-

tatin. We hope to address this limitation in future work by testing

both male and female rats.

5 | CONCLUSION

Capsule release surgery improved elbow range of motion in a rat

model of posttraumatic joint contracture. However, the improve-

ments seen 1 week after capsule release were reduced after 3 weeks,

despite the addition of adjuvant treatment. The addition of

F IGURE 12 Linear regressions between each of the outcome measurements (r2 – coefficient of determination, p – significance). Best‐fit
lines are denoted with red dashes. The black dotted lines represent the 95% confidence interval of the best‐fit line.
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blebbistatin treatments appeared to reduce fibrotic tissues in the

joint, but these changes did not coincide with better mechanical

outcomes. Due to the small sample size, however, these results

should be considered preliminary. Future work will investigate re-

lationships between treatment, fibrotic tissue deposition, myofibro-

blast activity, and biomechanics to determine if blebbistatin (or

another compound) is a useful adjunctive therapy together with

surgical intervention for treating joint contracture.
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