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Abstract

The purpose of this article was to determine mast cell and neuropeptide nerve fiber numbers in
joint capsules in posttraumatic contractures, as elevated numbers have been implicated in other
fibrotic and contracture conditions. Twelve skeletally mature rabbits had intraarticular cortical
windows removed from the medial and lateral femoral condyles and the knee joint immobilized.
The contralateral unoperated limb served as a control. Equal numbers of rabbits were sacrificed 4
weeks after surgery or 40 weeks after the first surgery that included 32 weeks of remobilization.
Six patients with chronic posttraumatic elbow joint contractures and six age-matched organ donor
controls free of elbow contractures were also studied. Joint capsule myofibroblast, mast cell, and
neuropeptide containing nerve fiber numbers were assessed with immunohistochemistry. The
numbers of myofibroblasts, mast cells, and neuropeptide containing nerve fibers expressed as a
percentage of total cells were significantly greater in the contracture capsules when compared to
the control capsules at all time points (p < 0.0001). The range of percentages for the three
components in the contracture capsules versus the controls were 41-48% versus 9-10%, 44-50%
versus 11-13%, and 45-50% versus 10-12% for the acute and chronic stages of the rabbit model
and the chronic stages in the human elbows, respectively. These data support the hypothesis that a
myofibroblast-mast cell-neuropeptide fibrosis axis may underlie some of the pathologic changes
in the joint capsule in posttraumatic contractures. Approaches designed to manipulate this axis,
such as preventing degranulation of mast cells, warrant further investigation.
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Loss of joint motion, or joint contracture, is a common complication following injuries.!
The joint capsule is a key contributor to the formation of contractures and surgical releases
to improve joint motion invariably include its removal.2 Although the anatomic importance
of the joint capsule in the pathogenesis of joint contractures has been known for many years,
only recently has there been description of the cellular changes associated with
posttraumatic contractures.3=> It was determined that the myofibroblast, a specialized fibro-
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blast expressing the contractile smooth muscle protein a-smooth muscle actin (a-SMA) and
associated with contracture and fibrosis in many organ systems, is increased in numbers in
joint capsules from posttraumatic contractures when compared to similar tissues from
normal joints.#® This is true for the chronic stages of posttraumatic contractures in human
elbow joints and a rabbit knee model of posttraumatic contractures.>-> Myofibroblast
numbers are increased very early in the contracture process, as early as 4 weeks after injury,
in this rabbit knee model.” The question remains as to what is contributing to this early and
sustained increase in myofibroblast numbers.

One possibility contributing to the early and sustained increase in myofibroblast numbers is
a mast cell-neuropeptide fibrosis axis as described in skin wound healing.8 Mast cells are
widely distributed throughout connective tissues, including skin and joint capsules.8-14 Mast
cell granules contain preformed mediators associated with fibrosis including platelet-derived
growth factor-A, basic fibroblast growth factor and endothelin-1, while the profibrotic TGF-
B4 is formed upon mast cell stimulation.®12 It is generally believed that mast cells induce a
fibrotic response via involvement of connective tissue fibroblasts and myofibroblasts.
9121516 |t has been well described that the neuropeptides Substance P and CGRP can cause
mast cell degranulation.8:11.13.14.17.18 pentidergic nerve terminalshavebeen detectedin close
association with mast cells in skin, ligament, joint capsule, and the gut.10.11.13.14.19 |t \yas
recently reported that both the density of Substance P positive fibers and the number of mast
cells were increased in the pathologic palmar fascia of patients with Dupuytren’s contracture
when compared to nonpathologic palmar fascia of control individuals.1® Thus, the
myofibroblast—-mast cell-neuropeptide pathway may represent what is abnormal
(myofibroblasts), how this abnormality comes about (mast cell degranulation liberating
growth factors), and why this may occur (neuropeptide induced degranulation of mast cells).

As a first step to evaluate the potential involvement of this pathway in joint contracture
development, the hypothesis that joint capsule mast cell and neuropeptide containing nerve
fiber numbers are increased in posttraumatic contractures is tested. The objective is to
evaluate this hypothesis in the acute and chronic stages of the rabbit knee model of
posttraumatic contractures, as well as the chronic stages of human posttraumatic elbow
contractures.

MATERIALS AND METHODS

Institutional Animal Care Committee approval was obtained from the University of Calgary
Animal Care Committee (Registration number M01042). Twelve skeletally mature New
Zealand White female rabbits (5.6 + 0.7 kg) were obtained (Reimans Furrier, St. Agatha,
ON). All rabbits had the following surgical procedure under general anesthesia as previously
described.® Cortical windows (5 mm?2) were removed from the nonarticular cartilage portion
of the medial and lateral femoral condyles preserving the collateral ligament insertions.
Bleeding from the condyles resulted in a stable intraarticular fracture. The knee joint was
then immobilized with a 1.6 mm-diameter Kirschner wire (K-wire; Zimmer, Mississauga,
ON) drilled through the tibia, passed posterior (extraarticular) to the knee joint, and bent
around the femur with the knee at 150° of flexion. Six rabbits were sacrificed with an
overdose of Euthanyl (MTC, Cambridge, ON) at 4 weeks after the procedure. Six rabbits
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had a second surgical procedure to remove the K-wire 8 weeks after the original procedure
allowing remobilization of the knee for 32 weeks before being sacrificed. The rabbits were
allowed free cage activity (0.1 m3) following all operations. The left knees were never
surgically manipulated and served as controls.

The posterior joint capsule was isolated immediately after sacrifice by dissecting the
gastrocnemius muscle from distal to proximal to the fibellae in the heads of the
gastrocnemius. The medial and lateral collateral ligaments and the tibial insertion of the
joint capsule were identified. The posterior loose connective tissue and popliteal
neurovascular structures were dissected away from the capsule. The capsule was then
removed going from the fibellae proximally, the tibia distally, and collateral ligaments
medially and laterally, and placed in Optimal Cutting Temperature (OCT) embedding
material (Sakura Finetek, Torrance, CA) for subsequent immunohistochemical examination.
Tissues were stored at —80°C.

Institutional Conjoint Health Research Ethics Board approval from the University of Calgary
was obtained (Registration number 15104). Human anterior capsules of elbows were
obtained from six patients (five males, one female). The average age was 29 + 12 years
[mean + standard deviation (SD); range 14-45 years] at the time of contracture release, and
the release was performed at an average of 16 + 6 months (range, 9-23 months) after injury.
The average preoperative range of motion (ROM) in the flexion-extension arc was 48 + 16°
(range, 30-75°). The original injuries were intraarticular fractures; three patients with distal
humerus fractures (one of which was an open fracture), one patient with a radial head
fracture, one patient with a comminuted proximal ulna fracture, and one patient with a radial
head fracture associated with an elbow dislocation. Control anterior capsules were obtained
from six elbows (four males, two females) of postmortem organ donors (average age, 26

+ 15 years; range 15-52 years) free of contractures. All capsules were placed in OCT for
subsequent immunohistochemical examination. The tissues were stored at —80°C.

A triple labeling immunohistochemical methodology was used for the myofibroblast, mast
cell, and neuropeptides numbers in the joint capsules. Briefly, sections (8 um thickness) of
the frozen samples were cut, mounted on precoated glass slides, and pretreated with
hyaluronidase. Ten percent normal goat serum in PBS was applied as a blocking agent. The
monoclonal a-SMA antibody (clone asm-1, Roche Molecular Biochemicals, Laval, QC) was
applied, incubated for 60 min at 37°C, and washed. The secondary antibody, a sheep
antimouse 1gG horseradish peroxidase (HRPO) conjugate (Réche), was applied to the
sections (dilution 1:50) for 60 min at room temperature. The sections were washed, followed
by application of the DAB/peroxide substrate (Roche). Then, CGRP or Substance P
polyclonal guinea pig antibodies (Peninsula Laboratories, Houghton, MI) were applied
overnight at 4°C followed by a Cy3 conjugated goat anti guinea pig secondary antibody
(Peninsula Lab). Subsequently polyclonal tryptase or chymase goat antibodies (Santa Cruz
Biotechnology, Santa Cruz, CA) were applied overnight followed by a donkey antigoat
secondary antibody conjugated with Alexa Fluor 488 (Molecular Probes, Eugene, OR).
Finally, 4”-6-diamidine-2-phenyl indole, or DAPI (Vector Laboratories, Burlington, ON)
was applied to label nuclei.
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The sections were viewed under a Zeiss light microscope (Zeiss, Axioskop 2 plus, Toronto,
ON). Images were captured (200x) from five randomly selected areas from each of four
sections for each specimen with a digital camera (Zeiss, Axiocam). Image-Pro Plus (Media
Cybernetics, Silver Spring, MD) was used to analyze the sections. Mast cell numbers were
recorded for each area and then all numbers were averaged. The Substance P and CGRP
nerve fibers were counted for each area and all numbers were averaged. To be counted, a
nerve fiber must have a minimum length of 50 um.1% Appropriate controls were assessed in
all experimental series. Sections of skin are sources of blood vessels (a-SMA), mast cells,
and neuropeptide containing nerve fibers, and these positive controls tested appropriately in
both species.12:14.20 Negative controls included substituting primary antibodies with 3%
bovine serum albumin.

Data are presented as mean + SD. Statistical analysis used a paired #test to evaluate
differences between experimental and control rabbit knees at each time period and a £test to
evaluate contracture and control human data. Statistical significance was set at p= 0.05.

RESULTS

The rabbits lost 5-10% of their starting weight at the time of sacrifice at 4 weeks but had
returned to pre-operative weights in the chronic group. All K-wires were intact. In the acute
stages of the formation of joint contractures, significant differences in markers for
myofibroblasts, mast cells, and neuropeptides were already evident in the rabbits sacrificed
at 4 weeks (Table 1, Fig. 1). All four combinations of the mast cell and neuropeptide
markers were evaluated. Although total cell numbers varied among the four groups, the total
cell numbers were statistically different between contracture and control capsules within
each marker combination only in the tryptase—-CGRP combination (Table 1). The numbers of
a-SMA-positive myofibroblasts, chymase, or tryptase-positive mast cells and neuropeptide
containing nerve fibers expressed as a percentage of total cells were significantly greater in
the contracture capsules when compared to the control capsules ( < 0.0001). The percentages
ranged from 41-48% for the contracture capsules, whereas the controls had ranges from 9-
10% for each of the markers.

In the chronic stages of joint contractures, significant differences in markers for
myofibroblasts, mast cells, and neuropeptides were evident in the rabbits sacrificed after 32
weeks of remobilization, or 40 weeks after the index procedure (Table 2). All four
combinations of the mast cell and neuropeptide markers were evaluated. Total cell numbers
were not significantly different between the contracture and control knees for any
combination of markers (Table 2). The numbers of a-SMA-positive myofibroblasts,
chymase, or tryptase-positive mast cells and neuropeptide containing nerve fibers expressed
as a percentage of total cells were significantly greater in the contracture capsules when
compared to the control capsules (p < 0.0001). The percentages ranged from 44-50% for the
contracture capsules, whereas the controls had ranges from 11-13% for each of the markers.

In the chronic stages of joint contractures, significant differences in markers for
myofibroblasts, mast cells and neuropeptides were evident in the human elbow joint
capsules (Table 3, Fig. 2). All four combinations of the mast cell and neuropeptide markers
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were evaluated. Total cell numbers were statistically different between contracture and
control capsules in all groups (Table 3). The numbers of a-SMA-positive myofibroblasts,
chymase, or tryptase-positive mast cells and neuropeptide containing nerve fibers expressed
as a percentage of total cells were significantly greater in the contracture capsules when
compared to the control capsules ( < 0.0001). The percentages ranged from 45-50% for the
contracture capsules, whereas the controls had ranges from 10-12% for each of the markers.

DISCUSSION

It was determined that markers for mast cells and neuropeptide containing nerve fibers are
significantly elevated in the joint capsule of patients with posttraumatic elbow contractures
and in affected knees of a rabbit model of posttraumatic joint contractures when compared to
similar tissues obtained from joints without contractures. In the contracture capsules, the
number of a-SMA-positive cells, a marker of myofibroblasts, was significantly elevated. In
most cases, the myofibroblast, mast cell, and neuropeptide markers localized to the same
areas (Figs. 1 and 2). In the rabbit model of posttraumatic contractures, these changes are
present in the acute stages and appear to be maximized by 4 weeks postinjury. Interestingly,
the changes persist at similar levels in the chronic stages of the rabbit model, and reflect
what is seen in the chronic stages of the human condition.

Conditions such as Dupuytren’s contracture of the hand and hypertrophic skin wound
healing also show an association with elevated numbers of mast cells and neuropeptide
containing nerve fibers. Schubert et al.1° reported that the pathologic palmar fascia has
significantly increased numbers of mast cells and Substance P containing nerve fibers when
compared to normal palmar fascia. Myofibroblast numbers have been reported to be
increased in the pathologic palmar fascia of Dupuytren’s contracture by other authors.5:21
An evaluation of hypertrophic human skin wounds showed increased Substance P levels.2?
In related work by these authors, they report that mast cell numbers are increased in human
hypertrophic wounds and in the skin wounds of red Duroc pigs, a model of hypertrophic
scarring, when compared to normal skin taken from the subjects.?3 In the red Duroc model
of hypertrophic skin wound healing, myofibroblast numbers were elevated early, but
returned to control levels by 3 months.23

This project regarding mast cells and neuropeptides in joint capsule adds to the knowledge
pertaining to other adaptations previously reported by our research group, and further
validates the animal model of posttraumatic contractures. The joint capsule develops
increased numbers of myofibroblasts, and mRNA and protein levels increased for collagens,
MMPs, TGF-B1, and CTGF or decreased for TIMPs in chronic stages of human elbow
posttraumatic contractures and in the animal model.#>24-26 The changes in these cellular,
matrix molecule, and enzyme and growth factor profiles occur very early in the animal
model, supporting the concept that the process leading to joint contractures starts very
quickly after the inciting event.’

The total cellularity in the joint capsules was similar in some cases comparing contracture to
control samples or was significantly elevated in the contracture capsules, even in the chronic
posttraumatic contractures. These findings are in contrast to what has been published for a

J Orthop Res. Author manuscript; available in PMC 2010 October 06.



1duosnuey Joyiny ¥HIO 1duosnuey Joyiny JHID

1duosnuen Joyiny YHID

Hildebrand et al.

Page 6

healing medial collateral ligament (MCL) where cellularity increases in the first several
weeks following injury (acute), but then markedly decreases over the next several months
(chronic).2” One obvious difference is the type of injury. In the studies from our laboratory
on human elbow capsules, the injuries were all periarticular fractures with only one
dislocation and it is unlikely that the joint capsule was physically disrupted in these
scenarios, except for the single dislocation. In the posttraumatic contracture animal model,
the joint capsule is not transected; the injury is the intraarticular fracture. Thus, the capsule
changes may be considered in part, adaptive. However, in the rabbit knee MCL model, a
segment of ligament tissue is removed and the resulting gap is filled by the healing process.
27 In the process of filling the gap in the MCL, a large influx and proliferation of cells and
blood vessels occurs contributing to the increased cellularity. It would appear a different
process is taking place in the joint capsule in the posttraumatic contracture model; total
cellularity does not change or tends to increase, even in chronic stages. This is currently
being addressed to further understand the mechanisms involved.

The results of this study have to be interpreted with some caution. The myofibroblast
numbers are likely an overestimate as a double labeling technique to differentiate a-SMA
due to myofibroblasts from smooth muscle containing blood vessels was not used. The
percentages are slightly higher than what we reported previously.3-> The nerve fiber counts
are limited by the fact that the same fiber may have been counted more than once if it
undulated in an out of the plane of the section. However, the number count can be viewed as
a surrogate for neuropeptide nerve fiber containing density. The density of fibers in relation
to the number of cells in a given area is probably more important than defining the exact
number of uniquely individual fibers.

The observations of this study are consistent with the hypothesis that a myofibroblast-mast
cell-neuropeptide axis may be an underlying mechanism contributing to posttraumatic joint
contractures.813.18 Mast cells have been implicated in other conditions of fibrosis because
they contain granules with profibrotic growth factors.® The neuropeptides represent an
interesting possibility that can connect the observations of increased pain, swelling, and joint
contracture formation. It has been well described that Substance P and CGRP can cause
mast cell degranulation, and this is in part their contribution to neurogenic inflammation
represented by pain and swelling.8:11:13.14.17.18 | addition, the mast cell factors liberated
can contribute to fibrosis as well. However, the extent of the changes was maximal after 4
weeks postinjury and one cannot make any interpretations regarding “cause and effect”
relationships between the three components addressed in this study. Nonetheless, this work
serves as the basis for future experiments to extend these observations from an association
relationship to potential cause-and-effect relationships. One such strategy will be to use
methods to limit mast cell function to determine the effect on joint contracture formation,
severity, and reversibility. Validation of the involvement of this axis in posttraumatic
contractures may lead to development of new interventions to prevent or inhibit their
occurrence.
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The rabbit posterior knee joint contracture capsule on the top row (A-D) and the
contralateral control capsule on the middle row (E-H) are shown. The first column is a-
SMA (A, E), the second column is the neuropeptide Substance P (B, F), the third column is
the mast cell marker tryptase (C, G), and the fourth column is the nuclear marker DAPI (D,
H). The images in each row are the same area with the only difference being the light source
and filters. Obvious blood vessels are indicated with the black triangular arrow heads in the
contracture (upper) and contralateral control (middle row) capsules (A, E). The
corresponding areas are shown with the white triangular arrow heads, indicating
colocalization of neuropeptides and mast cells with the blood vessels (B, C, D and F, G, H).
Linear patterns consistent with myofibroblasts are indicated with the black circular arrow
heads in the contracture capsule (A). The corresponding areas are shown with the white
circular arrow heads, indicating colocalization of neuropeptides and mast cells with the
myofibroblasts (B, C, D). There are no similar structures in the control capsule (middle
row). The bottom row (I-L) is a negative control (omission of the primary antibodies) from a
contracture capsule. The contracture knee had the femoral condyle fractures and 4 weeks
immobilization (original magnification 200x).
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Figure2.
Immunohistochemistry of the human anterior elbow joint capsule showing the contracture

capsule on the top row (A-D) and the control capsule on the middle row (E-H). The first
column is a-SMA (A, E), the second column is the neuropeptide CGRP (B, F), the third
column is the mast cell marker chymase (C, G), and the fourth column is the nuclear marker
DAPI (D, H). The images in each row are the same area with the only difference being the
light source and filters. Obvious blood vessels are indicated with the black triangular arrow
heads in the contracture (upper) and control (middle row) capsules (A, E). The
corresponding areas are shown with the white triangular arrow heads, indicating
colocalization of neuropeptides and mast cells with the blood vessels (B, C, D and F, G, H).
Linear patterns consistent with myofibroblasts are indicated with the black circular arrow
heads in the contracture capsule (A). The corresponding areas are shown with the white
circular arrow heads, indicating colocalization of neuropeptides and mast cells with the
myofibroblasts (B, C, D). There are no similar structures in the control capsule (middle
row). The bottom row (I-L) is a negative control (omission of the primary antibodies) from a
contracture capsule (original magnification 200x).
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Total Cell Counts and Percentages of Total Cell Numbers for a-SMA (Myofibroblast Marker), Mast Cell
Markers (Chymase or Tryptase), and Neuropeptides (CRGP or Substance P) in the 4-Week Rabbit Group

Total Cells % SMA % Chymase % CGRP
Contracture 446 £ 73 46 +5 41+3 43+4
Control 398 £ 70 10+1 9+1 9+1
p=033  p<00001 p<0.0001 p<0.0001
Total Cells % SMA % Chymase % SP
Contracture 429 + 66 48+ 2 47+3 47+2
Control 378 + 47 101 101 101
p=024  p<00001 p<0.0001 p<0.0001
Total Cells % SMA % Tryptase % SP
Contracture 372+ 48 48 £ 2 46 £ 2 47+2
Control 360 + 30 10+1 101 10+1
p=064  p<.0001 p<0.0001 p<0.0001
Total Cells % SMA % Tryptase % CGRP
Contracture 441 + 46 47+1 44 +4 45+2
Control 365 + 33 10+1 10+1 10+1
p=004  p<00001 p<.000l  p<0.0001

Data are presented as mean + SD.
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Table 2

Page 12

Total Cell Counts and Percentages of Total Cell Numbers for a-SMA, Mast Cell Markers, and Neuropeptides
in the 32-Week Rabbit Group

Total Cells % SMA % Chymase % CGRP
Contracture 519 + 133 48+ 2 46+ 3 45+6
Control 512+ 126 11+1 11+1 111
p=062  p<00001 p<0.0001 p<0.0001
Total Cells % SMA % Chymase % SP
Contracture 528 + 48 49+3 49+4 48+5
Control 535 + 40 12+1 12+1 12+1
p=028  p<00001 p<0.0001 p<0.0001
Total Cells % SMA % Tryptase % SP
Contracture 549 + 63 49+1 47 %2 49+3
Control 552 £ 57 12+1 12+1 13+1
p=057 p<00001 p<0.0001 p<0.0001
Total Cells % SMA % Tryptase % CGRP
Contracture 527 + 54 50+1 44 +4 47+2
Control 541 + 55 12+1 13+1 12+1
p=011  p<00001 p<0.0001 p<0.0001

Data are presented as mean + SD.
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Table 3

Page 13

Total Cell Counts and Percentages of Total Cell Numbers for a-SMA, Mast Cell Markers, and Neuropeptides
in the Human Anterior Elbow Capsules

Total Cells % SMA % Chymase % CGRP
Contracture 475+ 58 50+2 47+1 49+1
Control 338 + 36 10+1 10+1 10+1
p=0001 p<00001 p<0.0001 p<0.0001
Total Cells % SMA % Chymase % SP
Contracture 484+ 70 48+ 1 46+ 2 47+1
Control 370+ 13 11+1 101 11+1
p=0007 p<00001 p<0.0001 p<0.0001
Total Cells % SMA % Tryptase % SP
Contracture 489 + 34 46 £ 2 45+2 45+2
Control 369 + 37 12+1 11+1 11+1
p=00002 p<0.0001 p<0.0001 p<0.0001
Total Cells % SMA % Tryptase % CGRP
Contracture 549 + 40 49+1 47+1 48+ 2
Control 321 +40 11+1 11+1 111
p<00001 p<0.0001 p<0.0001 p<0.0001

Data are presented as mean + SD.
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