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Abstract

This study evaluates the structural and biochemical alterations of the elbow capsule following
trauma through microscopy and immunohistochemistry. A total of thirty-seven capsules from
patients undergoing surgery for elbow contracture were compared to normal capsules of seven
donors. Contracture capsules were significantly thicker than that of the controls (p<0.05) and
exhibited extensive disorganization of collagen fiber bundle arrangement. Levels of specific
cytokines involved in connective tissue turnover were measured. The results demonstrate that
levels of the cytokines MMP-1, MMP-2, and MMP-3 were greater as compared to controls
(p<0.05). This was associated with collagen disorganization, fibroblast infiltration, and in some
specimens, lymphocytic infiltration in the capsular tissue. In contracture specimens, there was a
localization of TIMP-2 staining only in the vicinity of the synovial membrane and in blood
vessels. Immunohistochemistry for collagen type I11 showed greater presence in the control
capsules compared to contracture capsules. This study demonstrates pathologic thickening,
disorganization of the collagen fiber arrangement as well as involvement of cytokines in the
pathology of posttraumatic contracture of the elbow. However, the mechanism of contracture
tissue formation probably differs from that observed in wound healing due to the association of
decreased collagen type 111 with contracture.
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INTRODUCTION

Post-traumatic stiffness of the elbow is common.2? While this may be multifactorial, the
capsule clearly plays a role.*>15:25 Release or excision of the elbow capsule is necessary
when treating arthrofibrosis surgically, and diminished compliance of the capsular tissue
itself has been documented following trauma.10

To our knowledge, only one study has examined the physiologic profile of elbow
contracture.11 These investigators demonstrated relative increases in the mRNA levels, as
assessed through reverse transcription-polymerase chain reaction) for collagens Types I, 1ll,
and V, and various matrix metalloproteinases and tissue inhibitors of matrix
metalloproteinases (MMPs) known to be involved in connective tissue turnover. The MMPs,
as matrix degrading enzymes, would be expected to be integral players in this turnover and,
therefore, may play a role in capsular alterations following trauma.5:28
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This is the first study to evaluate both the morphological characteristics and the profiles of
specific MMPs in the capsule of contracted elbows. Specifically, capsular thickness,
collagen fiber organization, immunohistochemical profiles of cytokines MMP-1, MMP-2,
and MMP-3, tissue inhibitor of matrix metalloproteinase (TIMP)-2 and collagen type 11l
were studied in an effort to identify the structural and biochemical alterations of the elbow
capsule that lead to pathologic limitation of joint motion following trauma.

MATERIALS AND METHODS

Specimens

Thirty-seven anterior elbow capsules were collected, with institutional IRB approval at the
time of joint release for post-traumatic contracture. Patients ranged in age from 13 to 60
with a mean of 39 years. There were 13 females and 24 males. Preoperatively, elbow
extension averaged 35° (range 40-80°), and flexion averaged 94° (range 80 to 115°).

All joints were exposed through an open lateral approach. The interval between the extensor
carpi radialis longus and brevis was identified and the brachialis muscle elevated to expose
the anterior joint capsule.8:° Pericapsular adhesions were released, and the anterior capsule
was completely resected for evaluation. Capsules from seven cadaveric elbows with no
history of trauma or pathology were harvested as controls. The mean age of these cadaveric
donors at death was 63 years.

Histological Preparation and Polarizing and Ordinary Light Microscopy

Specimens were placed in 10% neutral buffered formalin, paraffin embedded, and sectioned
to 5-um thickness. For polarizing microscopy, three sections from each specimen were
treated with 2.0 mg bovine testicular hyaluronidase (Sigma-Aldrich, St. Louis, MO) in 1.0
ml 0.1M phosphate buffer at pH 6.0 to remove chondroitin sulfate molecules of the matrix.
Sections were subsequently stained with a 0.1% sirius red F3B (Polysciences, Warrington,
PA), dissolved in saturated picric acid, washed and dehydrated.3!

The sections were evaluated with polarizing microscopy for comparison of collagen fiber
orientation as obtained through small-angle X-ray diffraction. Birefringence was determined
by rotating the slide in two opposite directions. The presence or absence of birefringence
suggests the orientation of the collagen fibers.14 Three sections from each tissue block were
analyzed. For ordinary light microscopy, the polarizer was removed from the light path.

In addition, for ordinary light microscopy, three sections from each tissue block were stained
with hematoxylin and eosin for cellular features. Capsular and synovial cells were identified
by their light microscopic appearance. Capsular thickness was measured using a micrometer
setting.

Immunohistochemistry

Immunohistochemistry was performed on paraffin sections from specimens using standard
immunoperoxidase techniques. Endogenous peroxidase activity was blocked with 0.3 H,0,
in methanol for 10 minutes. Non-specific binding was blocked with 10% normal goat serum.
The sections were then incubated overnight with the appropriate dilution of primary
antibody at 4°C. For negative controls, the primary antibodies were replaced with buffered
saline. The ImmunoPure ABC Alkaline Phosphatase Staining Kit (Pierce, Rockford, IL) was
utilized with a biotinylated secondary antibody. The color reaction product was developed
alkaline phosphatase-based one-step NBT/BCIP substrate (ImmunoPure ABC kit; Pierce).
To inhibit endogenous alkaline phosphatase activity, ImmunoPure Phosphatase Suppressor
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(levamisole, Pierce) was used. Antibodies to MMP-1, MMP-2, MMP-3, and TIMP-2, were
used.

The distribution of collagen type 111 was investigated with the use of purifed rabbit
polyclonal anti-human collagen type 111 (Cedarlane Laboratories Limited, Ontario, Canada)
at a dilution of 1:100.

Negative control immunoglobulins were used with each specimen to evaluate nonspecific
staining.

Grading of the Immunostained Sections

Each of the immunostained sections was graded by an examiner who was blinded to the
clinical diagnosis or control status of the specimens. Scores for cellular staining are as
follows: 0 = less than 30% specific staining for cells or matrix and 1 = staining in 30% or
more of the cells or matrix within the sections. Specific staining in blood vessels was given a
score of O if fewer than 30% of the blood vessels within the sections were stained and 1 if
30% or more were stained. The 30% level was chosen since anything below 30% was
considered to be minimally stained. The Mann-Whitney test was used to determine
significance between control and contracture specimens.

The anti-collagen type 111 stained sections were graded in their entirety according to the
following scale: grade 0 = no staining, grade 1 = weak staining, and grade 2 = strong
staining.

Data examination

RESULTS

The data was examined for relationships between the presence/level of MMP, TIMP, and
collagen type 11 staining and the following parameters: patient age, gender, previous steroid
injection, collagen disorganization, lymphocytic infiltration, and level of pre-operative
motion.

Gross Morphological Characteristics

The thickness of the elbow capsules ranged from 0.5 mm for a control capsule to 8 mm for a
contracture capsule. The mean thickness of the control capsules was 0.6 mm £ 0.2 mm and,
for the contracture specimens, was 4.0 mm + 2.1. Grossly, the control capsules appeared thin
and of uniform thickness throughout, whereas the contracture specimens were thick and
displayed an inconsistency in thickness within the length of the sample.

Light Microscopy

Hematoxylin and Eosin-stained sections and polarizing light microscopy of all controls
capsules revealed a well organized, parallel arrangement of collagen fibers with intervening
fibroblasts (Fig. 1). No lymphocytes were present in any of the sections from control
specimens. All contracture capsules revealed thickening of the tissue with extensive
disorganization of the collagen fiber bundle arrangement as assessed with polarized light
microscopy (Fig. 1). More fibroblasts, particularly in large groups, were also found in these
specimens compared to the controls. Additionally, five of these specimens displayed
moderate to severe lymphocyte infiltration (Fig. 2). No correlation was identified between
these cases and those without lymphocytes in any clinical parameter (age, gender, time from
injury, preoperative motion, etc.). No difference in the level of collagen disorganization
between males and females was observed.
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Immunohistochemical Staining

The results of the percentage of control and patient elbow capsules with positive staining
(more than 30% of the cells and/or matrix within all sections) for each of the cytokines are
shown graphically in Figure 3. MMP-1, MMP-2, and MMP-3 staining were significantly
increased in the contracture group compared to the controls (p<0.05).

Examples of typical specimens with each of the MMP cytokine stains are shown in Figure 4.
MMP-1 staining was found in the fibroblast cell membrane and in the matrix within the
control and contracture specimens, as well as in the synovial cells of four and in the blood
vessels of two contracture specimens. The frequency of antibody staining for MMP-1 was
significantly higher in the contracture specimens.

MMP-2 staining was found in the fibroblast cell membrane and in the matrix within the
control and contracture specimens. In addition, MMP-2 staining was found in and near the
synovial cells of two specimens. These specimens were not the same as those whose
synovial cells stained for MMP-1 as noted above. The frequency of antibody staining for
MMP-2 was significantly higher in the contracture specimens.

Positive staining for MMP-3 was significantly greater in the contracture specimens where it
was found primarily in and near the synovial membrane and blood vessels. A lesser amount
of staining could be found among the cells of the capsule. Each of the five contracture
capsules having the presence of lymphocytes also showed MMP staining. No differences
were identified when these were compared to the other contracted capsules.

Staining for TIMP-2 was fairly evenly dispersed in the control specimens, while the
contracture specimens displayed concentrated staining only in and near the synovial
membrane and in the blood vessels (Figure 5). No correlation was identified between MMP
and TIMP-2 staining and any clinical measure (age, time from injury, preoperative motion,
etc.)

Staining for collagen type 111 was much more prominent in the control capsules than in the
contracture capsules, with the mean score for the control capsule at 2 + 0 and the mean score
for the contracture capsules at 1 + 0 (p<0.05). It was quite apparent that every control
capsule displayed stronger staining throughout the tissue (intima and subintima) compared
to that found in every contracture sample (Figure 6a,b). This distinction could be observed at
both low (20x) and high (400x) magnification levels. Since the level of detectable
immunohistochemical staining was approximately the same for all contracture specimens,
no correlation could be made between this parameter and levels of MMP staining or pre-
operative motion,

No differences in any MMP staining between males and females were observed.

MMP Staining Related to Collagen Disorganization

Because the gradations used to determine MMP staining were general and the use of
polarized light microscopy is not quantitative, it was impossible to make specimen
determinations as to a relationship between the level of staining and the degree of collagen
organization. Furthermore, since all contracture specimens showed a great deal of collagen
disorganization, quantitative distinctions were not possible.

Previous steroid injection

Ten (27% of total sample) contracture patients had been administered a previous steroid
injection as follows: cortisone (N = 7) and prednisone (N = 3). However, no correlation was
found between the level of MMP or TIMP staining or the extent of the collagen
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disorganization and whether or not the patient was previously treated with steroid.
Furthermore, there were capsules from patients receiving previous treatment and from
patients not receiving previous treatment that stained for MMP and/or TIMP.

The time that elapsed between steroid injection and surgery (at which time the capsular
tissue was taken) ranged from 1.5 to 36 months with a mean of 7.6 months. There was no
correlation between whether or not the patient had a previous steroid injection nor with the
time that elapsed with the degrees of motion measured just prior to surgery, with MMP or
TIMP levels, or presence/absence of collagen type III.

DISCUSSION

The elbow is particularly prone to stiffness following traumatic injury. This propensity has
been attributed to several factors, including the congruous nature of the joint, the presence of
three articulations within a synovial lined cavity, and the close relationship of the joint
capsule to the intracapsular ligaments and surrounding muscles.1:2:3:7,15,17,19,20,22,25,30 |
addition, the elbow capsule itself plays a role in arthrofibrosis. Gallay et. all0 found the stiff
elbow capsule to be one sixth as compliant as that of the normal elbow, concluding that it is
altered structurally and biomechanically. They hypothesized that these changes involved
hypertrophy of the capsule or a change in its collagen content.

The joint capsule of the elbow is composed primarily of collagen fibers and the fibroblasts
responsible for the production and maintenance of these fibers. The normal anterior capsule
is quite thin and compliant, with well organized collagen fibers. Every contracture specimen
was characterized by a marked thickening, on the average of approximately seven times
(and up to 13 times) that of the normal capsule. This thickening was accompanied by
collagen disorganization and fibroblast infiltration (Figure 1). The presence of lymphocytic
infiltration in some of the specimens suggests that an inflammatory process was active to
some degree in these cases.

In contracture of the shoulder, it is clear that pathological molecular and structural changes
occur within the capsule and synovial membrane of the joint. Rodeo et al. evaluated
immunolocalization of cytokines and growth factors and concluded that contracture of the
shoulder is both an inflammatory and a fibrotic condition.24 Matrix metalloproteinases are
cytokines known to be involved in connective tissue turnover. The MMPs, as a group of zinc
endopeptidases, degrade different components of the extracellular matrix. MMP-1
(interstitial collagenase) is known to cleave collagens I, 11, I, VII, and X. MMP-2
(gelatinase A), cleaves collagens I, 1V, V, VII, and X, while MMP-3, (stromelysin 1) cleaves
collagens 11, 1V, IX, and X among other substrates. TIMP 2 binds to MMP2, therefore,
preventing its proteolytic action.>13:21:26:27:32

The presence of frozen shoulder in individuals given an inhibitor of MMP’s (TIMP) for
malignancy suggests a role for MMP and its relationship to TIMP in the pathology of
contracture of the shoulder.12 Although a direct comparison of post-traumatic contracture of
the elbow and contracture of the shoulder cannot be made, we did find the cytokines,
MMP-1, MMP-2, MMP-3, and TIMP, to be present in greater levels in contracture elbow
capsules compared to control specimens. These increased levels were seen in association
with collagen disorganization and a fibroblastic response. While a specific cause and effect
cannot be concluded, these abnormal cytokines may be involved in the remodeling or repair
process following trauma. A delicate balance between MMPs and their inhibitors (TIMPS) is
an essential element in the homeostasis of the connective tissue matrix. Any connective
tissue breakdown, remodeling, or repair must, therefore, involve the production or release of
at least some MMPs and a decrease in their inhibitors.
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Our findings of increased MMP in contracture elbow capsules is in agreement with the
results of Hildebrand et al.1 They identified relatively higher mRNA levels of MMPs (as
determined through reverse transcription-polymerase chain reaction) in elbow contracture
specimens compared with controls. However, as opposed to these authors, we did not
demonstrate an overall decrease in the relative levels of TIMP-2 in the contracture
specimens. A difference was identified in the localization of TIMP-2, whereby the
contracture specimens displayed concentrated staining only in and near the synovial
membrane and in the blood vessels with little or no staining elsewhere. The control capsules,
in turn, displayed a rather evenly distributed TIMP staining throughout the tissue. Thus, we
thus did observe relatively less TIMP staining in the collagen tissue itself.

Because immunohistochemistry cannot be evaluated in a particularly quantitative manner,
the results may not be exact. In fact, we were unable to determine an association between
MMP staining and the degree of collagen disorganization which was seen in all contracture
specimens. We found nearly all of the contracture capsules to have more than 30% of the
cells stained for antibodies against the MMPs studied here and without large differences
between them. Additionally, because the data are not truly quantitative, correlations between
the level of staining and the presence of inflammatory cells could only be made to the extent
that the five contracture capsules (of a total of 37) that displayed the presence of
lymphocytes also showed anti-MMP staining. However, not all anti-MMP stained tissues
displayed lymphocytes.

Interestingly, the five contracture capsules with the presence of lymphocytes were also
among the 6 thickest capsules. This, however, had no apparent relationship to the degree of
preoperative motion or the time since the initial injury. In fact, one capsule displaying heavy
lymphocytic infiltration was surgically removed from the patient ten years after the related
trauma. Thus, although we were not able to study the capsules over time, we found no
specific evidence for an inflammatory based process associated with the observed structural
changes in the elbow capsule matrix.

It has previously been demonstrated that collagen types I, 111, and V1 are present in each part
of the capsule of the human finger joint6, and thus, these molecules would be expected to
be present in the normal elbow capsule. However, the determination of levels of collagen
type 111 is of particular significance in the profiling of the pathologic changes associated
with contracture in that an increase in the level of collagen Type I1l is associated with
wound healing 23:26 This response involving tissue turnover and remodeling might be
thought to be a possible mechanism for elbow contracture, particularly following injury.
However, we found that immunohistochemical staining levels of collagen type 111 were
consistently weaker in the contracture specimens than in the control capsules. This is in
agreement with work carried out by Matsumoto et al.18 demonstrating that a lower level of
collagen type 111 was associated with knee joint contracture in a rat model of knee joint
immobilization. Taken together, these results suggest a mechanism of contracture tissue
formation that differs from that observed in wound healing.

No gender differences were noted in any of the parameters studied. It is both possible that
there truly are no differences, that our sample size was not large enough to determine gender
differences, or that immunohistochemistry is not sensitive enough to determine slight
differences.

Last, although the mean age of the contracture patients and controls was significantly
different (36 vs. 63, respectively), we do not suspect this to contribute to any differences due
to age, since all control capsules displayed the normal morphological appearance that is
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representative of this type of normal tissue. Additionally, no differences in any parameters
were noted across age within the contracture group which ranged from 13 to 60 years.

In summary, the results of the present study are the first to characterize the histological
profile in post-traumatic contracture of the elbow capsule and associate this to the presence
of MMPs and their inhibitors. Collagen type Il is present in the normal elbow capsule, but
by comparison, its immunohistochemical staining is consistently diminished in the
contracture capsule. Further characterization is essential to identify elbow-specific processes
and to propose treatment strategies to decrease this pathological alteration of capsular tissue.
Although difficult to obtain, the evaluation of elbow capsules from individuals suffering
trauma without a subsequent joint contracture might be very helpful in understanding the
normal and pathological processes involved.
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Figure 1.

(a) Control specimen viewed by ordinary light and (b) polarizing light. (c) Contracture
specimen viewed by ordinary light and (d) polarizing light. Note the well-organized bundles
of collagen fibers with intervening fibroblasts in the control specimens versus the collagen
disorganization in the contracture specimens (40x).
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Figure 2.
A 100x magnification of one of the five contracture specimens displaying lymphocyte
infiltration as can be seen in the center of the field.
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Figure 3.

Percentage of control and contracture specimens displaying more than 30% of the cells and/
or matrix within all sections for MMP-1, MMP-2, MMP-3 and TIMP-2. For each of the
MMPs, there was significantly greater staining in the contracture specimens compared to the
controls (p<0.05). Although the TIMP-2 specimens showed no difference in the overall level
of staining between the two groups, the capsules specimens showed TIMP-2 staining
primarily in the blood vessels and synovium.
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Figure 4.

Examples of control (a,c,e) and contracture (b,d,f) specimens displaying more than 30% of
the cells and/or matrix within all sections for MMP-1 (a,b), MMP-2 (c,d), and MMP-3 (e,f).
The contracture specimens displayed distinctively more staining than the controls for each
cytokine.
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Figure 5.

TIMP-2 staining in control (a) and contracture (b) specimens. Staining was dispersed
throughout the tissue in the control tissues, but was limited to the blood vessels and synovial
membrane in the contracted capsules.
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Figure 6.
Staining for collagen type 11 in control (a) and contracture (b) specimens. Staining was

greater in every control specimens as compared to every contracture specimen. Time of
surgical excision of contracture from identifiable related trauma had no relationship to level

of collagen type 11l staining.
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