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ABSTRACT: Supraspinatus tears often result in the setting of chronic tendinopathy. However, the typical repair model utilizes an acute
injury. In recognition of that distinction, our laboratory developed an overuse animal model; however it is unclear whether induced overuse is
necessary in the repair model. We studied the repair properties of overuse-induced tendons compared to normal tendons. We hypothesized that
histological and mechanical properties would not be altered between the overuse-induced and normal tendons 1 and 4 weeks after repair.
Thirty-one adult male Sprague-Dawley rats were subjected to either overuse or cage activity for 4 weeks prior to bilateral supraspinatus tendon
repair surgery. Rats were sacrificed at 1 and 4 weeks post-surgery and evaluated for histology and mechanics. Results at 1 week showed no
clear histologic changes, but increased inflammatory protein expression in overuse tendons. At 4 weeks, percent relaxation was slightly
increased in the overuse group. No other alterations in mechanics or histology were observed. Our results suggest that the effects of the
surgical injury overshadow the changes evoked by overuse. Because clinically relevant mechanical parameters were not altered in the overuse
group, we conclude that when examining tendons 4 weeks after repair in the classic rat supraspinatus model, inducing overuse prior to surgery
is likely to be unnecessary. ß 2015 Orthopaedic Research Society. Published by Wiley Periodicals, Inc. J Orthop Res 34:161–166, 2016.
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Rotator cuff tears are a common cause of shoulder
pain and dysfunction. Rotator cuff arthropathy is a
progressive process often involving rotator cuff tendon
tears and subsequent joint damage.1,2 The majority of
rotator cuff tears occur in the setting of chronic
tendinopathy.3,4 Two processes are thought to contribute to the development and progression of tendinopathy: an intrinsic mechanism, namely, that the tendon
fails because of internal tissue pathology; and an
extrinsic mechanism, in which impingement from
surrounding structures causes the damage.5 Both
intrinsic and extrinsic mechanisms can be invoked by
overuse: in the former, because repetitive loading
above the capacity of the tissue may cause internal
micro-trauma; and in the latter, because repeated
passage of the supraspinatus tendon through the
coracoacromial arch may lead to impingement-related
damage. Chronic inflammation in response to tendon
overuse is also thought to contribute to tendon pathology, as increased expression of pro-inflammatory cytokines and chemokines alter the normal biological
processes in the joint.6 This abnormal biological environment, in conjunction with overuse-induced altered
mechanical properties, may disrupt the native collagen
fibers and tendon extracellular matrix proteins, resulting in rotator cuff tear initiation and propagation.
To investigate the pathogenesis of rotator cuff
tendinopathy in the setting of overuse, our laboratory
developed an animal model that replicates both
the intrinsic and the extrinsic mechanisms of

Conflict of interest: None.
Grant sponsor: VA RR&D; Grant number: O0979-R; Grant
sponsor: NIH/NIAMS; Grant number: P30AR050950.
Correspondence to: Joseph Bernstein (T: 800-949-1001; F: þ215754-4214; E-mail: Joseph.Bernstein@uphs.upenn.edu)
# 2015 Orthopaedic Research Society. Published by Wiley Periodicals, Inc.

tendinopathy.7–14 This rat model, based on daily
downhill treadmill running that mimics repetitive
overhead activity with eccentric contractions, produces
the mechanical and histological properties characteristic of clinical tendinopathy in the setting of overuse.
This model also produces increased gene expression of
COX-2 and FLAP, inflammatory markers of the two
arachidonic acid pathways15 as well as an increase in
the interleukin (IL) family of cytokines and tumor
necrosis factor alpha (TNF-a), among other increases
in inflammatory markers.6
Traditionally, the rat supraspinatus tendon injury
and repair model in common use15–21 utilizes an acute
surgical detachment of an otherwise normal tendon.
Given the fact that most rotator cuff tears occur in the
setting of chronic tendinopathy, it might be asked if it
is necessary to augment this model to include a period
of daily downhill treadmill running, to more accurately
mimic the typical clinical scenario of an “acute-onchronic” supraspinatus tendon tear.
The research question addressed here, therefore, is
whether induced overuse is a necessary (or advantageous) step when employing the traditional rat supraspinatus tendon injury and repair model. Given that
the rat model for rotator cuff research has been
extensively used and published, it is important to
address this question. It is possible that overuse
tendinopathy may produce differences in the mechanical, histological, collagen fiber organizational, or inflammatory properties seen after repair. On the other
hand, it is also possible that the biological effects of
surgical trauma dominate the more subtle effects of
overuse. As such, we studied the post-detached and
repaired properties of tendons subjected to overuseinduced tendinopathy and compared them to the
properties found in normal tendons that have been
detached and repaired. Because we expect the effect of
JOURNAL OF ORTHOPAEDIC RESEARCH JANUARY 2016

161

162

TUCKER ET AL.

surgical injury to overshadow any effect due to overuse, we hypothesized that expression of inflammatory
proteins, histological properties, and collagen fiber
organization would not be altered between the overuse-induced and normal tendons 1 week after supraspinatus surgical detachment and repair, and that the
tendon mechanical and histological properties, and
collagen fiber organization would not be altered between groups 4 weeks after supraspinatus surgical
detachment and repair.

METHODS
Study Design
Thirty-one adult male Sprague-Dawley rats (400–450g) were
used in this Institutional Animal Care and Use Committee
approved study. Rats were housed in pairs in a conventional
facility with 12 h light/dark cycles. Rats in the overuse group
(n ¼ 13) were subjected to a 2 week training period of gradual
increase in speed and duration followed by 4 weeks of
downhill overuse treadmill activity (17 m/min, 1 h/day, 5
days/wk, 10˚ decline) to induce a tendinopathic condition as
previously described.7,11–14,22–25 The experimental group was
compared to a control (n ¼ 18) group, previously reported,18
which was allowed normal cage activity.8 All animals were
subjected to identical bilateral supraspinatus detachment
and repair as described.17 For analgesia, buprenorphine
(0.05 mg/kg) was administered subcutaneously 30 min prior
to surgery, 6–8 h post-operatively, and then every 12 h for
the next 48 h. Animals were monitored daily for the first
week and then weekly until the time of sacrifice. A randomized subset of overuse (n ¼ 4) and control (n ¼ 4) animals
were sacrificed 1 week post-surgery for histological and
immunohistochemical analysis. The remaining animals were
sacrificed 4 weeks post-surgery, as 4 weeks is commonly the
earliest time point to examine mechanical parameters due to
insufficient matrix development at earlier time points. Right
limbs allocated for histology and immunohistochemistry
(n ¼ 4 per group) were immediately dissected and fixed in
formalin, and left limbs were frozen at 20˚C until later use
for mechanical testing.
Detachment and Repair Surgery
Briefly and as described previously,17 with the arm held in
external rotation and adduction, the deltoid muscle was split
in the transverse plane to expose the supraspinatus tendon.
The tendon was grasped using double-armed 5-0 polypropylene suture (Surgipro II, Covidien, Mansfield, MA) and was
sharply transected from its bony insertion. For repair, a
5 mm diameter high speed bur (Multipro 395, Dremel, Mt.
Prospect, IL) was used to remove remaining fibrocartilage
from the footprint of the tendon insertion site. A 0.5 mm bone
tunnel was drilled from anterior to posterior through the
greater tuberosity of the humerus. The suture was passed
through the bone tunnel and tied down, affixing the tendon
to the greater tuberosity using a modified Mason-Allen
technique. The wound was flushed with saline, the deltoid
sutured closed, and the skin closed with staples.
Tendon Mechanical Testing
Supraspinatus and humerus tendon-bone units were dissected from the shoulder and cleaned of excess soft tissue under
a stereomicroscope. Stain lines were placed along the length
of the tendon for optical strain measurement. Cross sectional
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area was measured using a custom laser device.26 The
humerus was embedded in polymethylmethacrylate (PMMA)
and held in a custom fixture. The tendon was affixed between
fine grit sand paper using cyanoacrylate and then fixed in a
custom grip. Samples were immersed in a 37˚C PBS bath
and subjected to a mechanical testing protocol consisting of a
preload to 0.08 N, ten cycles of preconditioning (0.1–0.5 N at
1% strain/s), a stress relaxation to 5% strain (5%/s) followed
by a 600s hold, and finally a ramp to failure at 0.3%/s. Stress
was calculated as force divided by cross sectional area and
2D Lagrangian optical strain was determined from stain line
displacements measured from images taken throughout the
test using custom tracking software.27,28
Histology
Histological analysis was performed to assess cell shape,
cellularity, and collagen fiber organization at the injury site
and midsubstance of the repaired supraspinatus tendon. At
the time of sacrifice, supraspinatus-humerus units were
immediately dissected, fixed in formalin, and processed using
standard paraffin techniques. 7 mm sections were stained
with hematoxylin and eosin (H&E) to assess cell shape and
cellularity and alcian blue and picrosirius red (ABPR) to
assess collagen fiber orientation. Cell shape and cellularity
were evaluated by three blinded graders using a semiquantitative method that is comprehensive for the purpose of
assessing tendon repair tissue.29 Circular standard deviation
of collagen fibers was determined by images taken with a
polarizing microscope and analysis with custom software as
described previously.28,30,31
Immunohistochemistry
At one week following surgery, immunohistochemistry was
performed to assess expression of inflammatory proteins
IL-1b, TNF-a, and CD45 in the injury site and midsubstance
of the healing supraspinatus tendon during the inflammatory
phase. For IL-1b and TNF-a, following deparaffinization and
rehydration, sections were blocked for endogenous peroxidase by incubating in 3% H2O2 in methanol for 30 min and
then washed in PBS. Antigen retrieval was performed by
incubating in a 1:4 dilution of pepsin in 0.01N HCl solution
for 20 min. Following washing, sections were incubated in 4%
dry milk and 0.3% goat serum in PBS solution for 20 min to
block non-specific binding. Sections were incubated overnight
at room temperature with an IL-1b antibody (#AB1832;
Chemicon, Temecula, CA; 1:500 dilution with PBS) or TNF-a
antibody (#NBP1-19532; Novus Biologics, Littleton, CO;
1:1500 dilution with PBS). After washing, sections were
incubated for 2 h with horseradish peroxidase (HRP) goat
anti-rabbit IgG secondary antibody (111-035-003; Jackson
ImmunoResearch, West Grove, PA; 1:100 dilution in PBS).
HRP was visualized as a brown immunoreactive stain using
diaminobenzidine (DAB) (Sigma–Aldrich, St Louis, MO). For
CD45, following deparaffinization and rehydration, antigen
retrieval was performed by heating the slides in a sodium
citrate buffer (pH adjusted to 6.0) bath held at 95˚C for
20 min, and then allowing the slides to cool in the bath for
20 min. Non-specific binding was blocked by incubating in a
solution of 10% milk and 10% serum in PBS for 20 min.
Sections were then incubated overnight at 4˚C with the
CD45 antibody (ab 10558; Abcam, Cambridge, MA; 1:500
dilution with 5% serum and 5% milk in PBS). After washing
with PBS, sections were blocked for endogenous peroxidase
by incubating in 3% H2O2 in methanol for 30 min at room
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temperature. After washing, sections were incubated for 2 h
with HRP goat anti-rabbit IgG secondary antibody, and HRP
was visualized using DAB. Sections were then counterstained with Hematoxylin to stain cell nuclei in order to
identify cells both positive and negative for CD45 staining.
Signal intensity (IL-1b and TNF-a) and number of positively
stained cells (CD45) was graded by three blinded investigators using a semi-quantitative method.
Statistical Analysis
Sample sizes were determined using an a priori power
analysis. Mechanical testing comparisons were made using
student’s t-tests with significance set a p  0.05. Histological
and immunohistochemical comparisons were made using
Mann–Whitney U tests with significance set at p  0.05.

RESULTS
Tendon Mechanical Properties
At 4 weeks following surgery, no significant differences were found between groups in cross sectional
area, modulus, maximum stress, stiffness, or maximum load (Fig. 1A, C, and D, Fig. 2). Percent relaxation in the overuse group was 5% greater than the
control group (Fig. 1B); this small difference was
statistically significant.
Histology
At both 1 and 4 weeks following surgery, no differences were observed in cell shape and cellularity
(Fig. 3) or in collagen fiber organization (Fig. 4) at the
injury site and midsubstance of the healing supraspinatus tendon.
Immunohistochemistry
At 1 week following surgery, statistical differences
were observed in inflammatory protein expression
between overuse and control groups. Specifically, IL1b staining intensity was significantly increased in the
overuse group at both the injury site and the midsubstance (Fig. 5A). No differences were observed in CD45
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staining intensity at the injury site, although a significant increase was found in the overuse group in the
midsubstance (Fig. 5C). No differences were noted in
TNF-a staining intensity at the injury site or the
midsubstance (Fig. 5B).

DISCUSSION
This study evaluated the mechanical, histological,
collagen fiber organizational, and inflammatory properties of the healing supraspinatus tendon following
tendon detachment and repair. Normal tendons were
compared to tendons subjected to overuse-induced
tendinopathy pre-operatively, to determine whether it
is necessary to augment the traditional model of rat
rotator cuff repair to include a period of overuse.
We hypothesized that mechanical parameters would
not be different between control and overuse groups
4 weeks following repair, and histological parameters
would not be different between groups at both 1 and
4 weeks following repair. We found that adding preoperative overuse to the traditional model is likely to
be unnecessary. In particular, we found that the
elastic mechanical properties were not altered between
the overuse-induced tendinopathy and control tendons
4 weeks following supraspinatus detachment and
repair surgery: stiffness and maximum load remained
unchanged. Percent relaxation, however, was significantly increased in the overuse group. In the particular case of percent relaxation, a viscoelastic measure,
this parameter is not well understood physiologically
due to a lack of clinical viscoelastic data. In light of
this, we propose that the small change of only 5%
detected in percent relaxation between groups is likely
not clinically relevant. Histological examination likewise found no changes between overuse and control
groups at both the injury site and midsubstance.
Previous studies have reported disorganized, highly
cellular and rounded cells in the injury site at both 1
and 4 weeks after surgical repair,16 which is consistent

Figure 1. Tendon mechanical properties. A: No
difference was found in cross sectional area. B:
Percent relaxation was significantly increased (5%
increase) in the overuse group. C: No difference
was found in maximum load. D: No difference was
found in maximum stress. Data represented as
mean  SD.
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Figure 2. Tendon mechanical properties. A: No
difference was found in stiffness. B: No difference
was found in modulus. Data represented as mean
 SD.

with our findings. Although percent relaxation, a
measure of viscoelasticity, was slightly increased (5%)
following repair of a tendinopathic tendon (a difference
that was statistically significant), we suggest that this
is likely a clinically insignificant change.
In support of the belief that overuse does have
effects under the circumstances in this study, we
found that inflammatory protein expression was significantly altered between overuse and control groups
1 week following supraspinatus detachment and repair
surgery. Specifically, IL-1b staining intensity was
significantly greater in the overuse group at both the
injury site and the midsubstance. Additionally, CD45
staining was significantly increased in the overuse
group in the midsubstance of the tendon. Nevertheless, the lack of mechanical and histological findings at
4 weeks suggests that these changes are indeed overwhelmed by the trauma of surgery.

There are several potential limitations of this study.
First, this study is performed in an animal model.
Although the rat rotator cuff model has been extensively utilized and published previously, no animal
model can completely mimic the human condition.
However, use of this model can provide important
information to guide clinical studies. Second, elastic
quasi-static mechanical testing was performed as is
standard in the field. However, these properties do not
represent a full picture of healing tendon function.
When considering return to activity in a clinical
scenario, investigation of dynamic and fatigue parameters might be relevant to overall tendon healing.
Third, the biological and functional properties of the
surrounding soft tissue (specifically the capsule and
the joint surfaces) were not assessed. It also must be
recalled that our findings are primarily limited to
studies concerned with the 4 week (and likely longer)

Figure 3. Histology grading. Grading scale is independent for each region. No differences were noted in injury or midsubstance at
both 1 and 4 weeks. Data represented as median  interquartile range.
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Figure 4. Circular standard deviation. No differences were noted at the injury site and the
midsubstance at both 1 and 4 weeks. Data represented as mean  SD.

Figure 5. Immunohistochemistry grading. Grading scale is independent for each region. A: IL-1b was significantly increased in the
overuse group at the injury site (p ¼ 0.03) and the midsubstance (p ¼ 0.03). B: No differences were noted in TNF-a. C: CD45 was
significantly increased in the overuse group at the midsubstance (p ¼ 0.03). No differences were noted at the injury site. Data
represented as median  interquartile range.

time point(s) and that studies examining inflammatory
processes shortly after surgical repair (e.g., 1 week),
may very well benefit from the addition of induced
overuse prior to surgery. Longer time points might
also be considered to examine mechanical parameters,
although we would expect the effects of overuse
compared to cage activity would equilibrate over time.
In addition, because the control group was previously
published, the control group was operated on approximately six weeks before the overuse group since the
overuse group underwent the overuse protocol prior to
surgery. Last, there may be properties that were not
investigated (e.g., joint range of motion) that might
also be relevant to clinical outcomes.
In conclusion, our results suggest that the biological
effects of the surgical injury overshadow the changes
evoked by overuse. Because clinically relevant mechanical parameters were not altered in the overuse
group, we conclude that when examining tendons 4
weeks after repair in the classic rat supraspinatus
model, inducing overuse prior to surgery is likely to be
unnecessary.
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