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Summary

Background: the application of thermal energy
(TE) has shown promise in the treatment of
tendinopathy. However, the precise mechanism(s)
of action of this therapy is unclear. The loss of
tendon cell homeostatic tension, due to loading-
induced laxity, produces catabolic changes asso-
ciated with tendinopathy. This catabolic activity
can be inhibited through the re-establishment of a
normal tensile environment via a cellular contrac-
tion mechanism. We hypothesized that application
of TE will enhance the contraction rate of lax rat
tail tendon fascicles (RTTfs) in an in vitro model.
Methods: following loading, 10 lax RTTfs from
each mature rat (n=5) were treated once daily for
7 days with TE by replacing the culture media at
37°C (control) with 42°C media. Using calibrated
photographs, RTTf lengths were measured daily.
Additional RTTfs were utilized to investigate any
changes in material (n=12) and/or histological
(n=12) properties with TE.

Results: TE significantly increased the contrac-
tion rate of RTTfs (p>0.001) without altering the
material or histological properties.

Conclusion: these results demonstrate that TE
significantly enhances the contraction rate of pre-
viously exercised tendons. The ability to more
quickly re-establish a normal mechanobiological
environment, thus minimizing any catabolic
changes, may explain the beneficial effects re-
ported with applied TE in tendinopathy treatment.
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Introduction

Tendinopathy is a degenerative condition in tendons
resulting from repetitive overuse'!. While numerous
therapeutic modalities have been directed at the
symptoms associated with tendinopathy, none have
specifically addressed potential alterations in the me-
chanical environment of tendon cells'-2. Recent stud-
ies have suggested that repetitive exercise can in-
duce tendon laxity and alter the local mechanobiolog-
ic environment of tendon cells with the loss of cy-
toskeletal tensional homeostasis?3. The loss of
homeostatic tension in tendon cells has been shown
to produce the catabolic changes associated with the
pathology of tendinopathy?4-6. Previous, studies have
demonstrated the ability of tendon cells to contract
lax tendons and re-establish normal homeostasis,
thereby inhibiting the expression of catabolic media-
tors37. However, this contraction has been shown to
be inversely dependent on both age and degree of
tendon laxity8. The ability of a therapeutic modality to
enhance the cell-mediated contraction of a lax tendon
would represent a significant step in restoring the
normal mechanobiologic environment of tendon cells
and the restoration of homeostasis.

The application of thermal energy (TE) by various
modalities has shown promise in the treatment of
tendinopathy-9.19. The most widely used applications of
thermal energy in the treatment of tendinopathy are hy-
perthermia and therapeutic ultrasound'®. Thermal ener-
gy has been shown to accelerate the proliferation of
cells', aid in cytoskeleton remodeling'!, increase local
blood flow'2, increase pain threshold'® and decrease
tendon modulus'. In addition, thermal energy has been
shown to increase cell migration'5 and the cell-mediated
contraction of collagen gels'. The potential of applied
thermal energy to accelerate the ability of tendon cells
to restore cytoskeletal tensional homeostasis in lax ten-
dons may represent an additional mechanistic role of
this modality in the treatment of tendinopathy.
Therefore, the purpose of the current study was to in-
vestigate the ability of thermal energy, applied in a
clinically relevant manner with regard to temperature
and exposure time, to enhance the rate of cell-medi-
ated contraction of lax rat tail tendon fascicles in an
in vitro test system. We hypothesize that the pulsed
application of thermal energy will significantly in-
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crease the contraction rate of lax tendons following
exercise over non-treated controls.

Materials and methods

Following Institutional Animal Care and Use approval
and in accordance with the standards of the Muscle,
Ligament, and Tendons Journal'?, 10-18 rat tail tendon
fascicles (RTTfs) were obtained immediately after eu-
thanasia from each 4-month-old Sprague Dawley rat
(n=5). In all experiments, RTTfs were maintained in Dul-
becco’s Modified Eagle Medium with 10% fetal bovine
serum, 1% antibiotic/antimycotic, 0.2% gentamicin, and
0.75% ascorbate under tissue culture conditions (37°C,
10% COo) over the duration of the experiment.

To induce laxity within the tendon, harvested RTTfs
were placed taut into a custom-designed, low-load,
tensile testing apparatus and then loaded to 2%
cyclic strain at 0.17 Hz for 2 hours®. Following the
cyclic loading regime, the tendons were loaded until
taut again to determine their elongated length. The
percent elongation was calculated by dividing the
change in length following loading by their initial
length. After loading, the tendons were cut in half and
divided into control and TE-treated groups.

To investigate the effect of a pulsed application of TE
on tendon cells’ ability to contract RTTfs, the RTTfs
from the TE-treated group were pulsed with heat
once daily for 7 days by replacing the 37°C media
with media heated to 42°C in a water bath (Isotemp
220, Fisher Scientific, Waltham, MA, USA). Similarly,
the control group’s media was replaced once daily
with 37°C media. This heating regime was based on
previous clinical studies which demonstrated that dai-
ly application of thermal energy through pulsed ultra-
sound transiently increased local tissue temperatures
by 5°C'8. Precise changes in temperature induced by
our in vitro heating regime were recorded at a fre-
quency of 1Hz using a thermister (Omega Engineer-
ing, Inc. Stamford, CT, USA) placed in one of the tis-
sue culture wells while incubated at 37°C. Prior to
their treatment, tendons from both groups were pho-
tographed daily with an aligned ruler for calibration,
and their lengths were measured using Image J soft-
ware (U.S. National Institutes of Health, Bethesda,
MD, USA, http://imagej.nih.gov/ij/).

To investigate any potential histological changes
within the tissue, additional cyclically loaded RTTfs
from each 7-day treatment group (n=12) were fixed in
4% paraformaldehyde for histology. Paraffin sections
were stained with hematoxylin and eosin, blinded to
the individual analyzing the tendons, and pho-
tographed using an Infinity 1 microscopy camera
(Lumenera Corporation, Ontario, Canada) on an
Olympus BH-2 microscope (Olympus Corporation,
Tokyo, Japan). To determine if any changes took
place in the cellular density of the tissue, the pho-
tomicrographs of RTTf sections were analyzed using
Image J software to count each cell nuclei completely
in the photographed region of interest. The number of
cell nuclei per area was calculated for each photomi-
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crograph using total number of cell nuclei in the area
divided by the area of tissue measured.

To investigate any potential non-cellular alterations of
the heat treatment on the material properties of the ten-
dons, additional RTTfs (n=12) were cyclically loaded as
described above. To eliminate any cellular effect, these
RTTfs underwent a freeze/thaw (x3) protocol in liquid
nitrogen and sterile saline (37°C) prior to being halved
and starting the 7 days in culture with or without ther-
mal treatment. Following the 7 days, RTTfs from each
group (n=12) underwent a stress-relaxation test to de-
termine their viscoelastic material properties. Prior to
testing, the cross-sectional area of each RTTf was de-
termined from calibrated photomicrographs of each RT-
Tf. The RTTfs were assumed to have circular cross-
section and the area calculated from the mean of three
diameter measurements taken perpendicular to the
long axis of the fascicle using the Image J software.
The RTTfs were gripped at each end in sawtooth
clamps for a final gage length of approximately 17.8
mm. The segments of RTTfs within the clamps were
air-dried and placed between 2 pieces of emery board
to eliminate slippage, and the test area of tendon be-
tween the grips was kept moistened with a room tem-
perature phosphate buffered saline (PBS) solution.
Each RTTf was mounted onto a custom-made material
testing system in a PBS solution bath at room tempera-
ture. The testing system was equipped to measure load
(5-Ib load cell, Sensotec, Columbus, OH, USA) and
grip-to-grip displacement (linear variable differential
transformer, Lucas Schaevitz, Pennsauken, NJ, USA).
Tendons were first loaded to 1 g to determine the initial
RTTf length, and then displaced, using a motion con-
troller (Newport, Fountain Valley, CA, USA), to 3%
strain at a constant rate of 0.41 mm/s (approx 2.3%
strain/s). The RTTfs were then maintained at this dis-
placement for 10 minutes of stress-relaxation. Load
and displacement values were recorded at 50 Hz with
an analog-to-digital computer data acquisition system
for the duration of the experiment. With the use of RTTf
cross sectional area, load, and displacement values,
the viscoelastic material properties of maximum modu-
lus (maximum stress divided by applied strain) and
equilibrium modulus (equilibrium stress divided by ap-
plied strain) were computed.

Statistical analysis of the change in RTTf length was
performed using a 3 factor ANOVA (rat, day, and treat-
ment) and an adjusted Bonferroni post-hoc with signifi-
cance set at P<0.05. To test statistical changes in vis-
coelastic material properties and the number of cells
per area with treatment, paired t-tests were utilized.

Results

The heating regime utilized in this study resulted in a
transient increase in temperature levels of at least
2°C above the baseline (37°C) for 4 minutes before
returning to baseline by 13 minutes (Fig. 1).

Cyclic tensile loading of the RTTfs at 2% strain at
0.17 Hz for 2 hours resulted in a mean tendon elon-
gation of 1.28 + 0.3% (Tab. 1).
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The pulsed application of thermal energy significantly
enhanced the contraction rate of the lax RTTfs on
days 5 (P=0.0132), 6 (P<0.0001), and 7 (P<0.0001)
when compared to the paired control RTTfs (Figs. 2,
3, Tab. 1).

After seven days of treatment were no significant dif-
ferences in either the maximum (p=0.229) or equilibri-
um modulus (p=0.274) between control (171 + 59
MPa, 130 = 53 MPa) and thermally treated (206 + 90
MPa, 155 + 57 MPa) rat tail tendon fascicles.
Histological assessment of both control and treated ten-
dons revealed the presence of tendon cells on the sur-
face of the tendons at 7 days which is to be expected.
However, there was no significant difference (p=0.188) in
the density of cell nuclei between control (691 + 157 nu-
clei/mm?2) and thermally treated (613 + 155 nuclei/mm?)
rat tail tendon fascicles after 7 days (Fig. 4).
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Figure 2. Representative images of treated and control ten-
dons showing length changes at 0, 5, and 7 days.
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Figure 1. Representative graph demonstrating the temper-

ature change following the addition of media warmed to

42°C.

Figure 3. Graph showing the contraction rate of treated
and control tendons over 7 days.
T Significant difference between treatments (P < 0.05).

Table 1. Percentage length of rat tail tendon fascicles (mean + SD) from each of 5 rats following cyclic load and
subsequent cellular contraction over 7 days with (42°C) and without (37°C) applied thermal treatment.

Rat 1 (n=17) Rat 2 (n=18) Rat 3 (n=14) Rat 4 (n=12) Rat 5 (n=10)
37°C 42°C 37°C 42°C 37°C 42°C 37°C 42°C 37°C 42°C
Initial 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0
+0.0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0
0 day 101.3 101.3 101.1 101.1 101.5 101.5 101.0 101.0 101.6 101.6
Postload +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 +0.0 =x0.0
1 day 101.3 99.9 101.1 99.7 100.0 101.0 100.0 99.8 100.3 100.0
+2.0 +2.3 +2.2 +25 +1.8 +3.1 +1.4 +1.1 +1.9 +1.2
2 day 101.3 99.7 99.6 99.8 99.2 100.4 100.2 100.3 99.9 99.6
+2.8 +1.9 +2.7 +2.7 +25 +3.5 +1.6 +1.7 +1.9 +2.2
3 day 99.8 97.5 98.9 98.7 97.6 98.7 99.9 99.5 99.6 99.6
+2.3 +2.2 +1.8 +3.5 +3.4 +4.4 +1.8 +1.6 +3.9 +4.9
4 day 98.7 95.9 94.7 91.6 91.0 91.6 971 95.8 85.1 94.5
+2.1 +3.0 +3.6 +6.6 +9.1 +6.8 +2.0 +25 +13.9 8.2
5 day 88.8 83.8 85.1 75.9 80.6 79.7 92.5 89.9 67.3 53.1
+8.2 +10.3 +8.5 +17.4 +147 +£11.0 +5.4 +5.1 +20.6 =199
6 day 74.0 70.8 66.4 38.5 69.0 63.7 84.4 76.5 48.4 29.4
+149 +£17.8 +15.7 x19.2 +20.6 +15.0 +13.9 117 +21.7 %165
7 day 57.7 53.0 47.4 24.4 56.8 50.4 68.6 59.7 31.9 19.0
+20.0 +254 +16.3 9.0 +21.8 +16.8 +19.2 +145 +13.7 £8.1
53
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7 day control

100 pm

Figure 4. Representative photomicrographs of histological
sections from control and thermal energy treated tendons
at 7 days showing no difference in morphology or cellular
density.

Discussion

The use of thermal energy, in the form of ultrasound
or hyperthermia, has gained wide acceptance in the
treatment of tendinopathy'%:4. While the clinical ben-
efit of applied thermal energy (i.e. therapeutic ultra-
sound, microwave diathermy) on tendinopathic ten-
dons has been demonstrated.9:10.19.20 the precise bi-
ological mechanism(s) by which thermal energy may
exert a therapeutic effect in the treatment of
tendinopathy are unclear'0:21,

The results of the current study demonstrate that the
pulsed application of thermal energy at clinical rele-
vant levels over a 7 day period significantly enhances
the cell-mediated contraction rate of previously exer-
cised rat tendon fascicles. The daily application of
thermal energy resulted in a 2°C temperature in-
crease which was maintained for 4 minutes. This in-
crease in local temperature is similar to previously
recommended treatments (1-4°C over 3 to 9 minutes;
3-12 sessions) which have been shown to be effica-
cious in the treatment of tendinopathy?®-18.19,

Previous studies have suggested that the beneficial
therapeutic effects of TE on tendinopathy patients
may be related to thermal energy-induced changes in
the extracellular matrix and/or increases in cellular
metabolism'0.1822. These include an increase in colla-
gen extensibility23, an upregulation of proteins associ-
ated cytoskeletal organization [Rac1]??, as well as
proteins associated with cell migration and tissue
contraction [heat shock protein 271624, Rac125, alpha-
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smooth muscle actin'®26]. Alterations in extracellular
matrix properties and cellular density have both been
shown to correlate with the rate of cell-based tendon
contraction25. However, the current study did not
demonstrate any statistically significant alterations in
the viscoelastic material properties of the rat tail ten-
don fascicles following transient thermal treatments
over 7 days. Similarly, the current study did not
demonstrate any statistically significant alterations in
the cellular density in the rat tail tendon fascicles fol-
lowing the prescribed transient thermal treatments
over 7 days. This suggests that cell proliferation was
not a factor in the cell-based tendon contraction seen
in this study. Alterations in cellular metabolism due to
the thermal treatments may also be an important con-
tributor to tissue contraction. Heat shock protein 27
(HSP27) has been shown to regulate fibroblast adhe-
sion, elongation, and migration along with the con-
traction of extracellular matrix'624, Rac1 (a small GT-
Pase) is another important cellular protein involved in
cytoskeletal organization?? and plays a critical role in
extracellular matrix contraction25. Both of these pro-
teins have been shown to be increased by short term
exposure to increased temperature (41°C)16.22, Alpha
smooth-muscle actin synthesis has also been shown
to be an important factor in the cell-mediated contrac-
tion of lax tendons® and has been shown to increase
in fibroblasts following exposure to ultrasound irradia-
tion26. Although these proteins have been shown to
be critical to matrix contraction316.24.26 and are al-
tered with transient increased temperature!6.22.26 their
precise role or that of other proteins in enhancing ten-
don contraction is unclear and requires further study.

A rat tail tendon fascicle system employed in the cur-
rent study has been previously used to study the ef-
fect of age and exercise® on the cell mediated recov-
ery of cytoskeletal tensional homeostasis in lax ten-
dons®7. While this tissue system cannot precisely
duplicate the varied and complex pathology that can
be present in clinical cases of tendinopathy, numer-
ous studies from our lab have demonstrated that
many of the key pathologic features of tendinopathy
are elicited following loss of cytoskeletal tensional
homeostasis?46. The longer the duration of this loss
of tensional homeostasis the more profound are the
pathological changes®. Therefore, the ability of ap-
plied thermal energy to significantly accelerate the
contraction mechanism of exercised tendons demon-
strated in the current study may limit the extent of
these pathological changes and offer another poten-
tial mechanism by which the application of thermal
energy has shown to be beneficial in some cases of
tendinopathy0.18,20,21,26,

An obvious limitation of the current study is the
method by which the thermal treatment was applied.
While the addition of heated media to the rat tail ten-
don fascicles certainly does not take into account any
potential non-thermal effects associated with the ap-
plication of ultrasound?! it does reflect both the num-
ber of treatments and the short duration of the local
temperature increases achieved in pulsed ultrasound
applications that have shown to be efficacious®18:19,
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Other therapeutic modes of thermal energy which
have demonstrated positive results in the treatment of
tendinopathy such as microwave diathermy, maintain
temperature increases similar to that utilized in the
current study, albeit for longer times (30 minutes)'4.
However, the heat dissipating effect of local blood
flow over this longer heating period is difficult to esti-
mate?! and impossible to replicate in an in vitro sys-
tem. The ability to consistently deliver a clinically rel-
evant temperature increase over a specified period of
time and confirm our hypothesis is a strength of the in
vitro system.

The results of the current study demonstrate a signifi-
cant increase in the rate of tendon cell contracture
following in vitro application of thermal energy in a
clinically relevant dose/duration treatment regime.
These findings suggest another potential mechanistic
rationale for the use of thermal energy in the treat-
ment of tendinopathy. However, additional studies
are needed to clarify the precise role(s) of thermal
energy in addressing the various pathological mani-
festations associated with tendinopathy.
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