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Background. Although evidence suggests that therapeutic ultrasound (TU) in combina-
tion with treadmill training (TT) suppresses nerve injury–associated pain, the molecular
mechanisms for this action are not clear.

Objective. The purpose of this research was to study the possible beneficial effects of TU
and TT, alone and in combination, on 2 clinical indicators of neuropathic pain and correlate
these findings with changes in inflammatory mediators within the spinal cord. Our experi-
mental model used the well-known chronic constriction injury (CCI) of the rat sciatic nerve.

Design. This was an experimental study.

Methods. Each group contained 10 rats. Group 1 underwent only the CCI procedure.
Group 2 underwent a sham operation where the sciatic nerve was exposed but not ligated.
Group 3 had the sham operation followed by both TT and TU. Groups 4, 5, and 6 underwent
the CCI procedure followed by TT alone, TU alone, and both the TT and TU interventions,
respectively. Heat and mechanical sensitivity, interleukin-6 (IL-6), interleukin-10 (IL-10), and
ionized calcium binding adaptor molecule 1 (Iba1) were evaluated.

Results. Compared with group 1 animals, TT or TU, or both, produced smaller decreases
in mechanical withdrawal threshold and heat withdrawal latencies. The combination of TT and
TU was more effective than either treatment alone. In addition, rats that received these
treatments did not express the upregulation of IL-6 and Iba1 in their spinal cords on post-
operative days 14 and 28, as was found in the group 1 animals.

Limitations. These experimental findings may not be generalizable to humans.

Conclusions. The combination of TU and TT reduces neuropathic pain more than either
modality alone. This beneficial effect appears related to downregulation of proinflammatory
IL-6 and Iba1, while upregulating the anti-inflammatory IL-10.
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Peripheral nerve injury commonly
leads to neuropathic pain charac-
terized by thermal hyperalgesia,

mechanical allodynia, spontaneous pain,
and mechano-hyperalgesia.1 Peripheral
and central sensitization of nociceptive
pathways are crucial to the onset and
development of neuropathic pain.1,2

Glial dysfunction and the increased lev-
els of proinflammatory cytokines are 2
predominant mechanisms by which glial
cells intensify neuronal activities in the
spinal dorsal horn.3,4 However, effective
management of neuropathic pain re-
mains a clinical challenge. Therapeutic
ultrasound (TU) has been reported to be
useful in the treatment of carpal tunnel
syndrome, the most common compres-
sion neuropathy in humans.5,6 Moreover,
treadmill training (TT) alleviated periph-
eral neuropathic pain in preclinical
rodent studies.7 Currently, there are few
treatments that have been shown to be
effective in treating symptoms arising
from nerve injury, and several pharmaco-
therapies used for treating neuropathic
pain unfortunately are associated with
adverse side effects.8–10 However, to our
knowledge, no studies have examined
whether combining TU and exercise can
be more effective than performing TU or
exercise alone.

Recently, it has been shown that TU at an
intensity of 0.5 W/cm2 recovers up to
90% of the sciatic functional index from
the sciatic nerve crush injury in mice.11

Furthermore, TU with the intensities of
0.3 and 0.4 W/cm2 induces a long-acting
anti-nociceptive effect on an experimen-
tal rat model of trigeminal neuropathic
pain.12 Additionally, there is a growing
body of evidence that forced exercise
suppresses many types of chronic
pain, including peripheral neuropathic
pain,7,13 diabetic neuropathic pain,14,15

postoperative pain,16,17 and chronic
muscle pain18 in rodents.

In addition, the native immune cells (ie,
microglial cells) in the central nervous
system play critical roles in the immune
responses following nerve damage and
are greatly associated with chronic
pain.19–21 Evidence has demonstrated
that the activated microglia and the
microglial marker (ionized calcium-
binding adaptor molecule 1 [Iba1]) mark-

edly increased in the spinal cord follow-
ing peripheral nerve injury.22 Ad-
ditionally, it has been shown that the
cytokines (ie, interleukin-6 [IL-6]) were
implicated in the macrophages and
microglial cells in the spinal cord after
the nerve lesion.23–25 Furthermore, there
is increasing appreciation for the cyto-
kines’ ability to directly affect the excit-
atory neuronal transmission, which
results in pain facilitation and spontane-
ous activity.26,27

Following this further, our previous
study7 showed that TT attenuated
mechanical allodynia and thermal hyper-
algesia following chronic constriction
injury (CCI) in rats. Furthermore, these
behavioral (clinical) improvements were
associated with suppressed expression
of proinflammatory cytokines in the sci-
atic nerve. The tissue inflammation or
nerve damage is implicated in various
mediator releases in the spinal cord,
resulting in pain hypersensitivity. Thus,
the purpose of this experiment was to
estimate the impacts of TU, TT, or a com-
bination (TU�TT) on responses directed
toward (1) the heat and mechanical stim-
uli and (2) expression of Iba1, IL-6, and
interleukin-10 (IL-10) in the spinal cord
by using a constricted-based (CCI) ani-
mal model of neuropathic pain.

Materials and Methods
Animals
Effort was made to minimize the discom-
fort and decrease the number of experi-
mental animals. All experiments were
conducted according to the International
Association for the Study of Pain ethical
guidelines.28 The experiments were per-
formed on male Sprague-Dawley rats
(National Laboratory Animal Center, Tai-
pei, Taiwan) weighing 220 to 270 g. Ani-
mals were kept in a climate-controlled
room maintained at 22°C with approxi-
mately 50% relative humidity in the ani-
mal housing facility of National Cheng
Kung University. They inhabited a
12-hour light-dark cycle (light on at 6:00
am), and food and water were available
ad libitum to them until the time of the
experiments.

Groups and Design
Sixty rats were randomly and blindly sep-
arated into 6 groups (n�10 per group).

Group 1 underwent CCI surgery but
received no other intervention. Group 2
underwent a sham operation where the
sciatic nerve was exposed but not
ligated. Group 3 also had the sham oper-
ation followed by both TT and TU as
described later. Group 4 underwent the
CCI procedure followed by TT alone.
Group 5 underwent the CCI procedure
followed by TU alone. Group 6 under-
went the CCI procedure followed by
both the TT and TU interventions.

Beginning on postoperative day 3 and
continuing 5 days a week for the next 4
weeks, groups 3 and 6 had TU for 5
minutes followed by 30 minutes of TT.
During this same time frame, group 4
had TT alone for 30 minutes, and group
5 had TU alone for 5 minutes. In our
previous study,7 neuropathic pain devel-
oped in rats 3 days after the animals had
undergone the CCI damage and lasted
for up to 30 days.

For the neurobehavioral assessments, the
rats were evaluated twice for the
mechanical withdrawal threshold and
heat withdrawal latency on the day prior
to surgery, and these 2 measurements
were averaged to gain a sole baseline of
mechanical withdrawal threshold and
heat withdrawal latency for each evalua-
tion. Subsequently, these rats were eval-
uated on postoperative days 3, 7, 14, 21,
and 28. Their spinal cords (L4–L5) were
extracted for IL-6, IL-10, and Iba1 analy-
ses on postoperative day 28. Some rats
without behavioral evaluations were
killed to obtain spinal cords (L4–L5) for
IL-6, IL-10, and Iba1 analyses on postop-
erative day 14.

CCI Procedure
After animals were anesthetized with
pentobarbital sodium (50 mg/kg, intra-
peritoneally), 4 ligatures, surrounded by
4 chromic gut sutures, were tied around
the sciatic nerve as described by Bennett
and Xie.29 Using 4� magnification to
assist in this procedure, the ties were
tightened so that the diameter of the
nerve was seen to be barely constricted.
This tightening of the ties sometimes
produced a small brief twitch of the sur-
rounding muscles. After the CCI surgery,
the skin incision was closed with
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wound clips, and the rat was returned to
its cage for recovery.

Heat and Mechanical Sensitivity
One experienced person, blinded to
which group an animal belonged, per-
formed all of the neurobehavioral exam-
inations. For consistency, the neurobe-
havioral assessments were performed
between 9:00 and 11:00 am. The animals
were evaluated for the mechanical with-
drawal threshold and heat withdrawal
latency after a period of 5 to 7 days of
adapting to the test environment and
experimenters.

The heat withdrawal latency was exam-
ined according to the method of Har-
greaves et al.30 In brief, the lateral plan-
tar area of the hind paw was exposed to
a constant-intensity radiant heat source
by the Hargreaves plantar test device
(Ugo Basile, Comerio, Italy). After the rat
withdrew its hind paw, the paw with-
drawal latency (in seconds) was
recorded. The cutoff time was set at 20
seconds to avoid tissue injury.15 To mea-
sure the mechanical withdrawal thresh-
old, the animals were put separately in a
clear, plexiglass conditioning chamber
above a wire-mesh floor. Each von Frey
hair filament (anesthesiometer, Somedic
AB, Hörby, Sweden) was touched to the
lateral plantar surface of the rat hind paw
for 3 seconds. This paw withdrawal
threshold (in grams) was verified by test-
ing with the next thicker von Frey hair
filament, which always evoked paw
withdrawal.7,15

Application of TU
After the animals were lightly anesthe-
tized with isoflurane (1%), a TU device
(US-750, Bunkyo-ku, Tokyo, Japan) was
used while the transducer was applied to
the skin of rats with gel. The parameters
were 1 MHz with pulse (20% duty cycle),
1-W/cm2 intensity, and 100-Hz frequency
(beam nonuniformity ratio�3.6) for 5
minutes a day. To prevent damage by
cavitation, the S-size ultrasound probe
was used in pulsed mode and applied
with a gentle circular movement applied
over the skin incision.

TT Procedure
Treadmill speed was set at 14 to 16
m/min with an 8% incline for 30 minutes

(Treadmill Exerciser T510, Diagnostic
and Research Instruments, Singa, Tai-
wan).31 Rats were exercised 5 days a
week for 4 weeks. When necessary, hind
limbs were gently prodded to maintain
running adherence.

Cytokine Analysis
Animals were sacrificed, using pentobar-
bital sodium (200 mg/kg, intraperitone-
ally), on postoperative day 14 or 28.
After adding homogenization buffer
(4°C), tissue samples were homogenized
and centrifuged for preparing the pro-
tein assay. The protein concentrations in
the supernatant were quantified by the
Lowry protein assay, in which each plate
was inserted into a plate reader (Molec-
ular Devices LLC, Specification 383,
Sunnyvale, California) to read the optical
density of each well at an absorbance of
750 nm.16,32 These concentrations of IL-6
and IL-10 in the supernatant were
detected using the DuoSet ELISA Devel-
opment Kit (R&D Systems, Minneapolis,
Minnesota).17,33 Our investigative
protocols were practiced according to
the manufacturer’s recommended
procedures.

Immunohistochemistry
Initially, the spinal cords (L4–L5) were
removed and embedded in a cryo-
embedding media and were cut into
25-�m-thick coronal sections. Every 12th
section, for a total of 15 sections, was
analyzed, and the results were averaged
for each animal. The immunohistochem-
istry procedure was performed as previ-
ously reported.34 In brief, after overnight
incubation at room temperature with
anti-Iba1 antibody (1:1,000, Wako Pure
Chemical Industries Ltd, Osaka, Japan),
the spinal cord sections were incubated
at room temperature with biotinylated
goat anti-rabbit IgG antibodies (1:1,000,
Vector Laboratories Inc, Burlingame, Cal-
ifornia) for 2 hours. Then, the sample
sections were placed on glass slides and
were observed under a microscope
(Axioskop 2 Plus, Carl Zeiss AG,
Oberkochen, Germany). Each immune-
stained section showed a representative
expression of immunoreactivity that was
photographed at 2.5� magnification.
After each of them was imported into
NIH Image J 1.42q software (National
Institutes of Health, Bethesda, Maryland),

all of the images underwent color decon-
volution to distinguish the diaminoben-
zidine reaction product from hematoxy-
lin counterstain.34

Data Analysis
The data are shown as the mean (�stan-
dard error of the mean) of the number of
observations unless noted otherwise and
were analyzed by 1-way or 2-way analysis
of variance (ANOVA) for repeated mea-
sures. Alpha�.05 is indicated as the sig-
nificance threshold for ANOVA, and the
same value (alpha�.05) was noted as the
threshold for assessing post hoc signifi-
cance (after Bonferroni correction). The
Statistical Package for the Social Sciences
(SPSS for Windows, version 17.0, SPSS
Inc, Chicago, Illinois) was used for the
statistical analyses.

Role of the Funding Source
Financial support was provided by a
grant (CMNCKU10315) from Chi-Mei
Medical Center, Tainan, Taiwan.

Results
TU and TT Suppress the Progress
of CCI-Associated Mechanical
Allodynia and Thermal
Hyperalgesia
As shown in Figure 1, baseline values
for mechanical withdrawal threshold
(Fig. 1A) and thermal withdrawal latency
(Fig. 1B) were not significantly different
among the 6 groups (2-way repeated-
measures ANOVA). On postoperative
day 3, however, mechanical thresholds
and thermal latencies were significantly
lower than at baseline in all groups
except for groups 2 and 3, the 2 groups
that underwent the sham operation.

By postoperative day 14, groups 4, 5, and
6 (the CCI groups that also received TT,
TU, or TT�TU, respectively) showed ris-
ing mechanical withdrawal thresholds
and thermal withdrawal latencies. These
findings were different from those in
group 1 (the worst-case scenario group
that had only the CCI operation), where
mechanical withdrawal threshold
(Fig. 1A) and thermal withdrawal latency
(Fig. 1B) both remained significantly
lower than at baseline and lower than in
the other groups.
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By postoperative day 28, groups 2 and 3
(the sham-operated groups) and group 6
(the CCI group that received TT�TU)
were not significantly different from

baseline or from each other. In contrast,
group 1 continued to show no improve-
ments in either mechanical threshold or
withdrawal latency.

The mechanical withdrawal thresholds
and heat withdrawal latencies in
the 6 groups (Figs. 1A and 1B) were ana-
lyzed using a 2-way repeated-measures
ANOVA and demonstrated significant
main effects for groups (F5,54�38.55,
P�.0001; F5,54�40.23, P�.0001), time
(F6,324�41.87, P�.0001; F6,324�51.69,
P�.0001), and significant interactions
(F30,324�7.91, P�.0001; F30,324�7.66,
P�.0001), respectively. The post hoc
comparisons showed no significant dif-
ferences between groups 2 (sham oper-
ation only) and 3 (sham operation�
TT�TU) for mechanical withdrawal
threshold (P�.55) and heat withdrawal
latency (P�.46), whereas post hoc com-
parisons exhibited significant differences
between group 4 (or groups 5 and 6) and
group 1 (or groups 2 and 3) (P�.01,
Fig. 1A; P�.01, Fig. 1B), respectively.

TU and TT Inhibit Expression of
IL-6 but Increase the Expression
of IL-10
The expression of IL-6 (a proinflamma-
tory cytokine) in the spinal cord was
significantly increased in group 1 (CCI
surgery only) compared with group 2
(sham operation) or group 3 (sham
operation�TT�TU) on postoperative
days 14 and 28 (all P�.01, Fig. 2A). By
comparison, group 4 (CCI surgery�TT),
group 5 (CCI surgery�TU), and group 6
(CCI surgery�TT�TU) showed signifi-
cantly lower IL-6 expression than group
1 on postoperative days 14 and 28 (all
P�.008, Fig. 2A).

The expression of IL-10 (an anti-
inflammatory cytokine) in the spinal
cord was not significantly different
among the 6 groups on postoperative
day 14 (all P�.58, Fig. 2B). However, on
postoperative day 28, groups 2, 4, 5, and
6 had significantly more IL-10 compared
with group 1 (all P�.01, Fig. 2B). There
were no significant differences in either
IL-6 or IL-10 expression between groups
2 and 3, the 2 sham-operated groups.

Figure 1.
The behavioral time courses of a (A) mechanical withdrawal threshold and (B) thermal
withdrawal latency (B) in the CCI, sham, sham�TT�TU, TT, TU, and TT�TU rats, where
CCI�chronic constriction injury, sham�sham operated, sham�TT�TU�sham operated rats
that received treadmill training and therapeutic ultrasound, TT�CCI rats that underwent
treadmill training, TU�CCI rats that received therapeutic ultrasound, and TT�TU�CCI rats
that received treadmill training and therapeutic ultrasound. The data are presented as the
mean (�standard error of the mean) for 10 rats per group. *P�.05 compared with the sham
group, �P�.05 compared with the CCI group, #P�.05 when the TT�TU group was com-
pared with the TT group, @P�.05 when the TT�TU group was compared with the TU
group (2-way analysis of variance for repeated measures followed by post hoc Bonferroni
test).
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TU and TT Prevent the
Upregulation of Iba1
Immunohistochemistry (Iba1 IR)
in Rat Spinal Cord After CCI
Injury
Photomicrographs of Iba1 reactive cells
in the rat spinal cords harvested on post-
operative day 28 are shown in Figure 3.
The percent of area of Iba1 was signifi-
cantly increased in group 1 compared
with group 2 on postoperative days 14
and 28 (all P�.01, Fig. 3G). On postop-

erative days 14 and 28, the 3 therapeutic
groups (groups 4–6) showed a reduc-
tion in the percent of area of Iba1 com-
pared with group 1 (all P�.01, Fig. 3G).
Within the 3 treated groups, group 6
showed the lowest percent of area of
spinal Iba1 compared with groups 4 and
5 (P�.01, Fig. 3G). Lastly, there was no
significant difference in Iba1 areas
between the sham-operated groups
(groups 2 and 3).

Discussion
We showed that TT, TU, or both com-
bined, when given soon after the provok-
ing nerve injury, improved 2 laboratory
measures of neuropathic pain; namely,
they increased both the mechanical
withdrawal threshold (indicating less
allodynia) and the thermal withdrawal
latency (indicating reduced hyperalge-
sia). Furthermore, these improved be-
havioral indexes were associated with
suppressed levels of spinal IL-6 and Iba1
and increased levels of IL-10. The best
results were obtained with the combined
use of TT and TU.

The current study and our previous
study7 showed that TT attenuated the
mechanical and heat hypersensitivities
in a rat model of CCI. This result is
similar to the previous reports that exer-
cise decreased pain symptoms in
humans35–37 and diminished postopera-
tive pain16,17 or neuropathic pain7,15 in
rodents. Assuredly, we demonstrated
that TU reduced peripheral neuropathic
pain evoked by CCI of the sciatic nerve.
Likewise, the current study resembles
our previous study in that TU application
resulted in both anti-hyperalgesic and
anti-allodynic effects in rats after periph-
eral nerve injury,38 and either of these
effects of TU may be associated with
neurokinin-1 receptor (NK1R) expres-
sion, substance P, and proinflammatory
cytokines.38 A similar effect was that the
use of TU with a frequency of 1 MHz and
a maximum intensity of 0.5 W/cm2

recovered up to 90% of sciatic function
in mice with sciatic nerve injury induced
by crushing the sciatic nerve.11 In the
present study, the degree of reduction in
mechanical allodynia (�30%) and heat
hyperalgesia (�65%) by TU or TT was
still small and indicated the presence of
neuropathic pain, whereas combined TU
and TT exhibited a complete reversal of
neuropathic pain.

Thermal stimuli are conducted by A�-
and C-fibers.39 The corresponding trans-
duction receptors are the A- and C-fiber
mechanoheat nociceptors, which re-
spond to thermal and mechanical stim-
uli.39 Mechanical allodynia evoked by a
light touch is generally accepted to be
mediated by low-threshold A� fibers in
most instances,39 whereas mechanical

Figure 2.
The levels of (A) interleukin-6 (IL-6) and (B) interleukin-10 (IL-10) on days 14 and 28 after CCI
in the spinal cord of 5 different groups of rats: CCI, sham, sham�TT�TU, TT, TU, and TT�TU,
where CCI�chronic constriction injury, sham�sham operated, sham�TT�TU�sham oper-
ated rats that received treadmill training and therapeutic ultrasound, TT�CCI rats that
underwent treadmill training, TU�CCI rats that received therapeutic ultrasound, and
TT�TU�CCI rats that received treadmill training and therapeutic ultrasound. The values are
presented as the mean (�standard error of the mean) for 7 rats per group. *P�.05 compared
with the sham group, �P�.05 compared with the CCI group, #P�.05 when the TT�TU
group was compared with the TU or TT group (1-way analysis of variance followed by post
hoc Bonferroni test).
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allodynia disappeared by selectively
blocking A-fiber input in patients with
nerve injury.40 The fact that thermal and
mechanical sensitivity appeared to be dif-
ferentially influenced by TU and TT
raises very interesting questions regard-
ing the specific types of sensory fibers
affected by each.

Central or peripheral nerve injury con-
tributes to neuropathic pain.1 Although
the pathogenesis of neuropathic pain
involves several neuroplastic mecha-
nisms, central and peripheral sensitiza-
tion of nociceptive pathways play an
important role in the initiation and main-
tenance of neuropathic pain.1,2 Despite
distinct neuronal and synaptic mecha-
nisms, the proinflammatory cytokines
indeed adjust the central sensitization
through suppressing the inhibitory neu-
rotransmission and enhancing the excit-
atory neurotransmission.41 To address
the mechanisms of TU, TT, and both
on CCI-evoked neuropathic pain, we
focused on the possible role played by
IL-6 in the spinal cord. It has been shown
that a neuropoietic cytokine (ie, IL-6) can
be significantly upregulated in the spinal
cord following the peripheral nerve inju-
ry.42–45 In the same way, our study also
demonstrated an upregulation of spinal
IL-6 in the rats following CCI surgery.
Although we cannot be sure whether
the mechanisms of proinflammatory
cytokines are involved, it is generally
believed that proinflammatory cytokine
causes pain behavior after intrathecal
injection.41 Furthermore, spinal injection
of IL-6-neutralizing antibody markedly
postponed the onset of pain.46

There was bilateral rather than ipsilateral
sensitization. Classic and recent spinal
nerve ligation studies47,48 have shown
that inflammatory markers are predomi-
nantly increased on the side of injury
(ipsilateral) compared with the unin-
jured (contralateral) side, although there
is some evidence that bilateral effects
may be observed at very late time
points.49 The current study investigated
both sides of the spinal cord. Our results
showed that TU, TT, and both sup-
pressed the upregulation of spinal IL-6 in
the CCI rats. Among them, the combina-
tion of TU and TT exhibited the best
effects. This is similar to our previous

Figure 3.
Immunohistochemical staining of rat spinal cord stained with the anti-Iba1 antibody on day
28 after CCI (A–F) and quantification of ionized calcium-binding adaptor molecule 1 (Iba1)
immunoreactivity on days 14 and 28 after CCI (G) in the ipsilateral dorsal horn of the spinal
cord in (A) CCI, (B) sham, (C) sham�TT�TU, (D) TT, (E) TU, and (F) TT�TU rats, where
CCI�chronic constriction injury, sham�sham operated, sham�TT�TU�sham operated rats
that received treadmill training and therapeutic ultrasound, TT�CCI rats that underwent
treadmill training, TU�CCI rats that received therapeutic ultrasound, and TT�TU�CCI rats
that received treadmill training and therapeutic ultrasound. The data are expressed as the
mean area (�standard error of the mean) for 6 rats per group. All images were taken at
magnification 2.5� prior to reproduction unless noted. Scale bars: 200 �m. *P�.05 com-
pared with the sham group, �P�.05 compared with the CCI group, #P�.05 when the TT�TU
group was compared with the TU or TT group (1-way analysis of variance followed by post
hoc Bonferroni test).
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finding that TT ameliorated the proin-
flammatory cytokines in the sciatic nerve
of the CCI rats.7

In the present study, we showed that the
CCI rats exhibited low spinal IL-10 levels,
whereas the CCI rats receiving TU, TT,
or the combination of both had higher
spinal IL-10 levels compared with the
sham-operated rats. Our results demon-
strated a reduction of IL-10 protein early
following peripheral nerve injury,50 and
other proteins showed a significant
increase in IL-10 messenger RNA later
(35 days) during peripheral nerve
injury,51 which indicates a critical role of
the cytokine in nerve regeneration rather
than in the early phase of nerve degen-
eration. In addition, Milligan et al52

showed that spinal gene therapy elicits
an elevation of the IL-10 expression in
the spinal cord of naive rodents and
attenuates CCI-evoked neuropathic pain.
Furthermore, IL-10 suppressed tumor
necrosis factor alpha (TNF-�) and
interleukin-1 (IL-1) levels or generated
free radical oxygen products and
increased interferon gamma (IFN-�) con-
tents by inhibiting the interleukin-2 (IL-2)
production of the antigen-presenting
cells.53,54 From this research, IL-10
appears to stand out as a potential can-
didate for immunotherapy, anti-
inflammatory, or immunosuppressive
effect and prevents the onset, recur-
rence, and progression of neuropathy.
Therapeutic ultrasound, TT, or the com-
bined therapies increased IL-10 and
decreased IL-6 content, suggesting a
newly diagnosed strategy for the treat-
ment of peripheral nerve injuries.

One mechanism addressed in the previ-
ous studies showed the glial cell activa-
tion and subsequent release of certain
cytokines, as has been involved in neu-
ropathic pain and the genesis of inflam-
matory states.55–59 A robust increased
level of Iba1 expression, as a microglial
marker, was reported in the spinal cord
after peripheral nerve injury.60 Spinal
microglia can rapidly respond to the
peripheral nervous system damage
because of the wide range of expression
of the membrane receptor proteins
implicated in a revelation of pathogen-
associated or injury-associated molecular
patterns.61 Thus, the results could sup-

port our discoveries that a significant
increase in Iba1 expression appeared in
the spinal cord of the CCI rat with
marked pain hypersensitivity.

Recently, it was shown that exercised
rats that were given monosodium gluta-
mate had an increased immune-labeled
area and decreased Iba1 immunoreactiv-
ity intensity in the cerebral cortex.62 This
result showed that the effect could
last after 21 days of training.62 Addition-
ally, CFA-induced synovitis exhibited
increased Iba1 staining, whereas low-
intensity ultrasound significantly re-
duced excess Iba1 staining.63 In the pres-
ent study, TU, TT, or both lowered the
upregulation of Iba1 in the spinal cord.
We presume that the treatments (TU, TT,
or both) could suppress central sensiti-
zation, evoked through nerve injury or
inflammation, by reduction of Iba1
expression.

There are limitations to this study. First,
we did not have any evidence that so
many applications of this halogenated
ether compound could not have contrib-
uted to the “beneficial” effects ascribed
to the ultrasound. In other words, isoflu-
rane does more than just produce seda-
tion.64 Isoflurane also affects different
receptors associated with nociceptive
processing.64 It is unlikely that these anti-
nociceptive benefits continue even after
the animals regain consciousness. In this
study, serial anesthesia (ie, isoflurane)
was used during TU and intervention
while animals in groups 2 and 4 were not
lightly anesthetized with isoflurane for
the same time period and intervals, as the
groups receiving TU were noted as the
limitations. The sham CCI-treated rats
with TU (including isoflurane)�TT
(group 3) showed the least change in
paw withdrawal thresholds and latencies
from baseline. Second, we did not
observe that the group 1 animals (the
worst-case scenario group) exhibited any
“painful” behaviors not observed in the
other groups while simply in their cages.
These animals actually might be experi-
encing pain when not being manipu-
lated. Therefore, spontaneous pain eval-
uation by conditioned place preference
should be examined in the future. Third,
we did not include the control group of
animals that received the ultrasound

turned off, indicating that little anesthe-
sia plus ultrasound device massage rules
out the potential effects observed in this
study. However, our previous study dem-
onstrated that when only the massage
was applied with the ultrasound turned
off, it did not have potential effects on
behavioral measures.38 Moreover, the
usage of the TU device while it was
turned off did not change the withdrawal
latency, which presumes that the anti-
nociceptive effect by TU occurs on a
biophysical basis.65 In this case, no
purely massage-derived effect or placebo
was derived.

We concluded that the treatments,
regardless of whether alone or in combi-
nation, reduced the animals’ pain. The
co-administration of TT and TU showed
the best improvement in neuropathic
pain among the 3 therapeutic methods.
These results will enrich our understand-
ing for treating pain by controlling Iba1
and inflammatory cytokine expression.

Professor Hung, Ms Huang, and Professor
Chen provided concept/idea/research
design. Professor Chen provided writing. Ms
Huang and Dr Tzeng provided data collec-
tion. Dr Tzeng and Professor Wang provided
data analysis. Professor Hung and Professor
Chen provided project management. Profes-
sor Hung, Dr Tzeng, Professor Wang, and
Professor Chen provided facilities/equip-
ment. Ms Huang and Professor Wang pro-
vided institutional liaisons. Professor Wang
and Professor Chen provided administrative
support. All authors provided consultation
(including review of manuscript before
submission).

The experimental protocols were approved
by the Experimental Animal Committee of
National Cheng Kung University in Taiwan.

Financial support was provided by a grant
(CMNCKU10315) from Chi-Mei Medical
Center, Tainan, Taiwan.

DOI: 10.2522/ptj.20140379

References
1 Vranken JH. Elucidation of pathophysiol-

ogy and treatment of neuropathic pain.
Cent Nerv Syst Agents Med Chem. 2012;
12:304–314.

2 Kerstman E, Ahn S, Battu S, et al. Neuro-
pathic pain. Handb Clin Neurol. 2013;
110:175–187.

Ultrasound and Exercise Attenuate Neuropathic Pain

October 2016 Volume 96 Number 10 Physical Therapy f 1551
Downloaded from https://academic.oup.com/ptj/article-abstract/96/10/1545/2870244
by guest
on 07 March 2018



3 Milligan ED, Watkins LR. Pathological and
protective roles of glia in chronic pain.
Nat Rev Neurosci. 2009;10:23–36.

4 Ren K, Dubner R. Interactions between
the immune and nervous systems in pain.
Nat Med. 2010;16:1267–1276.

5 Oztas O, Turan B, Bora I, Karakaya MK.
Ultrasound therapy effect in carpal tunnel
syndrome. Arch Phys Med Rehabil. 1998;
79:1540–1544.

6 Ebenbichler GR, Resch KL, Nicolakis P,
et al. Ultrasound treatment for treating the
carpal tunnel syndrome: randomised
“sham” controlled trial. BMJ. 1998;316:
731–735.

7 Chen YW, Li YT, Chen YC, et al. Exercise
training attenuates neuropathic pain and
cytokine expression after chronic con-
striction injury of rat sciatic nerve. Anesth
Analg. 2012;114:1330–1337.

8 Muthuraman A, Singh N, Jaggi AS, Ramesh
M. Drug therapy of neuropathic pain: cur-
rent developments and future perspec-
tives. Curr Drug Targets. 2014;15:210–
253.

9 Brix Finnerup N, Hein Sindrup S, Staehelin
Jensen T. Management of painful neurop-
athies. Handb Clin Neurol. 2013;115:
279–290.

10 Gilron I, Jensen TS, Dickenson AH. Com-
bination pharmacotherapy for manage-
ment of chronic pain: from bench to bed-
side. Lancet Neurol. 2013;12:1084–1095.

11 Akhlaghi Z, Mobarakeh JI, Mokhtari M,
et al. The effects of altered ultrasound
parameters on the recovery of sciatic
nerve injury. Iran Biomed J. 2012;16:107–
112.

12 Savernini A, Savernini N, de Amaral FA,
et al. Assay of therapeutic ultrasound
induced-antinociception in experimental
trigeminal neuropathic pain. J Neurosci
Res. 2012;90:1639–1645.

13 Kuphal KE, Fibuch EE, Taylor BK.
Extended swimming exercise reduces
inflammatory and peripheral neuropathic
pain in rodents. J Pain. 2007;8:989–997.

14 Shankarappa SA, Piedras-Renteria ES,
Stubbs EB Jr. Forced-exercise delays neu-
ropathic pain in experimental diabetes:
effects on voltage-activated calcium chan-
nels. J Neurochem. 2011;118:224–236.

15 Chen YW, Hsieh PL, Chen YC, et al. Phys-
ical exercise induces excess hsp72 expres-
sion and delays the development of hyper-
algesia and allodynia in painful diabetic
neuropathy rats. Anesth Analg. 2013;116:
482–490.

16 Chen YW, Tzeng JI, Lin MF, et al. Forced
treadmill running suppresses postinci-
sional pain and inhibits upregulation of
substance p and cytokines in rat dorsal
root ganglion. J Pain. 2014;15:827–834.

17 Chen YW, Lin MF, Chen YC, et al. Exercise
training attenuates postoperative pain and
expression of cytokines and N-methyl-D-
aspartate receptor subunit 1 in rats. Reg
Anesth Pain Med. 2013;38:282–288.

18 Bement MK, Sluka KA. Low-intensity exer-
cise reverses chronic muscle pain in the
rat in a naloxone-dependent manner. Arch
Phys Med Rehabil. 2005;86:1736–1740.

19 Guillot X, Semerano L, Decker P, et al.
Pain and immunity. Joint Bone Spine.
2012;79:228–236.

20 Vallejo R, Tilley DM, Vogel L, Benyamin R.
The role of glia and the immune system in
the development and maintenance of neu-
ropathic pain. Pain Pract. 2010;10:167–
184.

21 Schomberg D, Olson JK. Immune
responses of microglia in the spinal cord:
contribution to pain states. Exp Neurol.
2012;234:262–270.

22 Suter MR, Wen YR, Decosterd I, Ji RR. Do
glial cells control pain? Neuron Glia Biol.
2007;3:255–268.

23 Hunt JL, Winkelstein BA, Rutkowski MD,
et al. Repeated injury to the lumbar nerve
roots produces enhanced mechanical allo-
dynia and persistent spinal neuroinflam-
mation. Spine (Phila Pa). 2001;26:2073–
2079.

24 Ma W, Quirion R. Increased calcitonin
gene-related peptide in neuroma and
invading macrophages is involved in the
up-regulation of interleukin-6 and thermal
hyperalgesia in a rat model of mononeu-
ropathy. J Neurochem. 2006;98:180–192.

25 Miyoshi K, Obata K, Kondo T, et al.
Interleukin-18-mediated microglia/astro-
cyte interaction in the spinal cord
enhances neuropathic pain processing
after nerve injury. J Neurosci. 2008;28:
12775–12787.

26 Schafers M, Sorkin L. Effect of cytokines
on neuronal excitability [erratum in: Neu-
rosci Lett. 201;481:191]. Neurosci Lett.
2008;437:188–193.

27 Scholz J, Woolf CJ. The neuropathic pain
triad: neurons, immune cells and glia. Nat
Neurosci. 2007;10:1361–1368.

28 Zimmermann M. Ethical guidelines for
investigations of experimental pain in con-
scious animals. Pain. 1983;16:109–110.

29 Bennett GJ, Xie YK. A peripheral monon-
europathy in rat that produces disorders
of pain sensation like those seen in man.
Pain. 1988;33:87–107.

30 Hargreaves K, Dubner R, Brown F, et al. A
new and sensitive method for measuring
thermal nociception in cutaneous hyper-
algesia. Pain. 1988;32:77–88.

31 Stagg NJ, Mata HP, Ibrahim MM, et al. Reg-
ular exercise reverses sensory hypersensi-
tivity in a rat neuropathic pain model: role
of endogenous opioids. Anesthesiology.
2011;114:940–948.

32 Chen YW, Tzeng JI, Lin MF, et al. Trans-
cutaneous electrical nerve stimulation
attenuates postsurgical allodynia and sup-
presses spinal substance p and proinflam-
matory cytokine release in rats. Phys Ther.
2015;95:76–85.

33 Chen YW, Tzeng JI, Lin MF, et al. High-
frequency transcutaneous electrical nerve
stimulation attenuates postsurgical pain
and inhibits excess substance p in rat dor-
sal root ganglion. Reg Anesth Pain Med.
2014;39:322–328.

34 Ruifrok AC, Johnston DA. Quantification
of histochemical staining by color decon-
volution. Anal Quant Cytol Histol. 2001;
23:291–299.

35 Hoffman MD, Shepanski MA, Mackenzie
SP, Clifford PS. Experimentally induced
pain perception is acutely reduced by aer-
obic exercise in people with chronic low
back pain. J Rehabil Res Dev. 2005;42:
183–190.

36 Kemppainen P, Hamalainen O, Kononen
M. Different effects of physical exercise on
cold pain sensitivity in fighter pilots with
and without the history of acute in-flight
neck pain attacks. Med Sci Sports Exerc.
1998;30:577–582.

37 O’Connor PJ, Cook DB. Exercise and pain:
the neurobiology, measurement, and lab-
oratory study of pain in relation to exer-
cise in humans. Exerc Sport Sci Rev. 1999;
27:119–166.

38 Chen YW, Tzeng JI, Huang PC, et al. Ther-
apeutic ultrasound suppresses neuro-
pathic pain and upregulation of substance
p and neurokinin-1 receptor in rats after
peripheral nerve injury. Ultrasound Med
Biol. 2015;41:143–150.

39 Jensen TS, Finnerup NB. Allodynia and
hyperalgesia in neuropathic pain: clinical
manifestations and mechanisms. Lancet
neurol. 2014;13:924–935.

40 Koltzenburg M, Torebjork HE, Wahren LK.
Nociceptor modulated central sensitiza-
tion causes mechanical hyperalgesia in
acute chemogenic and chronic neuro-
pathic pain. Brain. 1994;117:579–591.

41 Kawasaki Y, Zhang L, Cheng JK, Ji RR.
Cytokine mechanisms of central sensitiza-
tion: distinct and overlapping role of
interleukin-1beta, interleukin-6, and tumor
necrosis factor-alpha in regulating synap-
tic and neuronal activity in the superficial
spinal cord. J Neurosci. 2008;28:5189–
5194.

42 Arruda JL, Colburn RW, Rickman AJ, et al.
Increase of interleukin-6 mRNA in the spi-
nal cord following peripheral nerve injury
in the rat: potential role of IL-6 in neuro-
pathic pain. Brain Res Mol Brain Res.
1998;62:228–235.

43 DeLeo JA, Colburn RW, Nichols M, Malho-
tra A. Interleukin-6-mediated hyperalgesia/
allodynia and increased spinal IL-6 expres-
sion in a rat mononeuropathy model.
J Interferon Cytokine Res. 1996;16:695–
700.

44 Streit WJ, Semple-Rowland SL, Hurley SD,
et al. Cytokine mRNA profiles in contused
spinal cord and axotomized facial nucleus
suggest a beneficial role for inflammation
and gliosis. Exp Neurol. 1998;152:74–87.

45 Winkelstein BA, Rutkowski MD, Sweitzer
SM, et al. Nerve injury proximal or distal to
the DRG induces similar spinal glial acti-
vation and selective cytokine expression
but differential behavioral responses to
pharmacologic treatment. J Comp Neurol.
2001;439:127–139.

46 Wei XH, Na XD, Liao GJ, et al. The
up-regulation of IL-6 in DRG and spinal
dorsal horn contributes to neuropathic
pain following L5 ventral root transection.
Exp Neurol. 2013;241:159–168.

47 Kim SH, Chung JM. An experimental
model for peripheral neuropathy pro-
duced by segmental spinal nerve ligation
in the rat. Pain. 1992;50:355–363.

Ultrasound and Exercise Attenuate Neuropathic Pain

1552 f Physical Therapy Volume 96 Number 10 October 2016
Downloaded from https://academic.oup.com/ptj/article-abstract/96/10/1545/2870244
by guest
on 07 March 2018



48 Stokes JA, Cheung J, Eddinger K, et al.
Toll-like receptor signaling adapter pro-
teins govern spread of neuropathic pain
and recovery following nerve injury in
male mice. J Neuroinflammation. 2013;
10:148.

49 Seltzer Z, Dubner R, Shir Y. A novel behav-
ioral model of neuropathic pain disorders
produced in rats by partial sciatic nerve
injury. Pain. 1990;43:205–218.

50 George A, Kleinschnitz C, Zelenka M, et al.
Wallerian degeneration after crush or
chronic constriction injury of rodent sci-
atic nerve is associated with a depletion of
endoneurial interleukin-10 protein. Exp
Neurol. 2004;188:187–191.

51 Ruohonen S, Khademi M, Jagodic M, et al.
Cytokine responses during chronic dener-
vation. J Neuroinflammation. 2005;2:26.

52 Milligan ED, Langer SJ, Sloane EM, et al.
Controlling pathological pain by adenovi-
rally driven spinal production of the anti-
inflammatory cytokine, interleukin-10.
Eur J Neurosci. 2005;21:2136–2148.

53 Zhou JH, Broussard SR, Strle K, et al. IL-10
inhibits apoptosis of promyeloid cells by
activating insulin receptor substrate-2 and
phosphatidylinositol 3’-kinase. J Immu-
nol. 2001;167:4436–4442.

54 Bharhani MS, Borojevic R, Basak S, et al.
IL-10 protects mouse intestinal epithelial
cells from Fas-induced apoptosis via mod-
ulating Fas expression and altering
caspase-8 and FLIP expression. Am J
Physiol Gastrointest Liver Physiol. 2006;
291:G820–G829.

55 Guo W, Wang H, Watanabe M, et al. Glial-
cytokine-neuronal interactions underlying
the mechanisms of persistent pain. J Neu-
rosci. 2007;27:6006–6018.

56 Obata K, Noguchi K. Contribution of pri-
mary sensory neurons and spinal glial cells
to pathomechanisms of neuropathic pain
[in Japanese]. Brain Nerve. 2008;60:483–
492.

57 Svensson CI, Hua XY, Protter AA, et al.
Spinal p38 MAP kinase is necessary for
NMDA-induced spinal PGE(2) release and
thermal hyperalgesia. Neuroreport. 2003;
14:1153–1157.

58 Svensson CI, Marsala M, Westerlund A,
et al. Activation of p38 mitogen-activated
protein kinase in spinal microglia is a crit-
ical link in inflammation-induced spinal
pain processing. J Neurochem. 2003;86:
1534–1544.

59 Watkins LR, Maier SF. Glia: a novel drug
discovery target for clinical pain. Nat Rev
Drug Discov. 2003;2:973–985.

60 Wen YR, Tan PH, Cheng JK, et al. Micro-
glia: a promising target for treating neuro-
pathic and postoperative pain, and mor-
phine tolerance. J Formos Med Assoc.
2011;110:487–494.

61 Calvo M, Bennett DL. The mechanisms of
microgliosis and pain following peripheral
nerve injury. Exp Neurol. 2012;234:271–
282.

62 Lima CB, Soares Gde S, Vitor SM, et al.
Spreading depression features and Iba1
immunoreactivity in the cerebral cortex of
developing rats submitted to treadmill
exercise after treatment with monoso-
dium glutamate. Int J Dev Neurosci. 2014;
33:98–105.

63 Chung JI, Barua S, Choi BH, et al. Anti-
inflammatory effect of low intensity ultra-
sound (LIUS) on complete Freund’s
adjuvant-induced arthritis synovium.
Osteoarthritis Cartilage. 2012;20:314–
322.

64 Kingery WS, Agashe GS, Guo TZ, et al. Iso-
flurane and nociception: spinal alpha2A
adrenoceptors mediate antinociception
while supraspinal alpha1 adrenoceptors
mediate pronociception. Anesthesiology.
2002;96:367–374.

65 Baker KG, Robertson VJ, Duck FA. A
review of therapeutic ultrasound: biophys-
ical effects. Phys Ther. 2001;81:1351–
1358.

Ultrasound and Exercise Attenuate Neuropathic Pain

October 2016 Volume 96 Number 10 Physical Therapy f 1553
Downloaded from https://academic.oup.com/ptj/article-abstract/96/10/1545/2870244
by guest
on 07 March 2018


