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Robot-assisted mechanical therapy attenuates stroke-
induced limb skeletal muscle injury
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ABSTRACT: The efficacy and optimization of poststroke physical therapyparadigms is challenged in part by a lackof
objective tools available to researchers for systematic preclinical testing. This work represents a maiden effort to
develop a robot-assisted mechanical therapy (RAMT) device to objectively address the significance of mechanical
physiotherapy on poststroke outcomes. Wistar rats were subjected to right hemisphere middle-cerebral artery
occlusion and reperfusion. After 24 h, rats were split into control (RAMT2) or RAMT+ groups (30min daily RAMT
over the stroke-affected gastrocnemius) and were followed up to poststroke d 14. RAMT+ increased perfusion 1.5-
fold in stroke-affected gastrocnemius as compared to RAMT2 controls. Furthermore, RAMT+ rats demonstrated
improved poststroke track width (11% wider), stride length (21% longer), and travel distance (61% greater), as
objectively measured using software-automated testing platforms. Stroke injury acutely increased myostatin
(3-fold) and lowered brain-derived neurotrophic factor (BDNF) expression (0.6-fold) in the stroke-affected gas-
trocnemius, as compared to the contralateral one. RAMT attenuated the stroke-induced increase in myostatin and
increased BDNF expression in skeletal muscle. Additional RAMT-sensitive myokine targets in skeletal muscle
(IL-1ra and IP-10/CXCL10) were identified from a cytokine array. Taken together, outcomes suggest stroke acutely
influences signal transduction in hindlimb skeletal muscle. Regimens based onmechanical therapy have the clear
potential to protect hindlimb function from such adverse influence.—Sen, C. K., Khanna, S., Harris, H., Stewart, R.,
Balch, M., Heigel, M., Teplitsky, S., Gnyawali, S., Rink, C. Robot-assisted mechanical therapy attenuates stroke-
induced limb skeletal muscle injury. FASEB J. 31, 927–936 (2017). www.fasebj.org

KEY WORDS: ischemia • rehabilitation • physical therapy • cerebrovascular accident

Focal brain ischemia is a leading cause of long-term
disability in the United States (1), with more than 25%
of stroke survivors afflicted by disability that requires
dependence on caregivers for simple activities of daily
living (2). Stroke survivors rely on neurophysiologi-
cal rehabilitation to facilitate restoration of stroke-
induced loss ofmotor function (3). InWestern practice,
the most commonly applied stroke rehabilitation ap-
proach is the Bobath concept (4). However, recent
meta-analyses and direct comparisons of the Bobath
concept to other rehabilitation paradigms have found
no benefit (5). Furthermore, many of the current
guidelines for poststroke rehabilitation lack research
evidence, leading some to refer to stroke rehabilitative

practices as a “black box” (6). Adding to the challenge of
evidence-based rehabilitation research in the clinical
setting is the heterogeneity of the human stroke disease
and complex systems of rehabilitative care that differ in
philosophical approach and practice across medical
centers (3).

Massage therapy, reliant on mechanotransduction, is a
complementary alternative medicine rehabilitation ap-
proach. In the United States, it is estimated thatmore than
18 million adults use massage therapy on an annual basis
(7). In the context of care for stroke survivors, massage
therapy is more widely practiced in Asia (8). Massage
therapy is reported to attenuate inflammation (9), improve
local tissue perfusion (10), and reduce tissue stiffness (11).
Quantitative outcomes and evidence-based research on
underlying mechanisms are scant, however. In this work,
we report a novel device aimed at robot-assisted me-
chanical therapy (RAMT). The objective is to enable the
reproducible study of mechanical therapy in a preclinical
stroke setting with the final goal of uncovering relevant
mechanosensitive molecular targets that influence stroke
outcomes. To that end, experiments are designed to query
the effects of RAMT on skeletal myokines (12, 13) in the
acute stroke setting.
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MATERIALS AND METHODS

Middle cerebral artery occlusion

All experimentswere approved by the Institutional Animal Care
and Use Committee of The Ohio State University. Prior to
surgery, rats were randomized to either control (RAMT2) or
robot-assisted mechanical therapy (RAMT+) treatment groups.
Transient (90 min) focal cerebral ischemia was induced in the
right hemisphere of 10-wk-old male Wistar rats (Harlan Labo-
ratories, Indianapolis, IN, USA) by the intraluminal suture
method of middle cerebral artery occlusion (MCAO) (14). Laser
Doppler flowmetry (DRT4; Moor Instruments,Wilmington, DE,
USA) was used to confirm successful MCAO (.70% drop in
MCA territory cerebral blood flow). A total of 38 rats were used
for the study, ofwhich 4were excluded for insufficient occlusion
of theMCA territory, as determined by laserDoppler flowmetry.

MRI

T2-weighted imaging was performed on stroke-affected rats,
with a 9.4-T magnetic resonance imaging system (Bruker
Daltonics, Billerica, MA, USA) (15, 16). For stroke-volume cal-
culations, raw magnetic resonance images were converted to
digital imaging and communications in medicine (DICOM) for-
mat and imported into Osirix software (Osirix, Bernex, Switzer-
land). After matched contrast enhancement of images, digital
planimetrywas performedby a blinded observer to delineate the
infarct area in 1-mm coronal brain slices encompassing the entire
neocortex. Infarct areas from brain slices were summed, multi-
plied by slice thickness, and corrected for edema-induced
swelling to determine infarct volume (17).

RAMT

The timing and duration of RAMT delivery were selected on the
basis of published ranges of physiotherapy for stroke patients
(18–20), where early intervention is reported to provide maxi-
mum benefit in both clinical (21) and preclinical (22) settings. To
begin, we sought to assess 30min of daily RAMT at a 0.5-N load
over 10 mm of travel on the stroke-affected (left) gastrocnemius
muscle. After MCAO, RAMT+ rats received 30 min of robot-
assisted mechanical therapy over the stroke-affected muscle
daily forup to14d.DuringRAMT therapy, ratsweremaintained
under isoflurane anesthesia (1.3%) with respiratory rates of
50–60 breaths/min. To control for potential confounding ef-
fects of anesthesia, RAMT2 rats received a matching dose of
daily isoflurane anesthesia for 30 min. RAMT+ rats received a
0.5-N load from the contact head (8-mm-diameter sphere)
(Supplemental Fig. 1) in a linear motion with 10 mm of travel
over the stroke-affected gastrocnemiusmuscle at a frequencyof
1 Hz. During RAMT2 or RAMT+ therapy, animal body tem-
perature was maintained at 376 1°C with a heat lamp.

Laser speckle flowmetry

To determine mechanical therapy–induced changes in local
blood flow, laser speckle flowmetry (LSF) perfusion mapping
was performed over stroke-affected and contralateral hindlimbs
on post-MCAO d 7 and 14. During LSF acquisition, rats were
maintained under isoflurane anesthesia (1.3%) with respiratory
rates of 50–60 breaths/min. Core body temperature was main-
tained at 37 6 1°C during LSF testing with a heated operating
table. LSF recordings of the stroke-affected and contralateral
hindlimb were acquired from a 4-cm2 field of view with a 785-
nm, 100-mW laser with a sampling rate of 50 Hz at a working

distance of 18 cm (PeriCamPSINRSystem; PeriMed, Stockholm,
Sweden). Relative perfusion was calculated from a 1-3 0.25-cm
region of interest covering the saphenous artery before its distal
bifurcation point.

Locomotor analyses

Treadmill walking speeds for rat gait models are reported in
the range of 20–40 cm/s (23). After stroke, however, rats were
unable to generate reproducible foot models at these speeds.
To accommodate poststroke gait injury, rats were walked at a
slower speed of 14 cm/s. They were subjected to 15-min
treadmill training sessions for 7 d beforeMCAO. Baseline data
were acquired in the session 24 h before MCAO stroke sur-
gery. Poststroke gait data were acquired on d 7 after MCAO.
The TreadScan system (CleverSys, Inc., Reston, VA, USA)
consists of a motor-driven transparent treadmill belt with a
high-speed digital video camera recording the ventral view of
the rat at 100 frames/s. Foot models were traced within
TreadScan software (24). Automated software calculations
from baseline and poststroke d 7 foot models were used to
quantify track width (mm), percentage of time quad sup-
port, and stride length.

Open-field test

Spontaneous locomotor activity was assessed at baseline and on
poststroke d 14 with an open-field test (15). Rats were placed in
the center of a 1 m2 open field and allowed to move freely for
5 min while being recorded overhead with AnyMaze video
tracking software (version 4.5; Stoelting Co., Wood Dale, IL,
USA). Software was used to divide the open field into 4 equal
zones (0.5 m2). The time spent in each zone was recorded. In
addition, total distance traveled (m), total time mobile (s), and
time freezing (s) were calculated by software. After open-field
testing on d 14, rats were euthanized, and stroke-affected and
contralateral gastrocnemius muscle were procured for down-
stream gene and protein expression analyses.

RNA isolation and real-time quantitative PCR

Total RNA was extracted from stroke-affected and contralateral
gastrocnemiusmuscle of RAMT2 andRAMT+ rats (n= 7) (25). In
brief, isolated total RNAwas reverse transcribed by using oligo-
dT primer and Superscript III (Thermo Fisher Scientific,
Waltham, MA, USA) to generate cDNA. Myostatin and BDNF
gene expression was quantified by real-time PCR assay using
SYBR Green-I (Thermo Fisher Scientific). Gene expression was
normalized to 18s ribosomal RNA expression and is reported as
fold change in stroke-affected gastrocnemius as compared to
pair-matched contralateral. The following primer sets were used:
rMSTN (forward) 59–GGAATCGCGGTGCTGTCGCT–39, (re-
verse) 59–GCCGAGCCTCTGGGGTTTGC–39, rBDNF (forward)
59–GGGTGAAACAAAGTGGCTGT–-39, rBDNF (reverse)
59–ATGTTGTCAAACGGCACAAA–39.

Immunohistochemistry

Immunohistochemical determination of protein expression
in stroke-affected and contralateral gastrocnemius muscle was
performed (14). Contralateral (right) and stroke-affected (left)
gastrocnemiusmuscle ofpoststroked14 (n=7)wasembedded in
Optimal Cutting Temperature Compound (Sakura, Torrance,
CA,USA) andfrozen.Blockswere cut in longitudinal sections (10
mm) andmounted onto charged slides. Sections were blocked in
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10% normal serum, followed by incubation with primary
antibodies against either myostatin (1:100; R&D Systems,
Minneapolis, MN, USA) or BDNF (1:100; EMD Millipore,
Darmstadt, Germany). Signal was visualized by reactionwith
fluorescent secondary antibodies (Thermo Fisher Scientific).
Images were captured with an Axiovert 200M microscope
(Zeiss, Jena, Germany), and expression was quantified as the
percentage of area from the average of 3 fields of view per
section using the AutoMeasure plugin within Axiovert soft-
ware (ver. 4.8; Zeiss) (14).

Skeletal muscle cytokine array

Additional rats were subjected to MCAO and randomized to
RAMT2 or RAMT+ treatment groups (n = 4) for 7 d, as pre-
viously described. After 7 d, the rats were euthanized, and
proteins from stroke-affected gastrocnemius were isolated
and pooled to query cytokine expression in response to
RAMT. Cytokine levels in stroke-affected muscle tissue were
measured with the Proteome Profiler Rat Cytokine Array
Panel A Array Kit (R&D Systems) according to the manufac-
turer’s instructions.Optical density of each signalwasmeasured

with ImageJ software and calculated based on the positive
controls. Top candidate proteins that were up- and down-
regulated in stroke-affected RAMT+ as compared to RAMT2

gastrocnemius were validated in poststroke d 7 tissues by
immunohistochemistry, as previously described, with anti-
bodies against IL-1ra (Abcam, Cambridge, MA, USA) or
IP-10/CXCL10 (LifeSpan Biosciences, Seattle, WA, USA).

Statistical analyses

Data are reported as means 6 SD. Comparisons between means
were tested by 1-way ANOVA with Tukey’s post hoc test or
Student’s t test, as appropriate. A value of P, 0.05 was consid-
ered statistically significant.

RESULTS

Design of the RAMT device was aimed at controlling the
force, frequency, and form of mechanical therapy applied
to stroke-affected muscle (Fig. 1). A software-controlled,

Figure 1. Robot-assisted mechanical therapy (RAMT) hardware. A) The RAMT apparatus is controlled by a customized version of
software fabricated to our design (1) and connected to a controller (2). A pair of servo amplifiers (3) drive the x- and y-axis
motorized linear stages (5, 6). A servo amplifier integrated to the controller drives the z-axis voicecoil stage (7). The controller
monitors (4) stage and contact head (9) positions using optical sensors (not shown) mounted on each of the stages. A load cell
(8) mounted on the z-axis stage (7) provides the force feedback signal used to monitor and control the load applied by the stage.
The bottom stage is mounted on rails (11) that allow the stack to be positioned on either side of a breadboard-type base plate
(10). B) The customized software platform enables programmable control of RAMT load (force), pattern (linear, orbital,
vibratory), and duration. The RAMT paradigm employed for the current study was 30 min linear motion (10 mm) at a frequency
of 1 Hz and a constant load of 0.5 N over the stroke-affected hindlimb. C , D) The RAMT hardware was conceptualized and
prototyped using computer-aided design (C) before delivery of final hardware (D).
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programmable load cell maintains a constant force over a
nonuniform target muscle (i.e., gastrocnemius). Rats were
subjected to 90 min of MCAO, as confirmed by a .70%
reduction in MCA territory perfusion, according to laser
Doppler flowmetry (Supplemental Fig. 2). No significant
difference was observed in stroke lesion volume between
rats randomized to the RAMT2 or RAMT+ groups.

RAMT improved paretic limb perfusion

In the literature, the effect of massage on blood flow
at the site of physiotherapy ismixed (26–28).We sought
to test the hypothesis that RAMT improves perfusion at
the site of application using noninvasive LSF. At
poststroke d 7, a modest but nonsignificant trend for
higher perfusion was observed in the stroke-affected
hindlimb of rats treated with RAMT (Fig. 2). After 14
consecutive days of poststroke therapy, RAMT+ signifi-
cantly increased perfusion in the stroke-affected limb
[5.23 6 0.78 perfusion units (PU)] compared to that
of the contralateral control (3.46 6 0.57 PU; Fig. 2B).
On poststroke d 14, RAMT+ rats also had significantly
greater blood flow in the stroke-affected hindlimb,
compared to the site-matched stroke-affected hindlimb
of RAMT2 controls (3.54 6 0.41 PU).

RAMT attenuated stroke-induced locomotor
and sensorimotor deficits

Experiments were designed to test the hypothesis that
daily application of reproducible manual therapy by
RAMT improvespoststroke functional recovery.Gait and
sensorimotor testing systems employed automated soft-
ware analyses to remove observer bias. Poststroke d 7

locomotor deficit compared to baseline in RAMT2 rats
resulted in increased quad support time (3.96 1.0 to 9.06
1.5%), and decreased stride length (131.46 17.2 to 84.26
6.4 mm) (Fig. 3A). Daily RAMT+ after stroke improved
track width (RAMT2, 36.1 6 3.6 mm vs. RAMT+, 40.4 6
2.6 mm), quad support time (RAMT2, 9.0 6 1.5% vs.
RAMT+, 4.1 6 0.9%), and stride length (RAMT2, 84.2 6
6.4 mm vs. RAMT+, 102.3 6 6.7 mm) (Fig. 3B). An open-
field test was used to evaluate spontaneous locomotion
and exploratory activity in rats (29, 30). A quadrant grid,
representing 4 equal-sized zones in the open field, was
implemented within the Any-Maze software (Stoelting
Co.) to evaluateRAMT-dependent changes in exploration
activity (Fig. 4A). Heat map occupancy plots from
RAMT2 and RAMT+ groups were averaged from all an-
imals in each group. RAMT+ exploratory activity resulted
in a more equal distribution of time spent in each of the 4
zones on poststroke d 14 (Fig. 4B),with significantlymore
time spent in zone 4, as compared with their RAMT2

counterparts (74.36 18.3 vs. 45.66 28.1 s). Furthermore,
RAMT+ ratsmovedgreaterdistances (24.465.0vs.15.26
7.7 m), spent more time mobile (209.7 6 24.0 vs. 148.0 6
58.0 s), and less time frozen (49.76 19.8 vs. 92.46 30.0 s)
vs. RAMT2 controls after stroke (Fig. 4C).

RAMT attenuated the stroke-induced increase
in gastrocnemius myostatin expression

Myostatin, chronically up-regulated in skeletal muscle
after ischemic stroke, is an inhibitor of myogenesis (31).
We sought to test whether RAMT acutely blunts stroke-
induced myostatin expression in the gastrocnemius.
On poststroke d 14, myostatin mRNA expression was
39.1% lower in RAMT+ stroke-affected paretic gastroc-
nemiusmuscle as compared toRAMT2 controls (Fig. 5A).

Figure 2. RAMT improves perfusion in stroke-affected gastrocnemius muscle. A) Perfusion maps covering the stroke-affected and
contralateral saphenous artery were acquired immediately after 30 min of RAMT on poststroke d 7 and 14 (poststroke d 14
shown). Top: rat in supine position with a software-defined bounding box covering the stroke-affected gastrocnemius. Perfusion
(relative perfusion units, PU) was quantified from a software-defined region of interest (10 3 1.25 mm) placed over the RAMT
site that is inclusive of the femoral artery that supplies the gastrocnemius muscle. B) Mean PU in stroke-affected hindlimb of
RAMT+ rats was significantly higher than that of the pair-matched contralateral hindlimb on poststroke d 14. Furthermore, mean
PU was significantly higher in stroke-affected hindlimb of RAMT+ rats as compared with stroke-affected hindlimb of RAMT2 rats
on poststroke d 14. Data are means 6 SD (n = 4). Black bars, contralateral limbs; white bars, stroke-affected limbs. *P , 0.05,
RAMT+ stroke affected vs. contralateral; †P , 0.05, RAMT+ stroke affected vs. RAMT2 stroke affected.
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Histological visualization ofmyostatin on poststroke d 14
also revealed increased myostatin protein expression
in stroke-affected gastrocnemius of RAMT2 rats, when
matched to their contralateral gastrocnemius (Fig. 5B, C).
RAMT+ rats were spared such adverse induction of
myostatin. Furthermore, myostatin expression was sig-
nificantly lower in the RAMT-treated gastrocnemius on
poststroke d 14 vs. that in pair-matched contralateral
nontreated gastrocnemius muscle.

RAMT protected against the loss of BDNF in
stroke-affected gastrocnemius

BDNF is essential for maintaining physiological mecha-
notransduction signaling (32).We sought to test the effects
of RAMT on BDNF expression in stroke-affected skeletal
muscle. RAMT significantly increased BDNF mRNA ex-
pression nearly 40-fold in stroke-affected gastrocnemius,
as compared to RAMT2 controls (Fig. 6A). Immunohis-
tochemical localization of BDNF in gastrocnemius muscle
revealed that RAMT+ protected against stroke-induced
loss of BDNF in the paretic limb. BDNF levels were sig-
nificantly lower in stroke-affected gastrocnemius
muscle than in their contralateral counterparts on
poststroke d 14 (5.4 6 3.9 vs. 9.37 6 2.14%). Con-
versely, no difference in BDNF expression was ob-
served between stroke-affected and contralateral
gastrocnemius of RAMT+-treated rats (9.9 6 3.5 vs.
12.5 6 6.9%). BDNF levels, however, were 2.3 times
higher in stroke-affected gastrocnemius of RAMT+

rats, compared with that of RAMT2 rats (Fig. 6B, C).

Stroke-affected gastrocnemius cytokine
profile in response to RAMT

To identify additionalRAMT-sensitive targets,wequeried
an array of skeletal muscle cytokines on poststroke d 7
(Fig. 7A and Table 1). Cytokines on the array with the

greatest fold change in response to 7 d of RAMT physio-
therapy were validated histologically. RAMT+ signifi-
cantly induced expression of IL-1 receptor agonist (IL-1ra)
and repressed the stroke-precipitated rise in IFN-
g-induced protein 10 (IP-10/CXCL10), as compared to
RAMT2 controls (Fig. 7B, C).

DISCUSSION

In light of the expectation that stroke prevalence in the
United States will increase by 20.5% between 2012 and
2030 (1), the significance of poststroke physiotherapy
and rehabilitative services will substantially grow over
time. However, evidence-based research and our un-
derstanding of the underlying mechanisms for effective
poststroke rehabilitation remain scant. Nearly 1000 ran-
domized clinical trials in stroke rehabilitation over the
past 30 yr have tested a range of neurorehabilitation
techniques that include repetitive task training, bio-
feedback, constraint-induced movement, robotics, and
virtual reality (33). Despite these efforts, systematic
reviews of widely used neurophysiological approaches
in stroke have reported mixed outcomes and evidence
suggesting no superiority for one approach over an-
other (5). Furthermore, basic science and preclinical
research efforts have not been successfully leveraged to
identify mechanisms of action in support of physiother-
apy and poststroke rehabilitative care (34). In modern
health care systems that emphasize accountable care
and evidence-based outcomes, the problem remains that
therapists in neurology base their assumptions about in-
tervention on philosophical perspectives, which de-
termine how patients are assessed and treated (5).

In the United States, massage therapy is increasingly
used as an adjunct to conventional care for musculoskel-
etal injury recovery (7, 9). In the context of stroke re-
habilitative therapy, awareness of massage therapy is
limited to systematic review as a component of complex

Figure 3. RAMT improves poststroke gait function. A) Representative still frames matched for stride position in control (RAMT2)
rat at baseline and on poststroke d 7 demonstrate hunched posture (1), reduced rear track width (2), and shorter stride length
(3). B) Compared to RAMT2 controls (black bars), RAMT+ rats (white bars) had significantly increased track width, spent less
time in quad support, and had a longer stride at poststroke d 7. Data are means 6 SD (n = 7). *P , 0.05 vs. baseline within group;
†P , 0.05 vs. RAMT2 at the same timepoint.
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traditional Chinese medicine (8). Like other neurorehabi-
litation techniques, mechanical therapy research to date
lacks rigorous preclinical testing for the development of
hypothesis-driven, evidence-based research studies. To

directly address this problem, we developed a software-
controlled RAMTdevice that can reproducibly deliver the
force, frequency, duration, and implementation style of
mechanical therapy. This work represents a maiden effort

Figure 5. Poststroke myostatin expression is down-regulated in stroke-affected gastrocnemius muscle after RAMT treatment. A)
Myostatin mRNA expression in stroke-affected gastrocnemius muscle was significantly lower in RAMT+ vs. RAMT2 rats on poststroke
d 14. *P , 0.05 vs. RAMT2. B) Representative myostatin (red) in contralateral and stroke-affected gastrocnemius muscle on
poststroke d 14. Sections counterstained with DAPI (blue). Scale bar, 50 mm. C) Quantification (% area) of myostatin expression in
contralateral and stroke-affected gastrocnemius muscle of RAMT2 (black bars) and RAMT+ (white bars) rats. Data are means 6 SD

(n = 7). *P , 0.05 vs. contralateral within group; †P , 0.05 vs. stroke-affected RAMT2.

Figure 4. RAMT improves poststroke sensorimotor function. A) Representative screen capture of baseline RAMT2 (control) rat
with software overlay tracking head (green dot), middle body (orange dot), tail (yellow dot), and motion vector (orange line) in
real time. Software was used to divide the open field into 4 quadrants (orange boxes Q1–Q4) for tracking the amount of time
spent in each zone during the test. B) Average heat map of RAMT2 and RAMT+ rats during field test on poststroke d 14. A video
tracking system calculated mean time spent in each zone (RAMT2, black bars; RAMT+, white bars). C) Compared to RAMT2

rats, RAMT+ rats traveled greater distance and spent more time mobile and less time freezing on poststroke d 14. Data are
means 6 SD (n = 7). *P , 0.05 vs. RAMT2 at same timepoint.
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to employ this device as a tool to quantitatively assess the
efficacy of mechanical therapy on poststroke functional
outcome and identify mechanical therapy-sensitive mo-
lecular targets. It is known that MCAO acutely worsens
electromyography-measured burst duration (35) and
causes a loss of muscle mass (36) in stroke-affected gas-
trocnemius muscle within 7 d after cerebral ischemia in
rats. The justification for acute rehabilitation is evi-
denced, both in our outcomes as well as in the primary
literature, where physiotherapy within 30 d of stroke is
believed to be critical to capitalize on early remodeling
events of neurogenesis, plasticity, and synaptogenesis in
stroke-affected brain (33).

Whereas the RAMT device is capable of different types
of manual therapy, including orbital and vibratory mo-
tions, the current work was focused on a single force, fre-
quency, andmodality (linearmotion) ofRAMTdelivery to
improve poststroke functional recovery within a 2-wk
testingperiod. Future effortswill test dose-response effects
of differing RAMT treatment paradigms to determine
their effects on poststroke functional outcomes. A limita-
tion of theRAMTapproach is the requirement tomaintain
animals under anesthesia during the manual therapy
session. As it relates to anesthesia effects, repeated expo-
sure to isoflurane is known to cause long-lasting, but
nonpermanent, impairment of long-term potentiation in
Wistar rats (37). Furthermore, object recognition and re-
versal learning are known to be significantly impaired in
young rats receiving repeated isoflurane exposure, but not
adult rats (. P60) as used in the current work (38). To
mitigate risk of anesthesia confounding outcomes in our
study we elected to match exposure time and duration of
anesthesia in our control (RAMT2) group. In addition,
sensorimotor testing on d 7 and 14 was performed 24 h
after the last anesthesia episode, and just before the sub-
sequent day’s exposure (d 7) or euthanasia (d 14) to allow
for maximum recovery time.

To characterize the peripheral musculoskeletal re-
sponse to mechanical therapy after stroke injury, we que-
ried expression of stroke andmechanosensitivemyokines.

Myostatin is a transforming growth factor b (TGF-b)
familymemberknowntobeanegativeregulatorofmuscle
size by arresting muscle progenitor cell expansion (39).
In the human condition, stroke-induced sarcopenia is as-
sociated with elevated myostatin expression in stroke-
affected muscle. Specifically, myostatin expression was
reported to be chronically induced, with 40% higher ex-
pression in paretic as compared to nonparetic vastus lat-
eralis of stroke survivors (31). Poststroke resistive training
in the same cohort was found to lower myostatin expres-
sion in stroke-affected muscle. In the current work, we
identified a rapid inductionofmyostatin in stroke-affected
skeletal muscle after ischemic stroke that suggests a
deliberate and controlled biological process for stroke-
induced sarcopenia that occurs within an acute time
period (14 d). Daily RAMT physiotherapywas effective
in attenuating this rise. As is the case with resistive
training that attenuated chronic myostatin expression
in humans (31), massage therapy is known to activate
mechanotransduction signaling pathways (9). How
RAMT affects these pathways and the significance of
mechanotransduction signaling on myostatin expres-
sion remain to be elucidated.

RAMTof thestroke-affectedgastrocnemiusmusclealso
prevented stroke-induced loss of BDNF, a neurotrophic
factor that, despite its name, is widely expressed across
tissues and cell types (40). Although additional studies are
needed to identify theRAMT-dependentmechanisms that
protect against stroke-induced loss of BDNF, evidence
suggests that BDNF plays a critical role in both physio-
logical and reparativeprocesses in skeletalmuscle. Indeed,
BDNF is known to directly affect neurosensory mecha-
notransduction signaling via regulation of acid-sensitive
ion channel (ASIC)-2. Specifically, McIlwrath et al. (41)
reported a loss of ASIC2 channel expression in sensory
neurons of BDNF deficient mice. In the context of injury,
gastrocnemius-derived BDNF is known to reduce motor
functional deficits in rats with a transected spinal cord
(42). Furthermore, in mice with conditional depletion of
BDNF from skeletal muscle cells, satellite cell repair of

Figure 6. RAMT protects against stroke-induced loss of BDNF in skeletal muscle. A) BDNF mRNA expression in stroke-affected
gastrocnemius muscle was significantly higher in RAMT+ vs. RAMT2 rats on poststroke d 14. *P , 0.05 vs. RAMT2. B) BDNF
(green) immunostaining in contralateral and stroke-affected gastrocnemius muscle on poststroke d 14. Sections counterstained
with DAPI (blue). Scale bar, 50 mm. C) Quantification (% area) of BDNF expression in contralateral and stroke-affected
gastrocnemius muscle of RAMT2 (black bars) and RAMT+ (white bars) rats. Data are means 6 SD (n = 7). *P , 0.05 vs.
contralateral within group; †P , 0. 05 vs. stroke-affected RAMT2.
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cardiotoxin-induced injury is compromised with lowered
expression of regenerative factors including pair box 7
(Pax7), myogenic differentiation (MyoD), myogenin, and
embryonic myosin heavy chain (emb-MyHC) (43). Taken
together, outcomes point towardmechanosensitiveBDNF
as a key player in peripheral skeletal muscle regeneration
postinjury.Massage therapy has been reported to increase
plasma BDNF levels in humans (44). To our knowledge,
the currentwork is the first to describe stroke-induced loss
of BDNF in affected skeletal muscle. That the stroke-
induced loss of BDNF expression occurred within 14 d of
stroke injury further suggests that pathophysiological
pathways affecting poststroke functional recovery are
enacted acutely and supports the concept of acute re-
habilitative physiotherapy.

A growing body of literature supports evidence of
pathophysiological inflammatory cytokine signaling
in skeletal muscle after a stroke (45, 46). In the current
work, query of skeletal muscle cytokine expression on
poststroke d 7 uncovered novel targets that are acutely

induced by stroke and are differentially expressed in re-
sponse to RAMT physiotherapy. IP-10/CXCL10 is a che-
motactic cytokine that recruits leukocytes and promotes
inflammation in response to skeletal muscle myopathy
(47).Expressionof IP-10/CXCL10was significantlyhigher
in stroke-affected skeletal muscle on poststroke d 7, but
was attenuated by daily RAMT physiotherapy. This ob-
servation uncovers a novel testable hypothesis that stroke-
induced IP-10/CXCL10 signaling attracts leukocytes
to skeletal muscle that contribute to inflammation and
stroke-induced sarcopenia. In this paradigm, RAMT can
be used as a tool to test the significance of IP-10/CXCL10
chemotactic signaling in poststroke limb sarcopenia. The
cytokine array experiment also identified an RAMT-
dependent increase in anti-inflammatory cytokine IL-1ra
expression. IL-1ra is the receptor antagonist to the potent
proinflammatory cytokine IL-1 (48). In the CNS, proin-
flammatory IL-1 delivery to brain represses the induction
of BDNF associated with contextual learning (49). Injec-
tion of IL-1ra prevents this loss; restoring BDNF to

Figure 7. Cytokine profile of stroke-affected
skeletal muscle in response to RAMT. A)
Images of chemiluminescent intensity from
the cytokine array. Rat cytokine array coor-
dinates indicate the position of cytokines
measured in Table 1. Optical density of each
signal was measured by ImageJ, and values
were calculated based on the signal intensity
of the positive controls from the same mem-
brane. B, C) Immunohistology was used to validate
targets with the greatest fold-change up
(IL-1ra, B) and down (IP-10/CXCL10, C ).
Immunohistology was quantified as % area
in contralateral and stroke-affected gastrocne-
mius muscle of RAMT2 (black bars) and RAMT+

(white bars) rats. Data are means 6 SD (n = 4).
*P , 0.05 vs. contralateral within group,
†P , 0.05 vs. stroke-affected RAMT2 .
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physiological levels and preventingmemory impairment
(50). The linkbetween IL-1ra andBDNF in skeletalmuscle
is unfounded and opens an interesting new direction.
Whether RAMT-dependent induction of IL-1ra is up-
stream and required for BDNF up-regulation in stroke-
affected skeletal muscle is a novel testable hypothesis.

In summary, the current work represents a maiden ef-
fort to develop and test an RAMT system that enables the
objective study of mechanical physiotherapy after acute
ischemic stroke. Outcomes identify an early and effective
window of opportunity for mechanical therapy to im-
prove poststroke gait and sensorimotor function. Fur-
thermore, the query for a mechanistic basis of this benefit
uncovered novel molecular targets that affect sarcopenia
(myostatin), skeletal muscle regeneration (BDNF), and
inflammatory signaling events (IL-1ra, CXCL10) in the
stroke-affected limb. Taken together, the results suggest
that the acute impact of stroke injury extends beyond
the CNS to include stroke-affected skeletal muscle and
that mechanical therapy is effective in abrogating such
injury.
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Paterson, B., and Marcelle, C. (2008) Myostatin promotes the
terminal differentiation of embryonic muscle progenitors.
Genes Dev. 22, 668–681

40. Yamamoto, M., Sobue, G., Yamamoto, K., Terao, S., and Mitsuma, T.
(1996) Expression of mRNAs for neurotrophic factors (NGF, BDNF,
NT-3, and GDNF) and their receptors (p75NGFR, trkA, trkB, and
trkC) in the adult human peripheral nervous system and nonneural
tissues. Neurochem. Res. 21, 929–938

41. McIlwrath, S. L., Hu, J., Anirudhan, G., Shin, J. B., and Lewin, G. R.
(2005) The sensory mechanotransduction ion channel ASIC2 (acid
sensitive ion channel 2) is regulated by neurotrophin availability.
Neuroscience 131, 499–511

42. Gao,L., Li, L.H.,Xing,R.X.,Ou, S., Liu,G.D.,Wang,Y.P., Zhang,H.,
Gao, G. D., and Wang, T. H. (2012) Gastrocnemius-derived BDNF
promotes motor function recovery in spinal cord transected rats.
Growth Factors 30, 167–175

43. Clow, C., and Jasmin, B. J. (2010) Brain-derived neurotrophic factor
regulates satellite cell differentiationand skeltalmuscle regeneration.
Mol. Biol. Cell 21, 2182–2190

44. Wu, J. J., Cui, Y., Yang, Y. S., Kang, M. S., Jung, S. C., Park, H. K.,
Yeun, H. Y., Jang, W. J., Lee, S., Kwak, Y. S., and Eun, S. Y. (2014)
Modulatory effects of aromatherapy massage intervention on
electroencephalogram, psychological assessments, salivary
cortisol and plasma brain-derived neurotrophic factor. Comple-
ment. Ther. Med. 22, 456–462

45. Coelho Junior, H. J., Gambassi, B. B., Diniz, T. A., Fernandes, I. M.,
Caperuto, E. C., Uchida, M. C., Lira, F. S., and Rodrigues, B. (2016)
Inflammatory mechanisms associated with skeletal muscle sequelae
after stroke: role of physical exercise. Mediators Inflamm. 2016,
3957958

46. Hafer-Macko, C. E., Ryan, A. S., Ivey, F. M., and Macko, R. F. (2008)
Skeletal muscle changes after hemiparetic stroke and potential
beneficial effectsofexercise intervention strategies. J.Rehabil.Res.Dev.
45, 261–272

47. Crescioli, C., Sottili, M., Bonini, P., Cosmi, L., Chiarugi, P.,
Romagnani, P., Vannelli, G. B., Colletti, M., Isidori, A. M., Serio, M.,
Lenzi, A., and Di Luigi, L. (2012) Inflammatory response in human
skeletal muscle cells: CXCL10 as a potential therapeutic target. Eur. J.
Cell Biol. 91, 139–149

48. Arend, W. P., Malyak, M., Guthridge, C. J., and Gabay, C. (1998)
Interleukin-1 receptor antagonist: role in biology. Annu. Rev. Immu-
nol. 16, 27–55

49. Barrientos, R. M., Sprunger, D. B., Campeau, S., Watkins, L. R.,
Rudy, J. W., and Maier, S. F. (2004) BDNF mRNA expression in
rat hippocampus following contextual learning is blocked by
intrahippocampal IL-1beta administration. J. Neuroimmunol.
155, 119–126

50. Barrientos, R. M., Sprunger, D. B., Campeau, S., Higgins, E. A.,
Watkins, L. R., Rudy, J. W., and Maier, S. F. (2003) Brain-derived
neurotrophic factor mRNA downregulation produced by social iso-
lation is blocked by intrahippocampal interleukin-1 receptor antag-
onist. Neuroscience 121, 847–853

Received for publication March 25, 2016.
Accepted for publication November 14, 2016.

936 Vol. 31 March 2017 SEN ET AL.The FASEB Journal x www.fasebj.org

http://www.fasebj.org

