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Abstract

At issue is whether or not dynamic foot stimulation (DFS)
applied to the plantar surface of the rat foot would counteract
skeletal muscle atrophy normally observed in hindlimb
unloaded (HU) rats. Mature adult male Wistar rats (six
months old) were randomly assigned into ambulatory control
(AMB), hindlimb unloaded alone (HU), or hindlimb
unloaded with the application of the DFES (HU+DFS) group.
Pressure was applied to one of the rat’s hind feet using a spe-
cially fabricated boot containing a microprocessor-controlled
inflatable air bladder. The anti-atrophic effects of DFS were
quantified morphometrically by measuring the myofiber
cross-sectional area (CSA) of the soleus muscle after staining
the dissected/frozen sections by the metachromatic dye-
ATPase method. After ten days of unloading, CSA decreased
by 42% in type I, 32% in type I1A, 43% in type IIB, and 30%
in type IIC fibers of the rat soleus muscle. Application of
DFS during unloading significantly counteracted (85%) atro-
phy in type I fibers, yet it did not protect the type II fibers.
DFS had no systemic effect on skeletal muscle mass preser-
vation; the effect was confined only to the soleus muscle
within the leg that underwent DFS stimulus. Results illustrate
that application of dynamic pressure to the plantar surface rat
foot is an effective countermeasure to soleus muscle atrophy
caused by hindlimb unloading.

tions for various and diverse populations. It is impor-

tant that astronauts maintain optimal physical per-
formance in order to deal with the demanding tasks and unex-
pected situations they encounter in the space environment.
Bed-ridden patients, on the other hand, require effective reha-
bilitation techniques in order to counteract the inactivity-
induced atrophy and facilitate the recovery process. The eld-
erly seek physical activity alternatives capable of retarding
the detrimental effects of the aging process on the neuromus-

4 I NHE EFFECTS OF SKM ATROPHY HAVE SERIOUS IMPLICA-

MUSCLE TONE —Dr. Charles L. Layne, Professor and
Chair of the Department of Health and Human
Performance, holds a Dynamic Foot Stimulator, an
instrument designed in his laboratory to excite and mas-
sage muscles in the foot. Dr. Lane and his team of
researchers seek methods for stimulating muscles. Their
work has applications in space flight where astronauts in
weightlessness suffer muscle atrophy. Space research has
applications on Earth. Devices developed at UH and
NASA-JSC prove useful in medical therapy. By exerting
subtle pulsating pressure, they can strengthen muscles of
diabetics and maintain muscle tone in victims of spinal
cord injury who cannot any longer exercise their limbs.

MYTONOMETER —Researchers from a variety of disci-
plines are responsible for the development of the
Mytonometer, a mechanism that provides treatment per-
sonnel a non-invasive means for assessing muscle tone.
Conceptualized by Dr. Layne, the device was subject to
design developments in electrical engineering, mechani-
cal design, and shop fabrication. Research assistants,
electrical engineers, and shop technicians provided advice
and supplied needed manpower. To produce a device of
this quality required local and federal funding.

cular system. Thus, it is of paramount importance to design
and validate a simple and efficient countermeasure to inac-
tivity-induced neuromuscular decrements.

Background and Significance
Mechanical unloading of skeletal muscle (SKM) during
space flight or ground-based analogues, such as human
bedrest and rodent hindlimb unloading (HU) models, induces
SKM atrophy particularly affecting the anti-gravity muscula-
ture of the lower limbs in humans.'? Atrophy is characterized
by a decrease in muscle volume, mass and strength, alter-
ations in histochemical and electrophoretical characteristics,
and a decrease in neuromuscular function.’*>7

Previous research conducted during space flight in
humans® and on the ground both in humans’ and in rats' has
demonstrated that increasing plantar sensory input by apply-
ing pressure to the soles of the feet results in an increase in
neuromuscular activation of the lower limb muscles beyond
the levels observed in the absence of foot pressure, showing
that sensory input enhances motor output. In the latter
study, !0 investigators using hindlimb unloaded rats showed a
significant attenuation of soleus muscle atrophy after pres-
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sure application to the soles of the rat
feet. In the terrestrial environment,
maintenance of normal muscle function
of the lower limbs depends partially on
the interaction between gravitational
forces when the feet are in contact with
the ground and activation of specific
sensory receptors that transmit this
stimulus to the central nervous system."
Under unloading conditions, this inter-
action is no longer present resulting in a
disruption of the neural pathways

P L eEess
ol e s 0 WS |

between the sensory receptors and cen-
tral nervous system.

Although the characteristics and the
spatial localization of sensory receptors
(cutaneous mechanoreceptors) in the rat
foot have been adequately described,"
sufficient information regarding their
potential role and underlying mecha-
nism in preventing SKM atrophy is not
yet available. In the study of De-
Doncker et al.,'” a rat HU model was
used to examine the potential implica-
tions of cutaneous mechanoreceptors in the development of
muscle atrophy. The study, although well designed, did not
implement a pressure device that was attached to the foot but
rather pressure was applied by a simple experimental setup
consisting of a balloon inflated by a sphygmomanometer.
Therefore, the present study was designed to investigate
whether or not the use of a novel stimulation paradigm/tech-
nology known as dynamic foot stimulation (DFS) would
counteract soleus muscle atrophy normally observed in the
hindlimb suspended rats. Utilizing this technology, pressure
was applied to the rat foot using a specially fabricated boot
containing a microprocessor-controlled inflatable air bladder.
It was hypothesized that mechanical stimulation of the plan-
tar surface of the rat foot during HU would attenuate unload-
ing-induced SKM atrophy.

Experimental Design and Methods

Experimental plan. Use of animals was approved by both the
Committee for Animal Use for Research and Education
(CAURE) at NASA/Johnson Space Center and the
Institutional Animal Care and Use Committee at University
of Houston, prior to the initiation of the study. All procedures
were in accordance with the guidelines established by the
Public Health Service Policy on humane care and use of lab-
oratory animals. Rats were anesthetized and prepared for
hindlimb unloading. A custom-built boot was attached to the
foot of one leg of the rats assigned to the UH+DFS group.
Cyclic pressure of a chosen magnitude and duration was
applied to the plantar surface of the foot throughout the 10
days of HU. After termination of the 10-day HU period, rats
were deeply anesthetized and the soleus muscles harvested
for frozen cross-sectioning followed by morphometric analy-
sis. Animals were then euthanized by intravenous (i.v.) injec-
tion of Euthasol.

Figure 1. The inflatable boot is fabricated with a very thin and extremely light,
yet durable, plastic with an attached inflatable/deflatable latex air bladder (1).
Velcro restraint straps secure the boot to the sole (2) of the foot of the treat-
ment leg and around the ankle joint (3) during HU. The air bladder is con-
nected to an extremely quiet air pump by a single air line (4). The bladder is
inflated by pumping air down the line and then passively deflates. The boot
fits comfortably on the foot without restricting the natural movement of the
ankle joint, which maintains its full range of motion. The limb with the boot
is in a relaxed position with a slightly open angle at the ankle joint, as is also
the case with the contralateral limb.

Hindlimb wunloading procedure. Unloading of the
hindlimbs was achieved using a modified model of a previ-
ously described tail-suspended rat procedure.” This model
allows the animals to move freely and to access all areas in
the cage using their forelimbs as their means of movement,
while removing all load from the hindlimbs. Rats were sus-
pended at a 25° angle from the cage floor by adjusting the bar
height. The hindlimb suspension condition was continued for
10 days.

Dynamic foot pressure application. A custom-built inflat-
able boot (Fig. 1) was used to stimulate the sensory receptors
in the soles of the rat’s foot. Under isoflurane (5%) gas anaes-
thesia the boot, outfitted with an inflatable/deflatable latex air
bladder, was attached to the foot of one leg in unloaded ani-
mals. Pressure was applied to the foot by inflation/deflation
of the latex bladder using an air pump (WPI, Saratosa, FL)
attached to a hose leading to the bladder. The pressure stim-
ulation protocol consisted of a 5 sec inflation/5 sec deflation
of the air bladder for a total of 20 min followed by a 10-min
rest interval. This cycle was repeated eight times over a four-
hour period during each day of the 10-day HU period. The
pressure in the bladder during the inflation was 104 mm Hg.
Pump cycling time and duration were controlled by a micro-
processor. The boot was maintained on the foot only during
the application of the pressure and was removed every day
after termination of the stimulation protocol.

Tissue Collection and Processing. Rats were deeply anaes-
thetized with an intraperitoneal injection of an anaesthesia
mixture (ketamine 40-80 mg/kg body wt and xylazine 5-10
mg/kg body wt at a ratio of 1:1). The hair of the lower limbs
was shaved up to the knee joint and a small incision cut into
the backside of the ankle uncovering the Achilles tendon.
Skin was gently reflected by blunt-tip forceps and the calf
muscles were exposed. The soleus muscle was next carefully
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Figure 2. Fiber cross-sectional area (CSA) in the soleus muscle among treatment groups. Values are expressed in square
micrometers (um?2) and represent means + SD; n = 10 rats per group. AMB = ambulatory control, HU = hindlimb
unloaded, DFS = hindlimb unloaded + dynamic foot stimulation; R = right leg, L = left leg. In the DFS group only, an
inflatable boot is attached to the right leg. For type I fibers, CSA in the HU group was significantly smaller than that
in the control group (P < 0.0001). No significant difference in CSA was found when the right leg (‘“‘boot” leg) in the DFS
group was compared with either leg in the control group (P > 0.05). In DFS group, CSA in the “no boot” left leg was
significantly smaller compared to that in the “boot” right leg (P < 0.001).

separated and excised. The excised muscles were attached to
wooden rods by pins inserted through the tendon attachments
so that the muscle was elongated without being stretched.
The muscle was then divided using a sharp razor blade into
smaller pieces, which were processed for subsequent analy-
sis. In preparation for histochemical analysis, muscle sam-
ples from the midbelly of the soleus were covered in
TissueTek OCT mounting medium (Sakura Finetek,
Torrance, CA), quick frozen in liquid nitrogen-cooled
isopentane, and stored at —80°C. Frozen cross sections (5
pm) were cut using a Zeiss Microm HM 500 OM cryostat
and picked up onto Superfrost Plus glass slides (Erie
Scientific, Portsmouth, NH).

Histochemical and Morphometrical analysis. PI’s per-
formed fiber typing of frozen sections utilizing the metachro-
matic dye-ATPase myofibrillar stain method originally
described by Ogilvie and Feeback' as modified by Konishi et
al.” This staining method distinguishes the four major fiber
types (type I, IIA, IIB and IIC) in a single section based on
the different colors produced as follows: type I (turquoise),
type ITA (light pink), type IIB (violet), and type IIC (blue).

One cross-section taken from the midbelly of the soleus mus-
cle was analyzed for each rat. Six photo frames, covering
almost the entire section, were taken from each section with
a digital camera (DCS 420 Kodak) attached to a light micro-
scope (Zeiss, Germany). The perimeter of the myofibers in
each photo frame was then acquired by drawing around the
fibers using Adobe Photoshop software. The cross-sectional
area (CSA) of the four different fiber types in all six-photo
frames was separately calculated using Object-Image 2.09
software (NIH, Bethesda, MD). Results obtained from the six
photo frames were then combined separately for each fiber
type and the final number of different fiber types in the sec-
tion determined. Myofiber CSA and fiber type distribution of
the soleus muscles were evaluated after analyzing a total of
at least 600 myofibers for each muscle.

Statistical Analysis

Data were analyzed using the SPSS program. To evaluate the
differences among groups, one-way analysis of variance
(ANOVA) was applied and, when the univariate F test was
significant, Scheffe’s post hoc test was used to further identi-
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Table 1. Fiber Type Distribution in the Rat Soleus Muscle for Both Legs Among Experimental Groups

AMB HU HU + DFS
Fiber R Leg LLeg R Leg L Leg R Leg LLeg
type
I 91.8 £4.5 90.5 £ 6.1 87.9 + 14.6 89.2 +10.2 93.5+4.9 933+5.5
ITA 3728 6.6+54 5578 58+54 50+39 38+4.1
1IB 1.5+20 20+ 1.7 2.5+3.7 1.6+19 14+1.6 20+19
IIC 30+29 09+1.2 42+ 11.7 34+99 02+04 0.0+0.0

fy differences between group pairs. To evaluate the differ-
ences between the “boot leg” and the contra-lateral “no boot
leg” in the HU-DFS group, a paired Student’s r-test was
applied. Statistical significance level was set at P < 0.05.

Results

Results showed that there was a significant difference (P <
0.0001) in CSA of soleus type I myofiber between the HU
and AMBU control groups (Fig. 2). After ten days of unload-
ing, the CSA in the HU group decreased by 42% compared to
the AMBU control (4,128 + 537 vs. 2,396 + 479 um?2).
However, no significant differences were measured between
HU + DFS (3,717 £ 609 um?2) and AMBU (4,128 + 537 um?)
groups (P > 0.05). DFS appeared to reduce by 85% the atro-
phy normally observed in the soleus type I fibers induced by
ten days of hindlimb unloading.

When the DFS treatment leg (right) and non-DFS treat-
ment leg (left) within the same animal after ten days of HU
were compared with respect to myofiber CSA (Fig. 2), a sig-
nificant difference (P < 0.001) was found. The solues type I
fiber CSA in the “no boot” leg (2,499 + 447 um?) was sig-
nificantly smaller than the “boot” leg (3,717 + 609 um?).

Unlike type I fibers, CSA of type IIA, IIB and IIC fibers in
the rats wearing the boot and undergoing DFS (HU + DFS)
were not different (P > 0.05) from those of suspended rats
(HU). No differences in soleus muscle CSA were observed
among groups in any fiber type when the left legs were com-
pared. Type IIC fiber was not detected in the left leg of the
HU + DFS group.

With respect to the soleus muscle myofiber type composi-
tion, no significant differences (P > 0.05) were found among
any of the experimental groups in either leg. Fiber type dis-
tribution data of each experimental group are reported in
Table 1.

Values are expressed in percentage (%) and represent
means + SD; n = 10 rats per group. AMB = ambulatory con-
trol, HU = hindlimb unloaded, HU + DFS = hindlimb
unloaded + dynamic foot stimulation; R = right leg, L = left
leg. In the HU + DFS group, an inflatable boot is attached to
the ankle of the right leg. No significant differences in the
fiber type distribution were found among groups (P > 0.05).

Discussion

The main objective of this study was to test a new technolo-
gy as a countermeasure tool to mechanical unloading-
induced muscle atrophy. Our data clearly demonstrated that
the countermeasure technology used in the present study,

Figure 3. Cross-sections of rat soleus muscle fibers
(metachromatic dye-ATPase preincubated at pH 4.35 and
stained with toluidine blue). Bar equal to 50 um. On the
basis of color, fiber types were classified as type I
(turquoise), ITA (violet), IIB (light pink), and IIC (dark
blue).

namely the application of DFS during unloading conditions,
efficiently reduced the atrophy in the soleus muscle type I
myofibers. The decrease in CSA normally induced during
unloading was counteracted by 85% in type I fibers.
However, DFS did not protect type II fibers from atrophy.
The degree of atrophy in the HU + DFS group, compared to
ambulatory controls, was about 35% in type IIA, 39% in type
IIB, and 32% in type IIC fibers. A similar degree of atrophy
in soleus muscle type II fibers was observed in the HU group.

The basic concept of foot stimulation has been previously
tested yielding promising results. De-Docker et al.' showed
that foot pressure to the soles of the rat feet partially pre-
vented soleus muscle atrophy normally induced by 14 days
of unloading. In that study, researchers delivered pressure of
40 mm Hg to the plantar surface of both hind feet using a
latex balloon manually inflated by a sphygmomanometer.
The feet were stimulated for 5 sec followed by 10-sec rest, 10
min/day throughout the 14-day unloading period. Regardless
of the differences in the experimental design between De-
Doncker’s et al. protocol and ours, both designs support the
effectiveness of foot stimulation in preventing mechanical
unloading-induced SKM atrophy. Unlike our findings
though, De-Doncker’s et al. data suggested a partial preven-
tion of SKM atrophy not only in the type I but also in the type
II fibers. In their study, fiber types were classified following
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an older and less descriptive histochemical method' than the
one we used." They found that the soleus muscle CSA was
counteracted by 31% in type I fibers, 40% in type IC fibers,
49% in type IIC fibers, and by 43% in type IIA fibers.
However, foot pressure did not prevent the transformation of
type I to type II fiber types in the soleus muscle. The higher
CSA preservation (85% vs. 31%) in the type I fibers found in
our study might be explained by the longer duration of our
protocol and/or the higher stimulation pressure applied to the
rat foot compared to De-Doncker’s stimulation protocol
(5.6% of the 10-day unloading vs. 0.23% of the 14-day
unloading and 104 mm Hg vs. 40 mm Hg). The younger rats
used by De-Decker et al. (3-month old vs. 6-month old)
might also have been a factor in this difference for the fiber
type I to type II transformation found in their study.

The concept underlying the present study was the well-
established motor control principle that sensory input (i.e.,
pressure application) can modify motor output (i.e., neuro-
muscular activation). Previous research has demonstrated
that rat soleus muscle electromyographic (EMG) activity was
significantly decreased during the first days of unloading; it
was gradually restored after 7-10 days of unloading."** De-
Doncker et al., using implanted bipolar electrodes, showed
that EMG activity in the rat soleus muscle was decreased by
87.5 percent during the 14 days of hindlimb unloading.
Interestingly, a significant increase in soleus EMG activity
was always observed when pressure was applied to the plan-
tar surface of the feet in the suspended rats. The stimulation
of the animal’s sole increased the EMG activity by 110 per-
cent. As a possible explanation for the increased EMG activ-
ity, the authors put forward the stimulation of the cutaneous
mechanoreceptors (i.e., Merkel discs, Meissner corpuscles,
Ruffini endings, Pacinian corpuscles) located in the plantar
surface skin area of the rat’s feet. In our study, we did not use
EMG recording; nevertheless, because of the similarity of
our stimulation protocol with that of De-Doncker’s et al., we
postulate that increased soleus EMG activity might have also
occurred in the leg receiving DFS.

Although no direct relationship had been established
between the application of DFS facilitated interactions
between nerve and muscle, researchers maintained neurolog-
ical interactions between the sensory and motor systems.
This application suggests that the level of activity generated
through the sensory and motor interaction is enough to pre-
vent muscle atrophy. Whether or not this holds true has yet to
be proved. Nevertheless, the application of DFS counteract-
ed soleus muscle atrophy normally induced by mechanical
unloading. Thus, DFS promises to serve as an experimental
model for studying the underlying mechanisms of skeletal
muscle atrophy.

In conclusion, the results of the present study illustrate that
external mechanical stimulus applied to rat feet is capable of
counteracting unloading-induced soleus muscle atrophy. One
postulate holds that this effect is achieved via stimulation of
proprioceptive pathways that in turn interact with motoneu-
rons to generate muscle contraction mimicking the neuro-
muscular activity patterns normally induced by load bearing
in a terrestrial environment. This underlying concept promis-

STIMULATION —The Dynamic Foot Stimulator utilizes
plastic balls embedded in a motorized shoe to energize
muscles in the foot. Subtle pressure is all that is needed to
sustain muscle tone and prevent muscle atrophy for dia-
betics and patients suffering spinal cord injury.

es to serve as the basis for the development of a novel sup-
plement to pre-existing exercise in-flight countermeasures
for astronauts, as well as an effective rehabilitation tool for
clinical populations such as bed-ridden or elderly patients.
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Layne, C. S., K. E. Forth, M. F. Baxter, and J. J. Houser.
“Enhanced Neuromuscular Activity from Mechanical Foot
Stimulation,” Second World Space Congress, 34th
Committee on Space Research Scientific Assembly,
Houston, TX, Oct. 2002.

Layne, C. S., K. E. Forth, M. F. Baxter, and J. J. Houser.
“Controlled Somatosensory Input Modifies Neuromus-
cular Activation,” Annual Meeting of the North American
Society for Psychology of Sport and Physical Activity, St.
Louis, MO, June 2001.

Layne, C. S., A. P. Mulavara, P. V. McDonald, C. J. Pruett,
and J. J. Bloomberg. “Maintaining Neuromuscular
Contraction Using Somatosensory Input During Long
Duration Spaceflight,” Bioastronautics Investigators’
Workshop, Galveston, TX, Jan. 2001.

Funding and proposals

Layne, C. S., A. D. LeBlance, and Y. C. Chen. “Using Foot
Somatosensory Input to Attenuate Lower Limb Muscle
Atrophy During Spaceflight.” National Aeronautics and
Space Administration (NASA), Aug. 2001, $399.412 (not
funded).

Layne, C. S. and M. Sabahhi. “Increasing Leg Muscle
Activation Using Foot Sensory Input.” Advanced Research
Program, Texas Higher Education Coordinating Board,
Aug. 2001, $63,825 (not funded).
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