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Since the early days of human spaceflight it has been reported that
extended exposure to gravitational unloading results in a myriad of
neuromotor adaptations that, while appropriate for microgravity, are
maladaptive upon return to Earth. If not countered, these adverse effects
of microgravity can result in negative health consequences and place
crewmembers at risk for injury. The most commonly used countermea-
sures in today’s space programs are those requiring active participation
in prescribed exercise regimes that are time intensive, not completely ef-
fective, and have led to relatively low compliance. In this paper we re-
view evidence that suggests a “passive” countermeasure in the form of
dynamic foot stimulation (DFS) to the plantar surfaces of the feet may be
a useful supplement to more traditional exercise countermeasures. This
includes reports from both Russian and American investigators using
both human and animal models indicating the overall effectiveness of
DFS, the specific stimulation parameters involved, and a physiological
explanation for the outcomes associated with the exposure to micrograv-
ity. Additionally, the use of DFS has the potential to benefit those at risk
for muscle atrophy, including those experiencing extended bedrest, the
elderly, and those with spinal cord injuries.

Keywords: atrophy, bed rest, foot stimulation, dry immersion, space-
flight.

CULPTED BY EVOLUTION, humans are well

adapted to the Earth’s environment. With gravity be-
ing a constant in the environment many human sensory
systems detect gravity, directly or indirectly, for senso-
rimotor integration, motor control, and, ultimately, sur-
vival. The involvement of the vestibular otolith organ in
directly detecting the gravity vector for spatial orienta-
tion and ocular adjustments is well accepted and has
been previously reviewed (see 33,58). Other sensory
systems are sensitive to the indirect effect of gravity:
gravitational loading on the musculoskeletal system.
Although the gravity vector is constant, the level of
gravitational loading experienced by an individual is
variable and dependent on the individual’s anatomy,
body segment configuration, and environmental con-
text. With the development of human bipedalism came
a mechanical challenge for maintaining postural stabil-
ity with a large mass being above a small base of sup-
port. This small base of support makes contact with the
environment at the soles of the feet. Thus, sensory infor-
mation from the feet, including detection of changing
gravitational load, contributes substantially to effective
movement control both on Earth and in microgravity.
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For example, plantar contact is important for establish-
ing a vertical reference for body orientation (57) and
triggering postural responses (34-36) in microgravity. In
this review we will concentrate on the deleterious neu-
romotor effects of microgravity, their relationship to ab-
sent plantar sensory information, and the role mechani-
cally applied plantar sensory stimulation can have in
countering these negative effects.

Short-term adaptations to the removal of the gravity
vector during spaceflight can have adverse effects for
returning to life on Earth. It has been well established
that without gravitational loading, skeletal muscles,
particularly the antigravity extensors, will atrophy in
prolonged microgravity (for review see 10). Addition-
ally, sensorimotor connections at the muscle, cellular,
and neuronal levels can be disrupted and contribute to
neuromotor degradation that will contribute to compro-
mised postflight posture and movement control (3). It
should be noted that maladapted functioning in other
physiological systems, such as the vestibular, visual,
and cardiovascular systems, also contributes to difficul-
ties in movement control upon return from spaceflight.

To counter the muscle atrophy and sensorimotor deg-
radation astronauts experience from extended periods
in low-gravity environments, a variety of countermea-
sures have been developed. However, the majority of
these countermeaures require “active” participation by
the astronaut to perform exercise regimes. Treadmill
running, ergometer cycling, and resistive exercises are
among the currently used in-flight countermeasures,
and to achieve positive effects from these exercises re-
quires an extensive amount of the crewmembers’ time.
This time commitment is among the reasons few crew-
members exhibit full compliance to their prescribed
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countermeasure regime (29). A new generation of pas-
sive countermeasures, pharmaceutical and mechanical,
are thought to be highly advantageous because they ef-
fectively attenuate the adverse physiological conse-
quences of microgravity while reducing the strain on
crewmember time and effort (13,29). These passive
countermeasures need not compete with traditional in-
flight exercise, but instead can be used as a supplement.
The Russian crew health program has implemented pas-
sive mechanical countermeasures for some time with
pressure cuffs and “penguin” suits that provide resis-
tance to body segment motions. Similarly, NASA is cur-
rently investigating the use of Jobst compression stock-
ings as a passive countermeasure. In 2006, the Japan
Aerospace Exploration Agency (JAXA) and Asics Cor-
poration announced an agreement to build shoes for as-
tronauts to attenuate muscle strength losses during
spaceflight. These shoes will enhance stimulation of the
feet as crewmembers go about their daily activities. Evi-
dence suggests (reviewed below) that an important
component of a passive countermeasure designed to
reduce neuromotor degradation, particularly degrada-
tion associated with lower limb functioning, will require
that the mechanoreceptors of the feet are consistently
stimulated.

Neuromotor Adaptations Resulting from Removal
of Support Unloading

There were early hints from the Spacelab-1 mission
that tactile information was upweighted during flight,
suggesting that foot stimulation may take on increasing
importance during flight (55,56). Likewise, Roll et al.
(50) reported that the application of a ‘gravitational’
load applied to upright astronauts strongly affected the
responses to muscle vibration relative to either freefloat-
ing or upright, but unloaded bipedal body configura-
tions. This further suggests that sensory information
from the soles has an important role during exposure to
microgravity.

A relationship between the loss of support afferenta-
tion and neuromotor degradation was first suggested in
1961 by Graveline et al. (15). Early reports by Russian
space physiologists and others emphasized this relation-
ship based upon tests of cosmonauts experiencing
weightlessness during space station flights (18,21). More
recently, Kozlovskaya and her colleagues, based at the
Institute for Biomedical Problems in Moscow, Russia,
have postulated that the loss of support afferentation is
the primary cause of the many neurodecrements ob-
served during both spaceflight and the various ground-
based models of unloading which include bed rest and
dry immersion (17,25-31,42,47). They have proposed
that sensory input related to gravitational loading is a
prerequisite for the levels of tonic muscle activation
normally observed during activities in 1 g. Conversely,
the removal of support afferentation during gravita-
tional unloading is the initiating factor that suppresses
small motor unit tonic muscle activity and enhances the
phasic activity of larger motor units of the lower limb
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musculature (24,28). This fundamental change in normal
motor unit recruitment processes then triggers a cascade
of neuromotor adaptations. These adaptations ultimately
result in significant alterations in neuromuscular func-
tioning, which negatively impacts posture and locomotor
control, and, therefore, place crewmembers returning
from spaceflight in potentially harmful circumstances
unless adequately countered during flight. The strong
influence of sensory input on motor unit recruitment or-
der has also been demonstrated by Garnett and Stephens,
who reported that continuous stimulations of the index
finger resulted in modifying recruitment thresholds for
large and small motor units of the first dorsal interosse-
ous muscle (14).

Evidence supporting Kozlovskaya’s contention was
obtained during experiments conducted during both
spaceflight and dry immersion protocols. Dry immer-
sion uses an elastic waterproof cloth that prevents direct
contact between the subject and the water. It is believed
that this technique provides a more realistic simulation
of exposure to microgravity as the subject experiences
less gravitational loading along the long axis of the body
relative to that experienced during bed rest (51). Results
obtained from a dry immersion study revealed that
within 24 h of immersion there were decreases in both
surface electromyography (EMG) and muscle stiffness
of the soleus and increases in these measures for the tibi-
alis anterior (30). These data support the idea that loss of
support afferentation serves as an initiating trigger for
the proposed cascade of neuromotor adaptations which
ultimately negatively impact whole body movement ac-
tivities. It seems obvious that these responses observed
upon immediate exposure to immersion are not the re-
sult of a muscle disuse phenomenon, but rather are di-
rectly related to the removal of normal levels of sensory
input associated with 1-g functioning. The results of
their investigations have led Kozlovskaya et al. (28) to
maintain that “support unloading, accompanied by the
great reduction in afferent inflow, could be considered
as the main “pathogenic’ factor of all changes in move-
ment parameters that were observed both in short-term
as well as long-term exposures” to gravitational unload-
ing (28, p. 150).

In 1982, Kozlovskaya and her colleagues first pub-
lished results from an experiment designed to test the
efficacy of using mechanical stimulation of the feet dur-
ing spaceflight as a countermeasure to the neuromotor
degradation that develops during extended missions
(20). This paper reported that the Russian crewmember
aboard the Salyut-6 space station who used the ‘Cuban
sandal” preserved lower limb strength and overground
locomotion kinematics relative to the Cuban cosmonaut
who had not worn the sandal during flight. The sandal
provided patterned stimulation to the soles with pneu-
matic bladders during periods of freefloating. Since that
time various investigators have explored both human
and animal models to determine the effectiveness of me-
chanical foot stimulation as a countermeasure to neuro-
motor degradation resulting from gravitational unload-
ing (6,11,23,29,30,32,38-40,42,44,47 48).
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Replacing sensory input associated with support af-
ferentation in some form seems a necessary prerequisite
if dynamic foot stimulation (DFS) is to be used as a sup-
plemental countermeasure. Mechanical stimulation of
the soles during gravitational unloading may effectively
provide such input and thereby attenuate the cascade of
neuromotor consequences stemming from support af-
ferentation removal. Early work by our group was in-
tended to determine if mechanical foot stimulation re-
sulted in enhanced neuromuscular activation of the
lower-limb musculature during exposure to micrograv-
ity. Consistent with early observations that crewmem-
bers display decreased muscle activation during space-
flight as a result of the limited use of their legs, Layne
and Spooner (34) reported that the anticipatory activa-
tion of the biceps femoris observed during arm raises in
1 g was absent during freefloating arm raises performed
during parabolic flight. However, further experimenta-
tion revealed that when the soles were stimulated the
previously absent biceps femoris activity was restored
(36). In this experiment, sole stimulation was provided
using a primitive system composed of a harness and
bungee cords, attached around the subject’s waist, fas-
tened to a pair of slippers. This finding suggested that
providing stimulation to the soles might be useful in
generating neuromuscular activity in the lower-limb
musculature while in microgravity. This early work was
followed by experiments conducted on the U.S. Space
Shuttle and Russian Mir space station using boots con-
taining pneumatic bladders and customized sole inserts
that when inflated provided enhanced stimulation pref-
erentially to the balls and heels. Again it was found that
previously absent anticipatory biceps femoris activity
was restored with the application of sole stimulation
during freefloating arm raises. Additionally, enhanced
activation was observed in the paraspinals, gastrocne-
mius, and tibialis anterior as a result of applying stimu-
lation to the soles. This response pattern strongly sug-
gests that foot stimulation has the potential to increase
neuromuscular activation throughout the entire lower-
limb musculature, thereby enhancing its utility as a pos-
sible countermeasure (37). These results are consistent
with Dietz and Colombo (9), whose ground-based im-
mersion study also demonstrated the importance of
plantar and/or leg-loading afferents for postural adjust-
ments to voluntary arm movements (7-9,43).

Habituation of Responses

For DFS to be maximally effective as a countermea-
sure, it is important that the response to foot stimulation
be maintained throughout an extended mission, during
which the human physiological system undergoes sig-
nificant adaptation in response to microgravity. In 2000,
Layne et al. (38) reported that the enhanced lower-limb
musculature response to foot stimulation during free-
floating arm movements during a Mir mission was
maintained through flight day 188. In this investigation
static foot stimulation was applied for approximately 3
min once every 5 wk. The important finding was that
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the response to foot stimulation did not degrade
throughout the course of an extended mission. In other
words, the response did not ‘adapt out” as the time in
flight increased. This important finding suggests that
DFS may be an effective long-term countermeasure.

It is well known that physiological responses to a
static stimulus tend to habituate within a relatively short
period of time (22). Thus, a countermeasure employing
stimulation of the soles needs to provide a dynamic
stimulus. Current work is, therefore, aimed at identify-
ing optimal stimulation patterns during ground-based
experiments (11,12,39,40) and the effects of a dynamic
pattern of stimulation on many physiological measures
during dry immersion (23,42,44,47).

Responses to Variations in Stimulus Parameters

Using a pneumatic pressure pad, Layne et al. (39) ex-
plored the interaction between voluntary muscle activa-
tion and responses generated by dynamic sole stimula-
tion of seated subjects in a laboratory setting. The
pneumatic system enabled a stimulus to be applied in-
termittently and to a specific area of the sole, unlike the
static stimulation boots used during the above experi-
ments conducted during spaceflight. Thus, the potential
for response habituation was eliminated. Subjects were
asked to perform plantar or dorsiflexions of the ankle
while foot stimulation was applied at one of three time
periods relative to the onset of voluntary neuromuscu-
lar activation: Early (—150-50 ms prior to activation,
Coincident (49 ms prior to activation to 49 ms after acti-
vation), and Late (50 ms to 150 ms after activation).
Stimulation was applied to either the ball or the heel of
the foot depending upon the experimental condition.
Baseline trials consisting of only voluntary muscle acti-
vation or only foot stimulation were also included for
comparison purposes. The dependent measure was the
integrated area obtained from surface EMG of the plan-
tar or dorsiflexors. It was hypothesized that pairing foot
stimulation with voluntary contraction would increase
the overall neuromuscular response and that the site
and the timing of stimulation would influence the re-
sponse. Indeed, it was found that enhanced neuromus-
cular activation occurred, relative to baseline, when the
stimulation was delivered either Early or Coincident
relative to voluntary activation onset. The greatest en-
hancement, however, occurred in the Early condition.
This response pattern was true whether the stimulation
was delivered to either the ball or the heel of the foot
and held for both the plantar flexor (i.e., soleus) and
dorsiflexor (i.e., tibialis anterior). These findings were
interpreted to suggest that afferent information resulting
from sole stimulation modifies motoneuronal thresh-
olds such that a descending command for voluntary ac-
tivation results in a greater number of motoneurons
being activated, and thus, producing greater neuromus-
cular activity relative to contractions not paired with
sole stimulation. Regardless of the physiological mech-
anisms involved, this experiment provided useful in-
formation about the interaction between voluntary
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muscle activation and that generated as a result of foot
stimulation.

Evidence from studies employing electrical stimula-
tion of the sole suggested that the site of stimulation
could also influence the subsequent response (1,2,52,53).
Knowledge that certain stimulation sites on the sole pro-
duced greater or less muscle activation would be an im-
portant consideration in DFS countermeasure design.
Therefore, Layne et al. (40) investigated the neuromus-
cular responses to spatially localized sole stimulation in
a ground-based protocol using seated subjects. The dy-
namic foot stimulator used in this investigation em-
ployed electrically activated solenoids with a hemi-
spherical plastic cap that applied 13.8 N - cm ™2 of
pressure over a 1.77-cm? surface area. This device pro-
vided significantly improved spatial resolution of the
stimulation site and improved frequency characteristics
relative to the previous system, which used relatively
large pneumatic pads with a relatively slow inflation/
deflation rate. Stimulation was provided to the heel, first
(medial) metatarsal head, and fifth (lateral) metatarsal
head, depending upon the experimental condition. Sur-
face EMG was obtained from the soleus, lateral gastroc-
nemius, and tibialis anterior of the lower limb experi-
encing the stimulation. For all three monitored muscles,
stimulation of the sole at the fifth metatarsal head pro-
duced the greatest neuromuscular activation, with the
heel producing a non-significant increase relative to
quiet baseline EMG. Stimulation under the first metatar-
sal head produced a significant response relative to
baseline, but significantly less than that observed as a
result of fifth metatarsal head stimulation. It is impor-
tant to note that the increases in neuromuscular activa-
tion were achieved in electrically ‘quiet’ muscles. This is
in contrast to results using electrical stimulation which
require some level of voluntary activation to produce a
response to a non-noxious stimulus (5,54).

This same study investigated the effect of temporally
pairing two stimuli from different sites. The subjects ex-
perienced six different stimulation patterns, where a
pattern was defined as the stimulation of one site on the
sole followed 250 ms later by stimulation of another site.
For instance, one pattern consisted of stimulation under
the fifth metatarsal head followed by stimulation under
the first metatarsal head. A second pattern consisted of
stimulation of the heel followed by stimulation under
the fifth metatarsal head. Using the three stimulation
sites mentioned above, all combinations of stimulation
sites resulted in six different stimulation patterns (see
40, Table 2). The dependent measure was surface EMG
amplitude obtained in experimental trials and compared
with responses obtained in baseline trials using only a
single stimulus per trial. The data from this protocol in-
dicated that in all muscles, responses to fifth and first
metatarsal head stimulation resulted in decreased neu-
romuscular activity if the stimulation was preceded by
stimulation at any other site. For example, the response
of the soleus to first metatarsal head stimulation was de-
creased relative to a baseline response when paired with
a prior stimulation of the fifth metatarsal head (see 40,
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Fig. 6 and 7). Interestingly, the soleus and lateral gas-
trocnemius significantly increased their responses to
heel stimulation when paired with first metatarsal head
stimulation. Although statistically significant, the in-
crease observed in this condition was substantially less
than the magnitude of inhibition observed in response
to the other patterns of stimulation. The findings from
this protocol suggest that when using patterned stimu-
lation to generate lower-limb neuromuscular contrac-
tion, it is very important to apply patterns of stimulation
that account for both stimulation site and the fact that
closely temporally paired stimulation may result in neu-
romuscular inhibition rather than increased activation.
A subsequent experiment was completed that as-
sessed the phenomenon of neuromuscular inhibition
that results in the second response to two stimuli paired
closely in time (41). This protocol involved seated sub-
jects who received mechanical stimulation under the
fifth metatarsal head while surface EMG was collected
from the lateral gastrocnemius, soleus, and tibialis ante-
rior. The stimuli were delivered as a ‘couplet,” with a
second stimuli being delivered following the first stim-
uli at different interstimulus intervals (ISI). The purpose
of this protocol was to begin to identify the ISI time
frame that resulted in neuromuscular inhibition to the
second stimuli and conversely, identify the ISI at which
the response to the second stimuli was no longer inhib-
ited. The ISIs were 100, 140, 180, 220, 260, or 300 ms. The
amplitudes of the second responses associated with the
various ISIs were compared to baseline responses ob-
tained in response to single stimuli. The results indi-
cated that for all three muscles, the neuromuscular re-
sponses to a second stimulus within a couplet were
inhibited for ISIs of at least 260 ms. Additionally, there
was a linear response recovery curve with shorter ISIs
resulting in nearly complete inhibition with the neuro-
muscular activity gradually increasing as the ISI in-
creased. At an ISI of 300 ms all muscles displayed a com-
plete recovery in response amplitude to that recorded
during baseline trials. These data are consistent with the
findings of Layne et al. (40), who reported inhibited re-
sponses to the second of two mechanical stimuli and
suggest that when developing a countermeasure using
patterned stimuli to the sole, it will be important to as-
sess the impact of interstimulus intervals on neuromus-
cular response parameters. Griffin et al. (16) have also
shown that the force output of whole muscles can be
modified depending upon the pattern of stimulation.
Currently, our group has been focused on identifying
neuromuscular response parameters to varying stimu-
lus features. Little work designed to identify the exact
neural pathways involved in the response has been
completed. However, during laboratory experiments
we have been careful to control for any movement of the
ankle joint in response to the mechanical stimulation.
The tibialis anterior also responds to the stimuli and if
the ankle joint was flexing during the experimental pro-
tocols, this muscle would be shortening. Thus, we are
confident that the observed responses are not simple
stretch reflexes. However, based upon the onset laten-
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cies, it is logical to conclude the responses are polysyn-
aptic reflexes with cutaneous and foot muscle afferents
playing an important role (11,12).

Effectiveness of Dynamic Stimulation—Human Model

More direct tests of the potential effectiveness of
providing DFS to attenuate neuromotor degradation
associated with unloading have been conducted by
Kozlovskaya'’s research team employing the unloading
technique of dry immersion. During recent dry immer-
sion investigations (29,30), 18 healthy men were exposed
to 7 d of dry immersion. Resting surface EMG and trans-
verse stiffness of the soleus and tibialis anterior was
obtained prior to, during, and after immersion. During
another session of 7 d dry immersion these subjects
received DFS for 20 min - h™! for 6 h throughout the day
(i.e., for a total of 120 min - d!). The device used was a
custom-made shoe employing pneumatic bladders that
provided 0.5 kg - cm ™2 of pressure using 10 min of stim-
ulation matching a cadence of 75 steps per minute alter-
nated with 10 min of a cadence of 120 steps per minute.
It was reported that without DFS, soleus EMG activa-
tion significantly decreased while tibialis anterior acti-
vation increased during immersion. However, the use of
DEFS greatly attenuated the decrease in soleus activity
and the increase in tibialis anterior such that the results
obtained during dry immersion with DFS and those of
baseline were not significantly different. During the
early stages of dry immersion, the use of DFS greatly in-
hibited the large decreases in transverse stiffness ob-
served during dry immersion without DFS, but by the
sixth day of immersion the decreases in soleus stiffness
between the with and without DFS measures were equal.
Conversely, dry immersion resulted in significant in-
creases in tibialis anterior stiffness, which was signifi-
cantly inhibited as a result of DFS. This inhibitory effect
was still present on day 6 of immersion.

During this same investigation, the functional proper-
ties of the lower-limb musculature were assessed by
concentric isokinetic dynamometry throughout a range
of speeds. Locomotor testing was also performed. Dur-
ing locomotor testing, the subjects walked at 90 steps
per minute while surface EMG was obtained from the
medial gastrocnemius, soleus, and tibialis anterior. After
dry immersion, without DFS, both ankle flexion and ex-
tension force-velocity curves were significantly reduced
at all speeds relative to baseline records. The use of DFS
during immersion significantly increased both the flex-
ion and extension curves such that there were no signifi-
cant changes between pre- and post-immersion testing.
This result was consistent with that of Khusnutdinova et al.
(23), who used a similar dry immersion and DFS pro-
tocol. The EMG obtained during walking after dry im-
mersion revealed significant increases in both the soleus
and gastrocnemius neuromuscular activity with the in-
crease in the gastrocnemius being significantly greater
than that of the soleus. The differential increases of these
two muscles resulted in a significant change in the ratio
of soleus to gastrocnemius activity during walking. The
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use of DFS resulted in reduction of the observed increase
in the gastrocnemius, but a further increase of the acti-
vation of the soleus such that the ratio of soleus to gas-
trocnemius activity was restored to baseline levels. In
the tibialis anterior EMG activity increased relative to
baseline without DFS, but was restored to baseline lev-
els with the use of DFS.

An investigation of force-velocity characteristics of
the knee flexor and extensors after 7 d dry immersion
revealed that during isokinetic testing there is a signifi-
cant decrease in voluntary force in both flexion and ex-
tension after immersion (47). The use of DFS greatly at-
tenuated these declines in strength. During isotonic
testing there were significant decreases in knee extensor
strength, but less so for knee flexion. These decreases
were also eliminated with the use of DFS.

Effectiveness of Dynamic Stimulation—Animal Models

Overall the evidence obtained during functionally re-
lated tests of strength and performance seems to suggest
that the use of DFS to reduce the deleterious impact
of gravitational unloading on humans holds promise
for the development of a spaceflight countermeasure.
Additional work using animal models and humans has
focused on attempting to identify physiological re-
sponses to DFS. One investigation that demonstrated
the role that plantar stimulation could play in producing
significant physiological results on disordered neuro-
muscular systems was conducted by Muir and Steeves
(45). In this study, hatchling chicks with hemisectioned
thoracic cords were provided plantar stimulation while
swimming during the surgery recovery period. Lower-
limb kinematics obtained during overground walking
and swimming served as the dependent variables.
Chicks that did not receive plantar stimulation after
thoracic hemisection never demonstrated a full recovery
of normal lower-limb motion. However, those receiving
plantar stimulation did recover normal patterns of mo-
tion that were retained even after removal of the stimu-
lation. This evidence is a powerful demonstration of the
impact that plantar stimulation can have on even se-
verely disordered physiological systems. It is also im-
portant to note the positive effects of plantar stimulation
in this report occurred in the absence of limb loading
and suggest that plantar stimulation during spaceflight
may also be effective.

One of the first reports designed to explore the impact
of plantar stimulation on muscle fiber characteristics of
hindlimb suspended rats was by that of Nemirovskaya
and Shenkman (46). Their protocol involved a freely
moving control group, and several hindlimb suspended
conditions. These conditions all included a free hanging
left hindlimb combined with either 1) a free hanging
right limb; 2) a right hindlimb supported by a small
platform; 3) an immobilized ankle of a free-hanging
right limb which prevented soleus contraction; or 4) a
right limb that was both supported and immobilized.
This design enabled the investigators to isolate the ef-
fects of muscle contraction and plantar stimulation (i.e.,
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supported platform condition) versus that of plantar
stimulation without contraction (i.e., immobilization
plus platform support). Dependent measures following
this 14-d protocol included soleus muscle mass, cross-
sectional area (CSA) of slow and fast twitch fibers, and
enzymatic activity. The predominate findings indicated
that total muscle mass and CSA of both slow-twitch and
fast-twitch in the left limb decreased relative to the con-
trol group and that atrophy was totally prevented only
in the right limb supported condition. This was inter-
preted to suggest that only in conditions enabling both
plantar stimulation and muscle contraction would the
beneficial effect of plantar stimulation be observed. De-
spite the size similarity between the control and sup-
ported right soleus, there were decreases in enzymatic
activity between the control and supported right soleus.
This decrease in enzymatic activity in the supported
right soleus is in contrast to the significant increase
found in the freely hanging left soleus.

Consistent with the above work is that of Kyparos et
al. (32), who reported that stimulation of the plantar sur-
face of hindlimb suspended rats resulted in no differ-
ences in soleus CSA being observed between those rats
receiving DFS and the ambulatory controls (32). These
authors employed a pneumatic cuff that rapidly inflated
and deflated to provide dynamic stimulation to the
soles. The protocol used DFS for only 160 min - d ™! over
the 10-d suspension protocol. Thus, the rats in the ex-
perimental group received DFS for only 5.6% of the en-
tire period they were suspended. This is in great contrast
to the protocol of Nemirovskaya and Shenkman (46),
whose rats received plantar stimulation continuously
throughout the entire suspension protocol. In the proto-
col of Kyparos et al. (32), one group of suspended rats
had the pneumatic cuff attached to their foot the same
period of time as those rats experiencing DFS, but the
cuff was not activated (i.e., inflated and deflated). Inter-
estingly, just the application of the cuff was enough to
prevent muscle atrophy of the soleus and attenuate that
of the medial gastrocnemius. That is, the application of
mechanical stimulation of the plantar surface was effec-
tive whether the pneumatic cuff was active or not. This
finding is consistent with that of Nemirovskaya and
Shenkman (46), in that both studies strongly suggest
that the ankle musculature must be free to contract if
mechanical stimulation of the soleus is to be an effective
counter to muscle atrophy. It is suggested that in the
condition involving the intact but unactivated cuff, that
during the course of ankle movement the rats gained
dynamic stimulation of the plantar surface, making that
condition very similar in terms of stimulation to that
of the experimental condition involving activation of
the inflatable bladder. Supporting this idea is the fact
when the cuff was applied to the ankle but the inflatable
bladder was removed (i.e., no plantar stimulation), the
soleus atrophied to the same degree as that in rats ex-
periencing only hindlimb suspension. This finding rein-
forces the contention that plantar stimulation is essen-
tial for protection against muscle atrophy induced by
unloading.
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Additional work in this area has been conducted by
DeDonker et al. (6). These investigators stimulated the
plantar surface of the hindlimb suspended rats using an
inflatable balloon, which, when inflated, made contact
with the restrained feet. The inflation/ deflation cycle
was only employed for 10 min per day throughout the
14-d suspension period. Results indicated that the ap-
plication of DFS attenuated soleus atrophy by approxi-
mately 40% depending upon the fiber type assessed.
Additionally peak twitch tension was also greater than
that of hindlimb suspended rats that did not experience
DEFS. They concluded that “modifications in the stimula-
tion of cutaneous receptors of rat foot soles (increases in
time and number of applications) would provide a more
effective means of preventing muscular atrophy and the
associated postflight motor control deficits experienced
by astronauts” (6, p. 2350).

Physiological Mechanisms of Response to
Plantar Stimulation

Little work with humans has been completed to elu-
cidate the mechanisms by which plantar stimulation at-
tenuates neuromotor degradation. However, two pre-
liminary studies have been conducted with humans
that have employed dry immersion and DFS. Moukhina
et al. (44) reported that after 7 d of dry immersion the
percentage of type I soleus fibers significantly de-
creased. However, with the use of DFS (23,29,30), there
was no change in the percentage of type I fibers. Cross-
sectional area of type I fibers in the soleus decreased by
24% during immersion relative to baseline without
DFS. However, when DFS was used during immersion
there was no significant change in cross-sectional area.
This finding is very consistent with that observed in
studies using hindlimb suspended rats and DFS. The
total protein concentration increased in both subject
groups, suggesting a loss of cross-sectional area that
could be credited to the loss of the non-protein elements
of the fibers. Measures of NO-synthase I, which provide
an index of muscle cell signaling activity, were also ob-
tained. In the dry immersion only group, NO-synthase
I significantly decreased while it remained essentially
unchanged from baseline level in subjects experiencing
DFS. This was interpreted to suggest that the soleus
muscle maintained a greater level of contractile activity
throughout the immersion period relative to those sub-
jects not receiving DFS. This finding can also be inter-
preted to suggest DFS is generating muscle activation
consistent with the increased EMG observed by
DeDonker et al. (6).

An additional study by Litvinova et al. (42) using the
identical dry immersion protocol as that above mea-
sured peak maximal tension of single soleus fibers,
single fiber diameter, and titin/myosin heavy chains
(MHC) and nebulin/MHC ratios were computed. These
ratios provide information about proteins which are im-
portant for the assembly and function of muscle sarco-
meres. It was reported that without the protective use of
DFS, fiber diameter was significantly reduced, as was
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maximal peak tension. The use of DFS prevented these
declines. Nebulin/MHC and titin/MHC ratios de-
creased by more than 30% in the immersion only group,
but only by 14% in the immersion with DFS group.
These data and that of Moukhina et al. (44) suggest that
DFS during periods of unloading functions to maintain
both muscle fiber integrity and function.

In an effort to determine if muscle spindle afferents
from the plantar and/or dorsiflexors influenced the re-
sponse to mechanical stimulation of the sole, Layne et al.
(40) conducted an experiment that varied ankle angle
prior to a series of trials containing a single stimuli. Us-
ing seated subjects, ankle angle was fixed at either 70°,
90°, or 110° and the responses of the soleus, lateral gas-
trocnemius, and tibialis anterior were collected with
surface EMG. For the soleus and gastrocnemius, trials
with decreased ankle angle (i.e., stretch of the plantar
flexors) resulted in larger amplitude responses than
those with increased ankle angle. The exact opposite re-
sponse pattern was observed in the tibialis anterior,
where the greatest responses were observed during tri-
als with increased ankle angle (40, Fig. 8 and 9). These
findings strongly suggest that muscle spindle afferents
from the shank musculature do influence the neuromu-
sucular response to foot stimulation. Further confirma-
tion that shank musculature afference can modify the
reflexive response was obtained during an experimental
condition which held the ankle angle constant at 90°,
but used Achilles tendon vibration while the stimuli
was delivered. This protocol revealed that the responses
to sole stimulation were greatly inhibited with the use of
vibration. Since it has long been known that tendon vi-
bration preferentially affects muscle spindle responses
(4,19,49), we interpreted these findings as confirmatory
evidence that shank musculature afference does influ-
ence reflexive responses to foot stimulation. As with the
results obtained from the protocols reviewed above,
these results may be important for the development of a
countermeasure designed to provide optimal responses
to mechanical foot stimulation.

Summary

In this review we have discussed the negative impacts
microgravity exposure can have on the human neuro-
muscular system and stressed the need to ameliorate
those effects with the possible use of passive counter-
measures. It has been argued that the removal of the
support-loading afferentation can trigger a cascade of
neuromotor adaptations beginning with a reversal of
motor unit recruitment order in the extensor muscles
used for bipedal postural control and ultimately result-
ing in compromised whole-body movement activities.
We have suggested that providing a dynamic mechani-
cal stimulus to the soles can partially restore support-
loading afferentation in a manner that can prevent the
initiation of the negative cascade and thereby counter
the neuromotor degradation associated with exposure
to microgravity during spaceflight. Both human and an-
imal model evidence strongly suggests that DFS is effec-
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tive in attenuating the negative effects of unloading.
Additionally, for the application DFS as a countermea-
sure, stimulus parameters and their resulting responses
need to be understood. The research efforts aimed at
identifying stimulus parameters designed to maximize
the positive impacts of DFS and possibly elucidate the
neurophysiological mechanisms underlying the re-
sponse to DFS have been also discussed.
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