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1 Introduction

Physical inactivity is known to promote various chronic diseases like lower back
pain, osteoporosis, diabetes, or cardiovascular diseases. Curiously this malpractice
is one of the most characteristic aspects of the industrial society. Conversely it is
not surprising that voluntary exercise is suitable to prevent or treat these diseases.
Especially moderate endurance training has beneficial effects on the cardiovascular
system and body composition and reduces the risk of suffering obesity, stroke, or
diabetes. Regular strength training avoids muscle weakness, sarcopenia, and re-
duces lower back pain. Furthermore it can enhance bone mineral density which is
important to diminish the risk of osteoporosis and related fractures. In the last two
decades extensive research has shown that physical activity can also lessen de-
generative processes in ageing subjects as well as in neurodegenerative disorders
(for review: Vaynman & Gomez-Pinilla 2005, Mattson & Magnus 2006). These neu-
roprotective effects are highly related to the expression of neurotrophic factors and
go far beyond increasing muscular strength or enhancing blood flow. However,
even if physical activity implies high beneficial potentials, multiple elderly subjects
and especially patients lack the ability to exercise voluntarily due to postural control
disturbances and motor insecurity, neuropathic pain, paresis etc. In order to avoid
establishing a vicious circle one has to bypass these motor impairments and gen-
erate involuntary neuromuscular activity to counteract nerval degenerative proc-
esses. Within this approach stochastic resonance mechanisms could play a funda-
mental role.

2 The structure of neural degeneration and neuropla  sticity

In modern industrial society life expectancy has increased in the last decades (for
review: Booth et al. 2000, Mattson & Magnus 2006). This development results in
parts from highly improved treatment strategies, especially in the field of cardiovas-
cular diseases and cancer. However, similarly the rates of neurodegenerative dis-
eases like Alzheimer dementia (AD) or Parkinson’s disease (PD) increased, too. In-
terestingly, although the pathological structures of these disorders vary initially and
different mechanisms (e.g. mutant genes, oxidative stress, environmental neurotox-
ins, DNA or accidental damage) are discussed to trigger these diseases, progres-
sions are often domino-like and converge on a neural degeneration (Mattson &

Editors: GieRing / Frohlich (2007) Current results of Strength Training Research



Magnus 2006). At this, age-related decreases of neurogenesis play a fundamental
role in neural cell loss. However, reduced physical activity — which is characteristic
in these diseases and generally in industrial society — might promote neural degen-
eration even stronger (Booth et al. 2000, Mattson & Magnus 2006, Vaynman &
Gomez-Pinilla 2005). With respect to animal experiments it became evident that re-
duced physical activity or immobilisation can change muscular activation function-
ing, strongly. Thus, after long immobilisation the percentage of slow twitch muscle
fibres is reduced and fast twitch fibres relatively increased (Otis et al. 2003, Roy et
al. 1991, Dupont-Veerstegten et al. 1998). In consequence, the relative quantity of
-motoneurons with low threshold is reduced and therefore it becomes increasingly
difficult to generate supra-threshold activations voluntarily. Overall, a vicious circle
of progressive inactivity and progressive difficulties in generating muscular activa-
tion arises and thus it is not surprising that neural survival and motor activity are
highly interrelated depending on and resulting from neuroplastic processes.
The human nervous system presents a high plasticity in order being able to adapt
to fluctuating environmental conditions. Some forms of plasticity occur spontane-
ously, others need days, weeks, or even months. After peripheral or central nerve
lesions uninjured nerve cells become quickly responsive to adjacent inputs. If these
nerve cells receive continuously input from new sources strong connections are es-
tablished (Ziemann et al. 2001). This form of neuroplastic processes is necessary to
enable restructuring of neural firing patterns in order to compensate injury or dis-
ease related physiological modifications. Thus, neuroplasticity depends on and
similarly leads to modified activation patterns in neural networks, especially in corti-
cal representations. However, functionality of cortical activation patterns seems far
from being linear. Thus, in healthy subjects strong cross-lateralisation is functional,
l.e. the right cortical hemisphere is active while the left extremities are moving. In
contrast there are multiple evidences that ipsilateral cortical activation correlates
with motor recovery in stroke and multiple sclerosis and therefore this putative
pathological activation pattern is beneficial for these patients and represents huge
neuroplasticity (Small et al. 2002, Saini et al. 2004). A similar structure can be iden-
tified in neural networks that control locomotion. Due to reducing cortical processing
loads locomotion is organized to a large extend by spinal central-patter-generator
(CPG). After being activated this neural network generates rhythmic muscular acti-
vation autarchicly. In healthy subjects spinal CPG are activated through a tonic in-
put from cortical areas, whereas in spinal cord injury patients repetitive peripheral
stimulation can trigger CPG function (Dietz et al. 1995, Wernig et al. 1995, 1998,
Edgerton et al. 2001, De Leon et al. 1999, Colombo et al. 2001).
Overall, neuroplasticity and related modifications in neural activation patterns are
highly nonlinear and thus it seems important to analyse underlying mechanism.
With respect to the literature discussed above one can expect that motor practice
and neurotrophic factor releases play a fundamental role within this process.
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3 Exercise and neurotrophic factor release

Multiple evidences indicate that the number and strength of synapses in neural
networks and representations in cortical areas are practice dependent (Ziemann et
al. 2001). It is likely that these neuroplastic processes are co-structured by neuro-
transmitter releases. Furthermore there is huge evidence that neural activity is criti-
cal for neural survival in the brain as well as in the peripheral nervous systems. This
process is related to the release of neurotrophic factors. Regardless of whether the
disease starts by genetic damage or by environmental reasons, modified neural
and synaptic activation patterns result. This impairs neurotrophic factor releases
which promote cell death cascades.

Neurotrophic factors belong to the protein family and bind primarily to tyrosinkinase
rectors (tkr) and to p75 neurotrophin receptors (p75NR). Pre-synaptic activity pro-
motes synthesis and expression of neurotrophic factors at the post synapse. Acti-
vated post synapse receptors trigger a huge number of signals that modify genetic
coding in the cell nucleus (Bear 2001, Vaynman & Gomez-Pinilla 2005, Lu 2003).
Among others, a genetically programmed cell death can be avoided thereby and
nerval survival is ensured. Even if it is currently discussed that binding of neurotro-
phic factors that to p75NR might also promote a neural cell death a predominant
bio-positive result (nerve cell survival, sprouting) of neurotrophic factor release is
suspected as neurotrophic factors have a largely higher affinity to tyrosinkinase re-
ceptor compared to p75NR rectors (Ang et al. 2003).

Various cells in the nervous system as well as peripheral targets produce neurotro-
phic factors. However, even if the basic mechanisms of different neurotrophic fac-
tors (e.g. NGF (nerve growth factor), NT3-5 (neurotrophin 3-5), BDNF (brain de-
rived neurotrophic factors), GDNF (glial cell line derived neurotrophic factors)) are
similar, they vary regarding release locations and specific functionality like sensitiv-
ity to exogenous stimuli.

Knowledge about the function of neurotrophic factors results from a huge set of
animal and human experiments. In PD two lines of evidence became apparent in
the last years. Sub-cortical infusions of GDNF or striatal implants of fetal mesen-
cephalic cells were found to enhance dopamine (DA) availability some month after
(Lindvall 1999, Brooks 2003, DObrossy and Dunnett 2003). This is important as an
adequate level of caudate dopamine is necessary to execute spatial tasks well. In
consequence of higher dopamine release capabilities, activation of the supplemen-
tary motor area — which is usually hypoactive in PD — is enhanced. This leads in a
further step to unspecific but clinically relevant reduced motor symptoms. With re-
spect to ALS (Amyotrophic Lateral Sclerosis) the BDNF study group (1999) found a
trend in a multi-center-study that high doses of BDNF lead to longer survival rates
compared to placebo. Beneficial effects were also found in neuropathic pain pa-
tients (Boucher et al. 2000). Although the complete etiology is poorly understood -
peripheral nerve injury and related sensory miscoding and abnormalities in firing
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pattern play a fundamental role - GDNF infusions were found to prevent and more-
over to reverse atypical discharges and painful feelings (Boucher et al. 2000).
However, even if infusions of neurotrophic factors seem highly effective in many
diseases — for instance Rosenblad and colleagues (1999) showed in an animal ex-
periment that GDNF provide protection of more than 90% of DA neurons and
Brooks (2003) argues that local GDNF infusions appears to be safe — it seems still
difficult to realize this procedure routinely in humans. Fumagalli and co-workers
(2006) show various difficulties in exogenous administration of BDNF:

Due to the large size of neurotrophin molecules, crossing the blood brain barrier is
complicated and the crossing rate of low; furthermore BDNF might diffuse unspeci-
fically and therefore target neurons are not reached; in addition high doses of
BDNF might promote the risk of suffering epilepsy. The authors conclude therefore
that the results of external administration of neurotrophic factors are poor in hu-
mans.

Alternatively, it became evident that neurotrophic factor release can be promoted
by exercise (Vaynman & Gomez-Pinilla 2005 for review). A couple of animal ex-
periments showed that enhanced physical activity reduce progressions of various
neurodegenerative diseases. In PD animal experiments disease progression is
commonly simulated using neurotoxically lesioned rats or mice. In these models
sub-cortical infusions of neurotoxins (6-OHDA or MPTP) generate a massive loss of
striatal nerve cells usually within a few weeks. However, animals that were forced to
move or run and to use the designated pathological limbs show strongly reduced
motor symptoms and furthermore less marked cell death (e.g. Cohen et al. 2003,
Tillerson et al. 2002). The authors argue that training stimuli lead to marked ex-
pressions of neurotrophic factors that reduce striatal cell vulnerability and cell loss.
Interestingly, Dobrdossy and Dunnett (2003) provide evidence that a motor training
leads to motor control improvements that are close to the effects reached by cell
transplantations and further more training can also improve restorative effects of
neural grafts.

A further animal experiment found that exercise slows down pathogenic neural cas-
cades in AD mice (Lazarov et al. 2005). Various other studies describe beneficial
and therapeutic exercise-related effects of neurotrophic factors in depression, spi-
nal cord injury, or brain trauma (Russo-Neustadt et al. 1999, Hutchinson et al.
2004, Chen and von Bartheld 2004).

However, although the expression of neurotrophic factors is regulated by neuro-
electric activity the release functions are complex and do not seem to correlate
linearly with movement per se. As it was found frequently that BDNF expression in-
fluences learning and memory it is in turn likely that the training conditions (e.g.
variability, difficulties) correlate with neurotrophic factor expression (Lu 2003, Go-
mez-Pinilla et al. 2001, Kesslak et al. 1998). Thus, enriched environmental condi-
tions have been proved to prevent nerval degeneration in neurotoxically treated
animals (Bezard et al. 2003, Fahert et al. 2005) and therefore training and stimula-
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tion conditions should vary. Similarly, patterned electrical stimulation was found be-
ing far better than simple depolarization (Lu 2003, Balkowiec and Katz 2002).
Experiments of Hutchinson et al. (2004) and Gomez-Pinilla et al. (2002) — focusing
the possibilities of nerve regeneration in spinal cord injury — show a tendency that
the release function is connected with movement velocity. Thus, standing does not
lead to neurotrophic factor releases and swimming results only in very moderate
expressions. In contrast running was found to be highly effective for neurotrophic
factor expressions. However, multiple neurological patients are not able to exercise
voluntarily (e.g. running) and therefore ballistic sensory stimulation are missing and
potentially expression of neurotrophic factors is not sufficient to promote neurit out-
growth, nerval regeneration and to avoid further disease progression. Conse-
guently, one might bypass voluntary activation cycles and simulate sensory stimuli,
especially eliciting muscle spindle afferents. Further insight in the functions of neu-
rotrophic factor release and muscle spindle afferents gives a study of Chen and co-
workers (2002). Mutant mice (EGr3”), which loose muscle spindle function after
birth, were found developing parkinsonian motor symptoms like ataxia or tremor.
The authors speculate that the lack of spindle afferents impairs neurotrophic factor
releases and thereby cell death cascades are triggered.

Smith and co-authors (1995 a, b) analysed neurotrophic factor function from an-
other perspective. Animals were immobilized on different levels and inhibition of
neurotrophic factor release was measured. It was found that immobilisation impairs
BDNF release significantly but the degree of impairment is not characterized by a
linear function. Thus, longer immobilisation did not additionally impair BDNF re-
lease, clearly. Furthermore NT-3 release was not impaired by immobilisation but in
parts slightly enhanced. Interpretation of these results is far from being easy as
immobilisation implies a physiological component and also psychological stress ef-
fects which might interact with neurotrophic factor releases. Radak and co-authors
(2006) analysed neurotrophic factor functioning with respect to detraining periods.
They showed that training-related BDNF expressions are reversible and detraining
down-regulates neurotrophin levels. Ying and colleagues (2005) proved the effects
of exercise on BDNF expression in hemisected animals. They found that running
can compensate BDNF reduction after hemisection which was highly correlated
with restoring locomotion performance. Similar regeneration effects of exercise on
the level of dorsal root ganglion were presented by Molteni et al. (2004).

In summary it was found that exercise promotes releases of neurotrophic factors
which protect nerve cells and increase regenerative potential. Especially running,
enriched environment, and patterned stimulation have beneficial effects. However,
the bottleneck within this approach is an impaired ability of many patients to exer-
cise voluntarily. A possible way out is bypassing voluntary activation circles. Sto-
chastic Resonance could play a key role in this strategy.
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4 Stochastic Resonance

Stochastic Resonance (SR) is a phenomenon found in many nonlinear dynamic
systems, including the nervous system (Gammaitoni et al. 1998 for review). It was
firstly proposed by Benzi in the 1980s, who described and explained periodic cli-
matic changes of ice ages (Benzi et. al 1981, 1982). In the last decade SR has at-
tracted considerable attention in the field of neuroscience. The basic functions are
very robust and mathematically provable. In the most general form SR is character-
ized by a type of threshold or barrier and two or more inputs. Generally one input is
a coherent signal; another input of the same modality is a random and/or stochastic
(noise) signal-component. The link to neuroscience arose from a natural stochastic
spiking behavior of nerve cells. This is on one hand generated intrinsically by mem-
brane properties and other cellular mechanism to promote neural development. On
the other hand it results from a synaptic bombardment within the nerval network
(Katz & Shatz 1996, Kenet et al. 2003, Azouz & Gray 1998). Due to this stochastic
function, external stimulations using weak signals that are superimposed by noise
undergo a resonance-like behavior, i.e. the stimuli are amplified and might become
supra-threshold (fig.1). The use of weak mechanical signals might be important in
rehabilitation as patients and elderly subjects since the neuromuscular system as
well as the bone tissue might not be prepared for huge loading and ruptures, frac-
tures, and other injuries could result.

Figure 1: Simulation of synaptic activity and spiking behavior in a simple nerve cell model. While a sinus
stimulation leads to nerve cell activity below the threshold ( ), SR generates supra-threshold activity ()
which is connected with action potential spikes.
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Even if SR might only change the excitability of neurons Destexhe and Marder
(2004) argue that this can also trigger neuroplasticity. Thus, Fallon and co-workers
showed that cutaneous and especially muscle receptors are highly sensitive for
noisy superimposed stimuli (Fallon et al. 2004, Fallon & Morgan 2005). As shown
above activation of these sensors is connected with neurotrophic factor releases
and neuroplasticity. A functional connection between SR and Neurotrophic factor
release makes sense also from an evolutionary point of view. The more variable or
noisy environmental conditions are the more neuroplasticity is necessary — which
depends on neurotrophic factor release — to enable quick and adequate motor con-
trol and cognitive adaptation. Furthermore Balkowiec and Katz (2002) showed in an
in-vitro experiment that electrical sinus stimulation of nerve cells leads to low or
moderate BDNF releases, whereas theta-burst-stimulations (these signals are
characterized by coloured noisy components) generate the highest release, up to
10-fold higher compared to sinus wave in the theta range.

However, even if SR functions can be identified on molecular level and in single
nerve cells, they can furthermore influence signal detection and weightening and
thereby complex sensorimotor control. Each type of control mechanism requires a
certain content of information. In motor control information about limb positions and
environmental conditions are key components to enable further information proc-
essing, adequate decision taking, and storage. As signal detection is the beginning
of this circle all other decisions and processes depend on the ability to detect exter-
nal stimuli sensitively and early. However, this ability is frequently impaired in neu-
rological patients (e.g. PD, stroke, or neuropathy) and therefore mechanisms that
enable good detection of external stimuli is of primary importance. If one lacks ade-
guate information about environment conditions context adapted movement selec-
tion capability is reduced. A couple of studies found that adding appropriate levels
of stochastic influences in stimulating signals (SR) enhance their detectability. “Sto-
chastic resonance (SR) is a nonlinear cooperative effect wherein the addition of a
random process, or ‘noise’ to a weak signal, or stimulus results in improved delec-
tability or enhanced information content in some response” (Ward et al. 2002, 91).
Thus, Liu and co-workers (2002) found 34% better detection of SR signals com-
pared to sinus waves in neuropathic patients. Wells et al. (2005) and Khaodhiar et
al. (2003) show similar results in young, elderly, and neuropathic subjects. How-
ever, functions of SR are not limited to sensory processing only. In various other
experiments it became evident that mechanical stimulation superimposed with ran-
dom and stochastic components can reduce symptoms and optimize motor control
in neurodegenerative and movement disorders patients (e.g. Haas et al. 2006, Tur-
banski et al. 2005, Schuhfried et al. 2005). Especially training-related postural con-
trol improvements (fig. 2) are of primary importance as disturbances in this area are
characteristic for various nerval diseases and highly related with reduced mobility
and quality of life impairment.
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Figure 2: Model of Stochastic Resonance (SR) training effects. The stochastic part of SR stimulation pro-
motes signal detectability, the random component enhance inter- and extrapolation performance

As various patients with different movement disorder patterns (MS, PD, ALS, SCI)
benefit from SR treatment it is likely that a very basic mechanism of postural control
is tuned. Among effects on cortical level and neurotransmitter functioning one can
speculate that random and noisy parts of SR stimuli imply continuously new sen-
sory weightening which improves information selection and Maximume-Likelihood-
Estimation of efferent commands (Halford et al. 1998). ,In other words, increasing
noise (increasing disorder) in the input may result in increasing order in the output.
This seemly striking feature of nonlinear stochastic systems is termed as stochastic
resonance (SR)” (Xiao 1998, 133).
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