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Martinez L, Pérez T, Mirasso CR, Manjarrez E. Stochastic reso-
nance in the motor system: effects of noise on the monosynaptic reflex
pathway of the cat spinal cord. J Neurophysiol 97: 4007-4016, 2007.
First published April 11, 2007; doi:10.1152/jn.01164.2006. In sensory
systems, the presence of a particular nonzero level of noise may
significantly enhance the ability of an individual to detect weak
sensory stimuli through a phenomenon known as stochastic resonance
(SR). The aim of this study was to demonstrate if such phenomenon
is also exhibited by the motor system; in particular, in the Ia-
motoneuron synapse of the cat spinal cord. Monosynaptic reflexes
elicited by periodic electrical stimulation to the medial gastrocnemius
nerve were recorded in the L, ventral root (or in single motoneurons)
of decerebrated cats. Random stretches (mechanical noise) were
applied to the lateral gastrocnemius plus soleus muscle by means of a
closed-loop mechanical stimulator-transducer. In all cats, we observed
the SR phenomenon. The amplitude of the monosynaptic reflexes (or
number of action potentials recorded in the motoneurons) evoked by
the weak electrical stimuli applied to the medial gastrocnemius nerve
were an inverted U-like function of the mechanical noise applied to
the lateral gastrocnemius plus soleus muscle. A significant maximum
value in the amplitude of the monosynaptic responses was reached
with a particular noise amplitude value. Numerical simulations on a
model of the monosynaptic reflex pathway qualitatively reproduce
this stochastic resonance behavior. We conclude that the monosynap-
tic reflex response elicited by la afferents is optimized by the noisy
stretching of a synergistic muscle. Our study provides the first direct
demonstration that the motor system, and not only the sensory
systems, exhibits the SR phenomenon.

INTRODUCTION

Stochastic resonance (SR) is commonly understood to be
the enhancement, by noise, of the response of a nonlinear
system to a weak input signal (Anishchenko et al. 1999;
Ando and Graziani 2000; Gammaitoni et al. 1998; Moss et
al. 2004; Wiesenfeld and Moss 1995). The stochastic reso-
nance is a counterintuitive phenomenon in which the re-
sponse of the system develops an inverted U-like function
versus the input noise level; the maximal enhancement of
the response values occurs at an intermediate noise ampli-
tude value. This phenomenon has been demonstrated in the
CNS (Gluckman et al. 1996; Manjarrez et al. 2002b; Stacey
and Durand 2000, 2001). In sensory systems, several SR
type effects have been demonstrated in terms of the response
amplitude or the signal-to-noise ratio of the output (Ando
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2006; Bahar and Moss 2004; Collins et al. 1996, 1997;
Dhruv et al. 2002; Hanggi 2002; Ivey et al. 1998; Liu et al.
2002; Manjarrez et al. 2002a, 2003, 2007; Mori and Kai
2002; Moss et al. 2004; Richardson et al. 1998; Russell et al.
1999; Ward et al. 2002; Winterer et al. 1999); however,
there is no direct evidence about the existence of this
phenomenon in the motor system.

The SR has been shown in electrophysiological experiments
of human muscle spindles (Cordo et al. 1996) or in tendon
organs and primary and secondary endings of cat muscle
spindles (Fallon et al. 2004). Cordo et al. (1996) demonstrated
that the sensitivity of muscle-spindle receptors to a weak
movement signal is enhanced by introducing a particular level
of noise through the tendon of the parent muscle. This means
that a particular level of mechanical noise added to muscle
spindles could enhance the muscle spindle sensory output.
However, because experiments in humans offer certain limita-
tions, it is not clear from these experiments whether the
electrical activity of the motor spinal neurons also exhibits the
SR behavior. In this context, the purpose of the present study
was to extend the observation of Cordo et al. (1996) to the
monosynaptic reflex actions of muscle spindle afferents on
motoneurons of the cat spinal cord; i.e., to explore the presence
of SR in the motor system counterpart. In the experiments
reported here, we studied the effects of continuous noisy
stretches (input noise) to the lateral gastrocnemius-soleus
(LGS) muscle on the amplitude of monosynaptic reflexes
(MSR) elicited by periodic stimuli to the medial gastrocnemius
(MG) nerve. Thus the signal and the noise were not applied to
the same muscle receptors. This protocol allowed that the
signal and the noise were mixed not in the muscle spindle but
in the motoneurons. In this context, the purpose of the present
study was to substantiate whether SR occurs in the synaptic
integration when two convergent synaptic inputs, one for the
signal and another for the noise, are summated in the motoneu-
rons of the monosynaptic reflex pathway. Disclosure of this
phenomenon in the motor system is important because it shows
that the motor system, and not only the sensory systems, also
exhibits the SR phenomenon. Furthermore, our study shows
that synaptic noise could be beneficial to enhance or to depress
the monosynaptic reflexes, thus suggesting that the CNS could
employ internal noise sources to modulate complex motor
tasks.

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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METHODS
Preparation

Experiments were performed in seven adult cats (weight range,
2.0-3.5 kg). Guidelines contained in the National Institutes of Health
Guide for the Care and Use of Laboratory Animals (85-23, revised in
1985) were followed throughout. For surgery, gaseous anesthesia was
induced and maintained with halothane (5%) delivered in a mixture of
30% oxygen and 70% nitrous oxide. Atropine (0.05 mg/kg) and
dexamethasone (2 mg/kg) were given at the beginning of the surgery.
The radial vein was canulated to administer fluids, and blood pressure
was monitored from the carotid artery. A bicarbonate and glucose
(5%) solution was delivered intravenously through the experiment at
a rate of 5 ml/h. A mechanical precollicular-postmammillary decere-
bration was performed with removal of both cortices and all tissue
rostral to the transection. Dextran and saline solutions were given to
maintain blood pressure between 80 and 120 mmHg. After decere-
bration the anesthetic was discontinued. Animals were paralyzed with
pancuronium bromide (Pavulon, Organon) and artificially ventilated.

A
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The lumbo-sacral and low thoracic spinal segments were exposed
and the dura mater removed. After the surgical procedures, the animal
was restrained in a stereotaxic apparatus using spinal and pelvic
clamps. The ventral roots L,—S, were dissected and sectioned. The L,
ventral root was placed in a pair of electrodes for recording. Pools
were made with the skin around the exposed tissues and filled with
mineral oil (after placement of the electrodes). The animal was
maintained at a constant temperature (37°C) by means of a heating
pad and radiant heat. The left MG nerve was cut and placed in pair of
electrodes for stimulation. With the LGS nerves intact, the left LGS
muscles were freed from the skin and surrounding tissue as com-
pletely as possible without disturbing their blood supply. The tendon
of Achilles was longitudinally attached to the mechanical stimulator-
transducer. Transmission of mechanical noise through the bone was
avoided by removing a 1-cm section of the left femur.

Test stimuli (input signal)

Test stimuli (electrical pulses) were applied on the MG nerve (Fig.
1A). Such stimuli consisted of single pulses with a total duration of
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FIG. 1. A: scheme of the experimental
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0.1-ms delivered at a constant frequency of 2.5 Hz. Figure 1B shows
the input-output curve for the L, MSR amplitude versus the test
stimulus strength, and Fig. 1C shows the power spectrum of the
MSRs, indicating a frequency of response of 2.5 Hz. Figure 1B (*)
indicates the weak intensity of the periodic stimuli used to evoke the
MSRs.

Input noise

Mechanical noise was applied with a closed-loop mechanical
stimulator-transducer that allowed measures of the displacement.
The output of a function generator [Wavetek (San Diego, CA) 132]
provided input to the stimulator-transducer and supplied the input
noise (Fig. 1A). In the protocol of stimulation we employed five or
six levels of noise; but because we used a nondigital-Wavetek
function generator (Fig. 1A), the increments in the intensity level
of noise were exactly not equally spaced. Noise with a power
spectrum ranging from 0.1 to 200 Hz was applied on the tendon of
the LGS muscle (Fig. 1A4). Figure 1D shows the power spectrum of
a typical noisy stimulus. The inset in Fig. 1D shows the amplitude
distribution (Gaussian) of the typical noisy stimulus. The magni-
tude of the input noise was quantified by means of the SD of the
input stretching (o, of input noise, displacement expressed in um).
All noise applications were made longitudinally with the LGS
muscle stretched by 500 wm.

Signal plus Noise
[ low )
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{intermediate )

4009
Protocol of stimulation

To access the effects of mechanical noise (local tendon-displace-
ments) to the LGS muscle on the amplitude of the MG MSRs, 64
periodic pulses were applied to the MG nerve, and the evoked MSRs
were averaged. The effects of different levels of noise on the MSR
amplitude were measured with respect to averages over 64 MSRs in
control conditions. We applied five or six sequences, each with a
different mechanical noise intensity level. The presentation order of
the different noise levels was varied randomly to remove possible
serial effects. We waited a period of ~1 or 2 min to apply a control
sequence after every noise level. Because in long-lasting recordings of
MSRs we observed stability in the MSR amplitude sequence (see Fig.
1E), we used 64 samples of MSRs. We observed that the statistical
significance of the data (Student’s #-test) was successfully accessed with
these 64 samples in control conditions versus other 64 samples for each
level of noise. Every change in the mean MSR amplitude produced by
each level of noise was compared with their own control (i.e., the mean
MSR elicited by 64 electrical pulses applied to the MG nerve).

Electrophysiological recordings

Spinal cord potentials (output afferent volleys; see Fig. 2D) were
recorded from the surface of the L, dorsal horn with a silver ball
electrode against an indifferent electrode placed on the near paraver-
tebral muscles. Furthermore, dorsal root potentials were recorded with
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two electrodes, one placed distally on the central end of a sectioned L
or L, dorsal rootlet, and the other close to, but not touching, the spinal
cord. Monosynaptic reflexes were recorded from the L, ventral root
(Figs. 1A and 2D). In our experiments, we observed that the applica-
tion of mechanical noise on the LGS muscle did not produce a
significant change in the mean amplitude of the dorsal root reflexes
(@) or the afferent volleys (O) elicited by electrical stimuli applied to
the MG nerve (see Fig. 2E).

In other series of experiments, intracellular recordings were
obtained from motoneurons receiving synaptic inputs from LGS
and MG afferents (Fig. 3B). These recordings were made by means
of 3 M potassium acetate-filled micropipettes (tip diameter: 1-2
um) connected to high-impedance DC amplifier. Motoneurons
were identified by their antidromic response to ventral root stim-
ulation. Data acquisition was performed with a sampling rate of
10 kHz.

Data analysis

Data acquisition of the input noise and of the spinal potentials
was performed with a sampling rate of 10 kHz. Frequency filters
were set to 0.3 Hz and 30 kHz. We estimated effects of mechanical
noise (applied to the LGS muscle) on monosynaptic reflexes
directly from the averaged amplitude of monosynaptic reflexes
elicited by stimulation to the MG nerve. The mechanical noise
alone applied to the LGS muscle did not produce MSRs. We
averaged 64 monosynaptic reflexes for each level of noise or
absence of noise. The monosynaptic reflex amplitudes were ex-
pressed as a percentage of control (100%) = SD (error bars in Figs.
2, F-H). Control was considered as the monosynaptic reflex
response in absence of noise. A Student’s #-test (P < 0.05) was
used to test for significant changes of the maximal amplitude value
for an intermediate level of noise respect to the mean control
amplitude.

A a- ' :-'..

Counts
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Mathematical formulas and model parameters used in
computer simulations

To model our experimental results we considered a pool of inde-
pendent but slightly different motoneurons. The pool received con-
vergent afferent synaptic inputs from sources generating signal and
noise (see Fig. 4F). The amplitude of the selected signal was weak
enough not to produce a spike in the absence of noise.

Because there is experimental evidence that ~6 MG la-afferents
project to each of the 300 alpha-motoneurons (Mendel and Henneman
1968) in our model we only considered a pool of 300 motoneurons.
Furthermore, because the proportion of possible direct excitatory
connections between motoneurons is low (Gogan et al. 1977) and
there is controversy that there are electrical connections between
neighboring motoneurons in adult cats (Hinckley and Ziskind-Con-
haim 2006), we have not considered couplings between them. More-
over, we do not expect that our model yield qualitatively different
results after including either electrical or excitatory connection be-
tween motoneurons.

To describe the motoneuron activity, we used the Morris-Lecar
model (Morris and Lecar 1981)

av, 1 .
R A M (R o)
dw;
o ¢ AW)WAV) — W] (2)
where i = 1,..., N index the neurons, and V; and W, represent the

membrane potential and the fraction of open potassium channels,
respectively. C,, is the membrane capacitance per unit area. /*"P is an
external bias current. The last term of Eg. I represents the external
noise (see Numerical simulations section). The ionic current is given
by

I = ge, MAV(Vi = V) + gx WiVi = Vi) + g1 (Vi = Vi) E))

where g, and V¢ (a = Ca, K, L) are the conductance and the resting

FIG. 3. A particular level of mechanical
noise to the LGS muscle increases the probabil-
ity of response of motoneurons to a weak elec-
trical stimulus applied to the MG nerve. A: raster
displays and peristimulus time histograms of
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circles. B: scheme of the experimental arrange-
ment for the intracellular recording of spinal
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potentials of the calcium, potassium and leaking channels, respec-
tively. ¢ is the decay rate of W;, and we define the following functions
of the membrane potential

M.(V) =%[1 + tanh<V;M‘:M‘>] )

W..(V) —1[1 + h<m>] 5

AV =3 tan Vor %)
B V= Vi

AL(V) = tanh<72vWz ) )

where Vi, Vo Vs and Vi, are constant values. The synaptic
current is defined as (Destexhe et al. 1994)

=Y g rVi—E) @)
jEneigh(i)

syn

where gi¥" is the conductance of the synaptic channel. r; represents the

fraction of bound receptors described as
ri=(1-e" forr=t,
rp=(1- e M) Pt)  forp > 8)

where o and @ are rise and decay time constants, respectively. Here
“t.n” represents the time at which the synaptic connection is activated.

It has been recently shown that diversity might play an important
role in forced excitatory systems, equivalent to the one played by
noise in the stochastic resonance phenomena (Tessone et al. 2006).
Tessone et al. (2006) demonstrated that the response of a system to an
external weak periodic signal can be optimized by an intermediate
level of diversity between the elements composing the system even in
the absence of any other noise source. Consequently, diversity (rep-
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30

FIG. 4. The model considers diversity in the
parameters of the equations that generate
postsynaptic potentials in the simulated mo-
toneurons, and diversity in the synaptic conduc-
0= T : T 1 tance. That means that each simulated motoneu-

0 400 800 1200 1600  ron receives synaptic input with a different syn-

aptic weight (w;, see text for details), which is a
Frequency (H2) random numbejr. Furthermore, each simulated
motoneuron receives Gaussian synaptic noise,
indicated by I™"® (representing the last term in
Eq. 1). This synaptic-like noise source is mod-
eled (according to Destexhe et. al. 2001) as a
colored noise (Orstein-Uhlenbeck process) of
correlation time 7 = 0.5 ms and amplitude oy. A
and B: same format as Fig. 1, B and C. C: power
spectrum of the colored noise. D: collective
summated evoked response of 300 motoneurons
(300 M) vs. the input noise intensity, i.e., the
simulated MSR amplitude vs. input noise. The
graph in ® was obtained when the signal was
evoked by a subthreshold stimulus and the graph
in O when the signal was elicited by a supra-
threshold stimulus. E: same as D (®). The values
in the ordinates have been calculated by averag-
ing over 700 periods of the evoked responses.
Note the qualitative similitude between these
graphs and the experimental results. F: scheme
s of the model

Noise

I rand

resented by a quenched noise) and stochastic noise seem to play
qualitatively the same role. Because diversity is intrinsic in nature, we
included it in our model assuming that it plays the same role as the
internal noise sources.

To account for the natural heterogeneity existing in spinal motoneu-
rons, we introduced diversity in the conductance channel parameters:
gk = (Awy + Dgg, g = Aw + gy, and ge, = (Awe, + 1)ge,
also in the synaptic amplitude g¥" = (A'w,,, + 1)g5’" being w; (j =
K, L, Ca, syn) a Gaussian distributed random number of zero mean
and unit variance. A = 0.1 is the unitary percent of heterogeneity we
considered. In our simulations, we took [;*" as periodic synaptic
pulses every 400 ms (i.e., 2.5 Hz as in the experiments) with time 7.,
equals to 3 ms and amplitude g*>".

RESULTS
Experimental results

All animals that we examined exhibited a SR behavior in the
amplitude of MSRs elicited by electrical stimulation to the MG
nerve when different levels of continuous random stretches
(input noise) on the LGS muscle were applied. We observed
the SR-like effect when a weak electrical stimulus was applied
to the MG nerve. Figure 1B illustrates with an asterisk the
weak intensity used to produce MSRs of ~20 wV in one
typical experiment. We computed the mean amplitude of
successive MSRs in control conditions (elicited by electrical
stimuli to the MG nerve) and during the application of different
levels of noise applied to the LGS muscle. Figure 1E shows in
circles the amplitudes of successive MSRs (at 2.5 Hz) for the
three levels of noise indicated (low, intermediate, and high).
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The MSR amplitude in control conditions is indicated with
black circles. Note that the amplitude of the successive MSRs
was significantly increased (P < 0.05) when an intermediate
level of mechanical noise was applied to the LGS muscle (as is
illustrated in Fig. 1A) and was decreased when a high level of
such mechanical noise was added.

Figure 2, A—C, shows examples of successive recordings of
the input signal (Fig. 2A4), input noise (Fig. 2B), and the
corresponding output afferent volleys and output MSRs (Fig.
2C) for three different levels of input noise as is indicated (low,
intermediate, and high). MSRs were elicited by periodic stim-
ulation to the MG nerve (1.2XT) at a frequency of 2.5 Hz. The
input noise consisted of random stretches applied to the LGS
muscle (see METHODS and Fig. 14). Figure 2C illustrates that the
amplitude of the MSRs was facilitated for an intermediate level
of noise applied to the LGS muscle. Note that in this example,
individual MSRs increased their amplitude for an intermediate
level of noise. This observation was confirmed statistically
after averaging over 64 MSRs for different levels of noise in
six different decerebrated cats (Fig. 2, F—H). The maximal
point in each graph of Fig. 2, F-H, and the corresponding
control value were used for the statistical Student’s #-test. We
observed that in these animals the mean MSR amplitude was
significantly enhanced (P < 0.05, Student’s 7-test) at an inter-
mediate noise level (see asterisks in graphs of Fig. 2, F-H). We
observed significant maximal changes (P < 0.05, Student’s
t-test) in the mean MSR of 108.1, 110.2, 115.2, 141.5, 114.4,
and 110.6%, respectively, for the six different experiments.
The mean percentage increase in the MSR amplitude respect to
control for all the animals was statistically significant 117 =*
12% (P < 0.05, Student’s #-test). We observed that the graphs
of MSR amplitude versus input noise exhibited different pro-
files between animals. Whereas in some cases, a low level of
input noise was enough to produce an enhancement of the
MSR amplitude, in other cases a high level of input noise was
required. This fact reflects not only the intrinsic diversity
between the different cats but also that the internal level of
noise is different in each animal.

Furthermore, we observed that when a supra-threshold stim-
ulus was applied to the MG nerve the amplitude of MSRs
significantly (P < 0.05; t-test) decreased as a function of the
level of noise applied to the LGS muscle (Fig. 21).

In contrast, it is important to note that in all the experiments
the noisy stretching of the LGS muscle did not produce SR-like
effects in the MG dorsal root potentials or in the afferent
volleys. Figure 2F illustrates a graph of the mean amplitude of
the afferent volley (white squares) and dorsal root potentials
(black circles) for the experiment illustrated in G (black lines).
Note that no significant changes in the amplitude of the afferent
volleys were observed for the different levels of noise. Similar
results were obtained in all the experiments. This suggests that
in our experimental conditions (and the noise range employed),
the SR observed in the monosynaptic reflexes was mediated by
postsynaptic actions on the motoneurons. This fact justifies the
use of postsynaptic connections in the model that we used to
explain our experimental results as described in Numerical
simulations.

To further investigate in detail the effects of noise on the
motor responses, in other series of experiments, intracellular
recordings were obtained from motoneurons. However, only in
one cat did we obtain successful recordings in two motoneu-
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rons (—55 and —65 mV of resting potential) and with stable
recordings during all the stimulation protocol (the same used
for MSRs recorded from the L, ventral root; see METHODS). The
only difference was that in this case, we defined one weak (i.e.,
subthreshold) stimulus as the stimulus that no produces an
action potential. With this assumption, we applied a sequence
of 64 stimuli to the MG nerve with an intensity to produce a
subthreshold monosynaptic response. Figure 3A shows the
raster displays and the corresponding histograms of the number
of action potentials evoked in one motoneuron for five different
levels of noise. Figure 3A shows the effect produced by
increased levels of mechanical noise applied to the LGS
muscle. Figure 3C shows in black circles the maximum peak of
the successive histograms illustrated in Fig. 3A. Note that the
number of action potentials in the motoneuron was increased
for a particular level of mechanical noise applied to the LGS
muscle. A similar result was obtained for another motoneuron
recorded in the same experiment (see white circles in Fig. 3C).
Horizontal lines in Fig. 3C represent the magnitude of a 95%
confidence interval, which provides a scale against which to
assess the significance.

Numerical simulations

Recently it was shown that the total conductance resulting
from a sum of thousands of synaptic inputs has a power
spectrum that approximates a Lorentzian shape, i.e., which
decays as exp(—#/7). This was demonstrated in a detailed
physiological model of cortical neurons subject to stochastic
synaptic inputs (Destexhe et al. 2001). The Gaussian nature of
the Orstein-Uhlenbeck process and its Lorentzian spectrum
qualitatively match the conductances underlying synaptic
noise, thus providing an effective stochastic representation that
captures the amplitude of the conductances, their SD and the
spectral structure. This motivates the use of the Orstein-
Uhlenbeck process as a valid description of synaptic noise
(Destexhe et al. 2001) that would match our experimental
conditions. Following the Destexhe et al. (2001) idea, for the

case of motoneurons, we assumed that external noise \Evfou(ﬁ
that enters the pool of neurons through the synaptic connec-
tions is modeled as an Orstein-Uhlenbeck process, i.e., as a
colored noise source with a correlation time of 7 = 0.5 ms.
Integration was made by using a stochastic Runge-Kutta
method (known as the Heun method) following ref. (San
Miguel and Toral 1999).

As we said before, we initially verified that no neuron fired
a pulse under the solely presence of the periodic signal or noise
for the subthreshold value of g™ = 1 mS/cm?. For the other
value of g™ = 1.4 mS/cm?, the signal is suprathreshold and
induces pulsations even in the absence of noise. In the sub-
threshold case, we combined the two inputs and fed the 300
neurons with both the signal and noise. To account for the
global response, we averaged the membrane potential gener-
ated by all of the neurons.

Figure 4 contains similar information to that shown in the
experiments. As in Fig. 1B, the A (A) in Fig. 4A indicates the
weak (strong) intensity of the periodic stimulus used to evoke
the simulated responses of the motoneurons. Figure 4B illus-
trates the power spectrum of the input signal, whereas Fig. 4C
illustrates the power spectrum of the colored noise. In Fig. 4D,
we plot the monosynaptic response amplitude, computed as the
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number of spikes generated in a small time window by the
combination of the signal and the noise (where the number of
responses generated only by the noise has been subtracted)
versus the noise level, normalized to the number of spikes
generated under the control noise value, as in Fig. 2, F-H, of
25 in this numerical case. Closed symbols stand for a sub-
threshold signal, whereas open symbols stand for the response
of the system to a suprathreshold signal (see DpisCUsSION). For
the subthreshold signal, a peak at intermediate noise level can
be clearly seen. This indicates that the modeled response of the
system also exhibits the SR effects for the combination of a
subthreshold signal and noise as seen in the experiment. Figure
4E shows a graph for the collective evoked amplitude response
to a sub-threshold signal of the 300 motoneurons, as a simu-
lation of the monosynaptic reflex response, versus the input
noise intensity. The values in the ordinates have been again
calculated by averaging over 700 periods of the input signal. A
clear maximum at intermediate noise levels that decays for
smaller or larger noise strengths can be seen in agreement with
the experiments. Error bars indicate a small dispersion of the
maximum values over the evoked potentials for the 700 input
pulses. Although the comparison is only qualitative, the results
agree very well with the experiments, showing that a simple
model including pools of motoneurons receiving convergent
synaptic inputs from sources generating the periodic signal and
the noise is sufficient to explain the experimental observations.

To go further in our numerical predictions we considered a
suprathreshold signal for the stimulus (g™ = 1.4 uS/cm?, see
A in Fig. 4A) to check whether SR still holds under this
condition. The result is shown in Fig. 4D (O). It can be clearly
seen that the maximum disappeared; as expected, suprathresh-
old signals are not amplified and the response degrades for
increasing noise level as it was also observed in the experi-
ment.

DISCUSSION

Our results show that the monosynaptic reflex pathway
exhibits the stochastic resonance behavior, a phenomenon that
can be qualitatively reproduced in a realistic model of synaptic
integration on a pool with a relatively small number of mo-
toneurons with diversity.

SR was first proposed in 1981 as a possible explanation for
the apparent periodicity of Earth’s ice ages (Benzi et al. 1981).
A variety of nonlinear systems physical and biological exhibit
this phenomenon—in particular, sensory systems. Some exam-
ples related with the present study, but in the peripheral
nervous system, have been reported: in tactile sensations (Col-
lins et al. 1996), in muscle spindle receptors (Cordo et al.
1996), or in afferents from Golgi tendon organs and primary
and secondary endings of the cat muscle spindles (Fallon et al.
2004). However, although the study of Fallon et al. (2004) was
performed in cats they did not provide evidence about the
existence of the SR phenomenon in the motor system, in
particular in the Ia-monosynaptic reflex pathway of the cat
spinal cord.

Stochastic resonance in the motor system

We demonstrated experimentally that a particular level of
noise applied to the stretching of the LGS muscle can produce
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an enhancement of the MSRs evoked by a periodic stimulus to
the ITa afferent fibers of a synergistic muscle (MG). We ob-
tained a similar result in the intracellular monosynaptic reflex
responses of motoneurons, thus providing support to the mono-
synaptic ventral root responses. These results demonstrate that
the SR is not exclusive of the sensory systems and can be
exhibited in the output of the motor system, within the CNS.
This is consistent with previous reports in sensory systems,
visual (Mori and Kai 2002) and somatosensory (Manjarrez et
al. 2003) in which the SR has been observed as a result of the
synaptic integration of signal and noise within the CNS.

Our study extends observations of Cordo et al. (1996) by
showing that the SR occurs in the CNS, specifically in the
spinal motoneurons, and not only in the peripheral nervous
system at the muscle spindle stage. To our knowledge our
study presents the first direct demonstration that the SR can
also be exhibited by the motor system.

The idea that noise has an effect on the motor system was
first indirectly suggested by Priplata et al. (2002, 2006), who
demonstrated that the addition of tactile noise to the feet of
quietly standing subjects can lead to an enhanced balance
control. However, because tactile noise was applied to the feet
they cannot discard that the stochastic resonance phenomenon
was also produced by the somatosensory system (Collins et al.
2003; Priplata et al. 2006). In this context, we consider our
study in cats as a direct evidence of the stochastic resonance in
the motor system because we did not stimulate the skin and
instead we exclusively activated the motoneurons by stimula-
tion of group I muscle afferents.

Furthermore, we consider that our experimental method
allowed a selective stimulation of the primary endings of
muscle spindles by applying small noisy changes of length
(noisy stretching) to a muscle. In fact, the effective range of
noisy stretching that enhanced the MSR amplitude in our
experiments was similar to the amplitude range (<60 wm) of
sinusoidal stimulation (i.e., vibration) that produces selective
activation of primary muscle spindles without activating sec-
ondary endings and Golgi tendon afferents (Brown et al. 1967).
This finding provides additional support to the hypothesis that
the interactions between the input signal and the input noise
associated to the enhancement of the MSRs were at the
postsynaptic level on the motoneurons (see also Fig. 2F to
support the fact that no presynaptic effects were detected).

Model and its justification

Our model qualitatively agree very well with the experi-
ments, showing that a simple simulation including pools of
motoneurons receiving convergent synaptic inputs from
sources generating the noise and the periodic signal is suffi-
cient to explain the experimental observations. Other models of
neural networks, as Hodgkin-Huxley (Liu et al. 2006), leaky
integrator models (Kohn 1998), or Izhikevich (Izhikevich
2003; Izhikevich et al. 2004) could be implemented; however,
the Morris-Lecar method (Morris and Lecar 1981) offers a
simple system of equations to simulate neuronal networks from
the spinal cord (Skinner and Mulloney 1998). Furthermore the
natural diversity we introduced in the synaptic and conduc-
tance channel parameters makes the model more realistic, still
retaining the most relevant features of the SR phenomenon.
This point is original because to our knowledge there are not
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models in the literature that consider diversity in the parame-
ters of the equations modeling the monosynaptic reflex path-
way, in the context of the stochastic resonance. Our model is
supported by recent theoretical studies in the context that
diversity might play an important role in SR phenomena
(Tessone et al. 2006).

Furthermore, the modeling of monosynaptic reflexes and
their modulation by noise could have some relevance in, e.g.,
robots development. In this context, the present study could
have important implications in robotics and neural motor
prosthetics (Ando 2006; Friehs et al. 2004).

To account for the natural heterogeneity existing in spinal
motoneurons, we introduced diversity in the synaptic input and
in the conductance channel parameters. We consider that the
modeling of a group of heterogeneous neurons is interesting
because the main difference between homogenous and inho-
mogenous arrays is that the response of a homogeneous array
without interaction is equivalent to the response of a single
neuron. In this context, the modeling of a homogeneous net-
work without interactions does not represent the behavior of
natural neurons. On the contrary, an inhomogeneous array
(diversity) is intrinsic in neuronal systems, and the purpose of
including it was to show that the stochastic resonance phenom-
enon is very robust. Moreover, it has been recently shown that
diversity plays a similar role as the internal noise (as shown by
Tessone et al. 2006) in which the stochastic resonance behavior
can be even favored by the presence of the otherwise natural
diversity.

Regarding our simulations, because we considered a large
number of motoneurons with diversity we assume that an
additional source of internal noise should not change the results
qualitatively. Therefore in our computer simulations we have
not included internal noise sources. The addition of internal
noise may produce an effect that could be quantitatively but not
qualitatively different.

Noise sources and functional implications

Because in our experiments the levels of noisy stretching of
the LGS muscle did not produce significant effects in the
amplitude of MG dorsal root potentials or in the amplitude of
afferent volleys (Fig. 2E), we suggest that the SR observed in
the monosynaptic reflexes was mediated by noisy postsynaptic
actions on the motoneurons. However, we cannot exclude the
possibility that for higher levels of noise in the stretching of the
LGS muscle, relative to the range (o, = 0—-160 wm) explored
in the present study, some presynaptic effects could also
contribute to the SR of the monosynaptic reflexes. Although in
this circumstance, we should also consider the opposed fact
that electrical stimulation to extensor group Ia muscle afferents
produces a relative very small primary afferent depolarization
in extensor group la muscle afferents (Eccles et al. 1962).
Therefore further experiments will be necessary to explore in
detail this issue. In this context, a discussion of the possible
noisy sources participating in the enhancements of the ampli-
tude of the monosynaptic reflexes merits a discussion.

Our results suggest that the monosynaptic reflex pathway
uses a stochastic resonance-type mechanism to increase the
monosynaptic reflexes via a noisy synaptic input on the mo-
toneurons. Such noisy synaptic input could be originated from
descending pathways (Brouwer and Ashby 1992), from dorsal
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horn neurons producing spontaneous cord dorsum potentials
(Manjarrez et al. 2005), or from propriospinal neurons (Swin-
nen and Duysens 2004). There is evidence that propriospinal
neurons provide a linkage between cervical and lumbar neu-
ronal circuits of the spinal cord that act in the interlimb
coordination of leg and arm movements during human loco-
motor activities (Swinnen and Duysens 2004). Therefore
stretch reflexes in the lower limbs of humans can be affected by
alterations in arm postures, thus suggesting that there might be
interlimb reflex modulation with movement (Delwayde et al.
1977). We suggest that random properties of propriospinal
neurons could provide the stochastic input required to produce
a stochastic resonance mechanism in the Ia-motoneuron reflex
pathway. This means that propriospinal neurons could serve as
a beneficial intrinsic noise source for the monosynaptic reflex
pathway. Enhancements of the monosynaptic reflexes could be
mediated by an intermediate level of input noise on the mo-
toneurons provided by the internal noise of the propriospinal
system. There are studies supporting the idea that “internal
noise” plays a role in information transmission within the CNS
via the “internal stochastic resonance” phenomenon (Manjar-
rez et al. 2002b). This phenomenon has been examined in
detail in diverse nonlinear systems (Balazsi et al. 2001; Gailey
et al. 1997; Lee et al. 1998; Li and Li 2003; Li et al. 2004; for
review, see Lindner et al. 2004) and could be an interesting
issue to explore in the cat spinal cord in the context of the
motor output.

The possibility that the application of noise could improve
the motor performance of stroke survivors has been considered
recently in an empirical study (Rogers et al. 2006). Such study
was motivated by the fact that 75% of stroke survivors have
sensorimotor deficits such as hemi-paresis and proprioceptive
losses with resulting change to both muscle activation patterns
and reflex modulation during movement. Rogers et al. (2006)
suggested that noise can be used as a potential method for
eliciting functional neuroplastic change poststroke via the sto-
chastic resonance phenomenon. While pedaling a motorized
cycle ergometer, soleus H-reflexes were recorded alone (in
control conditions) or, during noise, presented to either the
hamstrings or quadriceps of the ipsilateral paretic limb. Elec-
trical noise, in the form of sub-sensation Gaussian white noise,
was delivered to the target muscle via surface electrodes.
Rogers et al. (2006) found that for noisy stimulation to either
the quadriceps or hamstrings muscles there was a significant
change between the mean normalized soleus H-reflex ampli-
tudes relative to the control condition (P < 0.01) with an
increase in soleus H-reflex with noise. We consider that the
present study in cats provides support to these empirical
observations in persons with poststroke hemiparesis.

In general, it is tempting to suggest that in physiological
conditions adjustments in the level of intra-spinal noise sources
could contribute to control the size of monosynaptic reflexes
via the stochastic resonance phenomenon. For an intermediate
level of noise, a desirable enhancement of MSRs could occur;
however, for higher levels of noise, a desirable decrease could
be produced depending of the requirements for the motor task.
This last point could also be of importance in clinics if we
consider that some pathological conditions of the motor system
involve spastic states in which the attenuation of MSRs in
certain muscles is desirable. In this context, our study provides
support to examine in future studies the levels of noise that
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TABLE 1. Parameters used in the numerical simulations
Parameter Value

Cin 5uF/cm?

e 65 wA/cm?

gx 8uS/ms/cm?

gr 2uS/ms/cm?

22 4.4uF/ms/cm?

Vi —80 mV

Vi —60 mV

Vea 120 mV

Vi -12mV

Vmz 18 mV

Vi 2mV

Vi 30 mV

@ 1/25ms ™!

a 0.33ms ' mM!

B 02ms™!

go" (specified in each case)

Tsyn 3 ms

E, 0mV

could be beneficial in humans to control the amplitude of
MSRs by means of noise applied to the Achilles tendon via the
stochastic resonance phenomenon. Therefore our study is im-
portant because it suggests that certain levels of mechanical
noise could be employed in rehabilitation interventions to
improve the performance of motor task requiring an enhance-
ment of monosynaptic reflexes.

ACKNOWLEDGMENTS

We thank the Spanish Ministerio de Ciencia y Tecnologia and Feder support
under project FIS2004-00953 and European Commission through project
Global Approach to Brain Activity 043309. T. Pérez acknowledges support

from the Govern Balear and L. Martinez from CONACyT México fellowship.

GRANTS

This work was supported by Project J36062-N Consejo Nacional de Ciencia
y Tecnologia México and Programa Integral de Fortalecimiento Institucional,
Vicerrectoria de Investigacion, Benemérita Universidad Auténoma de Puebla
México to E. Manjarrez.

REFERENCES

Ando B. Sensors that provide security for people with depressed receptors.
IEEE Inst Meas Mag 9: 5863, 2006.

Ando B, Graziani S. Stochastic Resonance: Theory and Applications. Dor-
drect, Netherlands: Kluwer Academic, 2000.

Anishchenko VS, Neiman AB, Moss F, Schimansky-Geier L. Stochastic
resonance: noise-enhanced order. Phys Uspekhi 42: 7-36, 1999.

Bahar S, Moss F. Stochastic resonance and synchronization in the crayfish
caudal photoreceptor. Math Biosci 188: 81-97, 2004.

Balazsi G, Kish LB, Moss FE. Spatiotemporal stochastic resonance and its
consequences in neural model systems. Chaos 11: 563-569, 2001.

Balenzuela P, Garcia-Ojalvo J. Role of chemical synapses in coupled
neurons with noise. Phys Rev E 72:021901, 2005.

Benzi R, Sutera A, Vulpiani A. The mechanism of stochastic resonance. J
Physics 14:1.453-1.457, 1981.

Brouwer B, Ashby P. Corticospinal projections to lower limb motoneurons in
man. Exp Brain Res 89: 649—654, 1992.

Brown MC, Engberg I, Mattews PBC. The relative sensitivity to vibration of
muscle receptors of the cat. J Physiol 192: 773-780, 1967.

Collins JJ, Imhoff TT, Grigg P. Noise-enhanced tactile sensation. Nature
383: 770, 1996.

Collins JJ, Imhoff TT, Grigg P. Noise-mediated enhancements and decre-
ments in human tactile sensation. Phys Rev E Stat Nonlin Soft Matter Phys
56: 923-926, 1997.

4015

Collins JJ, Priplata AA, Gravelle DC, Niemi J, Harry J, Lipsitz LA.
Noise-enhanced human sensorimotor function. I[EEE Eng Med Biol Mag 22:
76-83, 2003.

Cordo P, Inglis JT, Verschueren S, Collins JJ, Merfeld DM, Rosenblum S,
Buckley S, Moss F. Noise in human muscle spindles. Narure 383: 769-770,
1996.

Delwayde PJ, Figiel C, Richelle C. Effects of postural changes of the upper
limb on reflex transmission in the lower limb. Cervicolumbar reflex inter-
actions in man. J Neurol Neurosurg Psychiatry 40: 616—-621, 1997.

Destexhe A, Mainen ZF, Sejnowski TJ. An efficient method for computing
synaptic conductances based on a kinetic model of receptor binding. Neural
Comput 6: 14-18, 1994.

Destexhe A, Rudolph M, Fellous J-M, Sejnowski TJ. Fluctuating synaptic
conductances recreate in vivo-like activity in neocortical neurons. Neuro-
science 107: 13-24, 2001.

Dhruv NT, Niemi JB, Harry JD, Lipsitz LA, Collins JJ. Enhancing tactile
sensation in older adults with electrical noise stimulation. Neuroreport 13:
597-600, 2002.

Eccles JC, Magni F, Willis WD. Depolarization of central terminals of group
I afferent fibers from muscle. J Physiol 160: 62-93, 1962.

Fallon JB, Carr RW, Morgan DL. Stochastic resonance in muscle receptors.
J Neurophysiol 91: 24292436, 2004.

Friehs GM, Zerris VA, Ojakangas CL, Fellows MR, Donoghue JP.
Brain-machine and brain-computer interfaces. Stroke 35: 2702-2705, 2004.

Gailey PC, Neiman A, Collins JJ, Moss F. Stochastic resonance in ensembles
of nondynamical elements: the role of internal noise. Phys Rev Lett 79:
4701-4704, 1997.

Gammaitoni L, Hanggi P, Jung P, Marchesoni F. Stochastic resonance. Rev
Mod Phys 70: 223-287, 1998.

Gluckman BJ, Netoff TI, Neel EJ, Ditto WL, Spano ML, Schiff SJ.
Stochastic resonance in a neuronal network from mammalian brain. Phys
Rev Lett 77: 4098—4101, 1996.

Gogan P, Gueritaud JP, Horcholle-Bossavit G, Tyc-Dumont S. Direct
excitatory interactions between spinal motoneurones of the cat. J Physiol
272: 755-767, 1977.

Hanggi P. Stochastic resonance in biology. How noise can enhance detection
of weak signals and help improve biological information processing. Chem-
physchem 3: 285-290, 2002.

Hinckley CA, Ziskind-Conhaim L. Electrical coupling between locomotor-
related excitatory interneurons in the mammalian spinal cord. J Neurosci 26:
8477-8483, 2006.

Ivey C, Apkarian AV, Chialvo DR. Noise-induced tuning curve changes in
mechanoreceptors. J Neurophysiol 79: 1879-1890, 1998.

Izhikevich EM. Simple model of spiking neurons. /[EEE Trans Neural Net-
works 14: 1569-1572, 2003.

Izhikevich EM, Gally JA, Edelman GM. Spike-timing dinamics of neuronal
groups. Cereb Cortex 14: 933-944, 2004.

Kohn AF. Effects of synaptic noise on a neuronal pool model with strong
excitatory drive and recurrent inhibition. Biosystems 48: 113-121, 1998.
Lee SG, Neiman A, Kim S. Coherence resonance in a Hodgkin-Huxley

neuron. Phys Rev E 57: 3292-3297, 1998.

Li QS, Li YP. The effects of an external signal on internal stochastic
resonance in a liquid membrane oscillator. Phys Lett A 320: 109-115, 2003.

Li YP, Wang P, Li QS. Controlling of explicit internal signal stochastic
resonance by external signal. J Chem Phys 121: 6021-6025, 2004.

Lindner B, Garcia-Ojalvo J, Neiman A, Schimansky-Geier L. Effects of
noise in excitable systems. Phys Report 392: 321-424, 2003.

Liu J, Wu J, Lou ZG, Li G. Stochastic resonance enhancing detectability of
weak signal by neuronal networks model for receiver. Lect Notes Comp Sci
3971: 15-20, 2006.

Liu W, Lipsitz LA, Montero-Odasso M, Bean J, Kerrigan DC, Collins JJ.
Noise-enhanced vibrotactile sensitivity in older adults, patients with stroke,
and patients with diabetic neuropathy. Arch Phys Med Rehabil 83: 171-176,
2002.

Manjarrez E, Diez-Martinez O, Méndez I, Flores A. Stochastic resonance in
human electroencephalographic activity elicited by mechanical tactile stim-
uli. Neurosci Lett 324: 213-216, 2002a.

Manjarrez E, Hernandez-Paxtian Z, Kohn AF. Spinal source for the
synchronous fluctuations of bilateral monosynaptic reflexes in cats. J Neu-
rophysiol 94: 3199-3210, 2005.

Manjarrez E, Méndez I, Martinez L, Flores A, Mirasso CR. Effects of
auditory noise on the psychophysical detection of visual signals: Cross-
modal stochastic resonance. Neurosci Lett 415: 231-236, 2007.

J Neurophysiol « VOL 97 « JUNE 2007 - WWW.jn.org

1002 ‘2 aung uo Bio ABojoisAyd-ul woly papeojumod



http://jn.physiology.org

4016

Manjarrez E, Rojas-Piloni G, Méndez I, Flores A. Stochastic resonance
within the somatosensory system: effects of noise on evoked field potentials
elicited by tactile stimuli. J Neurosci 23: 1997-2001, 2003.

Manjarrez E, Rojas-Piloni G, Méndez I, Martinez L, Vélez D, Vazquez D,
Flores A. Internal stochastic resonance in the coherence between spinal and
cortical neuronal ensembles in the cat. Neurosci Lett 326: 93-96, 2002b.

Mendell LM, Henneman E. Terminals of single Ia fibers: distribution within
a pool of 300 homonymous motor neurons. Science 160: 96-98, 1968.

Mori T, Kai S. Noise-induced entrainment and stochastic resonance in human
brain waves. Phys Rev Lett 88: 1-4, 2002.

Morris C, Lecar H. Voltage oscillations in the barnacle giant muscle fiber.
Biophys J 35: 193-213, 1981.

Moss F, Ward LM, Sannita WG. Stochastic resonance and sensory infor-
mation processing: a tutorial and review of application. Clin Neurophysiol
115: 267-281, 2004.

Priplata A, Niemi J, Salen M, Harry J, Lipsitz LA, Collins JJ. Noise-
enhanced human balance control. Phys Rev Lett 89: 238101, 2002.

Priplata AA, Patritti BL, Niemi JB, Hughes R, Gravelle DC, Lipsitz LA,
Veves A, Stein J, Bonato P, Collins JJ. Noise-enhanced balance control in
patients with diabetes and patients with stroke. Ann Neurol 59: 4—12, 2006.

Richardson KA, Imhoff TT, Grigg P, Collins JJ. Using electrical noise to
enhance the ability of humans to detect subthreshold mechanical cutaneous
stimuli. Chaos 8: 599-603, 1998.

Rogers LM, Welty LJ, D’Andrea S, Batchu PK, Brown DA Effect of
stochastic resonance applied to proximal leg muscles during cycling on

L. MARTINEZ, T. PEREZ, C. R. MIRASSO, AND E. MANJARREZ

soleus H-reflexes in persons with post-stroke hemiparesis. Soc Neurosci
Abstr 251.14/011, 2006.

Russell DF, Wilkens LA, Moss F. Use of behavioural stochastic resonance by
paddle fish for feeding. Nature 402: 291-294, 1999.

San Miguel M, Toral R Instabilities and Nonequilibrium Structures V, edited
by Tirapegui E, Zeller W. Dordrecht, Netherlands: Kluwer, 1999.

Stacey WC, Durand DM. Stochastic resonance improves signal detection in
hippocampal CA1 neurons. J Neurophysiol 83: 13941402, 2000.

Stacey WC, Durand DM. Synaptic noise improves detection of subthreshold
signals in hippocampal CA1 neurons. J Neurophysiol 86: 1104-1112, 2001.

Skinner FK, Mulloney B. Intersegmental coordination of limb movements
during locomotion: mathematical models predict circuits that drive swim-
meret beating. J Neurosci 18: 3831-3842, 1998.

Swinnen SP, Duysens J. Neuro-Behavioral Determinants of Interlimb Coor-
dination. A Multidisciplinary Approach. Norwell, MA: Kluwer Academic,
2004.

Tessone CJ, Mirasso CR, Toral R, Gunton J. Diversity-induced resonance.
Phys Rev Lett 97:194101, 2006.

Ward LM, Neiman A, Moss F. Stochastic resonance in psychophysics and in
animal behavior. Biol Cybern 87: 91-101, 2002.

Wiesenfeld K, Moss F. Stochastic resonance and the benefits of noise: from
ice ages to crayfish and SQUIDs. Narture 373: 33-36, 1995.

Winterer G, Ziller M, Dorn H, Frick K, Mulert C, Dahhan N, Herrmann
WM, Coppola R. Cortical activation, signal-to-noise ratio and stochastic
resonance during information processing in man. Clin Neurophysiol 110:
1193-1203, 1999.

J Neurophysiol « VOL 97 « JUNE 2007 - WWW.jn.org

1002 ‘2 aung uo Bio ABojoisAyd-ul woly papeojumod



http://jn.physiology.org

