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IN linear information theory, electrical engineering and neurobiol-
ogy, random noise has traditionally been viewed as a detriment to
information transmission. Stochastic resonance (SR) is a non-
linear, statistical dynamics whereby information flow in a multi-
state system is enhanced by the presence of optimized, random
noise' ™. A major consequence of SR for signal reception is that it
makes possible substantial improvements in the detection of weak
periodic signals. Although SR has recently been demonstrated in
several artificial physical systems™®, it may also occur naturally,
and an intriguing possibility is that biological systems have evolved
the capability to exploit SR by optimizing endogenous sources of
noise. Sensory systems are an obvious place to look for SR, as
they excel at detecting weak signals in a noisy environment. Here
we demonstrate SR using external noise applied to crayfish mech-
anoreceptor cells. Our results show that individual neurons can
provide a physiological substrate for SR in sensory systems.

The concept of SR originated in efforts to explain the sug-
gested periodicities in recurrences of the Earth’s ice ages as the
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result of stochastic and weak periodic forces acting in concert
on a bistable, global climate model’'°. Subsequent experi-
mental' and theoretical>® work demonstrated that the informa-
tion content of a weak signal can be maximized by noise in
certain nonlinear systems. An operational definition of SR is
that some measure of the output coherence relative to the output
noise passes through a maximum at an optimal value of the
input noise.

As a preliminary search for SR in living systerns, we have
studied the timing of spiking events (action potentials) in single
mechanoreceptor cells of the crayfish, Procambarus clarkii'' ™",
As spiking can be induced by both noise and a coherent signal,
we hypothesized that transmission of a weak mechanical stimu-
lus could be enhanced by an optimal noise intensity. We
were guided by an early review on statistical processes in
neurons'* and by previous experiments involving external'*'® or
internal'”"'® noise which, in certain cases, was found to enhance
some aspect of the quality of the response'>?’. In an experi-
mental approach similar to the physical demonstrations of SR,
we added an external noise source to a weak periodic signal,
defining this combination as the stimulus. We obtained both
power spectra (PS) and interspike interval histograms (ISIHs),
which assess the coherence of the spiking activity with the signal
frequency. An alternative measurement, the peri-stimulus time
(cycle) histogram, which is sensitive to coherence with the signal
phase is not considered here but is_being studied in our
laboratory.
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Original studies of the ISIH of spontaneous and stimulated
discharges in cat auditory fibres and their interpretation in terms
of a noisy integrate-and-fire model demonstrated the exponen-
tial-like decay of peaks located at integer multiples of the stimu-
lus period®'. Although both single*>* and populations® of
integrate-and-fire models with noise have suggested® that neu-
rons can exhibit a noise-enhanced response, these studies did not
include a measure of the coherence relative to the noise, which
would have been necessary to demonstrate SR. The nature of
coherence in the ISIH in periodically forced, noisy, physical sys-
tems and its relation to physiological data from similarly forced
sensory neurons'® has recently been discussed*®. Here we use two
separate coherence measurements (the SNRps and the SNR g1y,
defined below) to demonstrate SR experimentally in single neu-
rons. These SNRs quantify the information content of the spike
train without invoking any specific stimulus-encoding mecha-
nism or neuronal model.

Our experiments used near-field mechanoreceptors, located on
the crayfish tailfan, in which small motions of cuticular hairs are
transduced by their associated sensory neurons into spikes that
propagate centrally along the sensory nerves. In power spectra
computed from the spikes (Fig. 1), the main feature due to the
periodic signal is the narrow peak at the fundamental frequency
riding on a broad noise background. This feature was enhanced

.by intermediate noise intensities (compare Fig. 1a, and ), but

degraded by higher noise intensities (Fig. 1c). Interspike internal
histograms (Fig. 2) were obtained at the same three external

FIG. 1 Power spectra computed from the spiking activity of a crayfish
mechanoreceptor, stimulated with a weak signal plus three external
noise intensities: a, 0; b, 0.14; ¢, 0.44Vr.m.s. Insets at upper right
show samples of the windowed spike trains from which the power spec-
tra were computed. The total numbers of spikes used for the computa-
tions were 698 a, 2,390 b and 4,031 c. All spectra were acquired in
the same amount of averaging time, 8.53 min. A single appendage (the
telson) was isolated surgically from the crayfish tailfan, together with
the associated nerve roots and terminal abdominal ganglion, and
immersed in crayfish saline®® at room temperature. The appendage was
mounted vertically on an electromagnetic motion transducer activated
by the sum of two inputs: a pure sinusoidal function of 55.2 Hz (the
signal), plus a wide-bandwidth gaussian-distributed random function
(the noise) as shown in the time series of the signal alone (upper left
inset) (b) and the signal plus the noise (lower left inset) (b) and power
spectrum (left inset) (¢). The sample data shown in the insets were
measured for the corresponding conditions stated above for a—c. The
noise shown in the insets is quasi-white but the motion transducer
introduced a roll-off of about 6.8 dB per frequency decade. The resulting
stimulus was thus a combination of periodic and band-limited random
motions of the hair relative to the saline, with the intensities of the
noise and signal under independent control. Extracellular recordings
from a nerve root were windowed to isolate spikes from a single sensory
cell. The windowed events were shaped into 3.5-ms rectangular pulses,
passed through a low pass (0-1.5 kHz) filter, and digitized at 10 kHz to
obtain power spectra and ISIHs. To maximize the effects of the external
noise, mechanoreceptors with low spontaneous spiking rates (low inter-
nal noise) were chosen for recording. The entire preparation was
mounted on a vibration isolation table, the appendage was rotated so
as to select the most effective stimulus direction, and a tuning curve
was measured to select the most effective signal frequency. The signal
intensity was then set slightly above that required for the minimum
detectable SNRps, and various levels of noise were added to the stimu-
lus. The noise and signal voltages delivered to the electromechanical
transducer resulted in a stimulus velocity of 120 um s ' perVrm.s. at
10 Hz as determined by an optical calibration. Crayfish mechanorecep-
tor cells are quite sensitive; without vibration isolation, the cells can
easily detect weak building vibrations at 12.5 Hz.
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FIG. 2 Interspike interval histograms (ISIHs) obtained under the same
conditions used for Fig. 1. To emphasize the coherence of the ISIH
peaks with integer multiples of the stimulus period T, (18.1 ms), only
intervals up to 20T, are shown. Arrowheads mark the first five integer
multiples of To. For clarity these data were smoothed with a three-point
moving average. The SNR,g)y calculations (Fig. 3) were obtained from
unsmoothed data. The ISIH shown in b does not show the more familiar
exponential-like decay of peak amplitudes beyond the first peak
because the coherent portion of the stimulus is very weak. Under such
conditions it is well known® that the histogram is spread out over very
long time intervals and that the first peak is not the one of maximum
amplitude.

noise intensities. With no external noise (Fig. 2a) the spike rate
was extremely low and most intervals were longer than those
shown in Fig. 2. Intermediate noise (Fig. 2b) produced a striking
growth of coherence marked by an increase in the amplitude of
peaks located at integer multiples of Ty, the stimulus period?.
Higher noise (Fig. 2¢) resulted in increasing randomization of
the peak structure.

Using various noise intensities, a series of power spectra such
as those in Fig. 1 was used to calculate the SNRps by integrating
the data in a small region around the fundamental peak to obtain
the strength, S, the area under the signal peak above the noise.
The SNRps, in decibels, was obtained using the standard defini-
tion: SNRps=10log;o [S/N( fo)], where N( f,) is the amplitude
of the broad-band noise background measured at the signal fre-
quency fo. The results of these measurements (Fig. 3a) show a
noise-induced signal enhancement of about 4.5 dB at an optimal
noise intensity of ~0.14 V r.m.s.

As there is no formal definition of the SNR based on the ISTH,
we developed an ad hoc definition assuming the occurrences of
peaks at integer multiples of T, (ref. 26). The interspike intervals
located around the first 100 peaks were summed on every interval
iTo+ To/4 for 1<i<100,and called Np,.x. Similarly, the remain-
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ing intervals located around the troughs were summed on (i—1/
2)To+ To/4 and called N;,. We then defined the SNRgiu=
10 10810 (Nmax/Nmin)>. The results (Fig. 3b) parallel those com-
puted from the power spectra: a noise-induced enhancement in
the SNRysiz but with a lower optimal noise intensity of
~0.10 V r.m.s.

Not all cells show SR, but we have measured at least some
noise-induced enhancement in 10 out of the 11 cells tested. One
cell, which had the largest internal noise, N(f;), showed only a
monotonic decline instead of a maximum in the SNR.

Our experiment shows very clearly that weak signals can be
enhanced by an optimal level of external noise in single sensory
neurons. Does this mean that external noise can help crayfish
detect weak signals which they could not detect in its absence?
Experiments on sensory interneurons and/or behavioural studies
will be necessary to answer this question. But a recent psycho-
physical experiment” and model”® involving human perception
of ambiguous figures in the presence of external noise suggest
that this is so.
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FIG. 3 Stochastic resonance measured from power spectra (a) and
ISIHs (b). The data shown in all figures were acquired from a single
representativé preparation.
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