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Abstract o
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The spike timing precisions of an array of neurons to periodic input are studied. For weak signal, the precision verséfs the
noise intensity shows a stochastic resonance (SR) behavior. The optimal noise intensity corresponding to the maximal resonanc
shows a global minimum as increasing signal frequency. As the signal amplitude increases above a critical value, the Skseffect
disappears, and the critical amplitude goes through a global minimum as the signal frequency increases. A frequency sefsitive
range of 30—100 Hz with high spike timing precisions and high coherence of the firings are found. It is the resonance begveen
the intrinsic oscillation and the signal resulting in the dependence of the dynamical features of SR on the forcing frequengy and

the frequency sensitivityl 2001 Published by Elsevier Science B.V. 72
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A number of recent experimental and theoretical the spike timing determines whether subsequent new
studies on the information processing in neuronal sys- ronal groups can reproduce (or improve) the activitiesg
tems demonstrated the role of the precise spike tim- i.e., whether the precise spikes can propagate staldy
ing in the information encoding and transmissidn-[ among the neuronal groups or whether it dies out i
5], leading to a temporal coding. Using temporal cod- the process of propagation. Besides, the influence ef
ing the information capacity of neural spike trains noise on the spike timing precision of neural signalss
increases significantlylF-5. A common feature of  has attracted much attention. A study by Pei et3l. [ s4
the temporal coding is the synchronization of spikes showed that spike timing precision of the neurons to as
among the population of the neurons. The precision aperiodic subthreshold stimuli can be effectively enss
of the spike timing is used to characterize the coin- hanced by a suitable noise via a so-called mechanism
cidence, so the synchronization, of the spike firings of the stochastic resonance (SR).[ 88
among the neurons. It is argued that the synchronized Itis well known that in peripheral or central nervousss
activities of the neurons with high temporal preci- system the information processing is generally accome
sion can be transmitted more efficiently than the asyn- panied by some rhythmic oscillations of neural active1
chronous ones? 3. Thus, the degree of precision of ities. These rhythmic oscillations, definitely related to2
the intrinsic oscillations of the neurons, are ubiquitouss

phenomenaq,§. Furthermore, both experimental andss

*Corresponding author. t_heoretical studies3} 9 indicated that th_e;e oscille_1- 95
E-mail address; biophy@netra.nju.edu.cn (Y. Yu). tions may serve as functional synchronizing and timss
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ing devices for information processing. Moreover, a 49
phenomenon of frequency sensitivity in weak signal
detection has been examined experimentadl} and
theoretically [L1], respectively. It was found that there
exists a frequency range of 30-100 Hz in which the
signal detection or transduction of the neuron is more Signal—|
effective [L0,1]. That is, in this range the coherence

of the spiking responses of the neurons to the input

signal is evidently enhanced, improving its ability in
information processing. It is suggested that such a fre-
quency sensitivity is a result of a resonance between

the intrinsic oscillation of the neuron and the input sig-

nal [10,11]. Itis interesting to examine how this intrin-

sic oscillation influences the spike timing precision in 62
response to weak periodic stimuli and the dynamical Fig. 1. A schematic diagram of the parallel array of HH neurones
behavior of SR. Do the neural systems favor some sig- models convergent on a summing gen‘ibrThe sum of the output g,
nals with specific frequencies in information process- of the array may be assumed as an input to other neural network. 65

50
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52
53
54
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56
57
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60
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ing? 66
To address the mentioned above questions, we make 67

a study on the pooling effect of the responses of a large neurons {2]. The dynamic equations for the network®®
number of noisy Hodgkin—Huxley (HH) neurons?] are presented as follows: 69
in parallel as such a array architecture may be involved 70
in sensory system&[13. The input signal is selected dVi = Text(t) — gnam3hi(V; — Vi) &
as a periodic one because of its biological relevance " dt 4 e ‘ 72
[13,14. The spike timing precision of the neurons in —gkn; (Vi = Vi) —gi(Vi = Vi) + &), 73
the array to the subthreshold periodic signal is found to (1) 7
be maximized by the optimal noise intensiBy via dm;  moo(Vi) —m; @ 75
SR. TheDgpt corresponding to the maximal resonance  dt (V) 76
shows a global minimum as increasing the signal gn;  hoo (V) — h; 77
frequency. The critical amplitude of signal above ;== AN @)
which the SR effect disappears is obtained, which dni neo(Vi) —n; 79
also goes through a global minimum as increasingthe — = >~ ' ;=1 ...,100Q (4) e
dt T (Vi) 81

signal frequency. By matching the period of stimulus
to that of the intrinsic oscillation of the neurons, the where V;, m;, h; and n; are the membrane poten-s2
spike timing precision of the neurons for the signal is tial, the gating variables of Naand K™ channels, &3
largely enhanced, especially when the frequency of the respectively.gna, gk and g; are the maximal values 84
signal is in a range of 30—-100 Hz. The characterization of conductance of the sodium, potassium, and leaks
of such a resonance and the frequency preferenceage currents; anlfna, Vk andV; are the correspond- ss
capture some essential properties of neurons that maying reversal potentials. The membrane capa€Cjty— 87
serve as a substrate for coordinating network activities 1 pF/cm?. The auxiliary functions and the parame-8s
around a frequency range of the so-callgeband ter values can be found in Refld]. Iext(t) = I1 x 89
(40 Hz) in the brain. sin(2rx fs¢t) is an input signal with/; and f; being the 90

We report here the results of a numerical simulation amplitude and frequency, respectively. o1
of a summing network of 1000 HH neurons connected It is well known that there are numerous noise?2
in parallel and converging on a summing cenker sources in nervous system$5], such as thermal 93
as shown inFig. 1. The HH neuronal model is an fluctuations, the variability of membrane parameters4
useful paradigm that accounts naturally for both the and spontaneous opening or closing of ion channels,
spiking behavior and refractory properties of real which can be modeled as a Gaussian white nbisg 9
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with zero mean and autocorrelation as follows:

(Em)=0,
(& (1€ (12)) = 2D8; 8 (11 — 12), (5)

where(...) represents the ensemble average over the
noise distributions. Each neuron within the array is
subjected to an independent Gaussian white noise
but with the same intensityD. All the numerical
simulations are done by using a stochastic Runge—
Kutta algorithms 1 6] to obtain more precise solution.
The integration step is taken as 0.02 ms.

The dynamic features of a noisy HH neuron has
been studied in detail in many works (for example,
see Refs.17-19). The weak noise makes the mem-
brane potential fluctuate near the firing threshold and
display sustaining subthreshold oscillations. Such os-
cillations are mainly around frequencies about 50—
60 Hz [L9]. When the noise intensity increases slightly
large, coherent oscillations (firings around a main fre-
quency) occur which may relate to a coherence reso-
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nance (CR)20]. As reported in Refs.][8,21], the co-
h(_erem rT_10t|0_n of th_e neuron Is maX|m|zec_i bY anoise Fig. 2. (a) An example subthreshold signal with frequenfgy= "
with optimal intensity. Each coherent oscillation pos- 50 1, andiy = 1 wA/cm?. (b)—(d) Raster plot of spike times of 72
sesses a definite frequency which might be associatedihe network for the stimulus in (a): for small noige = 0.1 (b), 73
with the natural frequency of the neurotg]2]. For mediate noiseD = 1 (c), and large nois® = 10 (d). (e)-(g) The 74
the HH neurons, the frequencies of coherent oscilla- PSTHs r.esultin.g from the stimulus in (a_): for small noBe=0.1 5
tions for various noise intensities are mainly within (¢ mediate nois® =1 (f), and large nois® = 10 (g).
40-70 Hz [L9]. Both subthreshold oscillations and co- 77
herent oscillations can be induced by noise, and these We input a weak periodic signd| sin(2r fy¢) with 78
oscillations can be viewed as intrinsic oscillations of 1, =1 pA/cn? and f; = 50 Hz to each noisy neurons 79
the HH neurons. Actually, these oscillations have also in the array and examine the effect of the noise ang
been observed in experiments in various neuron types, the intrinsic oscillations on the firing precision of thes:
such as in the neocortical neuron$énd in the thala- neuronskigs. 2(a)—(dshow the input signal and the 82
mic neurons as wellg]. Physically, the intrinsic sto-  resulting firing spatiotemporal patterns for three noises
chastic nature of the neuron, and the inherent bista- intensities. Before the onset of the stimulus, all the firs4
bility of the neuron play important roles in generating ings are disordered in time due to the noise. When ttee
these subthreshold and coherent oscillatidi’s-L9. stimulus is added, synchronized firings are achieved

Recently, these oscillations were suggested to pro- because the periodic signal represents an external tirsre
vide a precise temporal clock for neurons in the in- clock in adjusting the firing phase of each neuron. Thes
formation encoding and even supply a mechanism un- corresponding post stimulus time histograms (PSTH3}g
derlying synchronizing and binding functions for the which shows the number of spikes collected at the oute
neuronal activitiesJ,10. It was also suggested that put of the summing center per unit time, are shown it
the nature frequency exhibits in these oscillations may Figs. 2(e)—(g)respectively. The PSTH as a function ofez
provide the neural systems an effect of frequency pref- time is known as the instantaneous firing rate. It wass
erence to synaptic inputs, which results in a phenom- assumed that this function encodes the information of
enon of frequency sensitivity in processing input sig- the signal [L,4]. But we should realize the artificial na- 95
nals [L0,17,19. ture of this construct. Many recent theoretical workss
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have emphasized the idea that the spike coincidence
across a group of neurons, as represented by the arrayz 5|

in Fig. 1, encodes the information, which may be ne-
glected in rate coding. The correlation of the temporal
spike timing among different groups of neurons may
represent an important signal for a number of percep-
tual processedl]. In order to quantify the coincidence
of the spike timing of a group or an array, we define
the spike timing precisiop; for jth firing event (the

Jjth peak, consists of a number of spikes) in the PSTH,
based on the shape of a smoothed data set obtained as

a five point moving average of the PSTH [
pj = (PSTHhax/ ;. (6)

where(PSTI—D,’ﬁax is the maximum value of the height
of the jth firing event in the PSTH, an®; is the

width at the heighttPSTHax/e (e is the base of
natural logarithms). Thus, for one periodic signal, the
average precisiop is obtained by averaging over all
firing eventsM during the full stimulus process, i.e.,

1 M

M. (7

40
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Fig. 3. (a) The spike timing precision versus different noise intengg
sities D for three cases of deterministically subthreshold input S|g 50
nals with /1 = 1.0 pA/cn? for f; = 30, 50 and 120 Hz, respec-
tively. (b) Optimal noise intensityDopt versus signal frequency
for I1 = 1.0 A /cm?. Error bars is added which calculated from 10 7
trials. (c) Critical signal amplitudd, versus signal frequency, 72

70

p descnbes quan“ta“ve'y the average number of error bars is added which calculated from 10 trials. (d) The Splkeg

spikes and the coincidence of these spikes in any firing

eventin the PSTH.

Intuitively, the PSTHs irFig. 2shows that the spike
timing precision for intermediate noise intensities,
e.g., D =1, is larger than those for a small (e.g.,
D =0.1) and a large noise intensities (e.§.= 10),

timing precision versus differend for three cases of suprathresh- -,
old input signals/; = 1.0 pA/cm? for f; = 30, 50 and 120 Hz,

respectively.
76

7
a phenomenon is due to the mechanism of the@@R [ 78
The additional noise may result in the total effectivere

respectively. This means that there is an optimal noise input being suprathreshold which evokes the neurorss

intensity for a maximal precision, relating to a SR-
like behavior, which is similar to the observation by
Pei et al. p]. (Differently, the input Pei et al.q]
used is a single pulse-type stimulus.) The SR-like
behavior can be seen clearly frafig. 3(a) where the
precision for three signals with different frequencies
are shown for a large range of noise intensities. It is
found that for each signal, there is an optimal noise
intensity Dopt With which the maximal spike timing
precision is obtained. The additional suitable noise

to fire spikes locked timely to the maximum of thes:
periodic signal. That is the firing of spikes associated?
with the noise.Fig. 3(b) summarizes the relation of 83
frequency dependence @fopt on f; (for each signal 84
frequency, the amplitudé; is fixed to 1 uA/cn?), 85
which shows a nonmonotonous curve. It is worthys
to note that the minimal value ooy is obtained 87
for f; near 50-60 Hz. This range is close to that ofs
the intrinsic oscillation of the HH neuron. The non-ss
monotonous relation oDgpt On f; is different from o

increases the spiking probability and enhances the that of the bistable systen?]], suggesting that the o1

sensitive ability of the neuron to the stimulus. For

intrinsic oscillation may play an important role in 92

a high noise level, the increasing stochastic nature affecting the dynamical behavior of SR. 93

of the noise dominates the firing dynamics of the

In addition, when the amplitud& of the periodic 94

neuron, which leads to the decrease of the spike signal increases, we find that there exists a criticab

timing precision. Clearly, the physical origin of such

amplitudel, for each signal frequency (sé&. 3(c), 9
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above which the precision of the spike timing is 49
monotonously degraded as the noise intensgityn- —~ 30} 50
creases (sekig. 3(d), and the SR effect disappears. § 51
The critical amplituded, obtaining for each signal s 2l 52
frequency shows a nonmonotonous relation with = 53
and the minimall, is obtained forf; near 50—-60 Hz % ok 54
(seeFig. 3(c). Noted that the value of. is almost £ 55
equal to the critical value which divides the dynamics 0 . . : O 56
of noiseless HH neuron into nonfiring state and firing 0 50 100 150 200 57
one [L9]. Thus the signal with amplitudé > 1. can £, (Hz) 58
be viewed as superthreshold input. Two conclusions _ Lo V. . .59
. . . . Fig. 4. The spike timing precision versus the signal frequengjes
Can_ bg Obta_med‘ 1) Fo_r the no_'_sy HH neuron with for a weak noiseD = 1 and a large nois® = 5, respectively. 60
periodic forcing, there exists a criticdl above which 61

the SR effect disappears, and the added noise only 62
increases the randomicity of the firings of the neurons; for different noise intensities. Physically, when thess
(2) the critical amplitudesl. for SR effect goes frequency of the input signal is close to the nature+
through a minimum as increasing the signal frequency frequency of the HH oscillators, the resonance wilks
fs, which may be affected by the intrinsic oscillation occur. The maximum resonance arises by matchirgg
of the HH neuron with natural frequency. optimally the period of the input signal to that ofe?

Therefore, the spike timing precision for the sub- the intrinsic oscillations of the neurons. Thus, due t@s
threshold periodic stimuli can be enhanced by suit- resonance the neuron fires spikes with more strorsg
able noise intensity via SR, whereas the precision for coherence and more energy of the environment i®
the suprathreshold periodic stimuli decreases monoto-transferred to the neuron, leading to a high precisiorn
nously as the noise intensity increases. The nonlinearof the spike timing near the maxima of the periodicz
resonance between the intrinsic oscillation of the neu- signal. This is the physical reason why the frequencis
ron and the periodic signal produces the maximal re- preference exists. Due to the existence of differerm
sponse where only the small strength of the stimulus types of rhythmic activities in the brain, the resonances
and the noise are needed. and frequency preference may be the basic principles

More interestingly, the spike timing precisions of underlying the information processing and even in?
the array of neurons for signal witly = 50 Hz are the realization of different behavioral and perceptuats
always larger than those for signals witfy = 30 functions. 79
and f; = 120 Hz (seeFigs. 3(a) and (9) Fig. 4 When the noise intensity increases to a large valueg
summarizes this result (here all the signals are all e.g.,D =5, the effect of stochastic nature of the noiset
subthreshold with/; = 1). It is found that at a low  on the responses of the neurons becomes large asd
noise level the spike timing precisions for frequencies even dominates the firing dynamics. Thus, the timing3
in the range of 30-100 Hz, especially around 50— precisions for signals with frequencies in 30-100 Hz4
60 Hz, have large values. This suggests that the signalsdecays. However, there is still a frequency sensitives
with frequencies in such a range are encoded with high region. It is seen that the precisions for signals wittss
accuracy, indicating the existence of the frequency high frequencies, i.e.f; > 100 Hz, are larger than 87
sensitivity. Such a frequency preference of 30—100 Hz that for a small noise intensitip = 1. This is due to ss
with high spike timing precision may have important that the optimal noise intensity for signals with highse
functional significance for the temporal encoding in frequencies is larger than that for signals with loweo

brain. It may give a reason why many neural systems frequencies (se€ig. 3(b). o1
favor gamma rhythm (30—-100 HZ} 3] both in higher Furthermore, to quantify the synchronization ofe2
brain functions and in lower level of information neuronal firings in the network, we introduce a co%3
processing. From our previous workd, we know herence measure based on the normalized cross-cexr-

that the nature frequency of the neuron reflected in relations of pairs of neurons in the netwotlkd]. The 9
the intrinsic oscillations is in the range of 40—70 Hz coherence between two neuranand j is measured 9
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by their cross-correlation of spike trains at zero time (@) 49
lag within a time bin ofAr = 7. Suppose that a long 03} 50
time intervalT is divided into many small bins with 51
width  and that two spike trains are given liyl) = 0 52
orl,Y()=0orl,fori=1,2,...,K,withT/K =1. 53
Thus, a coherence measure for a pair of neurons is de- 54
fined as 55

56
ZIKZI Xoroy 0 5 1‘0 57
JoExoxE o . -

02F

k (arb. units)

kij(t) =

(8) D (ar>b. units)
59

60
61
62
63
64
65
66

The population coherence measkre) is defined by
the average ok;; () over all pairs of neurons in the
network.z is taken as 1 ms in this Letter. We use this
coherence measure to quantify the synchronization of
the oscillations or coherent firings of the network.

We find that the population coherence of the firings
for an intermediate noise intensity, e.d, = 1, is 0.0 : :
larger than those for small (e.gd = 0.1) and large 0 %0 100 150 200 67
noise intensity (e.g.p = 10) (seeFigs. 2(b)—(d). f () 68
The measured coherengér = 1) versus the noise  Fig 5. (a)Forainput signalff = 50 Hz andi; = 1.0 pA/crm?), the
intensity is shown irfFig. 5(a) which also displays a  population coherenceversus different noise intensitigs. (b) The 70
SR-like behavior, indicating that the coherence of the population coherenck versus different signal frequencig (all 71
firings between the neurons is affected by the noise the signals have the same amplitude=1) for D =1andD =5, 7

02F

k (arb. units)

0.1F

intensity. This coherence of the firings of the array respectively. 73
maximized by a suitable noise is coincident with the 74
enhancement of the spike timing precision. sulted synchronization of the neurons can be maxis

Fig. 5(b)shows the coherendeof the array versus  mized by the optimal noise intensity via SR. The dy-+e
various frequencieg; of the signals. As expected namical features of SR shows a frequency dependente
from the above findings, for a low noise level, i.e., due to the effect of intrinsic oscillation. The optimal7s
D =1, in the range of 30-100 Hz, the population noise intensityDopt and critical amplitude. for SR 79
coherencek(t = 1) of the array has a large value, shows a global minimum locating at forcing frequencygo
especially around 50-60 Hz, indicating the existence near 50-60 Hz. At the same time, resonance between
of frequency preference of the neural system in the the intrinsic oscillation and the signal enhances largelsz
encoding of the input signals. As discussed above, the ability of encoding of the neuron to the signal, espess
enhancement of the population coherence results fromcially when the signal frequency is around that of the4
the resonance between the intrinsic oscillation and the intrinsic oscillations. The population coherence meass
input signal. When the noise intensity increases, the sure of the network shows a significant increase whes
coherence for the signal with frequency in 30-100 Hz the frequency of signal in a frequency band centerest
decays. Finally, it is worthy to note that the frequency around 50-60 Hz. Thus, the information processingp
sensitive range found in the spike timing precision and can be carried out by the neurons with minimum exse
population synchronization is similar to that found in  penditure of energy by the maximal resonance. Reses
signal detection and transductioh9]. This implies nance improves the ability of neurons to respond ses
that the internal consistency of the enhancement of the lectively to inputs at preferred frequencies. 92
abilities of the encoding, detection, transduction and  The dynamical features of a stochastic HH neuroes
synchronization of the network. with periodic forcing is similar to a periodically driven 94

In conclusion, when a weak signal is input to such noisy underdamped bistable systems, as well studied
neural systems, the spike timing precision, and the re- recently by Alfonsi et al. 25], and cannot be simply 9
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viewed as an overdamped motion of a point particle in
a bistable potential] because of the existence of nat-
ural frequency characteristic. Due to the coexistence
of multi-timescales controlled separately by intrinsic
damped oscillation, noise-induced transition between
wells, and the input periodic stimulus, the coopera-
tion of these effects result in the maximal response
of the system to signal as functions of the noise in-
tensity and forcing frequency, respectively, leading to
the coexistence of reported intrawell SR and interwell
SR [25]. Noted that for an overdamped bistable sys-
tem, there exists only interwell SR. That is, the opti-
mal enhancement effect on the switching is obtained at
a suitable noise level which produces a maximum co-
operative between the noise-induced well-to-well tran-
sitions and the periodic signal.

The existence of the frequency sensitivity in the
neural systems indicates that different inputs are able
to be discriminated on the basis of their frequency con-
tent, and the synaptic oscillatory inputs near the res-

W.M. Usrey, J.B. Reppas, R.C. Reid, Nature (London) 395*
(1998) 384; 50
K. MacLeod, A. Backer, G. Laurent, Nature (London) 3955,
(1998) 693;

2
W. Bair, Curr. Opin. Neurobiol. 9 (1999) 447. °

[3] T.J. Sejnowski, Nature (London) 376 (1995) 21; 53
M. Diesmann, M.-O. Gewaltig, A. Aertsen, Nature (Lon- 54
don) 402 (1999) 529; 55
W. Singer, Curr. Opin. Neurobiol. 9 (1999) 189. 56

[4] C. Koch (Ed.), Biophysics of Computation: Information
Processing in Single Neurons, Oxford University Press, New
York, 1998, Chapter 14. 58

[5] X. Pei, L. Wilkens, F. Moss, Phys. Rev. Lett. 77 (1996) 4679. 59

[6] A. Longtin, A. Bulsara, F. Moss, Phys. Rev. Lett. 67 (1991)60
656; 61
J.K. Douglass, L. Wilkens, E. Pantazelou, F. Moss, Nature62
(London) 365 (1993) 337;

K. Wiesenfeld, D. Pierson, E. Pantazelou, C. Dames, F. Mos$3

Phys. Rev. Lett. 72 (1994) 2145; 64
J.J. Callins, C.C. Chow, T.T. Imhoff, Nature (London) 376 65
(1995) 236; 66

B.J. Gluckman et al., Phys. Rev. Lett. 77 (1996) 4098;
L. Gammaitoni, P. Hanggi, P. Jung, F. Marchesoni, Rev. Mod.
Phys. 70 (1998) 223. 68

onant frequency produce the largest responses. Phe-[7] V. Gutfreund, Y. Yarom, I. Segev, J. Physiol. 483 (1995) 621. 69

nomenon of frequency preference has been actually
observed in a number types of neurons such as vari-
ous peripherald6] and central neurons/[g]. It was
suggested that the intrinsic properties of such neurons
may play important roles in determining the dynamics
of coherent brain rhythmic activity and the realization
of different behavioral and perceptual functions of the
brain [3,10. All these may give us an enlightenment
why y rhythms in various neural systems are popular
in information processing and functional realization.

Acknowledgements

We acknowledge the support by the Foundation of
the NNSF (Grants No. 19625409 and No. 30070208)
and the Nonlinear Science Project of the NSM. The
numerical simulations in this work have been done on
the SGI Origin-2000.

References

[1] F. Riecke, D. Warland, R. van Steveninck, W. Bialek, Spikes,
MIT Press, Cambridge, MA, 1997.

[2] A. Riehle, S. Grin, M. Diesmann, A. Aertsen, Science 278
(1997) 1950;

[8] I. Lampl, Y. Yarom, Neuroscience 78 (1997) 325. 70
[9] M. Volgushev, M. Christiakova, W. Singer, Neuroscience 83,
(1998) 15. 72
[10] J.E. Levin, J.P. Miller, Nature (London) 380 (1996) 165;
B. Hutcheon, Y. Yarom, Trends Neurosci. 23 (2000) 216. 3
[11] F. Liu, J.F. Wang, W. Wang, Phys. Rev. E 59 (1999) 3453; 74
F. Liu, J.F. Wang, W. Wang, Phys. Lett. A 256 (1999) 181. 75
[12] A.L. Hodgkin, A.F. Huxley, J. Physiol. 117 (1952) 500. 76
[13] T. Shimokawa, K. Pakdaman, S. Sato, Phys. Rev. E 59 (199%)7
3461.
[14] L.G. Nowak, M.V. Sanchez-Vives, D.A. McCormick, Cereb. 8
Cortex 7 (1997) 487. 79
[15] D. Ferster, B. Jagadeesh, J. Neurosci. 12 (1992) 1262; 80
B. Jagadeesh, C.M. Gray, D. Ferster, Science 257 (1992) 552,
[16] R.F. Fox, Phys. Rev. A 43 (1991) 2649. 8
[17] E. Schneidman, B. Freedman, I. Segev, Trends Neurosci. 16
(1998) 1679. 83
[18] S.G. Lee, A. Neiman, S. Kim, Phys. Rev. E 57 (1998) 3292. 84
[19] Y. Yu et al., Phys. Rev. E, in press. 85
[20] Noisy nonlinear system without external signal exhibits self-gg
sustained oscillations, and noise of an optimal intensity can
enhance maximally the coherence of the oscillation aroun
a main frequency. This phenomenon has been called af®

~

tonomous SR or coherence resonance (CH) [ 89
[21] G. Hu, T. Ditzinger, C.Z. Ning, H. Haken, Phys. Rev. Lett. 7190

(1993) 807; o1

W.-J. Rappel, S.H. Strogatz, Phys. Rev. E 50 (1994) 3249; 02

A.S. Pikovsky, J. Kurths, Phys. Rev. Lett. 78 (1997) 775;

A. Longtin, Phys. Rev. E 55 (1997) 868;

B. Lindner, L. Schimansky-Geier, Phys. Rev. E 61 (2000)%4

6103. 95
[22] P. Jung, P. Hanggi, Phys. Rev. A 44 (1991) 8032. %



© 0 N o o A~ W N P

A A B DD D D DDA WOWWWWWWWWWN DN DNDNDNNNDNDNDNRE PR P B P P P PP
o N o g~ W N PP O © 0 N O O~ WN PP O © 0N o o0 b~ W NP O O 0o N o g b~ w DN RFP o

S0375-9601(01)00167-0/SCO  AID:10567 Vol.eee(eee) P.8(1-8)
ELSGML 2001/03/16 Prn:16/03/2001; 11:58 PLA10567 by:Reda p. 8
Doctopic: 77777

8 Y. Yuetal./ PhysicsLetters A eoe (e0ee) ec0o—see

[23] J.G.R. Jefferys, R.D. Traub, M.A. Whittington, Trends Neu- [25] L. Alfonsi, L. Gammaitoni, S. Santucci, A.R. Bulsara, Phys.49
rosci. 19 (1996) 202. Rev. E 62 (2000) 299. 50
[24] X.J. Wang, G. Buzsaki, J. Neurosci. 16 (1996) 6402. [26] E. Puil et al., J. Neurophysiol. 55 (1986) 995. 51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96



