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The two light-sensitive neurons in

the crayfish’s abdominal

sixth ganglibraudal

photoreceptors,” or CPRs are both primary light sensors and secondary neurons in a
mechanosensory pathway. Raial. (1996 demonstrated that light enhances the transduction of
weak, periodic hydrodynamic stimulmeasured as an increase in the signal-to-noise ratio at the
stimulus frequency in the power spectrum of the recorded neural $pike&s has been interpreted

as a stochastic resonance effect, in which added light increases the noise intensity of the input to the
photoreceptofpossibly through fluctuations in membrane potetiglading to an enhancement of

the signal-to-noise rati6SNR). Here, we discuss the recent demonstrat®aharet al., 2002 of

the correlation between a stochastic-resonance-like effect and an increase in stochastic phase
synchronization between the neural response and a periodic mechanical stimulus. We also discuss a
novel effect(Baharet al., 2002 in which light increases the SNR of the second higher harmonic of

a periodic input signal, effectively rectifying the input signal. This “second harmonic effect” can
also be interpreted in terms of stochastic phase synchronizéBiamar et al., 2002. We review

other recent results on the role of stochastic phase synchronization in mediating sensory responses
in the crayfish nervous system. @003 American Institute of PhysicgDOI: 10.1063/1.1501899

Scientific interest in the synchronization of oscillating sys-
tems dates back to the legendary work of Christian Huy-
gens (1673. Many systems in biology are oscillatory—
circadian rhythms, heart rate, neural firing, calcium
oscillations, etc. (Glass and Mackey, 1988; Goldbeter,
1996. But these oscillations do not follow the crisp peri-
odicity a physicist might hope for; they are inherently
stochastic as well as oscillatory. Synchronization of noisy
biological systems may be critical for many processes,
such as neural information processing. The study of syn-
chronization of biological systems was made possible by
Stratonovich’s pioneering studies of the synchronization
of stochastic(“noisy” ) oscillating systems(Stratonovich,
1967). This work was later extended with studies of syn-
chronization between the phases of noisy oscillator@si-
pov et al, 1997; Rosenblumet al., 1996, 1997; Neimaret
al., 1999a; Parket al., 1999; Zakset al., 1999; Pikovskyet
al.,, 2001; Rosenblum et al, 2000, studies of
synchronization-like phenomena in coupled bistable sys-
tems (Neiman, 1994, and other work (see Pikovskyet al.,
2001 for review). With a theory now firmly in place, ex-
perimental observations of biological synchronization
have poured in over the last few years. ScHar et al.
(1998 characterized the synchronization between breath-
ing and heartbeat. Tasset al. (1998 demonstrated in-
creased synchronization between muscle activity and cor-
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tical firing in patients with Parkinson’s disease.
Anishchenko et al. (2000 demonstrated stochastic phase
synchronization between human heartbeat and a weak
periodic forcing. Neiman et al. (1999a, 1999 observed
synchronization in the electrosensitive afferent neurons of
the paddlefish. The crayfish mechanoreceptér
photoreceptor system provides a dramatic example of the
role of stochastic phase synchronization in the processing
of sensory information.

BACKGROUND

The crayfish has two light-sensitive neurons in its sixth
abdominal gangliorfWelsh, 1934; Kennedy, 1963; Wilkens
and Larimer, 1972; Edwards, 1984; Wilkens, 1888Bhese
caudal photoreceptors, or CPRs, increase their firing rate
when illuminated by light in the visible rang@runo and
Kennedy, 1962 The CPRs are also mechanosensory inter-
neurons: mechanosensory hairs on the crayfish tailfan are
mechanically coupled to sensory neurgMRs) whose ax-
ons enter the sixth abdominal ganglion and synapse onto the
CPRs (Flood and Wilkens, 1978; Wilkens and Douglass,
1994; Douglass and Wilkens, 1998

In addition to sharing a common pathwéie photore-
ceptor axol these two sensory modalities, mechanosensitiv-
ity and light sensitivity, interact with one anoth@imon and
Edwards, 1990 In a particularly striking demonstration of
F_his interaction, Peet al. (1996 showed that lighenhances
the signal-to-noise ratio (SNR)f weak, periodic hydrody-
namic stimuli. This has been interpreted as a stochastic reso-
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nance(SR) effect, in which added light increases the noisenot significantly change the spectral response function of the
intensity in the input signal to the photoreceptor, leading toCPRs; however, this remains to be experimentally demon-
an enhancement of the SNReiet al, 1996. More recently, strated.

a light-induced increase in the SNR of tkecond higher The CPR cells were positively identified as follows.
harmonicof a periodic input signal was demonstrated, andOnce a clear recording was obtained from a single axon in
shown to correlate with light-induced changes in stochastithe 5—-6 connective, the preparation was allowed to recover
phase synchronizatidiBaharet al, 2002. Light-induced in-  in the dark (5 nw/mrf) for 5 minutes. A light of moderate
creases in the SNR of the fundamental peak, observed by Pigitensity (22uW/mn?) was then turned on briefly. If the

et al. (1996 were found to correlate with an increase in firing rate of the axon increased significantég., from 5 Hz
stochastic phase synchronizatiBaharet al, 2002, a re- in the dark to 30 Hz in the lightand then slowed again once
sult predicted by Neimant al. (1998, 1999h Here, we re- the light stimulus was removed, it was determined that a
view these recent results, discuss their biological interpreta€PR axon had been located.

tion, and survey other advances in the study of stochastic Mechanical stimuli were applied as described(Dou-
phase synchronization in the crayfish sensory system. glass and Wilkens, 1998, Wilkens and Douglass, 1984
rigidly fixing the tailfan in a vertical configuration, by means
of one pin through each of the two outer uropods, to a move-
able post within a room-temperature saline bath. The post,
attached to an electromechanical vibration transd(feasco
Experimental Scientific, Model SF-9324 could be moved up and down at

In each experiment, the crayfigRrocambarus clarkii various frequencies and amplitudes, generating relative mo-

Carolina Biological tailfan and abdominal nerve cord below tion between tailfan and saline solution. Due to slack in the
the second ganglion were dissected free of the abdomen, aff§rVe cord, there was negligible motion at the recording site.
the connective between the fifth and sixth ganglia wad® [2er Doppler vibrometePolyteg was used to calibrate

desheathed. Recordings were made with a suction micropf—he actual motions of the post to which the tailfan was fixed.

pette filled with 150 mM KCI, recording extracellularly from DU€ to the rigid pinning between the tailfan and the post, it is

the axon of one or both of the photoreceptors between thEF@sonable to assume that there is no phase delay between

fifth and sixth ganglia. The preparation was kept in van Harh€ motion of the post and the motion of the tailfan.
reveld’s standard crayfish saline soluti¢wan Harreveld, The preparation was placed within a Faraday cage
1936, at room temperature. Voltage spikes were amplified0unted on a vibration-isolation tabi@echnical Manufac-
and recorded using a CED 1401 interfd@ambridge Elec- turing CorporationMICRO-g). Experiments were performed

tronic Design. Spike 2 softwargCED) was used to deter- &t room temperature~18-22°C). In all experiments de-

; Hea ti isitiorscribed below, unless otherwise indicated, “dark conditions”
rate was 16 667 Hé.e., 0.06 ms time stepsNote that at this  '€fers to a measured light level of 5 nW/rfmand “light
sampling rate our maximum error in calculating the phase ofonditions” refers to a measured value of 2ZW/mn?.

a spike within a 2r stimulus cycle may be calculated as

follows. At the maximum stimulus frequency, 30 Hz, there

are 33 ms per cycle, giving a possible error of 0.06 ms/3ata analysis

ms, which is equivalent to 0.18% of arZycle. Thus, even

at this high stimulus frequency, the phase is measured wit 2 ) .
high accuracy at this sampling rate. digitized wave form using Spike 2 softwal@ED). The

Light was applied to both photoreceptors simultaneousl)Power spectra of digitized spike trains were obtained by tak-

. the Fourier transform of a wave form of delta pulses at
via a halogen buldDDL, 20 V, 160 W passed through a Ing the oy -
light pipe, with the exit of the pipe approximately 7.5 cm the spike timegGabbiani and Koch, 1998The SNR was

from sixth ganglion. For variable light levels, neutral densityalolorOXImated from the power spectrum, as the ratio of the

filters (Oriel, Stamford, CT were placed between the bulb peak height at the frequency 9f interest to the noise level in
and the light pipe. Light levels were determined using a pho-a 1 Hz band centered at the stimulus frequency. Note that this

tometer (Graseby Optronics 371 Optical Power Meter approximation aptually gives us a ratio of (;lgnal
placed as closely as possible to the location of the photor +noise)/noise, since the peak at the frequency of interest

e- . . : ;

ceptor in the preparation. The spectral sensitivity of the CPFQSUmUIus frequencyis offset.by 'the baseline noIse. Ne\(er-
has been shown to have a maximum at 500 @mno and theless, for our purposes, this gives a close approximation to
Kennedy, 1962 the tungsten—halogen bulb used in thethe gctuarll SN_R't_ indicestf th | firing ti

present experiments has significant spectral output in thia tyr:jc ronlz‘ta |orl1(_|n0 Ifez Ne ne(l;rz:h Ifng |rr(1jes are
wavelength range. It should be noted, however, that the wor enoted as aty, k=0,1.5..,N, an € upward zero-

of Bruno and Kennedy was performed in excised nerve corg§rossing times of the applied periodic stimulus as |

which had been chilled in van Harreveld’'s solution over—zo’l’z“"M’ thep the phase difference of thth spike with
night; in contrast, in the present work the tailfan and nerveres'peCt to the stimulus is

cord are placed immediately after dissection into van Harrev-

eld’s solution at room temperature. We assume that the over- bt =27 (= 7) ' (1)
night chilling in the experiments of Bruno and Kennedy does Tiv1— Ti

METHODS

m Signal-to-noise ratio Spike times were obtained from
the

Downloaded 12 Mar 2003 to 134.124.77.187. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/chaos/chocr.jsp



140 Chaos, Vol. 13, No. 1, 2003 S. Bahar and F. Moss

wherer; <t <7, 1 (Neimanet al, 1999a; Rosenblurat al, In addition to the synchronization indices,,, we may
2000; Neimanet al, 1999b; Pikovskyet al, 2001; &(t}) use a complementary statistical measure of synchronization,
will have values between 0 andr2The continuousphase the standard deviatiow,,, of the difference between the
differenceg(t) falls between 0 and infinity, rather than being instantaneous periogl—t,_, and the effective stimulus pe-

“wrapped” modulo 2r: riod nTy, whereTy=1/f;. Thus we have
t— 7 2 =([(ty—teem) —NT1?). 6
¢(t):277 ( ') +2’7Ti, (2) Onm <[( k k m) 0] > ( )
Tit1™ T The minimal value obr,,,, calculated from experimental data
wherei is the stimulus cycle number, ang<t<r,,; (Ne- corresponds well with the maximay,,,, as will be discussed
iman et al, 1999a; Neimaret al, 1999b; Rosenbluret al,  below.

2000; Pikovskyet al.,, 2001).
If a neuron firesm times duringn stimulus cycles, the gresyLTS
n:m phase locking condition is

. |n<.¢>(t) Mébsun(1) ~ 8| <const o 9 For low-amplitude periodic stimuli, Peét al. (1996
in the ideal case where there the system is noise free. Herfyund a light-induced SNR increase in the fundamental peak
¢(t) is the continuous phase difference defined (#), iy the power spectrum at the stimulus frequency. &el.
bsim(t) =27 fot is the continuous phase of the stimulfig, (1996 found that SNR increases as a functiorlight inten-

is the stimulus frequency, andlis the average phase differ- ity just as SNR increases as a functiomofseintensity in
ence between the two signal®osenblumet al, 2000. 4 «“classical” stochastic resonance effect.

Second harmonic effect

When condition(3) holds, the oscillatotneuron and driving In contrast to the work of Peit al. (1996, a novel effect
stimulus are said to ba:m phase locked. The:m phase s opserved at higher amplitude periodic — stimuli
difference is defined as (=2 um) (Baharet al, 2002. Two examples of this phe-
(t— _ nomenon are shown in Fig. 1. In the top panel of Fi@),1
D(t)= 277( - +27i |n—2m7mfot. (4)  under dark (5 nW/m#) conditions, we observe a peak at the
i1 T fundamental stimulus frequen€$0 Hz) and a smaller peak
The corresponding frequency entrainment condition is at the second higher harmoni¢20 H2z. In light
nf=mf, (48) (22 uW/mn?), fundamental peak (SNR vanishes while

_ o the SNR of the second harmonic (S)Rncreaseqlower
recalling that the frequency and phaseg of a periodic  panel, Fig. 1a)]. In some other animal&lata not illustrated

oscillator are related as here the fundamental peak does not disappear, though it
1 dé becomes much smaller than the second harmonic peak.
BT (4b) An interesting but more atypical instance of this effect is

shown in Fig. 1b). In contrast to Fig. (@), the second har-

In this case one can make the statement that phase synchmenic peak is much larger than the fundamental even in the
nization and frequency entrainment are two different ways oflark. In the light, the fundamental peak essentially disap-
describing the same condition. pears. We define (SNRSNR));ign>(SNR,/SNRy) garc @S

In a noisy system, the phase differer{& becomes un- indicative of this “second harmonic effect.” In 25 photore-
bounded, and we can speak of synchronization anlya  ceptors from 23 crayfish, stimulated with amplitudes ranging
statistical senseFrequency entrainment occurs only duringfrom 2 um to 9 um and frequencies between 7.5 Hz
the brief intervals wherep(t) remains constant between and 10 Hz, 13 CPRs exhibited (SHRSNR)jignt
phase slips wherep(t) abruptly changes by-2w. These >(SNR,/SNRy)gark-
phase slips can be caused either by noise or weak coupling In agreement with the results of Petial. (1996, Bahar
(or some combination of bottiPikovskyet al, 2001. Inour et al. (2002 found that the SNR of the fundamental peak
system, where the photoreceptor firing is quite noisy, it isincreased as the light level was raised, following a traditional
likely that noise plays a major role in inducing the observedstochastic resonance curve, assuming that light level plays
phase slips, though weak coupling may also play a signifithe role of “noise.” In the case of the second harmonic ef-
cant role. fect, we find a similar result, in which SNRncreases as

Synchronization may be quantified by plotting the prob-light level is increased, illustrated with the filled circles in
ability density of the phase differencé$). The intensity of Fig. 2. We also observe that;, increases as does SHR
the first Fourier mode of this distribution, (triangles, and y;, (open circleg decreases. Thus 1:1 syn-

2 2 . 2 chronization weakens as 1:2 synchronization becomes domi-

Yam= (COL D 1y(1)) )=+ (siN(P (1)) %, ® hant. In other wordsl:2 synchronization, which corresponds
where (cos,.(1)))? and (sin(@,.(t)))?> are time averages, to 2 responses per stimulus cycle, i.e., a doubling of the
defines thesynchronization index,,, which varies from 0 original input frequency, increases as the second harmonic
to 1 and indicates the relative strengthrof mode locking peak increases

(Rosenblunet al, 2000. Thus, for example, if 1:2 synchro- The correlation betweefy;, and SNR is robust over a
nization (two responses per stimulus cycle dominantin a range of visible light levels, illustrated in Fig(s88. We also
particular data sety;, will be maximal. find that y44 increases as SNRillustrated in Fig. &b).
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FIG. 2. SNR (filled circles vs light level (stimulus 10 Hz, 7um). Note
0.03 | decrease iny;;, (open circleg as y,, (triangles increases. Stimulus trains
were delivered for 120 seconds at each light level. CPRs were allowed to
= 001 1 L ) recover under dark conditions for5 minutes between recordings.
O ) s dh, 4
3
=) J
£ 005 LIGHT
0.03 1 . . .
and the driving frequency, plotted as a function of the driving
0.01 - | frequency(Rosenblumet al, 2000; Pikovskyet al, 2007).
1 { ! However, in noisy biological data, frequency-detuning plots
0 10 20 30 40 50 are extremely noisy, due to the inherent variability in the
Frequency (Hz) neural firing rate, and flat regions are difficult to observe.

FIG. 1. Two examples of the “second harmonic effect.”(l), CPR power
spectra are shown in dafkop panel, 5 nW/mrf) and light (bottom panel,

Luckily, more quantitative methods than the frequency-
detuning plot exist for measuring the synchronization be-
tween the photoreceptor firing and the applied stimulus. Syn-

22 uW/mn?). Stimulus amplitude 3um, frequency 10 Hz. Stimulus train
was delivered for 120 seconds. (ln), CPR power spectra are again shown
in dark (top panel, 5 nW/mf) and light (bottom panel, 22:W/mn?).
Stimulus amplitude 2m, frequency 10 Hz. Irib), the second harmonic is
much larger than the fundamental even in the dark, whil@jrthe second
harmonic is smaller than the first in the dark. In both cases, the fundamental
peak decreases dramatically in the light, and the second higher harmonic
increases. In both cases, the ratio SNBNR,; increases in the light.

These correlations between synchronization index and SNR,
intuitively satisfying and predicted theoretically by Neiman
et al. (1998; 1999k, were, to the knowledge of the authors,
demonstratedor the first time experimentally the crayfish
photoreceptor/mechanoreceptor sysi@aharet al,, 2002.

In Fig. 4 we sketch a plausible biological explanation for
the “second harmonic effect” based on full-wave rectifica-
tion of the input sine wave by the photoreceptor. This mecha-
nism, first discussed in Bahat al. (2002, is illustrated in
more detail below.

Arnol'd tongues and stochastic synchronization

As discussed above, a hallmark of stochastic phase syn-
chronization is stochastic “entrainment” of an oscillator by a
periodic stimulus over a range of stimulus frequencRik-
ovsky et al, 200). It is necessary to demonstrate this in
order to truly show that stochastic phase synchronization oc-
curs in a systemPikovsky et al, 2001; Rosenblunet al,,
2000; we now turn to this problem.
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The frequency-detuning plot is a standard demonstratiofi!C: 3 (@ 712 vs SNR (nine photoreceptors in seven crayfish; 2.5, 5, 7.5,

of synchronization between a noisy oscillating system and
periodic driving force, showing the differender, alterna-

0, 15, 25 Hz; 0.4, 2, 6, 7, Am). SNRs>100 not shown. Symboldegend
attached tab)] indicate light intensity inuW/mn®. (b) y1; vs SNR (10
photoreceptors in eight crayfish; 2.5, 5, 7.5, 10, 15, 25 Hz; 0.4, 0.6, 1, 2, 6,

tively, the ratig, between the oscillator’'s average frequencyand 7um). SNRs>150 not shown.

Downloaded 12 Mar 2003 to 134.124.77.187. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/chaos/chocr.jsp



142 Chaos, Vol. 13, No. 1, 2003 S. Bahar and F. Moss

HAIR . iz %z | 1
o 3
\g o2p oo®
P .O Oocdjjcoo e}
%
— V- — X y g0 TN C
? oo
0.0 iy e % teanete 0.1
N MR L o Yir On t !
S~ —_— Ooo o .. » o 00 0000
MR2 T ’ ‘ ‘ 0.5 .9;%; . PP OOOOQOOOOO °
| | o % . 0% ©
i T e iR 0.1
] o} M
&FR 10 Hz 0.0 o etseseen
10 H= STIMULUS 0, .
° L4 o |
A 20 Hz %o ote 4 e Vor O | 1
FIRING RATE MEAN FIRING 0'2 Ooo(b . oo
RATE OOOO .... 50 OOOO
OOO%OOOO . 0% & & o°
FIG. 4. Possible mechanism of full-wave rectification by the CPR. Each p"""-‘-. ® . ng & . | 0.1
mechanosensory hair is innervated by two mechanorecédfy neurons, 0.0 Jeage %op 0 RO O e 00 et naonoes]
whose directional sensitivities differ by 180 degrdé®déiese, 1976; Wiese
et al, 1976. Summation of the MR inputs at the CPR is enhanced by light,
accomplishing full-wave rectification of the input signal and doubling the 0.1 [ 1
effective stimulus frequency.
b LW T E Pt 0.1
0.0 sotttad O-
chronization behavior as stimulus frequency is changed calrg gg §%. s Y,
be more precisely calculated using,, and o, as defined < v =41 1,
above [Egs. (5) and (6), respectively. In the experiment e e o, oo
. . . . . . [ ] e X o)
shown in Fig. 5, a sinusoidal mechanical stimulus was ap- ", o8 oo 40
. .. . ‘.... o o -00%000 F g-ve
plied over a range of driving frequencidg, under dark g gg L steea oseaeasta =22 222} 0.1
conditions. Each stimulus was applied over a period of 2 5 10 15 20
minutes, resulting in a spike train at each of the driving fre- Jo (Hz)

guencies. The synchronization measuigs, and o,,,, were
calculated for each of these 2 minute data sets, and plotted 54- 5- Synchronization indicegyz, y11, Y21, ya1, andya, (filled circles,

. L . . .. andoq,, 011, 0,1, 031, and oy, (open circleg as a function of stimulus
a function of drlvmg frequency in Fig. 5. Note th_at the mini- frequency(Hz). Data were recorded under dark conditio@snW/mnt),
mal values of ther,, correspond well to the maximal values with stimulus amplitude gum. 120 seconds of CPR firing were recorded at
of Yom- each stimulus frequency.

Critical to note is thesequencén which the synchroni-
zation index maxima appear. First we find a peakyip, It should also be noted in Fig. 6 that the maximgp in

ben, .1 Gung ey o naszsedvn, v st g retr it ne i, s Gt -
Yva1- q yspite this individual result, it is important to note that there is

[Ihnr?)ua E ealll ;ceJr Sgr?gge;r :ﬁ:}r;?,rg'f(;sntsag:r ézzgen?z;lf ps\,seSIQ%O average increase in the magnitudes of the synchronization
9 q gues. Y. indices in light vs dark. For example, in nine photoreceptors

moving from left to right across a standard Arnol'd tongue
plot (see, for example, Moon, 1982at constant amplitude.

The observation of a more detailed Arnol’d tongue structure 0.25 -

is precluded first by the fact that the system is highly noisy, —e— DARK
and second by the limited range of frequencies to which the 0.20 ° o o LIGHT
crayfish MR/CPR system is sensitive. Indeed, of eight cray- o

fish observed driven over this range of frequencies, only one 0.15 4 :

exhibited the five Arnol'd tongues illustrated in Fig. 5; the ’}/
12
others showed only the sequengg, 11, V¥21-

In Fig. 6 we illustrate the effect of light on the synchro- 0-10
nization index y;,. Under both dark(5 nw/mn?, filled 0.05 4
circles and light conditions(22 uW/mn?, open circley ’
peaks occur iny;,. But light shifts the peak toward the right, 0.00 +do2 . . . . . .

toward higher frequencies. Similar shifts to higher frequen- '

. ot S 0 2 4 6 8 10 12 14 16
cies are observed for synchronization indices and vy,
(data not shown Essentially, light has the effect of pushing [, (Hz)
the Arnol'd tongues toward higher frequenciagjicating a
change in the frequency response characteristics of the ph(fJ_G. 6. lSynchronization inde)(ll2 as afuncti_on of driving frequency in dark
toreceptor in the presence of lighiVe speculate below on (filled circles, 5 nw/mrf) and light (open circles, 23:W/mn). 120 sec-

. . . . .. onds of CPR firing were recorded at each stimulus frequency. After each

the relation of this ef_feCt to _the higher baseline firing rate Ofrecording in the light, @ minimum of two minutes were allowed in the dark
the CPRs observed in the light. for photoreceptor recovery before the next recording.
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from eight crayfish, we observed an average maximalin we have observed? Can we be sure that a continuous rate
the dark of 0.17£0.09. In the light(4 CPRs from four dif- change hypothesis would not work equally well? Indeed we
ferent crayfish, an average maximay,, of 0.16+0.09 was can, for several reasons. First of all, there is strong evidence
observed. An unpairetttest performed on these two data that the CPR is indeed an oscillator. This can be demon-
sets indicates that there is no statistically significant differstrated in experiments where the sensory afferénechan-
ence between the mean value of the synchronization index iareceptor rootsare cut, so that there is no external input to
the dark compared with the index in the ligkp-value the CPRs. The CPRs fire much more regularly under these

0.678. Similar results were found foy,, and y,;. conditions, indicating that they do contain an intrinsic “pace-
maker” (Wilkens, 1988. The CPRs are also known to ex-
DISCUSSION hibit nonlinear characteristcs, responding to periodic hydro-

dynamic stimuli only over a narrow, well-defined range of
frequencieqPeiet al, 1996.

The second harmonic effect may be interpreted as re- So the evidence is strong that the CPRs are nonlinear
lated to the dual innervation of each mechanosensory hair opscillators. But the system is indeed highly noisy, and
the tailfan by two neurons, each of which responds to thdrequency-detuning plotéot shown only show vague pla-
opposite half of a sinusoidal displacement cy¢Wiese, teaus as a function of driving frequency. But if the system is
1976; Wieseet al, 1976. In other words, the neurons re- too noisy to reveal distinctive plateaus in the frequency-
spond 7 out of phase with each other. Figure 4 shows adetuning plot, Arnol’d tongues can still be detected by find-
simple diagrammatic scheme through which directional recing maxima of the various synchronization indi¢skovsky
tification of the mechanical stimulus by the two afferents andet al, 2001). This is precisely what we have dofEig. 5).
subsequent light-intensity-mediated summation in the CPRNote that phase locking regions can also be detected by
could account for our observations. The net effect is a full-calculating interspike interval histograms, illustrated for this
wave rectification of the stimulus sine wave. However, sincesystem in Bahaet al, 2002) The small values of the syn-
each CPR receives inputs from70 hairs(Wilkens, 1988;  chronization indicegsee the left-hang axes in Fig. 5, re-
Peiet al, 1996, the situation is certain to be far more com- calling that the maximum of each synchronization index)is 1
plex than this speculation would suggest. indicate that the synchronization is weak. Nonetheless, Fig. 5

An additional puzzle lies in the observation that en-shows that distinct maxima clearly occur as a function of
hancement of the fundamental peak occurs in the presence dfiving frequency, corresponding to different stimulus-
light for a weak(low amplitude periodic input signal, as response locking ratios. Thus thg, (and theo,,,) reveal
described by Pegt al. (1996, whereas the light-induced har- what the frequency-detuning curve is not sensitive enough to
monic dominance occurs predominantly for large amplitudeshow: Arnol’d tongues and noisy, statistical entrainment be-
though still physiologically realistic, sinusoidal stimuli. This tween a nonlinear oscillator and a periodic drive.
remains to be explained.

It is also of interest to compare the second harmonic
effect to the observation of stochastic resonance at highek role in sensory encoding?
harmonics observed by Grigorenld al. (1997 in a mag-
netic system. Since stochastic resonance is by definition e
enhancement of a weak periodic signaViesenfeld and

Second harmonic effect

Speculations on the “use” of these dynamical effects by
crayfish in its daily routine remain open. Light-enhanced
; mechanical sensitivity may have evolved as a warning
Moss, 1995, and the second harmonic effect occurs only formechanism of periodic water motions caused by an oncom-

Ztimsl]i ;Nhihchhare comparativ?lly Izrge ?n ampli;fude, _it .ils ing predator when the crayfish is exposed outside its burrow,
oubtfu w ether we are actually observing an effect similary ., is, in the light(Pei et al, 1996. Rectifying this signal
to that discussed by Grigoreniat al.

Both full d half tification h b denti might relate to the sensitivity range of neurons in the higher

fied iI? m;m-mzr;ian(z éwa;'/gr:gt';ai%g O'a\éiloemeonnlair(]jl- nervous system upstream of the CPRs; a higher-frequency

; I ? ' signal might be easier for some upstream neurons to extract
Sperling, 1994; Rowe and Palmer, 1995; Chubb and Nal g g P

. , . om a 20—30 Hz spike train, while a lower frequency input
2000. and invertebratée.g., Mizunami, 1990; Kondoét al, . might be more easily extractable from a spike train with a
1993, Ngwland and Kondoh, 19}?§’ensory systems, and dis- lower average frequency. Once identified, however, these up-
cus;ed in the contgxt of cortical rgceptlve field mOdelsstream neurons may provide insight into the role of the sec-
(Spitzer and Hochstein, 19B5The crayfish system, however, ond harmonic effect within the computational apparatus of

appears tq .be Fhe first identified neural system in WhICh fuII-,[he crayfish CNS, and may ultimately suggest mammalian
wave rectification of one type of sensory signal is accom

lished by stimulati ith a diff o ; ) t'systems which might also use rectification of one sensory
plished by stimulation with a different type of sensory inpu input, induced by another, for “computation.”

Another subject for further research will involve the ef-
fect of light on the Arnol’d tongues, illustrated in Fig. 6. The
shift in the synchronization index maxima to higher frequen-

We have described the noisy entrainment of the CPRies in the light indicates that the crayfish is sensitive to a
firing by a periodic hydrodynamic signal, leading to the ap-higher frequency range in the light. This raises several ques-
pearance of various phase-locking regimes as a system paens whose answers may bear on fundamental problems of
rameter(driving frequency is varied. But is this really what signal encoding. Is the higher frequency range evolutionarily

Arnol'd tongues, entrainment and stochastic
synchronization
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related to differences in the natural frequency range of enviNeiman, A., Pei, X., Russell, D., Wojtenek, W., Wilkens, L. A., Moss, F.,
ronmental stimuli to which the crayfish is subject in the light, = Braun, H. A., Huber, M. T., and Voigt, K19993. *Synchronization of

in contrast to lower frequency stimuli it may be exposed to in teheeofcélesg electrosensitive cells in the paddiefish,” Phys. Rev. Ba.
the dark? Or is SenSitiVity toa higher frequency a dynamica}\leiman, A., Schimansky—Geier, L., Moss, F., Shulgin, B., and Collins, J. J.
result of signal encoding against a background of faster CPR (1999h. “Synchronization of noisy systems by stochastic signals,”
firing in the light? This latter possibility can be tested using Phys. Rev. E50, 284-292.

neural models where the firing rate can be realistically tuned'¢wand. P L., and Kondoh, ¥1997. “Dynamics of neurons controlling
movements of a locust hind leg Il. Flexor tibiae motor neurons,” J.

over a 5-30 Hz range. Neurophysiol.77, 1731—1746.
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