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Stochastic Biperiodic Oscillations in the Electroreceptors of Paddlefish
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We report that the electroreceptors in paddlefish possess the novel property of being biperiodic, that
is, being composed of two intrinsic self-sustained noisy oscillators, one residing in the hair cells, and
another in the terminals of primary afferent neurons. The two oscillators are coupled unidirection-
ally. Thus the receptor system as a whole undergoes stochastic biperiodic oscillations. We characterize
the spontaneous activity of this system of coupled biological oscillators, and also discuss the impact
of the biperiodic organization on the transduction of external sensory stimuli. In particular, we show that
the existence of hair cell oscillations leads to additional variability of afferent spike trains.
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Sensory nervous systems in many cases are charac-
terized by oscillatory behavior [1-4]. In this Letter we
identify and characterize a novel type of sensory receptor
organization, one which is biperiodic. We show that the
ampullary-type electroreceptors in paddlefish consist of
two distinct self-sustained oscillators: one resides in a
population of hair cells, the other in the primary afferent
terminal. The hair cell — afferent synaptic excita-
tion drives unidirectional coupling between the two
oscillators. Thus the electroreceptors form a coupled array
of self-sustained oscillators, a basic subject of modern
nonlinear physics [5].

The electrosensory nervous system of paddlefish (Poly-
odon spathula) presents several experimental advantages
for studying the organization and functioning of hair cell—
primary afferent types of sensory receptors. Tens of thou-
sands of electroreceptors are organized into arrays on the
“rostrum,” a long flattened paddlelike appendage project-
ing anterior of the head. Electrosense in this fish is pas-
sive, and is used to detect weak electrical signals from
planktonic prey such as Daphnia [6,7]. The anatomical
structure of paddlefish electroreceptors is described in [8].
An “electroreceptor” consists of a cluster of 1-35 skin
pores, each leading into a short canal, =200 um deep and
~100 pwm in internal diameter. Each canal ends in a sen-
sory epithelium containing =400 hair cells. The hair cells
synaptically excite the terminals of primary afferent axons,
projecting to the brain.

We recorded single-unit spikes of electroreceptor affer-
ents having a receptive field on the rostrum, in vivo, us-
ing a metal microelectrode [7,9]. Simultaneous recordings
were made of voltage signals from glass pipet electrodes
inserted into one or two skin pores (canals) in the receptive
field of the afferent. Data from 26 electroreceptors from 6
fish were analyzed.

An example of raw data is presented in Fig. 1, show-
ing the spontaneous continuous firing of an afferent at a
mean rate of 75 Hz. A closer look reveals the high vari-
ability of the instantaneous firing rate, varying over a 2- to
3-fold range, and displaying segments of doublet firing.
Histograms of interspike intervals had a well-expressed
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unimodal peak, and resembled gamma distributions. The
coefficient of variation (CV) of the interspike intervals was
=0.3, defined as CV = o, /(7), where {7) is the mean in-
terspike interval, and o, = /{72) — (7)? is the variance
of interspike intervals.

The amplitude of hair cell oscillations recorded from a
skin pore (canal) was typically =70 uV peak-peak (see
Fig. 1). The probability distribution of the signal sample
values was nearly Gaussian, indicating that the canal sig-
nal represents the collective outputs from many individual
hair cells. The power spectrum of hair cell oscillations
showed a broad peak at =30 Hz and at higher harmonics
thereof (Fig. 2A). Such oscillatory canal signals probably
arise from cellular mechanisms of hair cells, as demon-
strated in the electroreceptors of marine skates [3]. In all
of our experiments, the fundamental frequency of hair cell
oscillations was in the range of 25-35 Hz, and varied di-
rectly with temperature.

Several data indicate the existence of slow oscillatory
ionic currents at the terminal membrane of paddlefish af-
ferents, which contributes to driving their firing, as in other
electroreceptors [2,10]. Return maps of sequential pairs of
interspike intervals during spontaneous firing showed an
inverse relation: short interspike intervals were followed
by long intervals, and vice versa. Also, afferents fired in a
bursting mode when chilled to 7 °C.

Features of the power spectrum [11] of spontaneous af-
ferent firing (Fig. 2B) included the following: (i) The
largest peak at f, = 75 Hz corresponds to the mean fir-
ing rate of the afferent spike train. This peak represents
the natural frequency of the afferent pacemaker. Higher
order harmonics of f, could sometimes be observed. For
other afferents, the natural frequencies (and mean firing
rates) were in the range 40—85 Hz, and increased with the
water temperature. (ii) Another peak at f;, =~ 30 Hz cor-
responded to the frequency of canal (hair cell) oscillations,
and was independent of f,. (iii) There were always two ad-
ditional smaller peaks at the frequencies f1, = f, £ fa.
Thus the power spectrum of afferent firing had the typi-
cal structure expected for a periodically driven nonlin-
ear oscillator, including a fundamental peak at the natural
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frequency of the oscillator ( f,), a peak at the driving fre-
quency ( f5), and sidebands (or combination frequencies)
at f, = f5 due to nonlinear mixing, reminiscent of a het-
erodyne electronic circuit.

Supporting evidence for our hypothesis that hair cell
oscillations cause the f) peak in afferent power spectra
came from analysis using the coherence function between
hair cell oscillations and afferent firing [11,12]. From the
example in Fig. 2C, we conclude the existence of strong
coherence near f},, so that the f; peak in power spectra of
afferent firing can be attributed to periodic forcing by the
hair cell oscillations. We attribute the smaller coherence
peak at f,, the afferent natural frequency, to attenuated
afferent spikes which contaminate the canal signals via
leak pathways across the electrosensory epithelia, as we
observed after signal averaging.

Weak external electric-field stimuli, delivered from a
local (2.5 mm) dipole electrode located near the recep-
tive field of an electroreceptor, affected only the afferent
pacemaker oscillator, while having no effect on the fre-
quency of canal oscillations. During sine-wave stimulation
(Fig. 3A), the afferent peak was split, giving rise to side-
band frequencies at f, = f;, where f; = 5 Hz was the
stimulus frequency. Other types of behavior were also ob-
served, including synchronization [13], during which the
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FIG. 2. (A),(B) Power spectra of the canal oscillations and the
afferent spike train, respectively. (C) Coherence function calcu-
lated between the afferent spike train and the canal oscillations.
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afferent frequency f, shifted somewhat to come into a ra-
tional relation with the stimulus frequency. This gave rise
to m:n synchronization patterns, where there are certain
fixed integer numbers of spikes per each period of stimu-
lation [14]. In contrast, the f; peak due to hair cell os-
cillations did not shift frequency, change width, or split
into sidebands. Stimulation with weak noise (Fig. 3B) had
the well-known effect of widening the afferent f, spectral
peak [15]. Again, the f; peak associated with hair cell
oscillations was not altered by external noise stimuli. The
disparate responsiveness of the f; and f, spectral peaks
favors our hypothesis of two distinct oscillators.

Direct evidence came from experiments of applying
thermal gradients to electroreceptors. Since both the
hair cell and afferent oscillations are very temperature
dependent [3], a thermal gradient should differentially
affect their natural frequencies, if they are spatially
separated. After mapping the receptive field of an afferent
to the dorsal surface of the rostrum, we applied a stream
of room-temperature (22 °C) water directly onto the
receptive-field skin pores, while also streaming chilled
water (13 °C) onto the ventral face of the rostrum, under-
neath the receptive field. The f, peak was unchanged in
power spectra of spontaneous afferent firing, consistent
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FIG. 3. (A) Spontaneous activity (upper trace) compared to
5 Hz sinewave stimulation (lower trace). (B) Spontaneous
activity (upper trace) compared to stimulation with Ornstein-
Uhlenbeck noise having a 5 msec correlation time (lower
trace). Vertical dashed lines mark f, peaks arising from hair
cell oscillations.
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with f}, arising from hair cells, which are located superfi-
cially near the skin, and so were clamped at the ambient
temperature (22 °C). By contrast, the f, peak shifted to
a lower frequency, consistent with f, arising from an
afferent oscillator located deeper in the tissue of the ros-
trum, closer to the face being chilled. This demonstrates
unambiguously the existence of two spatially separate
oscillators.

To study the functional role of hair cell oscillations in
the operation of electroreceptors, we compared data from
different electroreceptors, since the relative power of the
fr and f, spectral peaks varied for different afferents. Two
extreme cases are shown in Fig. 4A. The upper trace with
a high-powered f, peak was from a fresh fish, whereas the
lower trace with almost no f peak came from a deteriorat-
ing fish. The presence of strong noisy hair cell oscillations
correlated with increased variability of the afferent inter-
spike intervals, seen as increased width of the f, spec-
tral peak, and a broad distribution of interspike intervals
(Fig. 4B). Inversely, weak hair cell oscillations correlated
with nearly periodic firing of the afferent, expressed as a
narrower f, spectral peak, and a symmetric narrow distri-
bution of interspike intervals. Comparison of data from 26
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FIG. 4. The impact of hair cell oscillations is shown in power
spectra of spontaneous afferent firing (A) and the corresponding
probability density of interspike intervals (B) for two different
electroreceptors having strong (s) or weak (w) hair cell oscilla-
tions, respectively. (C),(D) Autocorrelation functions of sequen-
tial interspike intervals, from the same two afferents as in (A)
and (B).

different receptors revealed a partial correlation (r = 0.55)
between the CV of afferent firing and the signal-to-noise
ratio of the f; peak in afferent power spectra.

Strong hair cell oscillations were also associated with
prominent prolonged anticorrelations of sequential inter-
spike intervals (Fig. 4C). In contrast, the anticorrelations
were minimal when the hair cell oscillations had decayed
(Fig. 4D). Such anticorrelations arise from slow ionic
conductances in the membranes of afferent terminals
[2,10]. Nevertheless, expression of the anticorrelations
during spontaneous activity apparently requires the pertur-
bations coming from hair cell oscillations, without which
the afferent pacemaker fires regularly and exhibits only
part of its possible operating characteristic [16].

Experimental evidence that hair cell oscillations cause
increased variability of afferent firing was obtained by in-
activating all but one of the canals in the receptive field (a
cluster of canals) of an afferent, using electroporation, and
then stimulating the one remaining viable canal through a
recording pipet. Spontaneous canal oscillations stopped
after a brief negative (excitatory) stimulus, but then
gradually returned. As the canal oscillations increased
in amplitude, the CV (variability) of the afferent firing
increased markedly (Fig. 5).

In related experiments, spontaneous hair cell oscillations
ceased, but the single viable canal could be stimulated
briefly to transiently evoke oscillations. They acted to
entrain the afferent oscillator. This gives strong evidence
for a serial organization in which the hair cell oscillator is
coupled to (synaptically modulates) the afferent oscillator,
and excludes alternative models whereby the f, and f)
oscillators might be parallel and independent inputs to a
third nonlinear element such as a “spike initiation zone.”
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FIG. 5. Variability (upper panel) of the instantaneous afferent

firing rate (middle panel) increased with the amplitude of canal
oscillations (bottom panel). Variability was measured as CV,
calculated using a 0.5 sec sliding window.
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Our computational model of paddlefish electroreceptors
incorporates two stochastic self-sustained oscillators with
unidirectional coupling between them. The details of the
model as well as the results of simulations will be re-
ported elsewhere; here we present only basic concepts.
Our ionic model for the afferent terminal was based on
the pacemaker model for catfish electroreceptor afferents
developed by Braun et al [10], and includes slow ionic
currents responsible for the inverse relation (anticorrela-
tions) of sequential interspike intervals. The hair cell oscil-
lators are modeled as an ensemble of stochastic van der Pol
oscillators having randomly distributed natural frequencies
at about 30 Hz.

Given the 65 X 10° year evolutionary history of paddle-
fish [17], we can safely assume that the biperiodic organi-
zation of the electroreceptors represents an optimization
for carrying out their primary role of detecting planktonic
prey during feeding, a task which would require high re-
ceptor sensitivity. Possible advantages of biperiodic recep-
tor organization may include the following: (i) Increased
sensitivity via stochastic resonance (SR) [6]. The stochas-
tic hair cell oscillations may act as internal noise, increas-
ing the overall sensitivity to weak external stimuli via SR.
(i) Desynchronization of different afferents. The noise
introduced into afferent spike trains by the hair cell os-
cillations may act to prevent inadvertent synchronization
between different electroreceptor afferents, which could
lead to false-alarm incorrect behavioral responses. (iii) Ex-
panded scales. The presence and coupling of two different
oscillators permit a richer structure of characteristic time
and frequency scales for acquiring and processing sensory
information of complex structure, e.g., the complex signals
emitted by prey. For instance, as we have shown, the hair
cell oscillator evokes sidebands of f,, the afferent natural
frequency, and these sidebands can be modulated by ex-
ternal stimuli (see Fig. 3A). Thus “extra” frequencies are
available for signal processing.

Several types of periodicity have been reported in sen-
sory receptors [1—4]. However, our report is novel in iden-
tifying a sensory receptor which incorporates two distinct
types of internally generated spontaneous oscillations.

This work was supported by the Office of Naval
Research-Physics Division, and by the Fetzer Institute.
We thank S. Bahar, G. Balazsi, H. Braun, K. Dolan,
F. Moss, M. Spano, L. Wilkens, and W. Wojtenek for
discussions and comments.

[1] M. Heinz, K. Schifer, and H. A. Braun, Brain Res. 521,
289 (1990).
[2] K. Schifer et al., Pfliigers Archiv-Eur. J. Physiol. 429,

3446

378 (1995); H. A. Braun et al., Nature (London) 367, 270
(1994).

[3] W.T. Clusin and M. V.L. Bennett, J. Gen. Physiol. 73,
685—-703 (1979); J. Lu and H.M. Fishman, Biophys. J.
69, 2458 (1995).

[4] R. Fettiplace and P. A. Fuchs, Annu. Rev. Physiol. 61,
809-834 (1999); V. Equiluz et al., Phys. Rev. Lett. 84,
5232 (2000).

[5] H. Haken, Advanced Synergetics (Springer, Berlin, 1983).

[6] D.F Russell, L. A. Wilkens, and F. Moss, Nature (London)
402, 291-294 (1999).

[7] L. A. Wilkens, D.F. Russell, X. Pei, and C. Gurgens, Proc.
R. Soc. London B 264, 1722 (1997).

[8] J.M. Jgrgensen, A. Flock, and J. Wersill, Z. Zellforsch.
Mikrosk. Anat. 130, 362—-377 (1972).

[9] Canal signals were high-pass filtered at 0.5-1 Hz. Affer-
ent spikes and canal oscillations were digitized at 20 and
5 kHz, respectively, using an interface from Cambridge
Electronic Devices [(CED) U.K.]. Spike times were iden-
tified off-line with 5 wsec interpolated temporal resolution
using SPIKE2 software from CED. A curare-paralyzed fish
was ventilated with a constant flow of O,-saturated water
into the mouth. The water temperature was controlled at
22 °C by an in-line thermostated chiller. Mechanical vibra-
tions were minimized by using an air-support table. Water
motion around the electroreceptors was minimized by an
agarose partition across the base of the rostrum. To assess
possible nonstationarity in long recordings of spontaneous
activity (5—30 min, number of spikes N = 2 X 10%), they
were divided into 30-60 sec segments, and the mean fir-
ing rate and power spectra (of afferent firing as well as
pore oscillations) were calculated over these windows. We
accepted recordings if the mean firing rate deviated <2%
between segments, while the structure of the power spectra
remained invariant.

[10] H. A. Braun et al., Int. J. Bifurcation Chaos Appl. Sci. Eng.
8, 881 (1998).

[11] The power spectrum of afferent firing and the coherence
function between hair cell oscillations and afferent firing
were calculated as in F. Gabbiani and C. Koch, in Methods
in Neural Modeling: from lons to Networks, edited by
C. Koch and I. Segev, (MIT, Cambridge, MA, 1998),
pp- 313-360 with averaging over overlapping windows of
length T = At X 28 = 13.1072 sec.

[12] J.S. Bendat and A.G. Piersol, Random Data: Analy-
sis & Measurement Procedures (Wiley, New York, 2000),
3rd ed.

[13] A. Neiman et al., Phys. Rev. Lett. 82, 660 (1999).

[14] C. Schiifer et al., Nature (London) 392, 239 (1998); P. Tass
et al., Phys. Rev. Lett. 81, 3291 (1998).

[15] R.L. Stratonovich, Topics in the Theory of Random Noise
(Gordon and Breach, New York, 1967), Vol. 2.

[16] R.W. Murray, Cold Spring Harbor Symp. Quant. Biol. 30,
233 (1965).

[17] L. Grande and W.E. Bemis, J. Vert. Paleontol. Special
Memoirs 11 (memoir 1), i—-121 (1991).



