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show a characteristic ‘U’ shape (Fig. 5a). This gives rise to a
remarkable chaotic travelling-wave structure which may be seen
in the eight lattice ‘snapshots’ of Fig. 5b–i. Population abundances
in the meta-community remain chaotic, but periodic circular waves
continuously expand and contract radially as they spread in time
across the spatial landscape. Field and model population studies of
the Canadian hare–lynx cycle and European vole cycles have found
similar travelling-wave structures with spatially distributed U-
shaped phase lags10,25–27. Different types of realistic diffusion barrier
were introduced into the model but, in general, they failed to
destroy the spatial circular wave structure (B.B. et al., manuscript
in preparation).

The spatio-temporal structures associated with phase synchro-
nization have important implications for conservation ecology.
Even if a disturbance perturbs a local patch population to the
brink of extinction, the periodicity of spatial phase syncrhonization
guarantees the recurring arrival of wave fronts in which new
colonizers will buffer the endangered population. In contrast to
the common view of population synchronization as a cause of
global population extinctions14, it appears that phase synchroniza-
tion can be important for maintaining species persistence. Our
findings indicate that synchronization is a powerful process that has
the potential to shape the distribution and abundance of species
over all scales, from local to continental. We expect that the complex
synchronization phenomena identified here will provide new
insight into the dynamics of spatial ecologies and will have impor-
tant applications to the study of biological rhythms in general. M
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The discrepancies between measured frequency responses of the
basilar membrane in the inner ear and the frequency tuning found
in psychophysical experiments led to Békésy’s idea of lateral
inhibition in the auditory nervous system1. We now know that
basilar membrane tuning can account for neural tuning2, and that
sharpening of the passive travelling wave depends on the mech-
anical activity of outer hair cells (OHCs)3, but the mechanism by
which OHCs enhance tuning remains unclear. OHCs generate
voltage-dependent length changes at acoustic rates4–8, which
deform the cochlear partition9–11. Here we use an electrical
correlate of OHC mechanical activity, the motility-related
gating current, to investigate mechano-electrical interactions
among adjacent OHCs. We show that the motility caused by
voltage stimulation of one cell in a group evokes gating currents
in adjacent OHCs. The resulting polarization in adjacent cells is
opposite to that within the stimulated cell, which may be indicative
of lateral inhibition. Also such interactions promote distortion
and suppression in the electrical and, consequently, the mechanical
activity of OHCs. Lateral interactions may provide a basis for
enhanced frequency selectivity in the basilar membrane of
mammals.

The mechanical response of the OHC is mirrored by an electrical
signature, a motility-related charge movement, similar to the gating
charge movements that control ion-channel conductance12,13. Both
gating currents arise from a redistribution of charged voltage
sensors across the membrane. The magnitude of the gating current
reflects the rate of charge redistribution. In the OHC, the redis-
tribution of motility-related charge is controlled by both voltage
and membrane tension; consequently, either can evoke gating
currents14–16. Within the organ of Corti, OHCs are indirectly
mechanically coupled to each other through contacts with support-
ing Deiters’ cells. The apical regions of OHCs and Deiters’ cells are
joined by tight junctions and form the plate-like reticular lamina.
Basally, the OHCs sit in the cups of Deiters’ cells, and the strength of
these attachments varies along the length of the basilar membrane17.
This morphology makes it likely that the voltage-induced mechani-
cal responses of one OHC will affect surrounding OHCs. Determin-
ing the nature of this interaction may provide insight into the
process of fine frequency tuning by OHCs. We studied this inter-
action by simultaneously recording from adjacent OHCs under dual
whole-cell voltage and current clamp.

In isolated pieces of Corti’s organ, where cellular relations remain
intact, voltage stimulation of an OHC induces mechanical
responses and gating currents in that cell (Fig. 1). Transient outward
currents are generated by the onset of depolarization, which causes
the cell to contract (Fig. 1b). These currents correspond to the
displacement of positive charge to the extracellular aspect of the
lateral plasma membrane, which holds motility/voltage sensors18,19.
The charge–voltage (Q–V) function is well described by a two-state
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Boltzmann function12,13:

QðVÞ ¼
Qmax

1 þ b
ð1Þ

b ¼ exp
2 zeðVm 2 V bÞ

kT

� �
where Qmax is the maximum nonlinear charge moved, Vh is the
voltage at half-maximal gating-charge transfer, Vm is the membrane
potential, z is the valence, e is the electron charge, k is Boltzmann’s
constant and T is the absolute temperature.

When the stimulated OHC (OHC 1) is depolarized, gating
currents are seen in the adjacent OHC (OHC 2). The ratio of
charge movement (Q2/Q1) in adjacent OHCs can be up to 0.1. The
induced gating current in OHC 2 is not generated by electrical
interactions between the cells. Individually isolated cells that are
positioned to touch each other do not show this charge coupling.
Furthermore, collapse of OHC 1 by negative pipette pressure (−0.25
to −0.5 kPa), which abolishes the cell’s normal mechanical activity13,
eliminates gating currents in adjacent OHCs (Fig. 1b).

As in OHC 1, the magnitude of the gating currents in OHC 2
reflects the rate of charge redistribution; in this case, however, the
rate mirrors that of the deformation of OHC 2. This is indicated by
the significant correlation between the OHC 1 clamp time constant
(which controls the rate of the OHC mechanical response under
whole-cell voltage clamp6) and gating current magnitude in OHC 2
(r2 ¼ 0:63; n ¼ 21). This is expected, because the OHC gating-
current magnitude resulting from stretch is related to the velocity of
stretch15. The charge redistribution in OHC 2 generates a voltage
with a time course that depends on the cells’ membrane time
constant (tm ¼ Rm 3 Cm). We looked at this induced voltage
under current clamp. In seven cells, the average time constant of
voltage decay induced by the impulsive gating current was 8.8 ms.
The average membrane resistance of these cells was 272 6 28 MQ
(mean 6 s:e:), the membrane capacitance (at the holding potential)
was 35:1 6 2:02 pF and, consequently, tm ¼ 9:5 ms. The initial
voltage magnitudes were up to 1.2 mV. The polarity of the induced
voltage was negative, corresponding to the movement of positive
charge to the outside of the cell membrane. The polarity of the
voltage change in mechanically coupled cells is opposite to that
of the electrically stimulated cell. Direct currents (d.c.) were not
observed in adjacent OHCs, confirming the absence of gap-junc-
tion-mediated electrical coupling.

Additional evidence indicates that the transient currents and
voltages in adjacent OHCs result from mechanical coupling
between OHCs, and that these electrical responses are generated
by the displacement of motility/voltage sensors. Figure 2 shows that
salicylate, a known blocker of OHC gating currents and motility20,21,
abolishes the gating currents in adjacent OHCs. In our experiments,
salicylate probably has two effects: it blocks both the mechanical
response of the stimulated cell and the charge movement in the

Figure 1 Adjacent OHCs are mechano-electrically coupled. a, Schematic

illustrating two adjacent OHCs mechanically coupled through Deiters’ cells and

the recording configuration.b, Each cell in a pair was whole-cell voltage clamped

to −40mV. Depolarization of OHC 1 to 50mV (Vc1) generates outward transient

currents in both OHC 1 and OHC 2 (IG1, IG2, respectively; top two traces).

The charge ratio (Q2/Q1) is 0.08. Following application of negative pressure

(,−0.5 kPa; middle two traces) to the patch pipette of OHC 1, the response in OHC

2 was abolished. The response in the voltage-stimulated cell is decreased

somewhat, as expected, owing to a negative shift in its Q–V function16. c, OHC 1

was held under voltage clamp and OHC 2 under current clamp. As a con-

sequence of the impulsive gating current evoked in OHC 2, a negative voltage

is developed across its membrane. The trace depicts the average induced

potential (n ¼ 7) in OHC 2. Dotted line: single exponential fit of 8.8ms.

Figure 2 Both OHCs were voltage clamped to −80mV, and OHC 1 was stepped to

70mV (Vc1). The top trace shows the gating current (IG2) evoked in OHC 2.

Perfusion of the cells with 10 mM salicylate abolishes the gating current.
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adjacent cell. Further evidence derives from the polarity of the
gating currents in adjacent cells (Fig. 3a, b). As expected for a
process dependent on the stimulated OHC’s mechanical response,
the gating current polarity of the adjacent cell reverses at the holding
potential of the stimulated cell; depolarization from this potential
causes contraction of the cell, whereas hyperpolarization produces
elongation. The deformation of adjacent cells will alter the tension
on their lateral membranes. Reduced tension effectively shifts the
voltage dependence of the Q–V function in the negative direction,
and will evoke a positive gating current16. This agrees with the effects
measured in adjacent OHCs. The magnitude of charge movement
induced by this shift depends on the adjacent cell’s membrane
(holding) potential and is given by the difference between the two
shifted Boltzmann functions15:

QðVÞ ¼ 2 QmaxdVh

ze

kT

b

ð1 þ bÞ2 ð2Þ

where dVh is the magnitude of the Vh shift induced by a change in
membrane tension, and b is as in equation (1).

Indeed, this behaviour is seen in our experiments (Fig. 3c, d). The
magnitude of gating charge in the adjacent OHC depends on its
holding potential, and the bell-shaped function of equation (2)
satisfactorily describes the relationship. As the Q–V function
mirrors the OHC’s motility function16, the mechanical activity of
coupled OHCs will be affected similarly.

Our data show that, as a result of OHC mechanical activity, lateral
interactions exist within the organ of Corti that may significantly
affect its responsiveness to sound. We have explored some of the
consequences of these interactions. When two pure-tone frequen-
cies are presented to a subject, auditory illusions of additional tonal
frequencies and measurable physiological counterparts result22,23.
Additionally, one tone can be suppressed by another. This distortion
arises from nonlinearities in the peripheral auditory system, and in
the mammal it results from OHC activity24,25. Even within single
isolated hair cells, distortion evoked by two-frequency stimulation

can be generated by nonlinearities of the sterociliar transducer or by
OHC motility26–28. We tested whether this type of distortion can
arise from interactions between OHCs by simultaneously and
independently stimulating each cell of coupled pairs with differing
voltage frequencies (OHC 1, f 1 ¼ 813:8 Hz; OHC 2, f 2 ¼ 976:5 Hz)
and observing nonlinear interactions. Under these stimulation
conditions, both frequencies are present in the current responses
of each cell (Fig. 4). The magnitude of the mechanically induced
frequency component (for example, f2 in OHC 1) is a bell-shaped
function of holding potential, indicating, as above, that this com-
ponent is generated by frequency-following shifts in the voltage
dependence of the Q–V function of the cell. Furthermore, this
mechanically generated frequency component suppresses the vol-
tage-evoked frequency component by up to 10%. Finally, the
interaction of the two frequency components gives rise to nonlinear
intermodulation distortion in each cell (Fig. 4b). The sum and
difference distortion components (f 2 þ f 1, f 2 2 f 1) can be observed
as little as 20 dB below the mechanically induced primary.

Our data show that nonlinear mechanical interactions occur
among OHCs within Corti’s organ, and that these interactions
generate distortion and suppression that are similar to those found
in the intact organ. The generated distortion, seen only in coupled
OHCs, may arise not only from the interaction of intrinsic cellular
nonlinearities27,28, but also from nonlinearity in the visco-elastic
coupling between cells. The mechanical coupling strength, based on
ratios of charge or current, is up to 10%. However, the degree of
mechano-electrical coupling among OHCs may be greater in vivo
than is demonstrated here, as physical coupling in our preparations
was probably compromised by the isolation procedure.

It is believed that passive basilar-membrane tuning is enhanced
by feedback from OHC mechanical activity3; however, based solely
on mechanical activity evoked by passive tuning, sharpening would
not be expected. The consequence of OHC coupling is twofold for
adjacent cells; the voltage dependence of motility is altered, and a
voltage of opposite phase is evoked. These mechanically generated

Figure 3 Gating currents are a function of both OHCs’ holding potential. a, Both

OHCs were voltage clamped to −40mV, and OHC 1 was stepped for 5ms from −
130 to 70mV (Vc1) in 20mV steps. Gating currents (IG2) in an adjacent OHC are

shown in the top trace. Thepolarity of the currents depends on that of the stimulus

voltage in OHC 1. b, the Q–V plot (on and off charge in OHC 2 versus voltage of

OHC 1) shows a reversal of gating charge sign at the OHC 1 holding potential. The

nonlinearity of the response partially reflects the nonlinear nature of the motility

function. c, The magnitude of gating current (IG2, top traces) in OHC 2 induced bya

fixed voltage step in OHC 1 depends on the membrane (holding) potential of OHC

2. d, The Q–V plot (on charge in OHC 2 versus holding voltage of OHC 2) shows

that charge magnitude is a bell-shaped function of OHC 2 holding potential. The

data were fit (solid line) to equation (2) with Qmax (prior determination from Q2–Vc2

function) fixed at 2.99pC. dVh ¼ 2:5mV; Vh ¼ 2 23:5mV; z ¼ 0:65.
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lateral interactions may allow basilar membrane motion to be
selectively enhanced at a particular location where passive vibration
is maximal. In nonlinear systems, 10% feedback can have enormous
consequences. The likely increase in OHC coupling with increasing
frequency, supported by morphological evidence17, may explain the
finding that tuning is sharper at higher characteristic frequencies. In
this model, distortion in the cochlea arises from the very process
that promotes greater frequency resolution. M
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Methods

Pieces of the organ of Corti, containing between 3 and more than 50 OHCs with
associated Deiters’ cells, were freshly isolated from the guinea-pig cochlea, and
adjacent OHCs were separately whole-cell voltage clamped at room
temperature using an Axon 200A and 200B amplifier. Membrane voltages
were corrected for the effects of residual series resistance, which ranged from 3
to 7 MQ. We used ionic blocking solutions to remove voltage-dependent ionic
conductances so that capacitive currents could be analysed in isolation29.
Gating currents were extracted using the P/-4 technique30. Pipette crosstalk
artefacts at the onset of traces (first 50 ms) were subtracted from the data, using
the artefacts obtained in the absence of mechanical coupling. All data collection

and most analyses were performed with an in-house-developed, Windows-
based whole-cell voltage-clamp program, jClamp (www.med.yale.edu/surgery/
otolar/santos/jclamp.html), using a Digidata 1200 board (Axon).
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Figure 4 Both OHCs were voltage clamped to −40mV and independently

stimulated with pure sine-wave voltages. a, The upper two traces show the

voltage stimuli delivered independently to each cell. During the initial part of the

stimulus duration, each cell received a 20mV peak sine wave at f1 ¼ 813:8Hz;

in the latter three-quarters of the stimulus duration, the OHC 2 frequency was

switched to 976.5Hz. Fast Fourier transform analysiswas limited to the last half of

stimulus duration to avoid transient responses. Comparisons were made before

and after uncoupling by collapsing OHC 2. The upper plot shows the ratio of

mechanically induced f2 current (If2) in OHC 1 due to f2 voltage stimulation in OHC

2. The ratio of the power of the f1 component in the response of OHC 1 before and

after OHC 2 was collapsed was also obtained. The change in this ratio (DPf1) is

shown in the lower plot. Negative percentage means that the f1 response after

collapse of OHC 2 was larger than that before; in other words, the mechanically

induced f2 component in OHC 1 suppressed the f1 response in OHC 1. b, The

spectrum of current response in OHC 2. The magnitude (in dB) is referenced to f2

magnitude. Besides harmonic distortion products, the peak of sum frequency

distortion (f1 þ f2) is clearly visible.
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Understanding how the ageing process is regulated is a fascinating
and fundamental problem in biology. Here we demonstrate that
signals from the reproductive system influence the lifespan of the
nematode Caenorhabditis elegans. If the cells that give rise to the
germ line are killed with a laser microbeam, the lifespan of the


