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Letters to the Editor

A Comment on the Sensitivity of Fish to Low Electric Fields

Donatella Petracchi* and Giovanni Cercignani®
*Istituto di Biofisica del CNR, Via S. Lorenzo, 26 Pisa, Italy and *Dipartimento di Fisiologia e Biochimica, Via S. Maria, 55 Pisa, Italy

The sensitivity of sharks, skates, rays, and similar animals t¢fish like sharks and rays) take advantage of their extended
extremely low electric fields is a popular topic in the non- body. The potential drop on the receptors in the sensory
linear analysis community. It has been considered often irepithelium corresponds to that occurring between the canal
general editorial comments (Tsong, 1994; Glanz, 1996) anglore and the ampulla (5 cm for the longest canals in medium-
very recently in the “New and Notable” sectionBiophys-  sized dogfish) and is therefore of the order of 005 for
ical Journal (Moss, 1997). Indeed, the sensitivity of some a field of 10 nV/cm. A factor of 5x 10° is therefore
fish to electric fields appears to be astounding. Behavioraintroduced with respect to the former evaluation.
evaluation of the lowest field perceived by rays, found The noise in the membrane potential has been evaluated
earlier to be 10 nV/cm in water (Kalmijn, 1982), has re- by applying basic physical principles (Weaver and As-
cently been reduced to 1-2 nV/cm (Kalmijn, 1997). Such &umian, 1990; Block, 1992). Schematically, a cell mem-
field, if applied directly to a sensory cell, produces a changeyrane can be represented as a first approximation by an
in the transmembrane potential that is absolutely negligiblequivalent circuit in which membrane resistance (R) and
in comparison with spontaneous fluctuations. On thiscapacitance (C) are combined in parallel. Considering the
premise, the usually accepted evaluation of 18or the  yoltage drop across a cell membrane, it is known by the
signal-to-noise ratio (SNR) is obtained (Block, 1992)—a johnson-Nyquist theorem that,2) = kg T/C, wherekg and
really astonishing value. It seems impossible to detect suclt have their usual meaning. For a spherical cell of radius
a low signal by ordinary means, thus lending credence to th@lo um), and assuming the specific capacitance of a lipid
idea that detection requires methods qualitatively differenb“ayer is 1uF/cn?, C is about 3 pF; therefordy 2)Y? =
from traditional techniques of linear analysis. It has beemq wV. This is a lower limit for the noise that one might
said that in order to reach the sensitivity of fish “artificial expect on the voltage across the membrane of an average-
devices . . . should work at liquid nitrogen temperature” gi;ed cell. This value cannot be lowered; howeyer 22
(Glanz, 1996). ) ) _ . isinversely proportional to the square root of C and there-
Let us take a closer look at the actual biological situationsyre decreases with increasing membrane surface. More-
to evaluate both the signal produced at the cellular level bY)ver, it is important to evaluate the number of cells that
the external field and the noise in the membrane potential iy, nect the same area in the central nervous system. Figs.
a receptor cell. 1D and 1F in Murray (1974) show that electroreceptors in

We start with the evaluation of the potential drop inducedeach ampulla at the bottom of a canal number about 10,000,
by the external field on the membrane of the electrorecepaivioled among a small number of swellings; the number of

tors. To make a straightforward comparison with the formerfibers innervating each ampulla (five) is about the same as

evaluation, we will consider a field of 10 nV/cm, the value the number of the swellings and they project to the same
a'k:f"’_‘dy duied to Cak_:UIaiﬁ &':nths NR%[O t'. lT:'S Vatlrt:e wahs h brain area. Therefore it is conceivable that the output 6f 10
obtained by assuming that the potential drop throug Rells are averaged in certain areas of the brain, and in this

membrane of a receptor cell was equal to that OCCUMNg. - se the voltage thermal fluctuations might be as low as 0.6
over the cell length (10um). Actually, the weak field é.LV root-mean-square
L .

generated by the prey is measured over a much long Biological excess noise is to be expected because ion

distance: the Lorenzini ampulla is a relatively insulated : .
. hannels switch continuously from the open to the closed
organ, connected to the external water through insulate . .
) . L __conformation also because of thermal fluctuations. How-
canals filled with a conductive jelly (Waltman, 1966; ; )
ever, the current flowing through the open channel is due to

Kalmijn, 1974; Murray, 1974). A simple way to enhance the . .
electric signal before contamination with the noise in thethe electrochemical gradient through the membrane, and the

membrane potential of the receptor is used; elasmobrancﬁgo,nequ'“b”um S|tuat|.on is the actual source of the excess
noise. The excess noise depends on the number and types of

channels that are open in the resting condition. It is possible
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Address reprint requests to Dr. Donatella Petracchi, Istituto di Biofisica deqells' .FOI’ I_nStan_Ce’ the ampIIIUde for the VOItage_ fluctua-
CNR, Via S. Lorenzo, 26, 56127 Pisa, Italy. Tel.: 39-50-513111; Fax:tiONs in retinal bipolar cells (cell membrane capacitance of
39-50-553501, E-mail: petracch@ib.pi.cnr.it. 11 pF) of the larval amphibian axolotl, a kind of
© 1998 by the Biophysical Society salamander, was evaluated to be 100-300 (Tessier-

0006-3495/98/10/2117/02  $2.00 Lavigne et al., 1988), whereas the voltage noise of an insect




2118 Biophysical Journal Volume 75 October 1998

photoreceptor (cell membrane capacitance of 14 pF) i¢A. J. Kalmijn, personal communication) and the longest
~100 nV (Stephenson, 1988). ones (about 20) are nearly parallel; i.e., to a reasonable
We made numerical simulations of the equivalent electricapproximation 20 equivalent units can be averaged. This
scheme of a cell membrane to obtain qualitative insight intacould also help reduce the noise originating in the ohmic
the dependence of voltage noise on cell parameters. Thesistance of the canals.
obvious result was that voltage fluctuations due to the Thus with the present evaluation of SNR we propose that
switching of ion channels decrease when the ion channardinary tools can work, whereas the former evaluation of
kinetics are fast compared to the membrane time constant0™’ seemed to rule out this possibility. Only the experi-
suggesting a possible way to minimize nonequilibriummental study of the system under physiological conditions
noise in specialized structures. As for the fundamental therean give direct answers to questions about how electrore-
mal noise, a decrease of the excess voltage noise with treeption operates. However, there are insufficient reasons to
square root of the cell surface is to be expected. assume that traditional techniques such as linear analysis do
A reasonable estimate of the voltage noise due to iomot work. The hope that systems exhibiting stochastic res-
channel switching in a single electroreceptor is thereforenance can improve SNR has recently been denied by a
200 uV (based on the data by Stephenson (1988), normalelear-cut note iNature (Dykman and McClintock, 1998).
ized for the difference in cell radii); by the same reasoning
used for thermal noise, we consider that averaging this nois\:;ve
over 1d cells results in a final root-mean-square value of 2
rV. However, it is worth recalling that the responses to
voltage steps lasting 0.5 s in the excised ampullary organ
have a dynamic range betweerl00 and 20uV (Lu and REFERENCES
Fishman, 1_994a’b)' and that a variation in the dlscharge Cgalock, S. M. 1992. Biophysical principles of sensory transduction.
the nerve fibers has been measured for voltage steps of 3sensory Transduction. D. P. Coirey and S. D. Roper, editors. Rockefeller
wV, which suggests that the noise at low frequencies is only University Press, New York. 1-17.
a fraction of a microvolt (and each nerve fiber averages ovePykman M. I, and P. V. E. McClintock. 1998. What can stochastic
just 2 X 10° electroreceptor cells). Clearly, only direct resonance domatur_e:391:344. . . ,
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a cell Fourier analysis may be implemented if the transducTsong, T. Y. 1994. Exquisite sensitivity of electroreceptor in skates.
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In a recent paper, Carlson et al. (1997) reported the use & s. Monolayer patches are clearly seen within holes, which
the atomic force microscope (AFM) to initiate bilayer fu- are also one layer thick. We could not produce a hole-free
sion in a controlled manner. In their study of reconstitutedarea like in Fig. 1a by applying a higher force, although
high-density lipoproteins (HDL) they obtained discoidal fusion of patches could be induced. Figc $hows the same
bilayers of dipalmitoyl phosphatidylcholine (DPPC) and area as in Fig. b after 10 min of scanning with a force of
apolipoprotein A-l (apoA-l), the primary protein component 25 nN and a scan rate of 10 Hz. Some patches fused with
of HDL. Under certain experimental conditions the fusiontheir nearest neighbors. Applying a higher force did not
of the discoidal bilayers into a planar bilayer was inducedaccelerate fusion and eventually led to the rupture and
by the scanning process in the AFM. In other cases, scaremoval of the bilayer.
ning of the HDL particles resulted in digging a monolayer-  Exposure to air was not necessary to induce the healing of
thick hole. The difference between fusion and digging didholes. Fig. 2a shows a pure DPPE bilayer deposited at a
not appear to depend on force or scan rate. It was not clegurface pressure of 25 mN/m. The sample was kept under
whether protein played a role in the fusion process. water during transfer to the AFM. A flat hole-free square
Independently, we observed a similar effect on a phosregion in the center of the image was generated by scanning
pholipid bilayer in the absence of protein. The results wergor 2 min with a force of 100 nN, then imaged by increasing
first obtained on a control sample used in our study of thehe scan size and recording the image at a force of 5 nN.
interaction of the polyene antibiotic filipin with planar bi- Note that such healing could be induced only for samples
layers (Santos et al., 1998). The bilayer of 7:3 (w:w) di-with monolayer-thick holes. It is not clear why Langmuir-
palmitoyl  phosphatidylethanolamine (DPPE):cholesterolgjodgett deposition sometimes produces monolayer-thick
was prepared by Langmuir-Blodgett deposition on freshlyholes in DPPE bilayers. It is much more common to have
cleaved mica at a surface pressure of 25 mN/m. The samplgjayer-thick holes in bilayers (Mou et al., 1995, Shao et al.,
was then imaged by contact-mode AFM under water. Sili-1996) although monolayer-thick holes have also been ob-
con nitride tips with a nominal spring constant of 0.12 N/Mgeryed (Hui et al., 1995). In the samples with bilayer-thick
(Digital Instruments, Santa Barbara, CA) were used. Theggles we did not observe any healing. Applying a higher

bilayer was unintentionally exposed to air for a momentsorce |ed to the coalescence of nearby holes and then to
during transfer to the fluid cell of the AFM. The short remoyal of the bilayer.

exposure to air probaply led to thg disruption of the bilayer The mechanism of the tip-induced reconstitution is not
into monolayer and trilayer domains; subsequent respreaear although it is logical that energy brought by the AFM
ing led to a highly defective bilayer. _ tip helps to convert unstable holes or disks into a lower-
Fig. 1a shows the AFM image of the respread bilayer. gnergy bilayer. One possible explanation is that the AFM tip
The bilayer contains numerous holes with a depth of aboufj, 545 lipid molecules that are loosely attached or extracted
2.5 nm, which is consistent with the thickness of @ mon0+om pilayer until they fill in holes in bilayer. These mole-

2 . .
layer. A 5x'5 um” square region in the central area of the ¢, ;65 might also adsorb on the AFM tip during this process,
image was geperated by scanning at a force of 20 nN for ?orming a layer on it. Fig. 2 shows an AFM image of a
minutes, then imaged by increasing the scan area and iMyq|q i 5 DPPE/cholesterol bilayer. The hole appears to be
mediately recording the image at a force of 5 nN. The, o |5ver thick and to contain another monolayer-thick hole
scanning process heals the defective bilayer and produceggige " However, it is clearly seen that the lower edges of
flat Eolegrnga;ria.l Fig. 1|) dISp|leS the A';M |(rjnagﬁ of both holes have exactly the same shape, which is a very
anot er cho estgro sample prepared under the sa ﬁlikely event. Such an image might be generated if the hole
conditions as the previous sample with an air exposure Alere two layers thick and the AFM tip had an adsorbed
monolayer on it. As the substrate step is deeper than the step
] . o on the AFM tip, the tip cannot reach the bottom of the hole
Received for publication 20 February 1998 and in final form 7 July 1998. and the hole edge is imaged twice, once with the tip itself
Address reprint requests to Dr. Joseph A. Zasadzinski, Department of . . : .
Chemical and Nuclear Engineering, University of California, Santa Bar—f'de On,ce V,Vlth monOIayer on It,(d,OUble tip effECt)' Thus, the
bara, CA 93106. Tel. 805-893-4769; Fax: 805-893-4731; E-mail:image in Fig. 2o suggests that lipids can adsorb to the AFM
gorilla@engineering.ucsb.edu. tip during the scanning of bilayers in water.
© 1998 by the Biophysical Society Our results show that patterning similar to that shown by
0006-3495/98/10/2119/02  $2.00 Carlson et al. (1997) can be obtained on samples without
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FIGURE 1 AFM heightimages of a DPPE/cholesterol bilayer which was exposed to air for a short time. All images are taken in a contact mode under
water. @) Area: 9X 9 um?. A square defect-free region in the central part of the image was reconstituted by the AFM tip during several scannings at a
force of 20 nN. b) Area: 900X 900 nnt. Monolayer-thick patches within holes are clearly seepAgea: 900X 900 nnt, the same region as ib) after

scanning at 25 nN for 10 minutes. Some patches fused with their nearest neighbors.

protein. We could not establish the precise conditions necis fully understood, the effect opens new possibilities for
essary for patterning but have shown that it is crucial tomanipulation of phospholipid bilayers and formation of nano-
have a bilayer with monolayer-thick holes. While additional scopic defect-free regions with a desired size and shape.
work will be necessary before the mechanism of patterning
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FIGURE 2 @) AFM height image of a DPPE bilayer under water. A
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