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Semiconductor Gel in Shark Sense Organs?
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Abstract

Sharks can sense bioelectric fields of prey and other animals in seawater using an extraordinary
system of sense organs (ampullae of Lorenzini) [9]. A recent study reported that these sense organs
also enable sharks to locate prey-rich thermal fronts using a novel mode of temperature reception
without ion channels. The study reported that gel extracted from the organs operates as a
thermoelectric semiconductor, generating electricity when it is heated or cooled [2]. Here we report
biophysical studies that call into question this mechanism of sensory transduction. Our experiments
indicate that the material exhibits no unusual thermoelectric or electromechanical properties, and
that the thermoelectric response is an artifact caused by temperature effects on the measurement
electrodes. No response is seen when non-metallic electrodes (carbon or salt bridges) are used, and
ordinary seawater produces the same effect as shark organ gel when silver wire electrodes are used.
These data are consistent with the voltages arising from electrochemical electrode potentials rather
generated intrinsically within the sample. This new evidence, together with the anatomy of the organs
and behavioral studies in the literature, best support the conclusion that the biological function of
these sense organs is to detect electric fields.
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Introduction

Peculiar structures on the head of sharks, rays, and chimaeras have been the source of scientific
controversy since their discovery 350 years ago. In 1678 Stefano Lorenzini tentatively
proposed that the conspicuous pores on the head of these animals were mucus ducts (Fig. 1a),
but he immediately cast doubt on his own conclusion, writing that their unusual anatomy made
him suspect that "they are intended for another, more hidden function" [19]. An astonishing
range of sensory functions have been ascribed to these organs (ampullae of Lorenzini),
including sensory receptors for touch [20], pressure [20], salinity [21], temperature [23],
electric [10,16,21] and magnetic fields [18]. The most recent studies report that gel extracted
from these organs is a thermoelectric semiconductor, enabling sharks to locate prey-rich
thermal fronts using a novel mechanism of sensory transduction without ion channels [2]. This
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thermosensory function contradicts the accepted view that ampullae of Lorenzini are organs
for detecting weak electric fields generated by many physical and biological processes in the
marine environment [17]. Here we analyze biophysical properties of the gel inside these sense
organs in light of this controversy.

Each pore in the skin (Fig. 1a) leads through a gel-filled tube, ending in an alveolus-shaped
sensory ending (Fig. 1b). Sense cells in the ampulla (Fig. 1d,e) bear a single non-matile cilium
(Fig. 1e,f) and form synapses with the anterior lateral line nerve (Fig. 1b) [13]. Minute voltages
(<0.05 puV/cm) applied to the openings alter impulse firing [13,21] and evoke responses in
medulla and midbrain [1,13]. The gel inside the tubes has a similar ionic composition to
seawater and it was previously thought to serve as a passive electrical conductor, carrying the
voltage to sense cells in the alveolus ending [23].

This was challenged by Brown [2], who concluded that the gel generates electricity in response
to temperature changes. This was supported by measurements of voltage changes between two
silver wires inserted into gel extracted from the organs when one end of the sample holder was
heated or cooled (Fig. 1c).

Materials and Methods

Thermoelectric response

Ampullae of Lorenzini were dissected from the ventral region adjacent to the first gill slit of
skates, Raja erinacea, following anesthesia by MS222 and decapitation. Gel was extracted
from several organs and placed on a glass slide in contact with electrodes separated by 40 mm.
A 1 mm thick layer of gel was sealed beneath a 50 mm x 24 mm # 1 coverslip and miniature
thermocouple sensors near each electrode recorded temperature changes. One end of the
apparatus was heated or cooled using a piezoelectric temperature controller (Harvard
Apparatus, TC-202A, Greenvail NY), creating a temperature gradient across the gel with
respect to the opposite end held at ambient temperature. In some experiments, an electrical
heating element was brought near one end of the slide to duplicate the method used by Brown
[2], or ice was used to cool one end. All of these methods produced similar responses. Carbon
fiber, silver wire, and salt bridge electrodes were used for recording. Salt bridges were made
by filling fine 5 cm long plastic tubes with seawater in 2% agar. Electrical contact was made
with the seawater/agar using silver wires. Electrical potentials between the electrodes in the
gel were amplified using an Axoclamp 2B microelectrode amplifier (Axon Instruments, Foster
City, CA) with DC-10 KHz bandwidth, using an HSA 1XLU headstage.

Temperature-dependent displacement

Temperature-dependent changes in gel volume were measured using an MTI-2000, Fotonic
Sensor (MT], Instruments, Inc., Albany, NY). The device uses a miniature fiber optic probe to
illuminate and record light reflected from the sample. Calibrating the device according to
manufacturer instructions indicated sensitivity to displacements of 0.0147 pm/mV. A piece of
thin mylar was placed on the gel to enhance reflectance to the sensor.

Voltage-dependent changes in volume

Possible swelling or contraction of the gel in response to applied voltages was tested using the
MTI-2000 Fotonic Sensor (above). Voltages up to 0.1V, DC-10Hz (square wave), and ramped
voltage changes of both positive and negative polarities were tested. A square-wave stimulator
was used to apply DC or voltage pulses through a 100:1 voltage divider, and voltage ramps
were delivered using Clampex software (described below). Silver stimulus electrodes were
used routinely to apply voltages to the gel, but carbon and salt bridge electrodes were also
tested. These experiments were performed on samples of gel extracted from the organs and on
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intact organs to test if a possible voltage-dependent volume change was disrupted by extracting
the gel. (No differences were observed.) Measurements were made on the ampullar region of
the organ in response to voltages applied inside the canal of the ampullae of Lorenzini using
amicroelectrode, and on intact organs sectioned through the ampullar region of the organ, with
the light beam from the Fotonic Sensor reflected off the gel inside intact organs. Stimulation
of organs suspended in Ringer solution with electric fields applied to the solutions was also
used to eliminate inserting electrodes into the canal.

A Michelson interferometer was also used to monitor changes in displacement or index of
refraction of the gel in response to applied electric fields. A helium-neon laser (633nm
wavelength) was used for illumination on an airtable. A sample of the gel was placed in one
arm of the interferometer, and changes in intensity of interference bands were monitored with
a photodiode at the point where the sample beam and reference beam converged through a 50
% beam splitter. The gel sample was held in the sample beam on a glass slide covered with a
24 x 24 mm #1 coverslip, with voltages applied to the gel with silver or carbon electrodes.

Recording and analysis

Voltage, temperature, displacement, and light intensity from the photodiode in interferometry,
were digitized with a Digidata 1322A A/D converter (Axon Instruments, Foster City, CA), and
displayed on a Gould 740 digital display oscilloscope. Clampex 8.2 software (Axon
Instruments, Foster City, CA) was used for recording and analysis, and for delivering ramp
voltages to the gel in the piezoelectric experiments. Results are reported as mean = SEM, and
statistical analysis was by ANOVA performed using Minitab 11 software.

Electron microscopy

Results

Hydrolagus colliei were anesthetized with MS222 and fixed by cardiac perfusion using 2%
glutaraldehyde in 0.1M cacodylate, pH 7.35 [12]. Samples were embedded in Epon/Araldite
for transmission microscopy, stained with lead citrate and uranyl acetate. For scanning electron
microscopy, samples were dried by critical point drying with liquid CO, and coated with carbon
and gold.

Using the same methods that showed the thermoelectric semiconductor properties of the gel
extracted from ampullae of Lorenzini (Fig. 1c), we confirm the widely varying standing
potential, reported as varying between — 8 mV to + 8 mV [2], which changed when a
temperature gradient was imposed on the gel (Fig. 2a). The voltage was sensitive to small
changes in temperature, —281 + 81.9 uV/ °C, (mean & SEM; n = 6), which is similar to the
370 and 240 pV/°C values reported by Brown [2]. (The sign of the response was erroneously
reported as positive in the study published in Nature [2], but the data plotted in that paper have
a negative slope.) Hysteresis to heating and cooling was observed (Fig. 2b), which varied with
the rate of temperature change, as described previously [2].

Classically, semiconduction results from quantum mechanical thermodynamics of electrons in
atoms of solid state materials [6,8], but the gel from the ampullae of Lorenzini is an electrolyte.
Inelectrolytes, electricity is typically conducted by dissolved ions, and a voltage would develop
from electrochemical reactions between silver wire and electrolytes in the gel. This voltage
would depend on temperature, in accordance with the Nernst equation, and a potential
difference would necessarily develop between two silver electrodes at different temperature
immersed in an electrolyte containing chloride ions.
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To determine whether the voltage response was a thermoelectric property of the gel or instead
was generated by electrochemical action at the metal electrodes, we performed the same
experiment using non-metallic measurement electrodes. We found that when carbon or salt
bridge electrodes were used a thermoelectric effect was not measurable, even in response to
extreme temperature changes (Fig. 2c). Salt bridge electrodes are slender tubes filled with
seawater in 2% agar placed in electrical contact with the extracellular gel. Silver wires connect
to the distal end of the salt bridge tube, isolating them from the thermal gradient in the sample.
However, heating or cooling the point near the salt bridge where the silver wire contacts it
mimicked the thermoelectric response, even though this does not cause a temperature gradient
in the gel (Fig. 2d). This is consistent with the temperature-dependent voltages arising from
electrochemical reaction between the silver wire and electrolytes in seawater, rather than
arising intrinsically from within the sample.

Finally, similar thermoelectric responses to those previously reported in shark sense organ gel
were measured with silver electrodes when the gel sample was replaced with plain seawater
in 2% agar (Fig. 2e). The values in seawater (—212 + 34.5 uV/°C) and gel samples (—281 +
81.9uV/°C) were not significantly different (p>0.47, n = 13). This indicates that the gel inside
the ampullae of Lorenzini lacks any remarkable thermoelectric semiconductor property beyond
that of normal seawater (Fig. 2f).

The mechanism of sensory transduction in the sense cells of the ampullae of Lorenzini is known
to involve calcium-activated potassium channels in the apical membrane [5]. The sensitivity
of the organs to nanovolt/cm gradients is remarkable, and we also explored an alternative
hypotheses that the gel might transduce thermal or electrical signals by swelling or shrinking,
and thus displace cilia on the sense cells (Fig. 1e,f). Displacement of the cilium might activate
mechanosensitive ion channels in the sense cell in response to pressure applied to or generated
by the gel. No displacement of the gel was detected in response to applied voltages, using the
photonic displacement sensor or Michelson interferometry with laser illumination at 633 nm.
Ramped and pulsed voltages were tested at various frequencies up to the extreme of 0.1V, well
beyond the range of electroreception.

Temperature-dependent changes in gel volume were also measured using a photonic
displacement sensor (Fig. 2g), but these responses were similar to normal seawater in 2% agar
(data not shown). These measurements fail to support the hypotheses that the gel has unusual
thermoelectric or electromechanical properties. Other types of electrosensory receptors on
other animals lack gel-filled tubes and operate by an ion channel sensory transduction
mechanism [3,21].

Discussion

The previous study reporting thermoelectric semiconductor properties of the gel in the
ampullae of Lorenzini used only metal electrodes for measurement, which would have been
subject to temperature-dependent electrochemical junction potentials of the same magnitude
as those attributed to thermoelectric semiconduction [2]. We find that when the temperature-
dependent electrode potentials are eliminated by using nonmetallic electrodes no voltage
changes are induced by heating or cooling the gel. Control experiments show that the
temperature-dependent voltage changes are generated in normal seawater using silver wire
measurement electrodes, indicating no special properties of the gel are necessary for the
response, other than electrochemical temperature-dependent reaction with the metal
measurement electrodes.

We conclude that the proposed temperature reception without ion channels is an erroneous
conclusion arising from a measurement artifact, and that the ampullae of Lorenzini are
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electroreceptors. This is most consistent with the anatomy of the organs [13,24], the cellular
[12] and electrophysiological [5] responses to applied electric fields, and behavioral studies
showing that pelagic sharks use electroreception in their natural feeding behavior to locate prey
in the open ocean [15]. Although temperature [23], and pressure [20] can cause responses in
ampullae of Lorenzini, we know of no behavioral evidence that either one is a biologically
relevant mode of sensory reception, and these effects can be explained by conventional action
of temperature and pressure on cellular processes and materials. Thermal stimulation of other
sense organs is not uncommon. For example, electrophysiological responses to temperature
changes are observed in taste buds [7] and cochlea [4], but temperature is not considered a
biologically relevant sensory modality for these organs. We note that not all fish with ampullae
of Lorenzini feed on prey-rich thermal fronts, and many, including skates, rays, and chimaeras,
are bottom dwellers, feeding on organisms buried in the sand. Electroreception provides an
effective means of locating such hidden prey by sensing their bioelectric fields [9,17]. Finally,
these fish have sensitive thermoreceptive nerve endings in their skin from dorsal root ganglion
neurons, which could enable them to locate thermal fronts without such specialized organs,
and the central connections of the nerves from the ampullae of Lorenzini terminate in regions
of the brain involved in spatial analysis, not temperature sensation [1,13].
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Fig. 1.

Ampullae of Lorenzini [9] are sense organs on the head of sharks [21], rays [5,12], and
chimaeras [10], containing a gel reported to have unique thermoelectric semiconductor
properties [2]. (a) Visible as small pores around the oral surface of a skate (Raja erinacea)
(arrow), the tubular organs, with an alveolus-shaped ending containing sense cells (b), are filled
with an electrically conductive gel [24]. (c) Changes in voltage between two silver wire
electrodes inserted in gel extracted from the organs were measured when a temperature gradient
was imposed by heating or cooling one end of the apparatus. (d) Scanning electron microscopy
of the sensory epithelium shows two types of cells: (e) sense cells, bearing a non-motile cilium
(arrow), and mound-shaped support cells. (f) A cilium shown by transmission electron
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microscopy. (d—f) from Hydrolagus colliei. Previous studies show no ultrastructural
differences in the sensory epithelium of chimaeras and elasmobranchs [11-14].
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Fig. 2.
The reported thermoelectric semiconductor properties of gel in ampullae of Lorenzini [2] are
measurement artifacts arising from electrochemical reactions at the measurement electrodes.
(a) Thermal gradients changed the voltage between two silver electrodes in the gel. (b) The
thermoelectric response was sensitive to small temperature changes and showed hysteresis.
(c) No thermoelectric response was detected when nonmetallic measurement electrodes (salt
bridges) were used. (d) Heating or cooling the point where the silver wire contacts the salt
bridge mimicked the thermoelectric response, even though this does not cause a temperature
gradient in the gel. (e) The thermoelectric response can be measured with silver electrodes in
ordinary seawater with 2% agar. (f) The thermoelectric response (maximal slope from voltage/
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temperature plots), is not significantly different in seawater and extracellular gel when
measured with silver electrodes. (g) Temperature-dependent changes in gel viscosity can be
measured as swelling and shrinking of the gel beneath a photonic displacement sensor (MTI
2000), but this is not likely to be a biologically relevant mode of thermoreception as similar
changes are seen in seawater/agar.
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