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Sea snakes (Lapemis curtus) are sensitive to low-amplitude water motions
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Abstract
The sea snake Lapemis curtus is a piscivorous predator that hunts at dusk. Like land snakes, sea snakes have scale
sensillae that may be mechanoreceptive, i.e. that may be useful for the detection of water motions produced by prey
fish. In addition, inner ear hair cells of sea snakes may also be involved in the detection of hydrodynamic stimuli. We
generated water motions and pressure fluctuations with a vibrating sphere. In the test range 50–200Hz evoked
potentials were recorded from the midbrain of L. curtus in response to vibrating sphere stimuli. In terms of water
displacement the lowest threshold amplitudes were in the frequency range 100–150Hz. In this range peak-to-peak
water displacement amplitudes of 1.8 mm (at 100Hz) and 2.0 mm (150Hz) generated a neural response in the most
sensitive animal. Although this low sensitivity may be sufficient for the detection of fish-generated water motions, it
makes it unlikely that L. curtus has a special hydrodynamic sense.
r 2005 Elsevier GmbH. All rights reserved.
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Introduction

Just like a number of freshwater snakes (e.g. Erpeton

spec., Eunectes spec., Natricinae), sea snakes (Hydro-
phiinae) are highly adapted to an aquatic life (Heatwole,
1999; Ineich and Laboute, 2002). Most sea snakes are
piscivorous predators that hunt during the day, at dawn
or at night. To find their mobile prey in often turbid
waters olfactory and visual cues may not be the best and
only option. Like fish and many aquatic invertebrates
(Kalmijn, 1988), sea snakes may also use cutaneous
mechanoreceptors and/or inner ear receptors to detect
weak water motions such as those generated by prey
objects.
e front matter r 2005 Elsevier GmbH. All rights reserved.
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Various corpuscles (scale sensillae) have been found in
the integument of snakes (e.g. Povel and Kooij, 1997).
Single nerve fibers innervating cutaneous corpuscles of
Texas rat snakes respond to mechanical stimuli (Jackson
and Doetsch, 1977a, b). Similar to terrestrial snakes, sea
snakes like Lapemis hardwicki (now called Lapemis

curtus) and file snakes (Achrochordidae) also have scale
sensillae that may be used for the detection of water
displacements and, as has been speculated by Povel and
Kooij (1997), for the detection of weak electric fields.
Behavioral studies indicate that sea snakes (Pelamis

platurus) are indeed sensitive to water motions caused
by swimming fish (Heatwole, 1999). This assumption is
in line with the observation that some sea snakes
(Pelamis platurus) approach and eventually bite into a
vibrating object (Heatwole, 1999).
Since there is no physiological evidence that sea

snakes can sense low-amplitude water motions, we tried
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to record action potentials from the scale sensillae while
stimulating the snakes with sinusoidal water motions. In
addition, we recorded evoked potentials from the
midbrain of sea snakes while using the same stimuli.
Material and methods

For the experiments we used 15 sub-adult spine-
bellied sea snakes Lapemis curtus (body length
60–80 cm, body weight 150–200 g). The snakes were
caught near the coast of Weipa (Gulf of Carpentaria,
Queensland, Australia) and transported to the Mel-
bourne Aquarium where they were kept in a large
saltwater tank. Experiments were carried out in accor-
dance with the ‘‘Principles of Animal Care’’, Publication
No. 86-23, revised 1985 by the National Institutes of
Health (Permit WISP00269202; collection authorized by
the Queensland Environmental Protection Agency).
For the experiments the snakes were either anaes-

thetized with Tiletamine and Zolazepam (Zoletiles

6–9mg/kg bodyweight) and/or immobilized with Pan-
curoniums (1.5ml/kg bodyweight). For recordings, the
snakes were transferred to an experimental tank
(320� 280� 140mm) of seawater and fixed with rubber
bands on a holder with the dorsal head surface at least
1 cm below the water surface. For artificial breathing a
PVC-tube (outer diameter 2mm) was inserted into the
glottis of the snakes. We ventilated the lungs of the
snakes by mouth-to-mouth breathing once every
30–45min via the PVC-tube. All experimental animals
recovered from Pancuroniums and Zoletiles after
10–14 h, i.e. our simple method of lung ventilation was
sufficient to keep the snakes alive.

Peripheral recordings: For recordings from the scale
sensillae we used tungsten microelectrodes (1–3MO),
glass micropipettes filled with potassium chloride
(o 1MO), glass-sheathed indium alloy metal electrodes
(o 1MO; Dowben and Rose, 1953), or a chlorided
silver wire (0.1mm diameter,o0.1MO resistance) that –
with the exception of the tip – was insulated with plastic
tubing (Budelmann and Bleckmann, 1988). Scale
sensillae could be viewed through a binocular (Zeiss
Stemi V11). For recordings the tip of the electrode was
placed on top of or close to the edge of a scale sensillum.

Central recordings: For central recordings a small part
of the dorsolateral surface of the midbrain of the
anaesthetized snakes was exposed. Prior to surgery and
in addition to the general anaesthesia, we injected
Xylocains as a local anaesthetic under the skin of the
snakes’ head. A plastic ring of 1 cm diameter was glued
on the head of the snakes to prevent seawater from
entering the cranium. Tungsten microelectrodes
(1–3MO) were used for brain recordings. Neural
responses were amplified (DAM 80, WPI, bandpass,
filter setting 1–3000Hz), displayed on an oscilloscope,
and stored (sampling rate 10000Hz) on a notebook
(IBM, 1200MHz). For off-line data analysis we used the
software Igor Pro (Wavemetrics).
Water motions were generated with a plastic sphere

(10mm diameter) that was attached to the membrane of
a loudspeaker (Sanyo S05S05, 8O, � 0.3W) by a plastic
rod (8 cm long, 2mm diameter). The sphere was placed
next to the head ipsilateral (peripheral recordings) or
contralateral (central recordings) to the recording site.
Axis of sphere vibration was in the transversal plane,
tilted at 201, such that the upper limit was further from
the snake than the lower limit of movement. The
distance between the surface of the sphere and the skin
of the snake was 2–3mm. For threshold determination
sinusoidal stimuli (50–200Hz, duration 100 ms, rise/fall
times 20ms) were generated with a laptop (IBM,
1200MHz), D/A converted (SoundMax AC’97), ampli-
fied (custom made amplifier) and fed into the loudspea-
ker. At a given frequency, the response threshold was
defined as the peak-to-peak water vibration amplitude
that caused an evoked potential whose amplitude was
about twice as high as that of the noise. Evoked
potentials were analyzed from records that represented
the average of 32–64 responses. Sphere vibration
amplitudes were measured with a capacitive displace-
ment sensor (ADE-technology, resolution 0.2 mm). The
corresponding water displacement amplitudes were
calculated according to the equation (Harris and
Bergeijk, 1962)

A ¼ ðR3=D3Þ � A0,

where A0 is the displacement amplitude of the sphere, R

is the radius of the sphere and D the shortest distance
from the sphere center to the point of interest.
Electric field stimuli were presented as 10Hz sine

waves of 100ms duration and 100–500 mV amplitude
between two 4 cm carbon rod electrodes which were
10 cm apart and placed on both sides of the head of the
snake. Field intensities were monitored with a pair of
silver wire electrodes in the bath near the animal.
Results

With the tip of a microelectrode placed on the skin
close to a receptor, extracellular neural responses have
been recorded from the lateral line neuromasts of fish
(e.g. Mohr and Bleckmann, 1998) and amphibians
(Northcutt and Bleckmann, 1993), the epidermal lines
of cephalopods (Budelmann and Bleckmann, 1988;
Bleckmann et al., 1991b), the trichobothria (Reißland
and Görner, 1978) and slit sensillae of spiders (Bleck-
mann and Barth, 1984), the infrared organs of
pyrophilous beetles (Schmitz et al., 1997, 2000) and
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the electroreceptors of amphibians (Northcutt and
Bleckmann, 1993) and fish (Teunis et al., 1990). Using
the same method, we tried to record neural responses
from a total of 45 prefrontal, frontal, supraocular,
parietal, nasal and supralabial scale sensillae of three
spine-bellied sea snakes L. curtus. Since the scale
sensillae could easily be recognized with a binocular, a
precise placement of the electrode tip was always
possible. We tried metal, glass capillary, indium alloy
metal and silver wire electrodes (see Material and
methods) as well as different recording sites (close to a
scale sensillum, on top of a scale sensillum). Despite all
our efforts we failed to get any neural activity from the
scale sensillae of Lapemis to water motions.
In four sea snakes we finally tried to record responses

from the midbrain. Two snakes were unresponsive to
visual stimuli (the beam of a flash-light or the light of a
photodiode that was switched on and off) and to
vibrating sphere stimuli (50–150Hz, duration 100ms,
peak-to-peak sphere displacement amplitudes up to
50 mm). The other two snakes responded with large
evoked potentials to the beam of a flash light (see inset
in Fig. 1), the light of a photodiode (not shown) and
vibrating sphere stimuli (Figs. 1 and 2). Responses
(evoked potentials) to the vibrating sphere consisted of
an initial negative potential followed by a large positive
Fig. 1. Evoked potential responses in the midbrain of L. curtus

to water motions caused by a vibrating sphere (vibration

frequency 350Hz, duration 100ms, peak-to-peak vibration

amplitude 50 mm) and to visual stimulation (inset). Stimulus

intervals were 5, 0.5 and 0.25 s. Positive voltages are upward.

Each record represents the average of 32 responses. Arrows

indicate stimulus onset. Note the decrease in evoked potential

amplitude with increasing stimulus repetition rate. Time bar in

the inset ¼ 1 s.
and a large negative potential. No action potentials were
recorded either to visual or to hydrodynamic stimuli.
Several lines of evidence suggest that the evoked

potentials were no mechanical or electrical artifacts but
represented biological events in response to local water
movements: (i) evoked potentials could only be recorded
if the sphere was in the water, (ii) the amplitude of the
evoked potentials decreased with increasing stimulus
repetition rate (Fig. 1), and (iii) at high stimulus
intensities the responses reached saturation (for an
example, see Fig. 2, inset).
In one animal we determined the vibration thresholds

for the frequencies 50, 75, 100, 125 and 200Hz. Peak-to-
peak sphere displacement amplitudes (the distance
between the sphere and the snake was 2mm) sufficient
to cause a neural response were 11.0 mm (50Hz), 13.7 mm
(75Hz), 4.5 mm (100Hz), 15.0 mm (125Hz), 16.5 mm
(150Hz) and 20.0 (200Hz). The other animal was
Fig. 2. Evoked potential responses in the midbrain of L. curtus

to water motions caused by a vibrating sphere (150Hz,

100ms). Positive voltages are upward. Each record represents

the average of 32 responses. Sphere vibration amplitudes are

given to the left. Inset: peak-to-peak evoked potential

amplitude as a function of sphere displacement amplitude.

Note that the evoked potential amplitude reached saturation.

Fit curve in inset is logarithmic.
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Fig. 3. Peak-to-peak water displacement amplitudes at the

skin surface of the snake that elicited neural responses, plotted

for the different stimulus frequencies. Triangles and dots

indicate two different snakes.
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stimulated with the vibration frequencies 50, 75, 100 and
150Hz. In this animal peak-to-peak sphere vibration
amplitudes of 6.3 mm (50Hz), 4.5 mm (75Hz), 3.2 mm
(100Hz) and 3.5 mm (150Hz) were sufficient to cause a
neural response. The corresponding water displacement
amplitudes at the skin surface of the snake are shown in
Fig. 3. In terms of displacement, frequencies around
75–150Hz were most effective in eliciting a neural
response.
Snakes were subsequently tested for responses to

weak electric field stimuli. None of the two animals that
responded to visual and mechanosensory stimuli showed
any neural responses to weak electric fields. We used
10Hz sine waves of 100ms duration and the intensity of
the field, measured as voltage gradient in the middle of
the tank, was set to amplitudes of up to 500 mV/cm. Such
stimuli would elicit evoked potentials in relevant parts
of the brain in almost any electroreceptive fish (Bullock
et al., 1983).
Discussion

Protozoa, bryozoa, coelenterates, ctenophores, flat-
worms, annelids, mollusks, crustacea, echinoderms,
chaetognaths, urochordates, cephalochordates, fishes,
and many aquatic amphibians can detect water motions
(for a review, see Bleckmann, 1994). At least four
amniote species also have this capability: seals (Phoca

vitulina) (Dehnhardt et al., 1998, 2001) and water rats
(Hydromys chrysogaster) (Meyer, Dehnhardt and Bleck-
mann, unpublished) can use their facial vibrissae to
detect water displacements such as those generated by
swimming fish. Crocodilians have dome pressure recep-
tors for the perception of surface waves (Soares, 2002)
and Florida manatees are covered with tactile hairs
that they may use for the detection of water motions
(Reep et al., 2002). Our physiological study suggests that
sea snakes (L. curtus) also can sense water motions. The
sensitivity of the snakes was, however, three orders of
magnitude lower than the sensitivity of the fish and
amphibian lateral line and one order of magnitude lower
than the sensitivity of the epidermal lines of cephalopods
(Bleckmann, 1994). On the other hand, it was similar to
the behavioral sensitivity of seals (0.8 mm at 50Hz) to
water motions (Dehnhardt et al., 1998). The compara-
tively low sensitivity of sea snakes to water motions
makes it unlikely that Lapemis has developed a special
hydrodynamic sense. Instead, mechanoreceptors in the
skin may function as touch receptors that also have
some incidental sensitivity to water motions. Since we
did not get any responses to electric stimuli, our results
do not support the hypothesis of Povel and Kooij (1997)
that the scale sensillae might have an electroreceptive
function.
Since we failed to record any neural activity from the

scale sensillae of Lapemis we cannot rule out that the
evoked potentials recorded from the midbrain were
mediated by inner ear receptors. The following results
speak against this explanation: when we applied
vibratory stimuli to the edge of the experimental tank
that would have elicited evoked potentials in relevant
parts of the brain of teleost fish (Echteler, 1985), evoked
potentials were never recorded. Thus, the responses to
the vibrating sphere probably were not mediated by
vibration sensitive receptors in the inner ear. Hand
clapping in the vicinity of the experimental animal also
did not lead to neural responses. Therefore, the
responses probably were not mediated by cochlear hair
cells either. In any case, although the sensitivity of
Lapemis to water motions was not very high, it is
sufficient to detect the water motions in the wake of a
swimming fish (Bleckmann et al., 1991a).
Sea snakes take up oxygen through their skin. This

may explain why their skin is heavily suffused with
blood vessels (Heatwole, 1999). The scale sensillae of
snakes are innervated by fibers of the trigeminal nerve
(Jackson and Doetsch, 1977b). Because we failed to get
any neural responses from electrodes placed directly on
or close to a scale sensillum we tried to expose branches
of the trigeminal nerve for recordings. Unfortunately,
the high density of blood vessels underneath the skin
had the consequence that even the slightest cut caused
heavy and long lasting bleeding that made any attempt
to expose fibers of the trigeminal nerve impossible.
Heavy bleeding and also an extraordinarily hard brain
capsule made it very difficult to access the mid- and
hindbrain. While it was comparatively easy to access the
forebrain of Lapemis, the midbrain and especially the
hindbrain was situated deeply in the skull underneath
large maxillary muscles. Nevertheless, in four snakes we
finally succeeded in exposing at least a small part (about
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0.5� 0.5mm) of the dorsal midbrain surface. This
allowed us to insert the electrode tip in the brain but
did not permit us to precisely position the electrode in
the torus semicircularis or in the tectum opticum, two
midbrain areas that are known to process sensory
information in snakes and other vertebrates (Hartline
and Campbell, 1969; Hartline and Newman, 1981). A
misplacement of the electrode tip thus may be the reason
why we failed to record evoked potentials in two out of
the four snakes investigated.
The short supply of animals and the difficulty in

keeping the sea snakes alive made it impossible to extend
the study. Due to the small number of snakes from
which brain potentials were successfully recorded our
results can only be viewed as preliminary. However,
since this is the first and only study in which sensory
evoked potentials have been recorded from the brain of
sea snakes we feel that it is justified to publish our data.
The study shows that submerged and immobilized sea
snakes can be artificially ventilated with a simple
method and that sea snakes are sensitive to low-
amplitude water motions. More studies are needed to
uncover the receptors that mediated the evoked poten-
tials in Lapemis.
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