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Summary

The mechanotactile hypothesis proposes that ventral
non-pored lateral line canals in the stingray function to
facilitate localization of prey that contact the skin
during benthic feeding. This study used comparative
neurophysiological and morphological techniques to test
whether ventral non-pored canals encode the velocity of
skin movements, and show other adaptations that may
enhance detection of tactile stimuli from their prey.
Resting discharge rate of lateral line primary afferent
neurons was lower among units from ventral than dorsal
canal groups. The ventral non-pored canals had a higher
proportion of silent units (31%) than either ventral (3%)
or dorsal (13%) pored canals, thus may have an enhanced

pored canals responded to tactile skin depression velocities
of 30-630um s from 1-20 Hz, and encoded the velocity
of canal fluid induced by skin movement with best
frequencies of <10 Hz. Sensitivity of non-pored canals to
direct skin depression velocity was 2-10 times greater
than to hydrodynamic dipole stimulation near the skin. No
morphological specialization of hair cell orientation was
found among pored and non-pored canals. These low
frequency, tactile response properties support the
hypothesis that the stingray’s non-pored ventral lateral
line functions as a mechanotactile receptor subsystem used
to guide small benthic invertebrates to the ventrally
positioned mouth.

potential for detection of phasic contact with prey.
Primary afferents from pored canals showed response
characteristics consistent with acceleration detectors, with
best frequencies of 20-30 Hz. In contrast, units from non-

Key words: canal, elasmobranch, frequency response, hair cell,
neuromast, lateral line, stingray, Dasyatis sabina.

Introduction

The mechanosensory lateral line system of fishes is bestat permit direct contact with the surrounding water (i.e. pored
known as a detector of hydrodynamic flow across the bodganals), or an absence of skin pores that eliminates direct
surface (for a review, see Coombs and Montgomery, 1999¢ontact of canal fluid with the external environment (i.e. non-
Peripheral lateral line gross morphology and neuromagiored canals) (Ewart and Mitchell, 1892; Johnson, 1917,
position determine the hydrodynamic features that are encod&bord and Campbell, 1977; Chu and Wen, 1979). The motion
at the hair cell — primary afferent neuron level. The lateral linef fluid in pored canals of teleost fishes is induced by
system of elasmobranchs (sharks, skates and rays) consistdhpfirodynamic pressure differences at the skin pores. Thus
superficial neuromasts (pit organs) and two morphologicgbored canal neuromasts encode the acceleration of external
classes of sub-epidermal canals (see review by Maruskaater flow near the skin, and mediate behaviors such as
2001). Superficial neuromasts are single units positioned on tilsehooling, hydrodynamic imaging and prey detection (for a
skin in shallow grooves (batoids) or between modified scale®view, see Coombs and Montgomery, 1999). However, with
(sharks), are in direct contact with external hydrodynamic flovihe exception of prey detection (Montgomery and Skipworth,
fields near the body, and encode water velocity to mediatE997), such functions for the pored lateral line have yet to be
behaviors such as rheotaxis (Montgomery et al., 1997; Peadxperimentally demonstrated for elasmobranch fishes and the
2001). In contrast, lateral line canals occur beneath the skireurophysiological response properties are poorly known.
surface, and have a continuous sensory epithelium within a The extensive non-pored canals of sharks and batoids are
fluid-filled canal. The kinocilium/stereocilia axis of canal hairlocated primarily on the ventral body surface, the rostrum and
cells typically shows a strong polarity along the longitudinalaround the mouth (Chu and Wen, 1979; Maruska, 2001). The
axis of the canal that maximizes neural sensitivity to canal fluidbsence of skin pores indicates that pressure differences caused
motion (see Flock, 1965; Roberts, 1969). Elasmobranch candly localized weak hydrodynamic flow will not directly produce
are further distinguished by either the presence of skin poresnal fluid motion, as occurs in pored canal systems. Although
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the non-pored system of batoids was used to model thieh of capture. Neurophysiology was performed on a total of
sensitivity of lateral line neuromasts to fluid velocity (Sand,14 stingrays: 11 male (disk width = 22.5-26m0) and three
1937), the response properties of the non-pored canal systéemale (disk width = 27.0—-29dn) rays (8 dorsal preparation,
in relation to natural behaviors such as prey localization aré ventral preparation). Experimental procedures followed
unknown. guidelines for the care and use of animals approved by the
The mechanotactile hypothesis was proposed to explain omestitutional Animal Care and Use Committee at Florida
function for non-pored canals in elasmobranch fishes (MarusHastitute of Technology. Experimental animals were deeply
and Tricas, 1998). This hypothesis states that the non-poresiesthetized with 0.02% tricaine methanesulfonate (MS222)
canals on the ventral surface of the stingray function as tactiend then immobilized by intramuscular injections of
receptors that facilitate localization and capture of smalpancuronium bromide (~0r8g kgtbody mass). Rays were
benthic invertebrate prey. The mechanotactile hypothesidamped on an acrylic stage in an experimental tanlcrf6l
generates several testable, though not mutually exclusiveang X 41 cm wide X15 cm deep) supported by a vibration
predictions about the stimulus encoding properties of thigsolation table. Stingrays were ventilated by a continuous flow
system. First, direct coupling of the skin and canal fluid shouldf fresh seawater (22—23°C) that did not contain MS222
result in sensitivity to the velocity of skin movement. Thus,throughout the experiment because of the negative effects of
primary afferents that innervate neuromasts in non-porethis anesthetic on lateral line afferent activity (Spath and
canals should show characteristics more consistent witBchweickert, 1977). A portion of the anterior lateral line nerve,
detectors of the velocity rather than the acceleration of skiwhich contains mechanosensory lateral line afferent and
depression. Second, without direct connection to thefferent neurons, was surgically exposed either posterior to the
environment, non-pored canals should have a lower sensitivigpiracle (dorsal preparation), or lateral to the first gill slit
to dipole water motion compared to direct tactile stimulation(ventral preparation). The perineurium was separated on a
Third, if non-pored canals represent a specialized tactilsmall section of the nerve fassicle to facilitate single unit
system, they may show neurophysiological adaptations thatcordings. Neurophysiological recordings were focused on
enhance the discrimination of prey such as silent units tprimary afferents that innervate neuromasts in the dorsal pored
facilitate detection of phasic stimuli. In addition, they should(Dp), ventral pored (Vp) and ventral non-pored (Vnp) sections
show greater tactile sensitivity than the general cutaneowd the hyomandibular canal (HYO), which covers a large
somatosensory system that has a displacement threshold pafrtion of the pectoral fins on both the dorsal and ventral
about 2Qum (Murray, 1961). Fourth, if non-pored canals surface (Fig.1). The water level within the tank was kept
function as touch receptors to detect transient skin movemerapproximately 1 cm below the surgical opening so that all
adjacent to the canal, then non-pored canals may have a gredigomandibular canal pores on the pectoral fins were
proportion of hair cells oriented orthogonal to the canal axisubmerged.
compared to pored canals. These non-axial hair cell Extracellular single unit recording experiments used glass
orientations shown in some chondrichthyan fishes (Robertsjicroelectrodes (15-3@Q, 4 mol -1 NaCl) visually guided
1969; Roberts and Ryan, 1971; Ekstrom von Lubitz, 1981ynder a microscope to the nerve surface. Lateral line primary
Maruska, 2001) could encode lateral cupular deflections tafferents were distinguished from electrosensory afferents by
expand the tactile receptive field to include areas adjacent their phasic response to a water movement stimulus delivered
the canal. to the tank with a pipette. Neuromast locations were identified
This study tests these predictions of the mechanotactiley probing the skin with a small water jet or probe. Dipole
hypothesis by determination of the frequency-responskeydrodynamic stimuli were produced by a plastic sphere
properties of primary afferent neurons that innervatattached to an 18-guage stainless steel shaft and sinusoidally
neuromasts in pored and non-pored canals in the stingray driven by a function generator and minishaker. Sphere
addition, we assess hair cell orientations among canal grouggameter was either 6 mm (ventral recordings) or 9 mm (dorsal
to test the prediction that non-pored canals have a greatercordings), both of which are within the size range of natural
proportion of hair cells oriented orthogonal to the canalnvertebrate prey (Cook, 1994). The sphere was positioned
axis compared to pored canals. Our results providevith an XYZslider system and the dipole axis fixed at a 45°
neurophysiological support for the mechanotactile hypothesiangle to the skin surface 2—3 mm above the skin for pored
and are interpreted in relation to the natural behavior andanals, or in direct contact with the skin above the canal for
ecology of this elasmobranch fish. non-pored canals. Receptive fields for Dp and Vp canals were
located over pores on the pectoral fins, while the receptive field
for Vnp canals was centered over the sub-epidermal canal
located along the ventral midline. To test the prediction that
Neurophysiology non-pored canals are most sensitive to touch, the response of
Adult male and female Atlantic stingrays Dasyatis sabingorimary afferents from non-pored canals to direct tactile
Lesueur were collected with a dip net from the Banana Rivestimulation was compared to that of a hydrodynamic flow
Florida, USA. Stingrays were transported back to thesource 2-3 mm above the canal.
laboratory and used for neurophysiology experiments within Displacement amplitude of the sphere was controlled by a

Materials and methods
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ranged from 1 to 220 Hz with a minimum of 3 s of rest activity
between each stimulation trial. For each individual afferent,
the amplitude of sphere displacement remained constant as
frequency was changed. Frequency sweeps began Hi, 30
followed by testing of higher frequencies up to 220 Hz and
then a return to test frequencies <30 Hz. For each stimulus
frequency a minimum of 500 spikes were collected for
peristimulus periods. Neural activity was monitored visually
on an oscilloscope and acoustically on a loud speaker. Analog
neural discharge signals were amplified, filtered at
300-300Hz, and stored on tape.

The tactile receptive field for non-pored canal primary
afferents was estimated by lightly probing the skin with an
800pum diameter sphere attached to a thin insect pin shaft at a
frequency of ~Hz above and adjacent to the canal. The
distance between the points of maximum neural excitation
(directly over the canal) and no response (neuron returns to
spontaneous rate or silent),v&s measured to the nearest mm
orthogonal to the canal axis. Receptive field area was then
calculated as (28)This is a conservative estimate of receptive
field area because the response distance directly along the canal
axis was on average at least twice as great as the response
distanceSthat was orthogonal to the canal axis.

Analyses of single unit responses were conducted off-line.
Fig. 1. The lateral line canal system on the dorsal (D) and ventral (M\nalog spikes were discriminated and converted to digital
surface of the Atlantic stingray, Dasyatis sabina. Broken linesevent files via a Cambridge Electronic Design 1401 and Spike
indicate sections of canal that contain innervated neuromasts, whife goftware (Cambridge, UK). Interspike interval (ISI)
solid lines represent neu_romast—free tubules that ter_minate in POr4§istograms of resting discharges were generated from 500
Neurophysiology recordings were made from primary afferent,,nqec iive spikes compiled in 2 ms bins. Resting discharge
neurons in the anterior lateral line nerve that innervate neuromastsclljgI histograms were used to classify units as regular (unimodal

the dorsal pored (Dp), ventral pored (Vp), and ventral non-pored™, - . . _ _
(Vnp) hyomandibular canals (HYO). Note that the dorsal HYOW|th near identical median and mode) or irregular (Poisson

contains numerous lateral tubules that branch to terminate in pord€ distribution). Silent afferents showed no spontaneous
while the ventral hyomandibular canal contains a lateral pored sectidftivity and discharged only when stimulated. Resting
and a medial non-pored section along the midline. 10, infraorbitaflischarge variability was expressed as the coefficient of
canal; MAN, mandibular canal; PLL, posterior lateral line canal; SOyariation (CV), which is the dimensionless ratio of standard
supraorbital canal. Scale bar, 1 cm. Modified from Maruska andeviation £.0.) to mean ISI. A regular unit was defined by a
Tricas (1998). unimodal distribution and CV<0.40, and an irregular unit by a
distribution skewed to the right and CV>0.40. Resting
discharge characteristics that were not normally distributed
function generator and a servocontrol feedback system in ordeere compared among canal subsystems by non-parametric
to maintain constant source peak-to-peak (PTP) stimulusruskal-Wallis one-way analysis of variance (ANOVA) on
amplitudes. Peak sphere displacement at each stimulusnks and differences determined by Dunn’s multiple
amplitude and frequency was calibrated under a microscom®mparisons test. Data that passed normality and equal
and showed a linear relationship over this stimulus range. Thariance tests were compared with a one-way ANOVA and
amplitude of the water displacement at the skin surface (d) wasibsequent Tukey's test.
estimated by d=U(R/D) where Uis the amplitude of sphere  To determine whether the neural responses were linear,
displacementR is the radius of the sphere, aldis the several afferents were tested at multiple stimulus amplitudes
distance between the center of the sphere and the skin (Krodse each frequency. Linearity was examined by plotting
and Schellart, 1992). Estimated water displacement amplitudessponse amplitude (peak discharge — average resting rate)
at the skin surface (d) ranged from approximately 0.14270 as a function of stimulus amplitude. These preliminary
(for 6 and 9mm spheres). This estimation method is limitedexperiments confirmed that the neural responses are linear
because it does not take into account the influence of the neanigyative to stimulus amplitude, as found in other lateral line
skin and effect of the boundary layer. However, boundary layesystems (e.g. Kroese et al., 1978; Miinz, 1985; see Results
effects were probably not significant in this study because atielow).
neuromasts were located inside canals and not on the skinNeural sensitivity, frequency and phase responses of units
surface (see Kroese and Schellart, 1992). Stimulus frequenciegre determined by construction of period histograms (128
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bins) and period analyses. A Fourier transformation of th& non-pored canals compared to pored canals. Adult stingrays
period histogram was used to generate coefficients for meamere euthanized with an overdose of MS222, the epidermis
resting rate (DC), peak discharge rate, and the phasemoved, canals opened to expose the neuromasts, and cupulae
relationship between the peak unit response and the stimulosechanically dislodged from neuromasts by a gentle water jet.
peak. Neural sensitivity for individual units was calculated a®\pproximately 2—5 neuromasts were removed from Dp, Vp
[(peak discharge rate — DC)/stimulus amplitude]. In order t@nd Vnp hyomandibular canals in each animal, fixed foril—2
compare neural responses among units, sensitivity was 2% glutaraldehyde in Millonig’s buffer, and soaked in
converted to relative neural gain (dB) calculated adMillonig’s buffer overnight. Tissue was then rinsed in
20Xlog(neural sensitivity). 0.05mol 1 phosphate buffer (PB), postfixed in 1% osmium
Best frequency (BF) of each neuron was defined as thetroxide, rinsed again in PB and dehydrated in an ethanol
frequency that evoked the greatest increase in the number sdries (50—-100%). Neuromasts were dried in an LADD
spikes above mean resting rate (peak discharge rate — D@Burlington, VT, USA) critical point dryer with carbon dioxide
Data used to generate frequency—response curves were a transitional fluid and sputter-coated with gold—palladium
normalized by assigning a value of 0 dB to BF in order talloy. Samples were viewed on a Hitachi S-2700 scanning
control for absolute differences in sensitivities amongelectron microscope (SEM) at an accelerating voltage of
afferents.d at the skin surface was estimated as describe8-10kV and images recorded on VHS tape for analysis.
above and converted to velocity) @nd acceleratiora) values Individual hair cell orientation was determined by the
with the relationships u=2a and a=418f2d, where fis the  semicircular angular deviation (from 0-18®bm the axis of
sphere vibration frequency adds estimated peak-to-peak or maximum excitation of the hair cell (towards the kinocilium)
peak displacement at the skin surface (Coombs and Janssen, the longitudinal axis of the neuromast (canal axis).
1990a). Neural sensitivity for units from pored canals wa®rientations were measured for 10 randomly selected hair cells
estimated from PTP stimulus and response, whereas peftkm several neuromasts in each of the three canals (Dp, Vp
stimulus and response values were used for units from noand Vnp) in each animal. Hair cell orientation data failed tests
pored canals because the sphere was in contact with the skihnormality and could not be normalized by transformation.
for only half of the sinusoidal stimulus cycle. To illustrate Thus, the non-parametric Kruskal-Wallis one-way ANOVA
the difference in relative sensitivity between tactile andon ranks was used to test whether hair cell orientations differed
hydrodynamic stimuli, afferent responses to tactile stimulamong neuromasts located in different canal subsystems.
were normalized relative to responses to hydrodynamic flow.
Neural sensitivity to hydrodynamic flow was assigned a gain
value of 0 dB, and relative neural gain (dB) to tactile stimuli Results
calculated as 20xlog(tactile neural sensitivity/hydrodynamic Resting discharge activity
neural sensitivity). The phase relation between the stimulus Primary afferents recorded in this study innervated
and neural discharge response was expressed as the differenearomasts located within the main hyomandibular canal on
in arc degrees between the peak discharge rate and pehk disk from the rostrum to the caudal edge of the pectoral fin

stimulus amplitude. on the dorsal surface, and the hyomandibular loop from the
_ _ . first gill slit to the caudal edge of the pectoral fin on the ventral
Hair cell orientations surface (see Fig. 1). Resting discharge activity was recorded

Hair cell sensitivity to fluid flow in lateral line canals is from a total of 136 primary afferent neurons in 14 stingrays
dependent upon the orientation of kinocilia and stereociliand spontaneous rates ranged from 0 (silent) tosfikés sk
relative to the longitudinal axis of the canal. Hair cell polaritiesNeurons with regular, irregular and silent discharge patterns
were determined to test the prediction that a greater numberwere recorded from all canal types (Table 1). The most
hair cells are oriented orthogonal to the longitudinal canal axisommonly encountered units overall had irregular discharge

Table 1. Spontaneous discharge characteristics of lateral line primary afferent neurons that innervate neuromasts in the dorsal
pored (Dp), ventral pored (Vp) and ventral non-pored (Vnp) hyomandibular canals of the stingray

Dp (72) Vp (16) Vnp (48)
R (30) I (40) S (2) R (8) 1 (6) S (2) R (18) I (15) S (15)
Units (%) 41.7 55.6 2.7 50 37.5 12.5 37.5 31.25 31.25
Resting discharge 16.3,21.8,25.3 9.7,17.2,28.3 NA 11.6,17.1,21 4.9,9.6,11.5 NA 6,9.9,159 5.4,16.2,22.2 NA
(spikes sb)
Mean #s.E.M. 20.5+1.1 20.7+2.3 NA 16.7+2.6 8.9+2.1 NA 11.4+1.6 16.3+3.3 NA

R, regular; |, irregular; S, silent; NA, not applicable. Resting discharge data are expressed as 25%, median, 75% quartiles (top line), anc
mean 1s.e.M. (bottom line). The total number of primary afferents sampled from each discharge class within each canal subsysterd is indicate
in parentheses.
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patterns (45%), followed by regular (41%), and silent (14%)in Vnp canals, but were much less common in Vp (12.5%) and
However, when percentages were examined by can@lp (2.7%) canals (Table 1; Fig).

subsystem, Vp and Vnp canals both had a higher percentageThere were no differences in resting discharge activity, 1SI
of regular units while Dp canals showed more irregular uniter CV among the total population of afferents that innervate
(Tablel). Primary afferents with bursting spontaneousDp and Vp canals (Kruskal-Wallis one-way ANOVA on
activities or bimodal ISI distributions (Miinz, 1985; Tricas andranks,P>0.05). However, resting discharge characteristics of
Highstein, 1991) were not observed. Fig. 2 illustrates thé&ateral line primary afferents are further categorized into
variation in spike distribution of regular and irregular regular, irregular and silent units within each canal type and
discharging units for 12 representative neurons. Both fast (ISlre summarized in Table The plots in Fig. 4 show a clear
<80ms) and slow (ISI >10fhs) regular discharging units were separation between regular and irregular afferents among canal
isolated, with a high percentage of slow firing units innervatingypes with respect to CV, but some overlap and greater
neuromasts in the Vnp canal (Figs 2, 3). Irregular dischargingariability with respect to ISI. Primary afferents classified as
afferents had ISl distributions skewed to the right and CV>0.4€egular differed only between Dp and Vnp canals in CV (one-
(Fig. 2). Silent afferents represented about 31% of total uniteyay ANOVA, Tukey'’s test, P<0.05), resting discharge activity

Dorsal pored

100- Regular _ Irregular
1 CVv=0.083 1 Cv=0.570
50 .
0 i7" S

100+ CVv=0.104 7 Cv=0.811

S

1004 CV=0.341 . CV=0.872
50 1 E
3 ] Y T ] PR Ty
= 0 T = T T == T 1T T T T T ]
& 0 100 200 300 O 100 200 300
S
g Ventral non-pored
€ 100- i}
zZ | |
504 CVv=0.093 | CV=0.606
04 . i “l-..... R
100'_ CV=0.078 i CV=0.730

1007 cv=0100 ] CV=0.761
50- -
0- ' I....&'L : ' . ..'.nu.ln........'......._.l..._.._'. |
0 100 200 300 0 100 200 300
ISI (ms)

Fig. 2. Resting discharge patterns for individual primary afferent neurons that innervate dorsal and ventral hyomandibular lateral line neuromas
in the Atlantic stingray, Dasyatis sabinaterspike interval (I1SI) histograms shown for individual neurons are representative of those recorded
from primary afferents in all canal subsystems. Irregular resting discharge patterns were most common (45% of all units) and ISI distribution
were similar among dorsal and ventral primary afferents. Regular firing afferents from ventral non-pored canals had slower discharge activit
(greater ISI) than those from dorsal pored canals. Histograms were calculated from 500 consecutive spikes and compiled in 2 ms bins. Discha
variability is expressed as the coefficient of variation (CV), which is the dimensionless ratio tof mean interspike interval.
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(one-way ANOVA, Tukey’s testP<0.05), and interspike proportional to the amplitude of the stimulus across the range
intervals (Kruskal-Wallis one-way ANOVA on ranks, Dunn’s of frequencies used (Fi®). The gain and phase of the
test,P<0.05). Thus, regular primary afferents in Dp canals hadesponse of individual afferents was independent of the
a greater CV and resting discharge activity, but lower ISktimulus amplitude, and confirms linearity for this system.
compared to Vnp regular afferents (Fg. In contrast, primary When neural responses of units from Dp canals were plotted
afferents classified as irregular did not differ with respect to

these characteristics (Kruskal-Wallis one-way ANOVA on

ranks,P>0.05). 1.0
Frequency-response 0.8
Frequency—-response characteristics were determined for a ,_§_| I '
total of 77 lateral line primary afferent neurons (Dp=40, —o—
Vnp=28 and Vp=9) in 14 stingrays. Sinusoidal stimulation of 0.6+
the lateral line system produced modulation of primary affereng §
spontaneous activity, and evoked discharges from silent units. 0.4
Recordings were made at stimulus amplitudes where there ™
was a linear relationship between peak neural response and Reg. Irreg.
stimulus intensity. The amplitude of the response was 0.2+ HH
y p p —— Dp[e] o
4 Vp | ® o
Vn A A
04 p
40+ D I T T T T T T T T T 1
p
(N=8.72) 40 80 120 160 200 240
ISI (ms)

201 Fig. 4. Relationship between mean interspike interval (ISI) and
coefficient of variation (CV) for regular and irregular primary afferent
neurons from dorsal pored (Dp), ventral pored (Vp) and ventral non-

i pored (Vnp) canals in the Atlantic stingray, Dasyatis sabittamary
0 AL
40- afferents with regular discharge activity (Reg; closed symbols) have
Vp lower CV values than irregular units (Irreg; open symbols) for all
(N=4,16) canal types. ISl values differ between regular and irregular units for
s Dp and Vp, but not Vnp primary afferents. Further, regular Dp
0 afferents have higher CV and lower ISI values than regular Vnp
'g afferents. Data are plotted as meagetv.
<
T T T . T T T T T l T 70_
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=0.31
(N=6,48) oM
@
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Q
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o 35
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Fig. 3. Interspike interval (ISI) frequency histograms of primary 0 -
afferent neurons that innervate dorsal pored (Dp), ventral pored (Vp) 0 50 100 150 200 250 300

and ventral non-pored (Vnp) hyomandibular canal neuromasts in the

Atlantic stingray, Dasyatis sabindrimary afferents that innervate
Vnp canals show slower, more variable resting rates than do uni

Hydrodynamic acceleration (mm3

Eg. 5. Relationship between neural response at best frequency and

from Dp and Vp canals. Also, approximately one-third of units in Vnpstimulus intensity for three representative primary afferent neurons

canals had no resting discharge (i.e. were silent). These features

fadm the dorsal pored hyomandibular canal of the Atlantic stingray,

the non-pored lateral line primary afferents are consistent with thBasyatis sabina. Relative neural gain varies among these units, but
idea of enhanced detection of transient or phasic stimuli produced meural discharge (peak—DC) increases as a linear function of stimulus
prey. Sample sizes (N) show the number of animals, number dftensity (re: hydrodynamic acceleration estimated at the skin surface)
primary afferents sampled. for all three. m, slope.
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as a function of water velocity, they showed band-pasef afferents. In contrast, primary afferents from Vnp canals
characteristics with a —6dB bandwidth of 20-90 Hz (B4j). showed low-pass characteristics to tactile stimuli re:
Neural responses of afferents from Vp canals showed low-paasceleration with a 6 dB drop in neural gain achieved Hy 5
characteristics to hydrodynamic stimuli re: velocity with a(Fig. 6Cii). Further, primary afferents from Vnp canals show
response above —6dB maintained <70 Hz (Fig. 6Bi). When thieequency-independent response characteristics to tactile
skin was stimulated above Vnp canals, primary afferents fromstimuli re: velocity below 30 Hz, which is consistent with
Vnp canals had a flat low-pass characteristic 430re:  velocity detectors (Fig. 6Ci). Although frequency—response
velocity with a measured best frequency of 8.6+1.3 Hz (meadifferences were identified among canal subsystems, there was
+ s.e.M.; Fig.6Ci). Relative to acceleration, primary afferentsno obvious relationship between neuromast location on the
from Dp and Vp canals showed a flat frequency respondsody and best frequency of primary afferents.

to hydrodynamic stimuli re: acceleration below KD The low frequency slope of the frequency-response curve
(Fig. 6AIi,Bii). Thus, primary afferents from Dp canals showrelative to displacement for afferents that innervate Dp canal
frequency response characteristics consistent with acceleratioruromasts £37.3+7.8 dB decadé mean +*s.p., N=19
detectors as per Coombs and Janssen (1989). The responserofs) was higher than that of afferents that innervate Vnp canal
primary afferents from Vp canals showed properties of both aneuromasts (x=19.4+8.6 dB decakleN=19 units) (one-way
acceleration and a velocity detector, which may be partial ANOVA, P<0.001). These values agree with the expected
due to the large variation and small sample size of this grougmplitude slopes of ~4@B decade! for an acceleration

Velocity Acceleration
0- Dp (N=8,40) 0-
—10- 201
—20- —40-
-30- ~60- 2
] Al 1 Aii =
,-\_40_1 T T T ™ —80-| T T T T é
o)
S g, VP(N=3,9) 0- g
£ 1 . g
m —
o —10+ —20- =4
I 1 1 T
8 —204 —40-
c 1 i
Q 304 —60-
s 1Bi 1 Bii
01_40- r o M | — —80~ r A L
0+ Vnp (N=6,28) 01 _
' | E
—10- —20- =
| ] R
—20+ —40+ =z
] ' o
—30- —60
] Ci 1 Cii
_40- I T LA | T L | T 1 _80- I T LR | T LA | T
0 10 100 0 10 100

Frequency (Hz)

Fig. 6. Bode plots for frequency responses to hydrodynamic and tactile stimuli for primary afferent neurons that innervate lateral line cana
neuromasts in the dorsal pored (Dp), ventral pored (Vp) and ventral non-pored (Vnp) hyomandibular canals of the Atlantic stingray, Dasyati
sabina. Hydrodynamic stimuli: Dp primary afferents show peak frequency sensitivity at 20-90 Hz re: velocity (Ai) and a flat, relatively untuned
response up to about #x when expressed in terms of acceleration (Aii). Vp primary afferents show flat to low-pass characteristics when
expressed in terms of both velocity (Bi; <70 Hz) and acceleration (Bii; <30 Hz). Variation among units is likely due to low sample size for this
group (N=9). Tactile stimuli: Vnp primary afferents stimulated by tactile depression of the skin show a relatively flat respor3éimpen 3
velocity (Ci) and a low-pass response re: acceleration (Cii) with a 6 dB drop in neural response achieved by 5 Hz. Thus, primary afferents fro
pored canals respond to hydrodynamic acceleration and units from ventral non-pored canals respond to the velocity of canal fluid induced |
skin depression. Data were normalized to a relative value of 0 dB assigned to the best frequency for each neuron and expressed as rela
neural gain (dB). All data are plotted as meanetv. for each stimulus frequency relative to velocity (Ai—-Ci) and acceleration (Aii—Cii).
Sample sizes (N) represent the number of animals, number of primary afferents sampled. Note that some error bars are obscured by symb



3470 K. P. Maruska and T. C. Tricas

detector and ~2@B decade! for a velocity detector (Kroese Table2. Best frequency of lateral line primary afferent
et al., 1978), respectively. The low frequency slopes ofneurons that innervate neuromasts in the dorsal pored (Dp),
afferents from Vp canal neuromasts (x=19.8+4.8d¢Bade, ventral pored (Vp) and ventral non-pored (Vnp)
mean +s.0., N=3 units) were similar to those from Vnp units, hyomandibular canals of the stingray relative to
but the low sample size precludes conclusions from these data. displacement, velocity and acceleration

Phase relati(_)nships of the pe_ak neural response reIz_aFi\{e_ to Dp (8, 40) Vp (3, 9) Vnp (6, 28)
peak sphere displacement confirm these different sensitivities
to velocity and acceleration (Fi@). Many afferents from Dp Displacement 70, 80,100 50, 80,127.5 40, 50, 80
canal neuromasts showed a phase lead of approximately 184N *SEM. 84.5¢4.3 8561148 60.7£4.9

at low frequencies (<2B1z), while afferents from Vnp canals Velocity 30, 30, 40 30, 40, 65 5 75,10
had h lead 209 f . <28 Fig. 7 Mean s.E.M. 34.5+2.5 48.9+7.9 8.6£1.3
ad a phase lead near $tlow frequencies (<282) (Fig. 7). acceleration 10, 20, 30 5, 20, 30 1,3, 10

Phase increases at higher frequencies are at least partially qyg,

to differential primary afferent conduction times between the

various stimulus and recording sites. Phase relationships ofBest frequencies (Hz) for units in each category were not normally

afferents from Vp canals were not analyzed, due to smatlistributed, thus statistics are expressed as 25%, median, 75%

sample size and high variation among units. quartiles and mean sEM. The total number of animals, total
Primary afferent BF also differed among canal subsystenmber afferents sampled from each canal subsystem are indicated

(Table2; Fig.8). Best frequency of acceleration-sensitive Dpin parentheses.

primary afferents ranged from 1-#¥ (x=21.7+1.MHz, mean

+ s.E.M.), but the mode was at 3 (Fig.8). In contrast, while

n +s.E.M. 21.7£1.7 18.3+4.3 5.5+1.2

the range of BF for Vnp velocity sensitive afferents was also [] Silent M Regular [] Irregular
50-Dp
re: hydrodynamic accelerati
180 Dp 1(N=8,40)
| (N=4,10)
90 ~
oO+———
—90- 50qVvp
| = re: hydrodynamic acceleration
S 1(N=3,9)
—180- e (N=3,
| = 254
n 5
%_270_I T T T T T 1 A ’_‘
% 1 10 100 0' T T T |—|| rl
©
£ 904
o 507Vnp
re: skin depressiorelocity
0 — ] (N:6128)
25+
—90-
0_
1 5 10 20 30 40
—-180+ Best frequency (Hz)
Fig. 8. Best frequency histograms of regular, irregular and silent
-270- T primary afferent neurons from dorsal pored (Dp), ventral pored (Vp)
1 10 100 and ventral non-pored (Vnp) hyomandibular canals in the Atlantic
Frequency (Hz) stingray,Dasyatis sabina. Best frequencies for primary afferents that

innervate neuromasts in Dp and Vp canals are expressed re:
Fig. 7. Phase diagrams for frequency responses of primary afferehydrodynamic acceleration while those that innervate neuromasts in
neurons from dorsal pored (Dp) and ventral non-pored (Vnp)np canals are expressed re: skin depression velocity. Primary
hyomandibular canals in the Atlantic stingray, Dasyatis salldifa  afferents from Vnp canals respond best to low frequency velocity
primary afferents show a low frequency phase lead of abotit 18Gtimuli at ~5—10 Hz, while afferents from Dp canals respond best to
(acceleration-sensitive), while Vnp primary afferents show a lowacceleration stimuli at ~30 Hz. Vp canals responded to acceleration
frequency phase lead of about’q0elocity-sensitive). Phase of the stimuli from 5-40 Hz, with the greatest percentage of unitsH#. 5
peak neural response is expressed in degrees (neam relative  Silent, regular and irregular discharging primary afferents had similar
to the peak displacement of the sphere. Sample di§eshpw the best frequencies within each canal type. Sample skfeshow the
number of animals, number of primary afferents analyzed. number of animals, number of primary afferents sampled.
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broad (1-3MHz, x=8.6+1.3 Hz, mean &Ee.M.), maximum BF  flow several mm above the canal. However, afferents were an
mode was lower at 10 Hz (Fig. 8). Best frequency of the totadverage of 2—-10 times more sensitive to tactile stimulation
population of afferents from Dp canals was higher than thahan to water movements directly above the tactile stimulus
of Vnp canals when all fiber responses were tested within lacation (Fig. 9). This difference is most prominent at lower
single category of displacement, velocity or acceleratiofirequencies (10-20 Hz) where the mean change in neural
(Kruskal-Wallis one-way ANOVA on ranks, Dunn’s test, sensitivity between tactile and hydrodynamic stimuli was
P<0.05). However, BF of the total population of afferents from6.3+0.92spikes sYmm s2 at 20 Hz (mean s.E.M.).

Vp canals was higher than that of Vnp canals when tested The tactile receptive field was also determined for 26
within a single category of velocity or accelerationprimary afferents that innervate neuromasts in the non-pored
(Kruskal-Wallis one-way ANOVA on ranks, Dunn’s test, ventral hyomandibular canal. Receptive fields on the skin
P<0.05), but not displacement (Kruskal-Wallis one-wayabove the non-pored canals ranged from 0.25e#20with a
ANOVA on ranks, Dunn’s tesP>0.05). Thus, in the context mean of 1.4+0.8m? (mean #s.E.M.). Thus, rays are sensitive

of biologically significant stimuli for these canal subsystemdo tactile stimulation at least 2.5 mm lateral to the main canal
(velocity and acceleration), the population of afferents fromon either side, which encompasses the size of benthic
pored canals were more sensitive to higher stimulugwvertebrate prey (~2—10 mm) found in their diet.

frequencies than those in non-pored canals. There was no

difference in neural sensitivity (gain) at BF among canal Hair cell orientations

subsystems in terms of velocity or acceleration The prediction that non-pored canal neuromasts have a
(Kruskal-Wallis one-way ANOVA on ranks, Dunn’s test, higher proportion of hair cells oriented off the longitudinal
P>0.05; Table3). The relationship between neural dischargecanal axis compared to hair cells on neuromasts within pored
and hydrodynamic acceleration for three individual Dpcanals was not supported by SEM analyses. The majority of
primary afferents shows that neural discharge increases asair cells were oriented within 455f the longitudinal canal
function of stimulus intensity (Fig.5). The most sensitiveaxis in Dp (94%), Vp (93%) and Vnp (86%) canals (Eig).
primary afferent in this example (0.3fikes sYmm s2) had  These orientations indicate that about 90% of hair cells in all
a more than fourfold greater average peak discharge slope theamals will respond with at least 70% (co¥48 the maximum

the least sensitive afferent (0.6gikes s¥/mm s?). Mean response to fluid flow along the longitudinal canal axis.
neural sensitivity at best frequency ranged from 0.01 télthough there was no difference in hair cell orientations
1.2 spikes s¥/mm s2for Dp, 0.04 to 1.4pikes sl per mm s2

for Vp, and 5 to 8&pikes s¥/mm s2for Vnp canals (Tabl8). 30-

Mechanotactile sensitivity

The prediction that non-pored canals should have a greater
sensitivity to tactile stimuli than to hydrodynamic stimuli was
supported. Afferents from Vnp canals showed phasic responses
to skin depression velocities of approximately 30-680s?
from 1-20 Hz, and velocities as low as|68 s1to >5mm s
at a frequency of 1Blz. Primary afferents that innervate
neuromasts in the non-pored ventral hyomandibular canal
respond to direct tactile stimulation as well as to hydrodynamic

Relative neural gain (dB)

|
=
o
L

T T T T T AL |
Table3. Neural sensitivity at best frequency relative to 10 100
velocity and acceleration for lateral line primary afferent Frequency (Hz)
neurons from dorsal pored (Dp)_, ventral pored (Vp) a_nd Fig. 9. Increase in relative neural gain to tactile stimulation over
ventral non-pored (Vnp) hyomandibular canals of the stingray,yqrodynamic flow for primary afferent neurons in the ventral non-

Dp (8, 40) Vp (3, 9) Vnp (6, 28) pored hyomandibular canal of the stingr@asyatis sabina. Mean
tactile sensitivity of three primary afferents from ventral non-pored

Veloc_lty 1 1 34.2¢6.8  37.3+10.0 33.05.0 canals (open circles) normalized relative to their average response to
(splkes s/mm s°) hydrodynamic flow above the canal (solid circles atB) across
Min, max 3,89 7.5,102 5, 86 different stimulus frequencies are shown. Note that the average neural
Accelgratlo? 1024011  1.2+0.21 0.94+0.16 response is 6-20B greater to direct tactile stimuli compared to
(splkes stmm s) hydrodynamic stimuli above the canal, and are highest at the lower
Min, max 0.01,1.2 0.04,14 0.04,1.3

frequencies (10-2Bz). Thus, non-pored canals are an average of
val < The total b ¢ animals. total 2-10 times more sensitive to tactile stimuli than to local water
alues are means sem. 1he total number ol animals, total n,qements. Values are means.&m. and error bars are shown only

Uumber (_)f afferents sampled . f_rom each cangl Subsystem A the negative direction on thed® line for clarity. The broken line
indicated in parentheses. Min, minimum; max, maximum. represents a relative neural gain aff
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40 - from non-pored ventral canals. In addition, afferents from
Dp 900

(N=3,50) pored canals show properties consistent with acceleration

1 180%6‘} 0° detectors (i.e. they encode the fluid velocity in the canal driven
by the acceleration or pressure gradient outside the canal)

while responses of afferents from non-pored canals were
proportional to the velocity of skin movements. These findings

and the demonstration that the non-pored canals are more
sensitive to tactile stimulation than to water movement stimuli
provide neurophysiological support for the mechanotactile

407 vp hypothesis of lateral line function.
(N=4,100)

20 90°

Resting discharge activity

Lateral line primary afferents that lack any resting discharge
(silent units) were encountered ~3—-10 times more frequently
in Vnp canals compared to Vp or Dp canals. Silent units in the
lateral line of the cichlid fish were relatively insensitive to
sinusoidal stimuli and were sometimes localized to injured
neuromasts (Miunz, 1985). This is not the case in the stingray
Vnp because all silent units had sensitivities within the range of
| (N=10,310) spontaneously active neurons. Silent afferents that discharge
only in response to stimulation may be advantageous in the
204 non-pored ventral canals of the stingray that encode transient
movements of underlying skin caused by stimuli such as small
excavated prey. Thus, this physiological subpopulation may
serve as a discriminator of localized skin movements.
Spontaneous discharge activities of primary afferent neurons
in the stingray are similar to those reported for lateral line
systems in other fishes (Roberts, 1972; Miinz, 1985; Tricas and
Angle (deg.) Highstein, 1991; Kroese and Schellart, 1992). Interspike
Fig. 10. Frequency distributions of hair cell orientations on lateral Iinémerval C!Istrlbutl_on_s within each clas_s (regular_ and irregular)
canal neuromasts in the Atlantic stingray, Dasyatis saffiha main were_var_lable, similar to those seen in lateral line a_u‘ferent_s of
neuromast and longitudinal canal axis lies along the O-1i86 the cichlid and other teleosts, and may be a function of fiber
(inset). Semicircular (from 0-18pangular orientations from the diameter and different conduction velocities (Minz, 1985).
canal axis are expressed as the percentage of total hair cells dntimary afferents that innervate Dp canal neuromasts had
compiled in 11.2% bins. Neuromasts in all three canal subsystemdiigher resting discharge activity and shorter interspike
have the majority (>85%) of hair cells oriented within 46the main  intervals than afferents from Vnp canal neuromasts. Primary
canal axis, and a small percentage oriented nearly orthogofiptq90 afferents that innervate canal neuromasts in most teleosts have
this axis. However, there are no differences in hair cell orientationﬁigher discharge rates than those from superficial neuromasts,
among dorsal pored (Dp), ventral pored (Vp) and ventral non-poregpichy js suggested to be a function of the increased size and
E]errfg:regfr %r;i?s(‘:tzl.lssinne]glseufézdes (N) represent the number of animalge atar hair cell to afferent convergence ratio of canal
' neuromasts (Miinz, 1985, 1989). This contradicts results from
the present study because primary afferents from Vnp canals
of the stingray have a slower discharge rate, but innervate
among Dp, Vp and Vnp canal neuromasts (Kruskal-Wallidgarger neuromasts and have a greater hair cell to afferent ratio
one-way ANOVA on rank$2=0.285), about 6—-14% of all hair than those in the Dp canal, which has afferents with a faster
cells were oriented within 456f the orthogonal canal axis. discharge rate (Maruska and Tricas, 1998; Lowrance, 2000).
Thus only a small percentage of hair cells would be mosthus, the difference in spontaneous discharge activity between
sensitive to localized lateral depressions of the canal wall. Dp and Vnp canals cannot be explained by variations in
convergence ratios, but rather, discharge regularity may be due
to postsynaptic mechanisms, as suggested for the vestibular
Discussion system (Goldberg et al., 1984; Boyle and Highstein, 1990).
This study provides physiological evidence for a functional Detection of lateral line stimuli requires central nervous
distinction between the stingray pored and non-pored lateralystem recognition of a change in primary afferent resting
line canal subsystems. Our results show that primary afferentischarge rate or pattern. Afferents with fast regular discharge
from pored canals on the dorsal and ventral surface have highrates would show enhanced temporal resolution for encoding
resting discharge activity and best frequencies than afferenéxternal stimuli, especially at low frequencies, due to the low
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endogenous variance in resting interspike intervals. In contragtpmogeneous frequency response properties (Coombs and
irregular discharging units would better encode higheMontgomery, 1992). In the stingray dorsal hyomandibular
frequency information. Moving objects generally producecanal system, the increase in the number of pores associated
complex water motions, which may contain both high and lowvith a single lateral tubule increases the receptive field area on
frequency components (Bleckmann et al., 1991). Thus, the mike distal pectoral fins, similar to that observed for the
of fiber types in all canal locations of the stingray can allowprickleback,Xiphister atropurpureugBleckmann and Miinz,
detection of a range of different frequencies potentiallyl990). These branched tubules on the dorsal surface indicate
available to the lateral line system. Regular and irregulaan increased sensitivity to water motions, possibly at a loss of
primary afferents within each canal subsystem differed ispatial resolution, but the physiology data from the present
discharge variability (CV), but had similar best frequenciesstudy shows no difference in neural sensitivity among canal
Thus the functionality of regular versiursegular discharge types. Thus, any functional significance of multiple neuromasts
patterns at the primary afferent level is unclear, but may beetween adjacent pores or branched tubule patterns in

more important in central processing. elasmobranchs requires further investigation of parameters
such as hair cell — afferent innervation; canal, neuromast and
Frequency-response cupulae organization and mechanics; and projection patterns

Frequency—response characteristics of primary afferenfer central processing.
indicate that pored canal systems function as acceleration The dorsal hyomandibular canal in the Atlantic stingray is
detectors. Neural responses to sinusoidal stimulation #&test positioned to detect water movements near the disk margin
frequencies below best frequency increase in relative neurtdlat may be generated by predators, conspecifics during social
gain at a rate of 3@B decade! and have a phase lead of aboutinteractions, epifaunal or swimming prey items, and distortions
180° a typical response feature for an acceleration detectam the animal’s own flow field for object localization (Maruska,
(Kroese and Schellart, 1992). Historically, frequency—respons2001). Such water movements are often transient and complex.
properties of lateral line primary afferent neurons areDetection of the acceleration component of water motion by
interpreted in terms of displacement of the stimulus source (s&p canals is advantageous in that acceleration precedes the
Kalmijn, 1989). However, canal neuromasts are known to bactual displacement of the object, thus resulting in an earlier
sensitive to water acceleration such that the flow velocityesponse (Wubbels, 1992). The amplitude of acceleration is
inside the canal is proportional to the net acceleration betweetso relatively large at onset and offset of a movement, which
the fish and surrounding water (for reviews, see Kalmijn, 1983yould cause a strong response at the peripheral lateral line
Coombs and Janssen, 1990b; Coombs and Montgomery, 1998pvided the stimulus is within the receptor bandwidth. Strong
and there must be a pressure gradient across the canal paared quick responses at the periphery are essential for lateral
to generate fluid flow inside the canal. Therefore, whetine-mediated behaviors such as prey capture and predator
frequency—response data are plotted in terms of acceleratiatgetection in all aquatic species. Recordings from the brain of
they exhibit broader tuning curves with relatively constant gaithe batoid Platyrhinoidis triseriatahow that fast transient
up to ~40-5(Hz and low-pass characteristics (BF438) events (high acceleration) best stimulate midbrain and
(Coombs and Janssen, 1989; Kalmijn, 1989). This is also trderebrain lateral line regions (Bleckmann et al., 1989). Thus,
for the frequency—responses recorded from the stingray, whighe ability of the peripheral and central lateral line system to
is consistent with those observed in teleosts and furthefetect and encode transient acceleration stimuli supports its
illustrates the behavioral importance of low frequency velocitynypothesized biological functions in the stingray.
and acceleration information to the lateral line system. In contrast to pored canal systems, the response properties of

The neural response of primary afferents to water motion igrimary afferents from non-pored canals of the stingray are not
influenced by the morphologies of the canal, neuromast aridterpreted in terms of hydrodynamic stimuli. Neuromasts are
cupula (Denton and Gray, 1988, 1989; van Netten and Kroesenclosed within the canal and internal fluid motion is created
1989a,b). The lateral line canal system of elasmobranchsy movement of the skin rather than by pressure gradients
contains a main canal with a nearly continuous sensorgcross skin pores. Frequency—response properties of afferents
epithelium and lateral neuromast-free tubules that terminate in non-pored canals show a low-frequency roll-off of
pores on the skin (see Fij. The frequency-response 19dB decade! and phase lead of about 9@ tactile
properties of lateral line primary afferents in the pored canalstimulation, which is within the expected range for a velocity
of the stingray are similar to those reported for teleosts idetector (Kroese and Schellart, 1992). However, because the
which only a single neuromast is found between two adjacetydrodynamic force acting on the cupula contains both a
pores (Miinz, 1985; Coombs and Janssen, 1990a; Kroese arisicous and an inertial component, a fluid or boundary layer
Schellart, 1992). Thus, differences in neuromast, canal aratcurs around the cupula that ultimately influences the
pore organizations between bony and cartilaginous fishes amgechanical coupling of water and the neuromast (van Netten,
not reflected in overall response properties of primary affererit991). The morphology of pored canals creates a high-pass
neurons. A comparable example in a single species exists fitter that attenuates low frequencies (Denton and Gray, 1988).
the Antarctic fish, Trematomus bernacchii, which has largén contrast, the underlying compliant skin of non-pored canals
variations in peripheral canal morphology but relativelymay function as a low-pass filter that reduces high frequency
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stimulation due to the physical constraints of skin movement. In order to assess possible advantages of Vnp canals for prey
However, the mechanics of tissue distortion produced by tactilgetection, we compared frequency responses to hydrodynamic
or hydrodynamic flow are likely complex and dependent on and tactile stimuli among Vnp and Dp canal units, but because
number of factors such as the mechanical properties of the skifitime constraints were unable to compare responses to tactile
and canal. Variations in frequency-response properties betwestimuli between Vnp and Vp units. Without this control we can
canal and superficial neuromasts of teleosts result from factoosly assert that the non-pored lateral line system is specialized
such as different stiffness coupling between cupula and hdior tactile stimulation compared to pored canals. However, in
cells, cupular geometry and canal dimensions (Denton aratidition to enhanced tactile sensitivity to prey, there may be
Gray, 1988, 1989; van Netten and Kroese, 1989; van Netten anther advantages for a non-pored lateral line system, which
Khanna, 1994). Thus, these characteristics may also contributelude the following: (1) Hydrodynamic stimuli from
to the response differences observed in the pored and non-porrdergent and infaunal invertebrates (e.g. amphipods,
canals of the stingray and warrant further investigation. polychaetes, echinoderms) are minimal or do not adequately
The Atlantic stingray feeds almost exclusively on smallstimulate the pored canal system. (2) Non-pored canals do not
benthic invertebrates, which they excavate from the sandent local lateral line fluid motion, thus they could enhance
substrate and contain in a feeding depression beneath the ba@nsitivity to tactile stimuli along a greater length of the canal.
(Cook, 1994; Bradley, 1996; Maruska and Tricas, 1998)This would be dependent upon tactile stimulus velocities and
Motile as well as sedentary animals can produce hydrodynamgore separation. (3) Development of a non-pored lateral line
flows and potential stimuli near the best frequency of théncreases sensitivity to velocity and low frequency stimuli. (4)
stingray lateral line canal system. For example, manA non-pored system reduces intrusion of sediments (e.g. sand)
zooplankton generate swimming vibrations of 5Ha0 at  through skin pores that can interfere with hydrodynamic
constant swimming speeds of 10-iBs? (Montgomery, stimulation. (5) The absence of canal pores would reduce
1989), and bivalves generate hydrodynamic flow velocities afelf-generated hydrodynamic noise during excavation and
6-14cm st (Price and Schiebe, 1978; LaBarbera, 1981)manipulation of prey. This could result in an enhanced signal-
These values translate to accelerations in thes@mange, to-noise ratio in primary afferent neurons.
which are well within the range of sensitivities seen at the Only a few studies examine the physiology of the lateral line
primary afferent level in the stingray. Hydrodynamic flowin elasmobranchs, especially with regard to biological function
fields generated by excavated prey can be detected by the pocgdhe system. Sand (1937) demonstrated that a constant flow
section of the ventral hyomandibular canal and the stingray can the ventral non-pored hyomandibular canal of the skate,
move its body to position the non-pored canals, snout an®Raja spp., increased primary afferent discharges, and that
finally, the mouth directly above the prey for localization andouch of the skin was also an effective stimulus for the lateral
final capture. Several meso- to bathypelagic fishes (e.ine in those species. However, any natural tactile or
Anoplogasterspp.) also have canal systems covered by thirhydrodynamic stimulus should only cause a transient low
soft membranes without any regular system of pores. Studi@elume movement of canal fluid and therefore the supra-
indicate this morphology increases low-frequency sensitivitghreshold constant flows used in those experiments were not
of the system and similar to the stingray, may facilitatebiologically relevant stimuli. Recordings in the medial
foraging on small fishes, squid and crustaceans in low lighictavolateralis nucleus (primary lateral line processing center

environments (Denton and Gray, 1988). in the hindbrain) in the thornback ray show responses to peak-
. o to-peak (PTP) displacements of 0j02 (Bleckmann et al.,
Mechanotactile sensitivity 1987, 1989), which is considerably lower than that observed

The mechanotactile hypothesis of lateral line function statefor primary afferents in the present study. This discrepancy
that ventral non-pored canals function as tactile receptors tmay be explained by several factors. First, the lowest stimulus
facilitate prey localization and capture (Maruska and Tricasamplitude used for frequency—response analyses in the present
1998). The present study confirms the prediction that primargtudy was approximately Ofgn PTP at the skin surface, but
afferents in the non-pored ventral canals respond as velocitgany primary afferents in the stingray responded to
detectors driven by movement of the skin. These afferents hadésplacements much lower than @u& (K.P.M., personal
receptive fields of 0.25-@n? on the skin surface, which is observation). Second, the increased sensitivity in the central
equivalent to or greater than the surface area of their smalkervous system results from high signal-to-noise ratios of
prey. Previous studies show that elasmobranch cutaneopsncipal cells in the hindbrain due to convergence of many
tactile receptors respond to skin depressions pini2QMurray,  primary afferents onto a single secondary cell (Montgomery,
1961), which is equivalent to a velocity of 12%® s at  1984; Bleckmann and Bullock, 1989; Tricas and New, 1998).
10 Hz. The present study shows that primary afferents frorm addition, behavioral detection thresholds of sensory stimuli
non-pored canals respond to skin motion velocities as low age often much lower than neurophysiological thresholds due
63 um s1at 10 Hz. Thus the mechanotactile lateral line systeno summation and sensory integration. Thus, in its natural
appears to provide a twentyfold or greater sensitivity to tactilenvironment the stingray may respond to water movements at
velocity stimuli and could increase the stingray’s foragingthresholds much lower than indicated by their primary afferent
efficiency on small benthic prey. responses.
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Hair cell orientations HYO hyomandibular canal
Maximum sensitivity to fluid flow in canals results from the ISl interspike interval
orientation of hair cells and their kinocilia parallel to the mainm slope
canal axis. While canals of some chondrichthyan species shdw radius of the sphere
these axial hair cell orientations (Hama and Yamada, 1973 distance between the points of maximum neural
Peach and Rouse, 2000), others have proportions of hair cells excitation and no response
oriented nearly perpendicular to the canal axis (Roberts, 1969 amplitude of sphere displacement
Roberts and Ryan, 1971; Ekstrom von Lubitz, 1981). The! velocity

majority of hair cells (86—94%) within all stingray canals wereVnp  ventral non-pored
oriented within 45%f the longitudinal canal axis. However, all VP ventral pored
neuromasts also showed some hair cells that were oriented
perpendicular to the canal axis (6-14%), which may broaden This research was conducted at Florida Institute of
the sensitivity to tactile stimulation of the skin adjacent to the'echnology and Hawai'i Institute of Marine Biology. We
canal. Nevertheless, we found no difference in hair ceffhank George Losey at the Hawai'i Institute of Marine
orientations among Dp, Vp and Vnp canals. Thus these resufg$ology for sharing laboratory space, Brevard Teaching and
did not Support our prediction that non_pored canals have Besearch Labs for SEM assistance, Florida Tech Department
greater proportion of orthogonally oriented hair cells compare@f Biological Sciences for equipment support, S. Coombs for
to pored canals. One function of the non-pored canals may b@luable technical assistance, and two anonymous reviewers
to facilitate movement of the body so that prey is passed alorigr helpful comments on the manuscript. This study was
the canal axis towards the mouth (Maruska and Tricas, 1998ypported in part by a Sigma-Xi Grant-in-Aid of Research
so the most effective hair cell orientation would be parallel té\ward and the American Elasmobranch Society’s Donald R.
the canal axis as observed. The mechanotactile mechanismNglson Behavior and Sensory Biology Research Award to
action for ventral non-pored canals is also supported by tH&.P-M., which are greatly appreciated. This report is
0.25-4cm? recepti\/e f|e|d, |arge canal diameter that covers a‘,ontribution no. 1186 from the Hawai'i Institute of Marine
greater area of underlying skin surface, and more compliaf®iology.
dermal skin layers compared to dorsal canals (Maruska and
Tricas, 1998; Maruska, 2001). Collectively, this morphological References
evidence is consistent with the function of tactile receptors fogleckmann, H. and Bullock, T. H.(1989). Central nervous physiology of the
the ventral non-pored canals of batoids, but the performancelateral line, with special reference to cartilaginous fishes. In The
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