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ABSTRACT The pit organs of elasmobranchs (sharks,
skates and rays) are free neuromasts of the mechanosensory lateral line system. Pit organs, however, appear to
have some structural differences from the free neuromasts
of bony ﬁshes and amphibians. In this study, the morphology of pit organs was investigated by scanning electron microscopy in six shark and three ray species. In each species, pit organs contained typical lateral line hair cells
with apical stereovilli of different lengths arranged in an
‘‘organ-pipe’’ conﬁguration. Supporting cells also bore
numerous apical microvilli taller than those observed in
other vertebrate lateral line organs. Pit organs were either
covered by overlapping denticles, located in open grooves
bordered by denticles, or in grooves without associated
denticles. The possible functional implications of these
morphological features, including modiﬁcation of water
ﬂow and sensory ﬁltering properties, are discussed. J.
Morphol. 270:688–701, 2009. Ó 2009 Wiley-Liss, Inc.
KEY WORDS: lateral line; shark; elasmobranch; pit
organ; neuromast; sensory system

INTRODUCTION
Elasmobranchs (sharks, skates, and rays) have a
diverse array of sensory systems, many of which are
still quite poorly understood. Pit organs are free
neuromasts of the mechanosensory lateral line system, and along with the canal lateral line system
they function in the detection of water motion (Tester and Nelson, 1967; Peach and Marshall, 2000;
Peach and Rouse, 2000). Pit organs are scattered
over the skin in species- speciﬁc patterns. Generally,
pit organs are found on the dorsolateral surface of
the trunk, while separate supratemporal, umbilical,
spiracular, and mandibular groups of pit organs
also occur in various species (Tester and Nelson,
1967; Peach, 2003a; Wueringer and Tibbetts, 2008;
Fig. 1). Although they are small (100 lm in diameter), pit organs were ﬁrst noticed almost a century
ago, because they are often associated with easily
visible modiﬁed denticles (placoid scales) or slits in
the skin (Budker, 1938; Tester and Nelson, 1967;
Reif, 1985; Peach and Marshall, 2000; Fig. 2). Their
identity as lateral line organs was only recently conﬁrmed by morphological and behavioral studies
(Peach and Rouse, 2000; Peach, 2001).
The general morphology of pit organs and their
accessory structures has been documented for
Ó 2009 WILEY-LISS, INC.

some species at the light microscopic level (Budker,
1938; Tester and Nelson, 1967; Reif, 1985; Maruska and Tricas, 1998; Maruska, 2001), and in one
species, Mustelus antarcticus, the gummy shark,
at the electron microscopic level (Peach and Rouse,
2000). Typical mechanosensory cells, with sensory
hairs arranged in an ‘‘organ-pipe’’ conﬁguration,
increasing in height toward a taller kinocilium are
found in M. antarcticus. These sensory hairs have
traditionally been called ‘‘stereocilia,’’ but were
recently named ‘‘stereovilli’’ as they are not true
cilia (Jørgensen, 1989). The orientation of the sensory cells relative to the pit organ indicates the
axis of best sensitivity to stimuli (Flôck, 1967), and
in the case of M. antarcticus, this coincides with
the long axis of the oval-shaped surface of the neuromast (Peach and Rouse, 2000).
There are some striking differences between the
pit organs of Mustelus antarcticus and the neuromasts of other vertebrates. The supporting cells
that surround the sensory cells have unusually
tall apical microvilli that often dwarf the sensory
stererovilli (Peach and Rouse, 2000). This feature
has also been observed in the lateral line canal
neuromasts of M. antarcticus, and the epaulette
shark Hemiscyllium ocellatum (Peach and Rouse,
2000; Jorgensen and Pickles, 2002), but it is not
yet clear whether this is a general feature of all
elasmobranch neuromasts. In addition, the pit
organs of M. antarcticus appear to lack the overlying gelatinous cupula, which is a feature of other
vertebrate neuromasts, although this may have
been lost during ﬁxation (Peach and Rouse, 2000).
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Fig. 1. Different groups of pit organs on a representative
shark, Asymbolus analis, in lateral and ventral views (from
Peach, 2003a). d, dorsolateral; m, mandibular; s, spiracular; st,
supratemporal; u, umbilical.

The cupula is thought to be important in transducing mechanical stimuli (Flôck, 1967). Attempts to
preserve or visualize the cupula in pit organs of
other species of elasmobranchs have also been
unsuccessful, and it is suspected that perhaps it
has a different chemical composition than cupulae
in other vertebrate neuromasts (Tester and
Nelson, 1967) and therefore is more often lost in
preparation.
Dramatic differences in peripheral lateral line
morphology can occur, even among closely related
species (Bullock, 1989). Therefore, it cannot necessarily be assumed that the neuromasts of one or
two species are representative of the broader taxonomic group to which they belong. The aim of this
study was to investigate the morphology of pit
organs in a broader sample of elasmobranch taxa.
To achieve this, the pit organs of nine species from
ﬁve families were examined using scanning electron microscopy (SEM).
MATERIALS AND METHODS
Elasmobranch specimens were obtained from commercial
and recreational ﬁshers, other researchers, and by direct col-

Fig. 2. A typical shark pit organ showing overlapping denticles (from Carcharias taurus; Peach and Marshall, 2000).
Light microscopy. Scale bar 5 100 lm. a, anterior denticle; p,
posterior denticle.

lection from the wild, in Queensland and New South Wales,
Australia. Wherever possible, specimens that had been already caught for other purposes were used, to minimize the
impact of this project on wild populations. Specimens were
identiﬁed using Last and Stevens (1994). The species used
and the sources from which they were obtained are summarized in Table 1.
Fresh material is essential for good ﬁxation for electron
microcopy (Crang and Klomparens, 1988). Skin samples were
taken from animals that were either euthanased by immersion
in Benzocaine 100 mg l21, or that had been freshly killed by
ﬁshers. All samples were taken within 2 min of death; usually,
they were taken within a few seconds of death. Skin samples
were taken containing dorsolateral, mandibular, spiracular,
supratemporal, and umbilical pit organs (the latter two types
were only sampled from the carcharhinid sharks; see Fig. 1).
Some samples containing lateral line canal neuromasts were
also obtained, for comparison.

TABLE 1. Elasmobranch specimens used in this study and sources from which they were obtained in Queensland (Qld) and
New South Wales (NSW), Australia
Species
Port Jackson shark Heterodontus
portusjacksoni (Meyer 1793)
Epaulette shark Hemiscyllium
ocellatum (Bonnaterre 1788)
Grey reef shark Carcharhinus
amblyrhynchos (Bleeker 1856)
Blacktip reef shark Carcharhinus
melanopterus (Quoy and Gaimard 1824)
Lemon shark Negaprion acutidens
(Rüppell 1837)
Whitetip reef shark Triaenodon
obesus (Rüppell 1837)
Giant shovelnose ray Rhinobatos
typus (Bennett 1830)
Fiddler ray Trygonorrhina sp. A
(undescribed; see Last and Stevens 1994)
Cowtail stingray Pastinachus
sephen (Forsskål 1775)

Details of
specimens

Family

Source of specimens

4 juveniles

Heterodontidae

Bycatch in trawl and squid ﬁsheries, NSW.

3 adults

Hemiscylliidae

2 juveniles

Carcharhinidae

Collection from the wild, and donation by
other researchers, Heron Island, Qld.
Recreational ﬁshers, Qld.

1 juvenile

Collection at Heron Island, Qld.

1 juvenile
1 juvenile
4 juveniles

Recreational ﬁshers, Qld.
Rhinobatidae

Collection from the wild, and donation by
other researchers, Heron Island, Qld.
Bycatch in trawl ﬁshery, NSW.

Dasyatididae

Donation by other researchers, Heron
Island, Qld.

1 juvenile
1 adult
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Skin samples containing pit organs or lateral line canals
were excised with a scalpel or veterinary biopsy punch (4 or 5
mm, Stiefel, NSW). Samples were immediately placed in 2 ml
vials of ﬁxative. The ﬁxation protocol for most specimens was
as follows: the samples were initially ﬁxed in 3% glutaraldehyde in 0.2 M sodium cacodylate buffer (pH 7.4, with 0.3 M sucrose added) for 4–5 h at 48C. After washing several times in
buffer, the samples were postﬁxed in 1% osmium tetroxide in
buffer for 90 min, washed in three more changes of buffer, then
taken through a graded ethanol series (15%, 30%, 50%, and
70%) and stored in 70% ethanol.
The ﬁxation protocol differed for Heterodontus portusjacksoni
and Trygonorrhina sp. A. These samples were ﬁxed in 1% osmium tetroxide in ﬁltered seawater (0.22 lm Millepore ﬁlter) at
room temperature (approximately 208C) for 25–45 min. They
were then rinsed once in ﬁltered seawater, once in 50/50 seawater, and reverse osmosis ﬁltered water (RO), followed by
seven changes of RO, before being taken through the usual
graded ethanol series up to 70%.
Where necessary, the denticle anterior to each pit organ was
carefully trimmed off with a razor blade to allow viewing of the
sensory surface. In most cases, this was facilitated by ﬁrst
decalcifying the specimens in 14% EDTA (Ethylenediaminetetraacetic acid, disodium salt) for 2 days. Samples were transferred from 70% alcohol to the EDTA solution, and back again,
via a graded ethanol series (as above). It was not necessary to
decalcify the samples from Heterodontus portusjacksoni or from
the rays, whose pit organs are not covered by overlying denticles, but some samples from Rhinobatos typus were decalciﬁed
for comparison, to ensure that the decalciﬁcation process did
not introduce artifacts. For the same reason, some samples
from the carcharhinid sharks were not decalciﬁed.
Most samples were then dehydrated in a graded ethanol series (70%, 80%, 90%, 95%, and 100%) before critical point drying from liquid CO2. Alternatively, a few samples were dehydrated in an open petri dish for 2 h using 50/50 HMDS (hexamethyldisilazane) and ethanol, followed by 16 h in 100% HMDS.
Following dehydration, samples were sputter coated with either
gold (BIORAD SC502 Sputter Coater) or platinum (Magnetron
Sputter Coater) and viewed in a Phillips XL30, JEOL 6300F, or
JEOL 6000F SEM, using accelerating voltages of 5–25 kV.
Micrographs were saved as digital images or photographed on
black and white ﬁlm (Ilford FP4 Plus, 120 size). All SEM was
done either at the Centre for Microscopy and Microanalysis,
University of Queensland, or the Electron Microscope Unit at
the University of Sydney.

RESULTS
Pit organs and their associated structures were
examined in six shark and three ray species. In
most cases, two or three pit organs were examined
from each pit organ group in each specimen, but
in some cases only one pit organ from a group was
successfully ﬁxed. Canal neuromasts were examined in Negaprion acutidens and Rhinobatos
typus.
The Surface of Pit Organs and Canal
Neuromasts
The sensory surface of a shark’s pit organ was
usually oval in surface view (Figs. 3–8), whereas
those of rays were more elongated (Figs. 9–14).
The stereovilli in all cases were graded in length
(an ‘‘organ-pipe’’ arrangement) like those of other
vertebrate hair cells. The length of the kinocilium
appeared to be quite variable both within and
Journal of Morphology

among pit organs, although this was difﬁcult to
measure reliably, and might have been due to
breakage during ﬁxation. Tall microvilli on the
supporting cells often exceeded the stereovilli in
height and were present in all pit organs and
canal neuromasts observed here. Cells with what
appeared to be a short cilium surrounded by microvilli were seen in several pit organs and canal
neuromasts (e.g., Fig. 9C). In several pit organs
and canal neuromasts, stereovilli bundles were
observed that differed in the length and diameter
of stereovilli, number of stereovilli, and area of
surface occupied by the bundle (e.g., Figs. 5C, 6B,
7B,C, 14B).
The ﬁgure legends indicate which samples were
decalciﬁed and/or dehydrated with HMDS. The
quality of ﬁxation varied from very good with critical point drying to rather poor with HMDS, which
often caused the hairs to clump together so that it
was difﬁcult to distinguish hair cells from supporting cells (e.g., Fig. 4C). Some samples showed
cracking that was probably due to the drying process (e.g., Fig. 14A). In some samples, the stereovilli
appeared to be broken (e.g., Fig. 9C), and in
some, the hair cells were partially or completely
obscured by blebs that may have resulted from
bursting at the hair cell apex or mucus production (e.g., Fig. 6B). Despite these artifacts, however, the approximate size and/or orientation of
the stereovilli bundles could be determined in
most specimens. Decalciﬁcation had no noticeable
effect on ﬁxation.
Traces of what appeared to be a cupula were
seen on a few pit organs (e.g., Fig. 13B), and a relatively well-preserved cupula was found in one pit
organ, from Hemiscyllium ocellatum (Fig. 4D).
This cupula may have shrunk somewhat, as its diameter was considerably smaller than that of the
sensory surface to which it remained attached.
The cupula was also quite well preserved in some
canal neuromasts of Rhinobatos typus (e.g., Fig.
10A). One canal neuromast in which the cupula
was not preserved had an unusual zigzag shape
(Fig. 10B), unlike the continuous straight row of
neuromasts seen in most elasmobranch canals.
The directional axes of the hair cells appeared to
be approximately aligned with the long axis of the
neuromast in all pit organs examined. In the dorsolateral, supratemporal, lateral, umbilical, and
mandibular pit organs, the neuromast long axis
was approximately in the transverse plane of the
body (see Fig. 1). The dorsolateral pit organs of
Rhinobatos typus often lay in neat rows of two or
three, with their long axes aligned (e.g., Fig. 9A),
thus providing an overall sensitivity in the transverse direction. In some of the dorsolateral and
spiracular pit organs of R. typus, areas of constriction were apparent, suggesting either two or more
neuromasts lying juxtaposed or one neuromast
becoming divided (Fig. 9B).
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Fig. 3. Dorsolateral pit organs of Heterodontus portusjacksoni. SEM. (A) Overview of a pit organ. Double arrows indicate the
rostrocaudal body axis (rostral is to the left). Scale bar 5 100 lm. (B) Sensory surface of a pit organ. Scale bar 5 10 lm. (C) A
closer view of the sensory surface in another pit organ. Double arrows indicate the long axis of the neuromast. Scale bar 5 5 lm.
(D) Sensory surface of a different pit organ. Double arrows indicate the long axis of the neuromast. Scale bar 5 1 lm. a, anterior
denticle; k, kinocilium of hair cell; m, microvilli of supporting cell; n, neuromast; p, posterior denticle; s, stereovilli of hair cell.

The spiracular pit organs were more variable in
their orientation than pit organs from other areas
of the body. In some samples from Hemiscyllium
ocellatum, the long axis of spiracular pit organs
lay almost perpendicular to the transverse plane
(Fig. 4A), whereas in others the orientation was in
the transverse plane (Fig. 4B), similar to the dorsolateral pit organs. In Rhinobatos typus, where
the spiracular pit organs lay in an inverse Vshaped series, the axes of neighboring spiracular
pit organs were neatly aligned with each other
(see Fig. 12), but it was not determined whether
this was also the case in H. ocellatum.
Structures Associated With Pit Organs
In the sharks examined, except for Heterodontus
portusjacksoni, each pit organ was covered by a
pair of modiﬁed denticles. These were usually

found anterior and posterior to the organ, except
in the spiracular (and sometimes the mandibular)
pit organs of Hemiscyllium ocellatum, where the
denticles were often juxtaposed (Fig. 4A). A few
mandibular pit organs with juxtaposed denticles
were observed dorsal to the gill slits in H. ocellatum, but as samples of these were not successfully
ﬁxed, it is not clear whether, like the spiracular
pit organs, the orientation of their long axis deviated from the transverse plane. The mandibular
pit organs anterior and ventral to the gill slits in
the carcharhinid sharks had the usual anteriorposterior arrangement of the denticles and the
usual transverse orientation of the long axis (e.g.,
Fig. 7A).
In most of the pit organs from sharks, apart from
Heterodontus portusjacksoni, there appeared to be
a depression on either side of the sensory surface
(Figs. 4A, B, D, 5A, 6A, 7A). This was especially
Journal of Morphology

692

M.B. PEACH AND N.J. MARSHALL

Fig. 4. Spiracular pit organs of Hemiscyllium ocellatum, decalciﬁed. SEM. Double arrows indicate the rostrocaudal body axis
(rostral is to the left), except in C. (A) Overview of pit organ oriented at around 908 to the transverse plane, with (trimmed) juxtaposed denticles; scale bar 5 100 lm. (B) Pit organ with transverse orientation and (trimmed) anterior and posterior denticles. Scale
bar 5 100 lm. (C) Sensory surface of another pit organ, dehydrated with HMDS, showing stereovilli of hair cells, which are surrounded by supporting cells bearing microvilli. Debris are possibly remnants of cupula. Double arrows indicate the long axis of the
neuromast. Scale bar 5 1 lm. (D) Pit organ dehydrated with HMDS, showing remnant of cupula; scale bar 5 100 lm. a, anterior
denticle (or remnant of anterior denticle, after trimming); c, cupula; k, kinocilium; m, microvilli of supporting cells; n, neuromast;
p, posterior denticle; s stereovilli of hair cell.

deep in the pit organs of Hemiscyllium ocellatum
(Fig. 4A) and often appeared slightly deeper on the
posterior side of the pit organ (Figs. 4D, 6A).
The pit organs of Heterodontus portusjacksoni,
located in shallow open slits, more closely
resembled the pit organs of rays than those of
other sharks. Sometimes they were found just posterior to a single denticle and sometimes between
two denticles, but these denticles never covered
the pit organs (Fig. 3A). The pit organs of PastinaJournal of Morphology

chus sephen were found in deep grooves that were
situated within a raised hemispherical papillum,
and were not associated with denticles (Fig. 14A).
The pit organs of Rhinobatos typus, located in
shallow slits, were more similar in form to those of
H. portusjacksoni, but were associated with a variable number of denticles (from two to seven, most
commonly four), which also varied considerably in
size (Figs. 9, 11). More elongated pit organs
appeared to be associated with a greater number
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Fig. 5. Dorsolateral pit organs of Carcharhinus amblyrhynchos, decalciﬁed. SEM. (A) Overview of pit organ, with anterior and
adjacent denticles trimmed. Double arrows indicate the rostrocaudal body axis (rostral is to the right). Scale bar 5 100 lm. (B)
The sensory surface. Double arrows indicate the long axis of the neuromast. Scale bar 5 10 lm. (C) Stereovilli bundles of various
sizes, surrounded by microvilli of supporting cells. Double arrows indicate the long axis of the neuromast. Scale bar 5 1 lm. (D)
Stereovilli of hair cell surrounded by taller microvilli of supporting cells. Scale bar 5 1 lm. a, remnant of anterior denticle, after
trimming; k, kinocilium; m, microvilli of supporting cells; n, neuromast; p, posterior denticle; s, stereovilli of hair cell.

of denticles (see Fig. 11), although this was not
assessed statistically.
The pit organs of Trygonorrhina sp. A, by contrast, were associated with closely packed denticles
quite similar to those of the carcharhinid sharks
(Fig. 13A). These denticles did not entirely cover
the sensory surface, however, which was long and
narrow as in the other rays (Fig. 13B).
DISCUSSION
The surfaces of the pit organs of carcharhinid
sharks and Hemiscyllium ocellatum were very sim-

ilar in size, shape, and structural details to those
observed by Peach and Rouse (2000) in Mustelus
antarcticus. The pit organs of Heterodontus portusjacksoni and the rays differed in having a more
elongated shape and lacking overlying denticles,
but the structural details of the sensory surface
were similar to M. antarcticus. Although the pit
organs of most species clearly consisted of a single
neuromast, the pit organs of Rhinobatos typus often had one or two areas of constriction, suggesting that they might in fact consist of two or three
neuromasts lying close together. The exact limits
of individual neuromasts are not always easy to
Journal of Morphology
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Fig. 6. Pit organs of Carcharhinus melanopterus, decalciﬁed.
SEM. (A) Supratemporal pit organ. Double arrows indicate the
rostrocaudal body axis (rostral is to the left). Scale bar 5 100
lm. (B) Sensory surface of a dorsolateral pit organ. Large blebs
are likely to be an artifact. Double arrows indicate the long axis
of the neuromast. Scale bar 5 10 lm. a, remnant of anterior
denticle, after trimming; n, neuromast; p, posterior denticle.

determine from surface details, as they can be
obscured by microvilli on both the supporting cells
and the surrounding epithelial cells (Webb and
Northcutt, 1997).
Based on other specimens examined in this
study and other observations of pit organs in
Peach, 2003a, the denticles illustrated here seem
fairly typical of each pit organ group and species
represented, with the exception of the mandibular
and spiracular pit organs, which were more variable in their morphology. It is less certain whether
the images of the sensory surface shown here are
representative, as only a few pit organs were
examined in each group, for each species.
Typical mechanosensory hair cells with stereovilli bundles in an ‘‘organ-pipe’’ conﬁguration next
Journal of Morphology

to a single kinocilium, and unusual supporting
cells with elongated microvilli, were seen in all the
species examined here. These appear to be general
features of both the pit organs and canal neuromasts of elasmobranchs. The functional signiﬁcance of tall microvilli on the supporting cells is
unknown. If the microvilli are embedded in the
cupula then perhaps they add to its stiffness, or
perhaps they are directly involved in the production and secretion of cupular material. If the elasmobranch cupula, as suggested by Tester and Nelson (1967) is a relatively ephemeral structure continually secreted and shed, then the extra surface
area provided by long microvilli may be necessary
to provide sufﬁcient secretory capacity. Supporting
cells with extensive microvilli (although not apparently as tall as those observed in the present
study) have also been found in the neuromasts of
some non-teleost bony ﬁshes, and interestingly,
extensive mucus production was noted in the same
study (Webb and Northcutt, 1997).
It is now certain that elasmobranch pit organs,
like other vertebrate neuromasts, do contain a
cupula. Its structure was preserved in only one
specimen out of the many examined, however, and
in most of the others left no traces whatsoever.
The cupula observed here in the pit organs of
Hemiscyllium ocellatum had vertical striations
reminiscent of those seen in other vertebrate cupulae using different microscopical methods (e.g.,
Kelly and van Netten, 1991; Rouse and Pickles,
1991; Maruska, 2001). The sample in which the
cupula was preserved was dehydrated using
HMDS, a method that appears to be unsuitable for
studying the ﬁner details of the sensory surface,
as it makes microvilli clump together. The extreme
difﬁculty of preserving cupulae in the pit organs in
this study (compared with the relative ease of preserving cupulae in canal neuromasts) casts some
doubt on claims that cupulae are absent from the
free neuromasts of lampreys (Yamada, 1973) and
the putative neuromasts of hagﬁshes (Braun and
Northcutt, 1997). The interpretation of Braun and
Northcutt (1997) that the earliest octavolateralis
organs lacked cupulae is likewise open to question.
An investigation of the neuromasts of jawless
ﬁshes using HMDS dehydration during ﬁxation
for SEM or in vitro visualization may solve this
isssue.
Stereovilli bundles of different sizes, in terms of
the length and diameter of stereovilli, number of
stereovilli, and area of surface occupied by the
bundle, were observed in many of the pit organs
examined here. Variation in the lengths of kinocilia was also common, although this may have been
an artifact of ﬁxation. Cells bearing a short apparent cilium surrounded by microvilli were seen in
several samples, although the extent of their distribution was unclear. Similar features were
observed by Peach and Rouse (2000) in the pit
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Fig. 7. Mandibular pit organ of Negaprion acutidens, decalciﬁed. SEM. (A) Overview of pit organ, with anterior denticle
trimmed. Double arrows indicate the rostrocaudal body axis (rostral is to the left). Scale bar 5 100 lm. (B) The sensory surface.
Double arrows indicate the long axis of the neuromast. Scale bar 5 1 lm. (C) Stereovilli bundles surrounded by microvilli of supporting cells. Double arrows indicate the long axis of the neuromast. Debris at top left and bottom right may be remnants of
cupula; scale bar 5 1 lm. (D) Sensory surface of a canal neuromast, not decalciﬁed. Double arrows indicate the long axis of the
neuromast. Scale bar 5 1 lm. a, remnant of anterior denticle, after trimming; k, kinocilium; m, microvilli of supporting cells; n,
neuromast; p, posterior denticle; s, stereovilli of hair cell.

organs of Mustelus antarcticus. New hair cells are
known to arise in other vertebrate neuromasts
throughout life, and the progenitors of new hair
cells in some ﬁshes may be supporting cells
(Harris et al., 2003). If small stereovilli bundles or
cells with short cilia represent different developmental stages of hair cells, then these features
suggest that new hair cells develop throughout the

sensory epithelium in a diffuse pattern, rather
than being added at the edges as they are in the
sensory maculae of elasmobranch ears (Corwin,
1981, 1983). Although new hair cells in other vertebrate neuromasts are generally thought to develop in pairs of opposing orientation (Rouse and
Pickles, 1991), a neat arrangement of the hair cells
in pairs of opposing orientation was only rarely
Journal of Morphology

Fig. 8. Umbilical pit organ of Triaenodon obesus, decalciﬁed. SEM. (A) Overview of pit organ with anterior and adjacent denticles trimmed. Double arrows indicate the rostrocaudal body axis (rostral is to the right). Scale bar 5 100 lm. (B) The sensory surface. Double arrows indicate the long axis of the neuromast. Scale bar 5 1 lm. a, remnant of anterior denticle, after trimming; n,
neuromast.

Fig. 9. Pit organs and trunk canal neuromasts of Rhinobatos typus. SEM. (A) Adjacent dorsolateral pit organs with their axes
aligned. Double arrows indicate the rostrocaudal body axis (rostral is to the left). Scale bar 5 100 lm. (B) Spiracular pit organ
from decalciﬁed sample. Black arrowhead indicates apparent area of constriction; double arrows indicate the rostrocaudal body
axis. Scale bar 5 100 lm. (C) Dorsolateral pit organ from decalciﬁed sample, showing stereovilli bundles surrounded by microvilli
of supporting cells. Double arrows indicate the long axis of the neuromast. Scale bar 5 1 lm. (D) Sensory surface of a canal neuromast from the lateral trunk. Double arrows indicate the long axis of the neuromast. Scale bar 5 1 lm. ci, putative cilium; k, kinocilium; m, microvilli of supporting cells; n, neuromast; s, stereovilli of hair cell.
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Fig. 10. Rhinobatos typus, longitudinal sections through
trunk canals. SEM. (A) Canal with part of cupula intact. (B)
Canal with cupula absent, showing unusual zigzag shaped neuromast. Scale bars 5 10 lm. c, cupula, n, neuromast.

observed in the pit organs or canal neuromasts
examined here. The ﬁxation method used was not
ideal for preserving the tip links that usually join
stereovilli together (Pickles et al., 1991), but the
stereovilli tips were always closely juxtaposed,
which is consistent with the presence of tip links
(although this might be an artifact).
The axis of best sensitivity of most hair cells
approximately corresponded with the long axis of
the sensory surface in both the pit organs and
canal neuromasts of elasmobranchs observed here.
As in some other ﬁshes, the axis of best sensitivity
was parallel to the row of pit organs, where distinct rows occurred (Marshall, 1986, 1996). In contrast, the spiracular pit organs of Hemiscyllium
ocellatum and the rays were quite variable in their
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orientation, suggesting that they detect water
motion in a variety of different directions. This in
turn may relate to the ability to analyze directional stimuli (Bleckmann and Bullock, 1989;
Montgomery et al., 2000).
In the dorsolateral, supratemporal, mandibular,
and umbilical pit organs of all the specimens
examined here, the axis of best sensitivity lay
approximately in the transverse plane (see Fig. 1).
This suggests that where these pit organs are
located in open slits, they are best suited to detect
water motion across, rather than along the body,
as speculated by Maruska and Tricas (1998) for
the stingray Dasyatis sabina. Indeed, Maruska
(2001) suggested that the pit organs of the skate
Raja sp. were actually protected from stimulation
during forward swimming, by virtue of their location in transverse grooves. The same may be true
for the ray Pastinachus sephen examined here. In
the rhinobatid rays, however, which swim by
undulating the tail rather than the pectoral ﬁns
like most other batoids, the reverse might be
true—the pit organs might be exposed to greater
stimulation during the side-to-side motion of swimming compared with resting.
The situation appears even less straightforward
where pit organs are situated next to or under
denticles, particularly where these have variable
morphology and placement such as in Rhinobatos
typus. In this species, water may ﬂow around the
denticles in such a way that it is directed either
across or along the neuromast, depending on the
exact placement of the denticles. It also seems
likely that depressions, such as those seen adjacent to the sensory surface in pit organs of Hemiscyllium ocellatum, affect ﬂow dynamics. The ways
in which the enlarged and modiﬁed denticles associated with pit organs in carcharhinid sharks
might affect water ﬂow have been previously discussed (Reif, 1985; Raschi and Tabit, 1992), but
not yet experimentally investigated. The structure
of the accessory denticles, and sometimes even the
other denticles surrounding them, suggests that
they may actually channel ﬂow into the pit organs
in some species (Reif, 1985). However, the ﬂow is
affected by the accessory denticles, it must be
diverted around the sides of the anterior denticle
to reach the pit organ. Thus, even in a swimming
shark, water may be ﬂowing in the transverse axis
when it contacts the sensory surface, which would
be consistent with the directional sensitivity of the
majority of pit organs.
On the other hand, it has also been suggested
that overlying denticles may serve to protect the
pit organs from direct ﬂow altogether (Tester and
Nelson, 1967). The denticles of some species (e.g.,
Hemiscyllium ocellatum) form such an imbricate
pavement that this seems plausible. In this case,
the pit organs may function more like lateral line
canal neuromasts. In free neuromasts, which are
Journal of Morphology

698

M.B. PEACH AND N.J. MARSHALL

Fig. 11. Diversity in conﬁguration and morphology of denticles associated with pit organs in
Rhinobatos typus. Each panel shows a selection of pit organs (shaded gray) from the dorsolateral
(A) and spiracular (B) groups. The rostrocaudal axis of the body is horizontal (rostral is to the
left). Scale bar 5 100 lm.

directly exposed to water motion, the displacement
of the cupula, and therefore stimulation of the hair
cells, is proportional to water velocity (Coombs and

Fig. 12. Rhinobatos typus, spiracular pit organs photographed in a live specimen. Pit organs are enhanced in black,
showing the alignment of the long axis of each pit organ with
its neighbors. Part of the spiracle is visible at the top left hand
side. Rostral is to the left. Scale bar 5 100 lm.
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Janssen, 1990). Canals present a physical barrier
between the neuromasts and external water
motion, so that canal neuromasts cannot respond
directly to water velocity, but only indirectly, to
changes in this (i.e., to acceleration or deceleration; Denton and Gray, 1982). Furthermore, canals
act as ‘‘high pass’’ ﬁlters, attenuating low frequency signals, and hence canal neuromasts detect
a higher frequency range (50–200 Hz) than free
neuromasts (around 10–60 Hz; Denton and Gray,
1988; Münz, 1989; Montgomery et al., 1994). Canal
and free neuromasts also appear to play different
behavioral roles in teleost ﬁshes, with only free neuromasts being involved in mediating rheotaxis (orientation to water currents; Montgomery et al., 1997).
Theoretically, the more a free neuromast becomes sunken into a groove or depression and/or
shielded by overlying denticles, the more it is submerged within the boundary layer, the more low
frequency stimuli should be attenuated, and the
less the cupula would be exposed directly to water
motion. It might be expected, then, that shallow
open pit organs (like those of Heterodontus portusjacksoni and Rhinobatos typus) would show the
functional properties of typical free neuromasts,
whereas those in deeper pits covered by denticles,
like those of Hemiscyllium ocellatum and the
carcharhinid sharks, would more closely approach
canal neuromasts in their functional properties.
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Fig. 13. Dorsolateral pit organ of Trygonorrhina sp. A. SEM. (A) Overview of pit organ located in groove between denticles. Double arrows indicate the rostrocaudal body axis (rostral is to the left). Scale bar 5 100 lm. (B) Sensory surface, showing remnant of
cupula. Double arrows indicate the long axis of the neuromast. Scale bar 5 10 lm. (C) Sensory surface, showing kinocilia attached
to remnant of cupula. Double arrows indicate the long axis of the neuromast. Scale bar 5 1 lm. (D) Stereovilli bundle surrounded
by microvilli of supporting cells. Double arrows indicate the long axis of the neuromast. Scale bar 5 1 lm. c, remnant of cupula; k,
kinocilium; m, microvilli of supporting cells; n, edge of neuromast; s, stereovilli of hair cell.

Studies in other ﬁshes and in amphibians have
provided some supporting evidence for this proposition. A study of free neuromasts in the salamander Andrias davidianus found that those on the
surface had several ultrastructural differences to
those recessed in pits, which might suggest different functional properties (Hong et al., 2000). Behavioral studies of pit organ function in sharks
found that in Heterodontus portusjacksoni, they
mediate rheotaxis but in Hemiscyllium ocellatum,
they probably do not (Peach, 2001, 2003b). This is
consistent with the idea that the pit organs of H.
portusjacksoni function like teleost free neuromasts, whereas the pit organs of H. ocellatum
function like canal neuromasts. Other studies
have suggested that the structures immediately

surrounding neuromasts have a strong inﬂuence
on the type of stimulus ultimately reaching the
hair cells, and this may largely account for the different functional properties observed in free and
canal neuromasts (e.g., Denton and Gray, 1982;
Münz, 1989; Montgomery et al., 1995; Coombs and
Montgomery, 1999; but for conﬂicting evidence see
Elepfandt, 1992; Coombs and Montgomery, 1994).
Different functional properties may also relate to
the overall size, spatial arrangement and number
of hair cells in different kinds of neuromasts
(Northcutt and Bleckmann, 1993).
Although it seems that the function of sensory
organs is often intimately related to their structure, phylogeny can also inﬂuence morphology
(Coombs et al., 1988, 1992; Peach and Rouse,
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2004). Although Heterodontus portusjacksoni and
Hemiscyllium ocellatum are divergent in both the
morphology and behavioral role of their pit organs
(Peach, 2001, 2003b), these two species are not
closely related, and thus, either the morphological
or the functional differences could be due to phylogeny. Research into pit organs in other species of
elasmobranchs is needed to establish whether the
morphology of pit organs truly affects function.
The two rhinobatid rays, Rhinobatos typus and
Trygonorrhina sp. A, may be good candidates for
such a study, because although they are closely
related, one has pit organs in open slits and the
other under closely packed denticles.
In summary, pit organs of elasmobranchs contain typical lateral line hair cells with apical stereovilli of different lengths arranged in an ‘‘organpipe’’ conﬁguration. The supporting cells bear apical microvilli taller than those observed in other
vertebrate lateral line organs. Pit organs are either covered by overlapping denticles, located in
open grooves bordered by denticles, or in grooves
without associated denticles. These morphological
features have possible functional implications,
including modiﬁcation of water ﬂow and sensory
ﬁltering properties.
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