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THE SENSORY CANAL SYSTEM of elasmobranchs
has been studied by several early workers. Gar
man (1888) described the gross morphology
of the system in several species of sharks and
rays. A detailed account of the morphology and
innervation of the sensory canals was given by
Ewart (1891) for the shark, LaemargttS, and
by Ewart and Mitchell (1891) for the skate,
Raia batis. Johnson (1917) described the struc
ture and development of the lateral canals of
the sharks, Mttstelus canis and Squabts acan
thias, and Norris and Hughes (1920) provided
detailed information on the innervation of the
head and lateral canals in the same two species.

The literature does not contain a description
of the sensory canal system of Carcharhimts,
which includes many species of epipelagic sharks
commonly encountered in both inshore and
offshore waters. The present study attempts to
overcome this deficiency, providing information
on the gross morphology and microanatomy of
the system. It complements a study of the re
lated free neuromast or pit organ system of
sharks by Tester and Nelson (1967) and Tester
and Kendall (1967). It is hoped that the in
formation will be of value to biophysicists,
neurophysiologists, and behaviorists in inter
preting the results of experiments designed to
increase our understanding of how the lateralis
system functions as a water displacement re
ceptor (Dijkgraaf, 1963; van Bergeijk, 1967)
or other sensor.

MATERIALS AND METHODS

Specimens examined included the following:
Carchal'hilllts menisorrah-several near-term
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pups (33 to 35 cm total length) from Eniwetok
Atoll, 2 adults (132 and 133 cm) from Eni
wetok Atoll, and 2 adults (125 and 162 cm)
taken off Kauai; C. falciform is-several near
term pups (averaging 50 cm) taken off Kauai;
and C. melanoptertts-several heads from juve
niles (about 30 em) taken from the Line Islands.

The binocular microscope was used for locat
ing modified scales associated with tubule open
ings and for gross dissection of the canals. The
paths of the canals and their tubules were traced
both by dissection and by clearing half-heads
and pealed skins in glycerine after the canals
had been injected with either latex or India ink.
Some preparations were bleached in Clorox
before clearing to render the skins more trans
parent.

The structure of the neuromasts and their
associated epithelia were studied in freehand,
frozen, and paraffin sections using freshly killed
material fixed in formalin, or Bouin's, Susa's, or
Regaud's fixatives. In some paraffin preparations
it was necessary to decalcify the scales with
Decal before sectioning. Various stains were
used including Heidenhain's hematoxylin and
triosin, Mallory's triple, Giemsa, Siegel's tolui
dine blue 0 and napthol yellow S, and carmine.
Altmann's method was used for staining mito
chondria.

Nerve fibers and their terminations were
studied in frozen sections of formalin-fixed ma
terial using silver impregnation and gold toning
according to the method of Gilbert (1965).

GROSS MORPHOLOGY

The sensory canal system is similar in all
species of Carcharhimts examined. The paths of
the canals and tubules are shown in Figure 1
for a C. falciformis pup. The names assigned
to various parts of the system follow, for the
most part, those of Ewart (1891) and subse
quent authors and are based on both position
and innervation.
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FIG. 1. The lateralis canal system of a Cal'charhinus falciformis pup. A, Dorsal view of head; B, ventral view of head; C, lateral view of body.
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Lateralis Canal System in Sharks-TESTER AND KENDALL 3

The intercommunicating canal system includes
four primary divisions: supraorbital (SO-I, SO
2), infraorbital (10-1 to 10-4), hyomandibular
(HM) and lateral (L). The infraorbital of each
side is joined ventrally at the juncture of 10-3
and 10-4. The lateral of each side is joined
anterodorsally by the supratemporal commissure
(ST). A short length of canal from the juncture
of Land ST to that of SO-l and 10-1 has been
termed the lateral extension (LE) by the present
authors. Isolated mandibular canals (M) occur
behind the lower jaw.

For the most part, the canals are embedded
in or closely associated with the compact layer
of the dermis. An exception is that part of the
system comprised of LE, SO-la and 10-la, be
hind the eye, which lies well below the dermis
and is covered in part by subcutaneous connec
tive tissue, musculature, or ampullar tubes.
10-la has a thick fibrous wall which is closely
associated with the postorbital process. The
head canals SO-lc, SO-2 and 10-4 are deeply
embedded in subcutaneous connective tissue
adjacent to the dermis and follow fibrous septa
which separate groups of ampullae of Lorenzini.

Attention is called to certain peculiarities of
the system which also occur to a greater or lesser

extent in other shark genera, namely the pro
nounced supraorbital loop (SO-lb) on the
dorsal surface of the head, the pronounced
infraorbital loop (10-2b) in front of the eye,
the slight loop toward the nostril of 10-3, and
the peculiar S-shaped curve of the lateral (L)
below the second dorsal fin. The loops concen
trate the tubule openings in these areas; the
biological significance of this is uncertain.

In cross section, the canals are generally oval
in shape. Measurements of the inner diameters
of the fibrous sheath surrounding the epithelium
and lumen are given in Table 1 for a 35-cm pup
and a 162-cm adult C. menis01·rah. The cross
sectional areas (n: r1r2), which include the epi
thelium, are somewhat greater than the areas of
the lumen proper, particularly in the anterior
head canals where the epithelium distal to the
neuromast is thickened and convoluted. Al
though there is considerable variation, in general
the more anterior head canals (SO-I, SO-2, and
10-4) have the larger bores. That of the lateral
extension is also relatively large. Those of both
the hyomandibular and the lateral decrease
caudad. The maximum bore of the isolated man
dibular, at its mid-point, is relatively small com
pared with that of the intercommunicating

TABLE 1

SHORT AND LONG DIAMETERS OF THE LUMEN (INCLUDING EPITHELIUM), AND THE BORE (CROSS
SECTIONAL AREA INCLUDING EPITHELIUM), FOR SENSORY CANALS OF A 35-CM PUP (PARAFFIN

SECTIONS) AND A 162-CM ADULT (FREEHAND OR FROZEN SECTIONS) OF Cal'chal·hinus menisorrah

PUP ADULT

DlAMETERS (mm) DIAMETERS (mm)
BORE BORE

CANALS':' SHORT LONG (mm2) SHORT LONG (mm2)

SO-la 0.38 0.42 0.123 0.8 1.4 0.88
SO-lb 0.30 0.42 0.099 0.9 1.4 0.99
SO-Ie 0.30 0.42 0.099 0.9 1.0 0.71
SO-2 0.41 0.57 0.184 0.9 1.4 0.99
IO-la 0.28 0.38 0.083 0.7 0.9 0.49
1O-1b 0.26 0.30 0.061 0.6 0.7 0.33
10-2 0.7 0.9 0.49
10-3 0.26 0.33 0.067 0.6 1.3 0.61
10-4 0.22 0.68 0.118 1.1 1.4 1.21
HM (start) 0.26 0.30 0.061 0.7 0.9 0.49
M (max) 0.5 0.5 0.20
LE 0.22 0.66 0.114 0.8 1.2 0.75
ST 0.18 0.26 0.037 0.5 0.9 0.35
L (start) 0.27 0.30 0.064 0.7 0.9 0.49
L (1st dorsal) 0.13 0.17 0.017 0.5 0.6 0.23

* For identification of the canals see Figure 1.
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canals. The canal bores increase with size of
shark. When length of shark increases by a
factor of 4.6, the average bore increases by a
factor of 7.7. However, this is a smaller increase
than would be expected with isometric growth
(factor 21.4). The comparison of canal bores
between sizes of shark may err slightly because
of the difference in method of preparation
(paraffin vs. freehand or frozen sections).

The canal tubules present an unexpected com
plexity in relative frequency, length, and orien
tation. They are difficult to map even when the
canals are injected with opaque substances, for
there is no assurance that impregnation has been
complete. However, we believe that their repre
sentation in Figure 1 for the C. falciformis pup
is reasonably accurate and complete.

In front of the eye, both dorsally and ven
trally, most of the tubules of the canals are
directed outward and forward, either antero
laterally (SO-lc and SO-2) or anteromedially
(10-4). However, some are directed straight
outward, following the shortest possible route
to the surface (posterior part of SO-2, 10-2,
and 10-ld). A few tubules are directed poste
riorly (10-3) or posteromedially (SO-1 b). In
general the bore of the tubules is about one
quarter that of the canal but increases to more
than half that of the canal in the most anterior
tubules. A few tubules are branched.

In the vicinity of the eye, the tubules of the
supraorbital (SO-la) and part of the infra
orbital (lO-lc) are directed toward the eye to
partially surround it with pores. The tubules
of 10-lc branch profusely. Noteworthy are the
very long tubules arising from the infraorbital
canal back of the eye (IO-lb) which are di
rected backward, branch profusely, and end in
pores scattered among those of the hyoman
dibular. These long tubules do not form com
missures with the hyomandibular but pass over
it distally.

Behind the eyes, the tubules are generally
directed outward and backward. Those of the
lateral extension and the supratemporal are
relatively long and their pores are distributed
across the back. Those of the isolated man
dibular are very short and are directed poste
riorly. The tubules of the laterals are initially
relatively short but increase in length to the
fifth gill opening, and maintain this length over
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most of the body. Most of the lateral canal
tubules are directed outward and posteroven
trally; a smaller number, irregularly spaced, are
directed outward and posterodorsally. On the
caudal fin the tubules are relatively long and are
directed outward and posteroventrally. Along
the body, and particularly on the caudal fin, the
posteroventrally directed tubules tend to vary
slightly in length in an alternating fashion.
Their bore averages about one-third that of the
canal, thus progressively decreasing as canal size
decreases along the body. On the caudal fin, the
tubule bore becomes relatively larger; although
still small, it approaches that of the canal
caudad.

There are short lengths of canal without tu
bules (lO-la and part of SO-la) where the
canals have thick fibrous walls and lie deep be
low the dermis. It may be noted here, however,
that these canals contain neuromasts.

fIG. 2. Pore of head canal tubule (c) bounded by
notched scales in contrast with larger pore of ampulla
of Lorenzini (a) in a Carcharhinus menisol'rah adult.
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The tubule openings on the head are small
and inconspicuous compared with those of the
ampullae of Lorenzini (Fig. 2). They occur
between the crowns of scales which are notched
to conform with the circular shape of the pore.
The pores are not covered by overhanging scale
crowns. On the side of the body, the scale
crowns above the pore are also notched to pro
vide an opening for the tubule; they are nar
rower and thicker than those of normal scales
and often have a rosette-like arrangement. Fre
quently the pore is covered completely or in
part by an overhanging crown.

It has been noted that the tubules of the more
anterior head canals are of relatively large bore
and generally are directed forward, whereas
those of the more posterior head canals and the
laterals are of progressively smaller bore and
generally are directed backward. This arrange
ment should produce a slow flow of seawater
caudad along the system because of water pres
sure on the head during forward swimming. We
have demonstrated this flow in some shark
genera3 but not yet in Carcharhimls because of
the lack of small live specimens. Doubtless it
occurs. Smith (1930, 1933) has shown a flow
in the canal system of some but not all of the
teleosts that he studied.

MICROANATOMY

Semory Epithelillm

As found by Johnson (1917) in Sqllabls and
Mllstelm, the epithelium of the canal in Car
charhi1Uls is basically two-layered. For discus
sion, it may be divided into sensory and non
sensory regions. Its structure is illustrated
diagrammatically in Figures 3 and 4.

Within the canal opposite the tubule openings

3 A juvenile Sphyrna lewini (58 cm) was forced to
swim in a weak (about 0.05%) solution of trypan
blue for 50 minutes. Sectioning showed dye penetra
tion in the head canals and along the laterals to the
region of the second dorsal fin, but not beyond this
point. Similar results were obtained with two juvenile
Ginglymostoma cil'l'atum (42 and 48 cm), although
the rate of flow was very slow in these sluggish
sharks. In one, the dye penetrated the head canals and
along the laterals to the gi II region in 2 hours; in the
other, it penetrated the head canals and along the
laterals to the region of the second dorsal fin in 4
hours.

(i.e., medial to the dermis) the epithelium is
modified to form the sense organ-the neuro
mast or macula (Figs. 3A and B). This consists
of sensory hair cells, supporting cells, cupula,
and a peripheral layer of mantle cells. The
neuromast is attached to a definite basement
membrane, supported by a loose fibro-elastic
connective tissue incorporating vascular and
neural elements. Nerve fibers form a fiber zone
in the connective tissue region before pene
trating the basement membrane to innervate the
sensory cells of the neuromast. The connective
tissue sheath of the incoming nerve spreads
within the thick fibrous sheath of the canal to
form the loose vascular connective tissue sup
porting the non-sensory epithelium. The base
ment membrane in this region is absent or
incomplete.

The sensory hair cells, with a prominent
round or oval nucleus, are flask- or barrel
shaped (Fig. 3C). They extend from the distal
surface to about two-thirds of the distance to the
basement membrane. However, in some sensory
cells of the pup neuromast, a strand of cyto
plasm extends from the proximal end of the
cell to the basement membrane, indicating an
origin from cells extending the entire height of
the organ. The "hair," about 6 'f.t long and
tapering from about 1 f.t wide at the base, is seen
in some preparations (Fig. 5). Presumably it is
a bundle including a kinocilium and several
stereocilia as shown in teleosts by the electron
microscope (e.g., by Flock, 1967).

Slender columnar or fusiform supporting cells
surround the sensory cells and extend from the
free surface to the basement membrane. Their
nuclei are oval and are located in the proximal
portion of the cells. The distal ends of the
sensory cells and the surrounding supporting
cells are joined by intercellular cement showing
clearly as terminal bars with Heidenhain's
hematoxylin. Giemsa staining shows metachro
matic granules in the distal cytoplasm of the
supporting cells and extracellularly at their
distal surface, indicating that these cells are
actively secreting mucopolysaccharides. Degener
ating or necrotic cells with pycnotic nuclei and
shrunken cytoplasm are of frequent occurrence.
Mitotic figures (Fig. 6) occur occasionally above
or near the level of the sensory cell nuclei.

Using primarily the above information, Tester
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and Kendall (1968) showed that in sharks the
supporting cells secrete columns of mucoid ma
terial comprising the cupula and producing its
typical vertically-striated appearance. They con-
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elude that cupula production is a continuing
process, accompanied by discharge, discarding,
and regeneration of supporting cells and by con
tinual loss of cupular material at the distal free

+---TUBULE

DENSE FIBROUS
CONNECTIVE TISSUE

.........----PIT ORGAN NERVE

----CUPULA

.__SENSORY HAIR
:...J,.~r'=,rd>.C"'l7:1.",c-r7'"'1"'"rr .

.>;,-.---SENSORY CELL

~~~---SUPPORTING CELL

--NERVE FIBRILLAE

NERVE FIBRIL

FIG. 3. Diagrams of longitudinal sections of canals in a Cal'charhinus meniS01'rah pup. A, Head canal
(ca. X 75); B, lateral canal (ca. X 75); C, head canal (ca. X 600).
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FIG. 4. Diagrams of cross sections of canals in a
Cal'charhinus meniso1-rah pup. A, Head canal (ca.
X 75); B, lateral canal (ca. X 75).

cell by an intracellular transducing process not
yet clearly understood.

FIG. 5. Sensory cells in a pocket of the epithelium
of the supratemporal canal in a Carcharhinus menisor
t'ah pup showing sensory hairs (h). The hairs are
usually lost during preparation. (Bouin's fixative,
Mallory's stain, oil immersion.)

FIG. 6. Cross section through the infraorbital
canal neuromast of a Cal'chal'hinus menisorrah pup
showing a mitotic figure (m) in metaphase among
the sensory cell nuclei. (Bouin's fixative, Mallory's
stain. )
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surface. The delicate cupula is often lost during
routine fixation and slide preparation. Even
when retained, it shrinks considerably (Fig. 7).
In fresh-frozen sections of carefully handled,
freshly killed specimens it appears to reach
nearly to the top of the canal.

The presumed function of the cupula in
sharks is similar to that in teleosts. It is believed
to move or "glide" slightly over the surface of
the sensory epithelium under the influence of a
displacement of the canal fluid, thereby bending
the hairs embedded in it (Flock, 1967). Bend
ing of the hair triggers electrogenesis in the hair
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FIG. 7. Longitudinal section through lateral canal
neuromast of a Cafchafhinus melanoptefus pup show
ing shrunken, striated cupula (c) partially torn from
the neuromast surface. (Bouin's fixative, toluidine
blue stain.)

The sensory epithelium is surrounded by a
peripheral layer of inwardly curving supporting
cells called "mantle" cells (Dijkgraaf, 1963).
Metachromatic staining reveals the presence of
mucus-producing cells which are contributing to
the cupula.

In the pup and juvenile, the neuromasts of
the canals are generally butted end to end,
forming an almost continuous sensory epithe
lium. In longitudinal section (Figs. 3C and 8)
the point of division between neuromasts can
be identified by the opposing curvature of the
mantle cells, producing a V-shaped indentation
in the epithelial surface. The thickness of the
epithelium decreases slightly (SO and 10) or
abruptly (L) at the point of division. In the
posterior part of the hyomandibular and in the
mandibular, the neuromasts are separated by a
few cuboidal or columnar cells, similar to those
of the side walls, between the mantle cells. This
situation also occurs in the posterior part of the
lateral canals, particularly in the caudal region
where the neuromasts are spaced by a distance
equal to about half their length. In the larger
specimens also, the neuromasts form an almost
continuous epithelium. However, the spacings
which occur are somewhat greater than in the
pup and juvenile.

PACIFIC SCIENCE, Vol. XXIII, January 1969

FIG. 8. Longitudinal section through lateral canal
neuromasts of a Cafchafhinus menisoffah pup show
ing V-shaped division (d) between two neuromasts.
(Bouin's fixative, hemotoxylin-triosin stain.)

The neuromast is oval in facial section with
its long axis parallel to that of the canal (Fig.
9). Measurements of the sensory epithelium in
a 33-cm pup and a 125-cm "adult" (apparently
still immature) C. menisorrah are included in
Table 2. For each canal section there are aver
ages of 2 or 3 measurements in each of 1 to 3
preparations. Length measurements are few be
cause of the difficulty of obtaining perfectly
oriented longitudinal sections. The measure
ments of the pup and adult are not strictly com
parable because of a possible difference in
shrinkage between paraffin and frozen sections.

In general, in both pup and adult, there ap
pears a slight decrease in thickness, a somewhat
larger decrease in width, and a still larger
decrease in length of the neuromast caudad
from the most anterior head canals (SO-l and
10-4). There also appears to be an increase in
size of neuromast with growth. With increase in
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TABLE 2

MAXIMUM WIDTH AND THICKNESS (IN CROSS SECTIONS) AND LENGTH OF CANAL NEUROMASTS OF A
33-CM PUP (PARAFFIN SECTIONS) AND A 125-CM ADULT (FROZEN SECTIONS) Cafchafhinus meniSOYfah

(All measurements in microns;

9

PUP

CANAL WIDTH THICKNESS

SO-la 160 30
SO-lb 163 30
SO-lc 171 30
50-2 217 38
10-1 103 27
10-3 171 34
10-4 190 38
LE 106 30
HM 95 27
M 76 27
L (start) 84 30
L (above gills) 76 30
L (1st dorsal) 76 34
L (2nd dorsal)
L (caudal

peduncle) 76 27
L (mid caudal

fin) 60 19

LENGTH

504
450

900

300

300

length of shark by a factor of 3.8, the neuromast
increased slightly in thickness (average factor
1.3), considerably in width (average factor
2.5), and, from the meager data, extensively in
length (factor 3.6 for SO-Ie, only). It is un
likely that these differences are due entirely to
differential shrinkage between paraffin and
frozen sections. Since the average maximum
diameter of a sensory cell appears to be similar
(about 7 to 8 Il) in both pup and adult and
since the ratio of sensory to supporting cells
seems to remain about the same (about 1 to 5),
it may be inferred that the number of sensory
cells increases with growth.

Rough calculations may be made of the num
ber of sensory cells per neuromast. The distance
(d) between several sensory cells (n) in one
plane (in sharp focus) is determined. The area
occupied by one sensory cell and its surrounding
supporting cells may be calculated as d2/n2 .

Based on 10 determinations (SO-Ie and L) the

FIG, 9. Facial view of lateral canal neuromasts
(n) from caudal peduncle of an adult Cafcha,'hinus
menisofl'ah showing their oval shape. (Formalin fixed
frozen section, Giemsa stained.)
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average is 39 f!2 (range 20 f!2 to 56 f!2) for the
C. menisorrah pup. Dividing this average into
the area of the neuromast surface (calculated
from Table 2) provides the following rough
estimates (rounded to the nearest hundred) of
the number of sensory cells per neuromast:
10-4-3,400; SO-2-2,000; SO-lc-l,400; HM
600; L (first dorsal fin)-500. These estimates
agree in order of magnitude with those obtained
by counting the number of sensory cell nuclei
at all depths of focus in a 10-f! cross section and
multiplying by the number of sections in the
neuromast length. In the adult, assuming the
same unit area, for SO-lc (the only canal for
which data are available) the estimated number
of sensory cells per neuromast is about 10 times
greater than in the pup (15,700 compared with
1,400) .

Non-sensory Epithelium

In the head canals, the epithelial lining ad
jacent to the neuromast has a peculiar "vesicu
lated" appearance (Figs. 4A and 10). It consists
of columnar or wedge-shaped cells which are
joined by distinct cytoplasmic processes enclos
ing well defined intercellular spaces. The cell
nuclei are elongated and generally lie closer to
the distal than to the proximal end of the cell.
Staining with Giemsa stain shows mucus on the
surface but not within the interior of the cells
or in intercellular vesicles. Staining with Alt
mann's technique shows mitochrondria densely
aggregated near the distal end of the cells (Fig.
11). The distal cell membrane has a striated
appearance. Staining with naphthol yellow S
(Siegel's stain) shows a finely granular content
indicating the presence of residual proteins
within the intercellular vesicles, in adjacent
blood vessels, and in the lumen of the canal. The
staining responses show that the cells are secre
tory in nature, but are not producing mucus. The
accumulation of mitochondria in the distal por
tion of these cells in the absence of mucus se
cretion suggests a possible similarity to the
"chloride cell" described by Copeland (1948)
in the gills of Ftmdultts heteroclitus, particuarly
in those fish which he immersed in hypertonic
seawater. Tests for chloride and other ions (Na,
K) await the availability of living specimens.

In the more anterior head canals of the pup,

PACIFIC SCIENCE, Vol. XXIII, January 1969

FIG. 10. Cross section of infraorbital head canal
of a Carcharhinus menisorrah pup showing, from top
to bottom, tubule (t) entering the canal, ridge area
(r), vesiculated epithelium (v), and neuromast (11).
(Bouin's fixative, Giemsa stained.)

FIG. 11. Longitudinal section of the supraorbital
head canal in an adult Carcharhinus menisorrah show
ing mitochondria (m) aggregated at distal end of
cells of the vesiculated epithelium. (Altmann's stain
ing method.)
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those with forward-directed tubules (SO-Ie, SO
2, and 10-4 in particular), the vesiculated area is
elaborated into folds and finger-like projections
(Figs. 4A and 10). In the more posterior head
canals only the folds are present. In the laterals,
it is reduced anteriorly and disappears posteri
orly (Fig. 4B).

In juvenile and adult Carcharhinus the epi
thelium is similarly modified. In the head canals
the elaboration into folds and finger-like pro
jections is even more pronounced than in the
pup and may be seen under the binocular micro
scope in gross dissection of the canal.

The function of this vesiculated epithelium
will be discussed elsewhere. In brief, it is postu
lated that it may serve to regulate the ionic con
tent (Na, K) of the canal fluid and tissues
against a slow incursion of seawater through the
anteriorly-directed tubules to facilitate electro
genesis in the neuromast. By controlling pH it
may also play a role in polymerization of the
polysaccharides involved in the cupular mucus.

Between the lining layer of cells and vesicles
and the vascular connective tissue there is a
layer of ganglion-like cells (Fig. 4A) which
may be differentiated from smaller connective
tissue cells. They are thin and elongate in cross
sections of the canal but flattened and stellate in
shape in longitudinal sections. They have a rela
tively large, round nucleus containing peri
pherally organized chromatin material and a
prominent nucleolus. Vacuoles and fine granules
and fibrils appear under the phase microscope;
also cytoplasmic extensions link the cells into an
anastomozing network. However, no neurofi
brillae or neural connections to the neuromast
nerve supply have been seen. It is possible that
these ganglion-like cells exert neurohumeral
control of the overlying secretory cells of the
vesiculated area.

The vesiculated area extends from the mantle
cells to the squamous or low cuboidal epithelium
which lines the remainder of the canal and the
canal tubules. However, just below the level of
the tubule openings, both cells and intercellular
vesicles become irregular in shape and are
covered by a lining layer of cuboidal or low
columnar cells to form a ridge (Figs. 4A and
10). The ganglion-like cells adjacent to the
basement membrane are no longer present. This
thickened ridge is supported by vascularized

connective tissue, including a prominent blood
vessel.

The epithelial cells of the ridge area have a
dense, finely granular cytoplasm with a promi
nent round nucleus. The Altmann staining
method shows mitochondria condensed below a
distal vacuolation in which metachromatic
granules are seen following Giemsa staining.
The presence of mucopolysaccharides, both on
the distal surface and as granules within the
cells, shows that they are producing mucus.

The ridges are well developed in the more
anterior head canals and may form one or several
folds. Sometimes they extend into the canal
tubule openings, forming valve-like flaps in
cross section. The ridges are less well developed
in the more posterior head canals, forming only
a bulge or thickening of the epithelium. In the
laterals they are progressively reduced caudad,
persisting as a double row of cells adjacent to
the neuromast and replacing the area occupied
more anteriorly by the lining layer of vesiculated
epithelium (Fig. 4B). They are thickened into a
weak ridge only in the more anterior part of the
lateral canal and only in the vicinity of the canal
tubules. It seems likely that in the more ante
rior head canals with forward-directed tubules
the flaps serve to impede or regulate a slow flow
of seawater into the canal, and the contiguous
ridges serve to direct the flow along the surface
of the canal distal to the neuromast, thus mini
mizing the effect of flow on the cupula. They
also secrete a mucous cover for the epithelial
surface from the tubule openings to the neuro
mast.

The epithelium between the ridges in the
canal and lining the canal tubules is also two
layered but is relatively thin and low-cuboidal
or squamous. Caudad, with the retreat of the
ridge cells toward the neuromast there is an in
creased circumference lined with this thin epi
thelium; it continues along the tubules until the
transition to the many-layered stratified squa
mous epithelium of the epidermis (Fig. 4B).
Secretion of mucus occurs in small patches of
cuboidal cells along the course of the tubules.

Cephalic Glands

In close approximation to the more anterior
head canals and the sacs of the ampullae of
Lorenzini, there are numerous vascularized
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gland-like pouches (Daniels, 1967) which,
like the canals, open to the exterior by one or
more tubules ending in pores among the scales
(Fig. 12). The tubules are shorter than those
of the canals and proceed directly to the sur
face. In one section, a small pouch opens into
a canal tubule. The pore openings vary in size
but are generally smaller than those of the canal
tubules.

The glands have neither a neuromast nor a
nerve supply. Otherwise their epithelium is very
similar to that of the more anterior head canals,
with folds of vesiculated epithelium resting on a
thin layer of stellate, ganglion-like cells, with a
smaller, lower ridge of mucus-producing cu
boidal cells resting on irregularly shaped cells
and vesicles, and with a thin, two-layered squa
mous or low cuboidal epithelium lining the
neck of the pouch and continuing into the

FIG. 12. Cross section through the infraorbital
head canal (10-4) of a Cat'chal'hinus menisOl'rah pup
showing the canal (c) and isolated cephalic glands
(g). (Bouin's fixative, Mallory's stain.)
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tubules until it joins the stratified squamous
epithelium of the epidermis. The glands appear
to be partially developed anlagen of head canals
which have remained as isolated units with
neither neuromast nor innervation. The lumen
is filled with a secretion containing mucus
which, in paraffin section, is much shrunken.
This mucus resembles that which covers the
vesiculated area of the canal and is presumably
derived from the mucus-secreting ridge cells.
It differs in density and lacks the striations
found in the cupular covering of the neuomast.
Residual proteins, demonstrated by naphthol
yellow S both in the lumen of the gland and
in the intracellular vesicles and blood vessels,
may have been added to the lumen by the
columnar and wedge-shaped cells of the vesicu
lated area. As in the head canals, the vesiculated
area increases in size and in elaboration of folds
from pup to juvenile and adult.

The function of the glands is unknown. It
may be postulated that they serve to control
the ionic concentration and polarity of the tis
sues adjacent to the sensory epithelia of the
ampullae of Lorenzini.

INNERVATION

The gross innervation of the head canals in
Carcharhimls has not been studied, but presum
ably it is similar to that described by Norris
and Hughes (1920) in SqttalllS acanthias. The
main nerves supplying the various canals in that
species are summarized in Table 3.

It may be noted that some of the rami of the
facial (VII) also innervate ampullae of Loren
zini, that some are intimately associated with
corresponding branches of the trigeminal (V)
which may contain general cutaneous fibers, and
that one (r.m.e. VII) has a slender branch in
nervating the mandibular row of pit organs.
Also, the rami of the vagus (X) innervate both
canal and pit organs.

On leaving their ganglia, the nerves supplying
the head canals proceed to a position just below
the dermis. On reaching a canal, they follow its
course, giving off ramuli which frequently di
vide into subramuli. These enter the canal mid
way along the length of a neuromast (Figs. 3A
and 3B). As seen in silver-impregnated, gold
toned frozen sections, they consist of a relatively
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• Compiled from Norris and Hughes (1920).

TABLE 3

SUMMARY OF INNERVATION OF SENSORY CANALS

FOR Sqttalus acanthias*

FIG. 13. Longitudinal section of lateral canal of a
Cal'cha,'hinus menisor1'ah pup showing two subramuli
(s), cut after leaving the canal, each innervating three
neuromasts (n). (Gilbert's silver method.)

of the dorsal fin, and fewer more posteriorly)
and form a correspondingly thinner fiber zone
in the connective tissue supporting the neuro
mast. One bundle of fibers proceeds anteriorly
and another posteriorly, instead of each fiber
dividing into two at the point of entry, as in
the head canals. The fibers of one subramulus
usually supply two neuromasts-one immedi
ately adjacent to the subramulus, and one-half
of each neuromast on either side. Occasionally
the fibers of one subramulus will supply 3
neuromasts-one opposite the point of entry
and one on either side (Fig. 13).

In both head and lateral canals, the fibrils of
the fiber zone at intervals give off branches on
approaching the basement membrane. The
myelinated fibers appear to lose their myelin
sheath on penetrating the basement membrane.
After penetrating the membrane the fibrils are
seen to branch repeatedly into fine fibrillae

MAIN NERVE BRANCH

Ramus oticus (VII)
Ramus supratemporal is (IX)
Ramus supratemporalis (X)
Ramus supratemporalis (X)
Ramus dorsalis (X)
Ramus lateralis (X)

Ramus ophthalmicus
superJicialis (VII)

Ramus buccalis (VII)

}
Ramus mandibularis

externis (VII)

{

large number (ca. 25) of myelinated nerve
fibers. Most of the axis cylinders are relatively
thick (about 2 to 5 fl) in the 33-cm pup but
with a few very thin fibers among them. After
penetrating the canal wall, at least some of the
fibers divide once, each branch proceeding in an
opposite direction along the canal, as also noted
by Johnson (1917) in SqllalllS acanthias. The
fibrils form a thick fiber zone in the vascular
connective tissue below the sensory epithelium.
Although for the most part one neuromast
seems to be innervated by the fibrils of one
subramulus, the fibrils from adjacent subra
muli overlap each other at the ends of adjacent
neuromasts.

The innervation of the laterals (Tester and
Kendall, 1967) is similar to that of the head
canals but differs in detail. Over most of its
length the ramus lateralis lies close to the verte
bral column, moving to a more superficial
position adjacent to the canal in the caudal
peduncle and caudal fin. Ramuli are given off
segmentally and proceed posterodorsally in the
connective tissue sheath between the muscle
segments. On reaching the lateral canal, which
lies in the compact layer of dermis opposite the
juncture of the dorsal and ventral muscle
masses, the ramuli divide into subramuli which,
after giving off fine nerves to the pit organs,
enter the canal. The subramuli contain fewer
fibers than those of the head canals (about 15
in the region of the gills, about 9 in the region

CANAL

Lateral extension
(LE)

Infraorbital (10)
Hyomandibular

(HM)
Mandibular (M)

Supratemporal (ST)

Lateral (L)

Supraorbital (SO)
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FIG. 14. Longitudinal section of the supraorbital
canal of a Carcharhinus menisorrah pup showing
nerve fibers dividing into fibrillae (I) among the
sensory cells of the neuromast. (Gilbert's silver
method.)

(Figs. 3C and 14). These end among the hair
cells, presumably in contact with the cell mem
branes, as has been shown in teleosts by electron
microscopy (Hama, 1965; Flock, 1965; and
others) .

It may be pointed out that, by profuse branch
ing, one nerve fiber supplies a large number of
hair cells (possibly 50 or more in the Carcha
rhinus menisorrah pup and perhaps several times
that number in the adult). Moreover, there
seems to be overlapping innervation between
neuromasts, but we could not determine whether
the overlap involves one fiber or separate fibers
from one subramulus. Frequently several un
branched fibrils are seen passing from one
neuromast to another. Electrophysiologists may
be able to determine the significance of these
observations.
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SUMMARY

The lateralis sensory canal system in Carcha
rhinus consists of intercommunicating supra
orbital, infraorbital, hyomandibular, lateral
extension, and lateral canals, and isolated
mandibular canals. The bore is largest in the
more anterior head canals and decreases caudad.
The canal tubules of the more anterior head
canals generally are relatively large and are
directed forward, whereas those of the more
posterior canals are generally smaller and are
directed backward. This allows a slow perfusion
of seawater caudad through the system as the
shark swims forward.

The sensory epithelium consists of neuromasts
with typical hair cells embedded among sup
porting cells, covered distally by a mucous
cupula and surrounded peripherally by mantle
cells. The neuromasts are oval in facial section
and, butted end to end, form an almost con
tinuous sensory epithelium over most of the
system. They are somewhat more discrete in the
mandibular canals and in the posterior part of
the hyomandibular and lateral canals. The
neuromasts decrease in length and width caudad,
and there is a corresponding decrease in the
number of sensory cells per neuromast. The
neuromasts in the adult are larger than in the
pup. Since size and arrangement of the sensory
and supporting cells appears to remain the
same, it is inferred that the number increases
with growth of the shark.

Adjacent to the neuromast, the columnar
epithelium of the head canals is vesiculated and
elaborated into folds. It rests on a layer of
stellate "ganglion-like" cells. The vesiculated
areas are reduced caudad. There is evidence that
they are secretory in function, possibly adjusting
the ionic potential of the canal fluid and tissues
against an influx of seawater. The ganglion-like
cells may exert neurohumeral control of the
secretion.

Distal to this vesiculated area, the epithelium
of the head canals is further modified to form a
thickened ridge of cuboidal mucus-secreting
cells resting on irregularly shaped cells sepa
rated by vesicles. The ridge may serve to direct
the slow influx of seawater along the surface of
the canal distal to the neuromast. It decreases in
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prominence and retreats toward the neuromast
caudad.

On the head, adjacent to the ampullar sacs,
there are numerous cephalic glands which open
to the exterior by one or more short tubules and
which contain mucus. Their epithelium is sim
ilar to that of the adjacent head canals except
that they lack a neuromast and lateralis innerva
tion. Their primary function may be to adjust
tissue osmotic pressure and potential.

The neuromasts of the canals are innervated
by various branches of the cranial nerves (VII,
IX, and X). The nerve ramuli and subramuli
enter the canal opposite the canal tubules and
adjacent to the center of a neuromast. Below
the sensory epithelium the nerve fibers form a
more or less continuous fiber zone, from which
fine branches arise, lose their myelin sheath,
penetrate the basement membrane, and branch
repeatedly into fine fibrillae which end among
the hair cells. One fiber may innervate 50 or
more hair cells. Fibers from one nerve innervate
the neuromast opposite to its point of entry and
also the proximal ends of adjacent neuromasts.
Both the number of fibers and the thickness of
the fiber zone decrease caudad, corresponding to
the decrease in size and number of sensory
cells per neuromast.

It is hoped that the information included in
this report will be of use to biophysicists, elec
trophysiologists, and behaviorists in designing
models and experiments to clarify the function
and mode of operation of the lateralis system
in sharks.
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