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The gills of the oyster and other bivalves per
form several important functions. They play a
major part in respiration to which the mantle
contributes a minor share. They maintain a
steady current, filter the water, and collect food
particles which are sorted and separated from
detritus and other materials in suspension. They
serve for the dispersal of sex cells at the time of
spawning, and are used for the incubation of
fertilized eggs in the larviparous species. The
effectiveness of these functions is dependent on
coordinated performance of the gill apparatus and
on the contractions of the adductor muscle.

ANATOMY OF THE GILLS

Within the class of bivalves the structure of
the gills varies in an increasingly complex series
of modifications. The simplest of these is one
pair of plumlike single gills or ctenidia with two
rows of flattened filaments on each gill. This
primitive type, present in the order Protobranchia
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(fig. 115, A), is found in Nucula, Yoldia, Leda,
Solenomya, and others. More complex structure
(fig. 115, B) occurs in the ark shells (Arcidae),
scallops (Pectinidae), oysters (Ostreidae), sea
mussels (Mytilidae), and other families of Fili
branchia. This type is characterized by long and
slender filaments kept in place by patches of
interlocking cilia. In some of the bivalves of
this group, including edible oysters, the gill
lamellae are plaited into vertical folds and the
reflected plates of the gills are completely united
with the mantle and visceral mass. These
were formerly designated as a separate order of
Pseudolamellibranchia.

The highest degree of complexity is found in
the gills of fresh-water mussels (Unionidae),
cockles (Cardiida.e), clams (Veneridae), and many
other mollusks of the order Eulamellibranchia.
In these bivalves the lamellae are joined by bars
of connective tissue, the filaments are firmly
connected by vascular junctions, and the· entire
gill has the appearance of a perforated, leaflike
organ (fig. 115, C).

In the order Septibranchia (Poromya, OU8

pidaria) the gills are degenerate. They are
modified into perforated, muscular partitions
between the two pallial chambers, and the gill
filaments are greatly reduced (fig. 115, D).

The oyster gills consist of four folds (demi
branchs or plates) of tissue suspended. from the
visceral mass. Two folds on each side of the
body arise from a common ridge or gill axis,
which is composed of connective tissue and
muscles (fig. 73, g.m.). In a cross section made
at right angles to the axis of the gill, each demi
branch is V-shaped, with the two branches of the V
forming its ascending and descending lamellae.
The descending lamella arises from the gill axis;
its opposite number is the ascending lamella.
The two outer ascending lamellae, one on each
side of the body, are fused with the mantle.
The two inner demibranchs are joined together at
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FIGURE 115.-Diagram of the four types of bivalve gills according to A. Lang (1900). A-Protobranchia type (Nucula,

Yoldia, Leda, and others); B-Filibranchia type (Pectinidae, Ostreidae, Mytilidae, and others); C-Eulamellibran
chia type (Unionidae, Cardiidae, Veneridae, and others); D-Septibranchia type (Poromya, Cuspidaria).

the central axis of the gills under the common
afferent vein (fig. 73, c. at v.). The section
across all four demibranchs resembles two W
letters joined together at the center.

Along the entire length of the gill runs the
interlamellar space, which in places is divided
by the interlamellar partitions or septae into a
series of vertical compartments called the water
tubes. The septae end close to the junction of the
demibranchs and the visceral mass, so that the
upper portion of the interlamellar space forms a

continuous channel along the horizontal axis of
each demibranch. This condition is found only
at the upper (dorsal) part of the body at the level
of the stomach and above it (fig. 116, A). At
approximately the level of the heart the entire gill
structure has only three points of attachment, in
the center at the visceral mass and at each side
where the gills fuse with the mantle (fig. 116, B.).

The entire chamber system of the gills can be
visualized as four passages which at the level of the
heart merge into two epibranchial chambers. The
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FIGURE 116.-Transverse sections of l-year-old C. virginica (diagram drawn from sectioned and stained preparations).
A-Section at the level of the stomach, s.; four epibranchial chambers at the base of the gills, ep.ch., and promyal
chamber, pr.ch., at right. B-Section near the level of the heart, two epibranchial chambers, ep.ch., are separated
by the pyloric process, p. C-Section at the level of the adductor muscle below the heart, common epibranchial
chamber, ep.br.ch. Bouin, hematoxylin-eosin.
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latter in turn lead to a common epibranchial
chamber which, through the cone-shaped cloaca,
opens to the outside.

There are no partitions, valves, or any other
features for regulating the flow of water inside the
chamber system. The current is maintained
solely by the beating of the ciliary epithelium of
the gills and of the lining of the chambers. Below
the level of the heart the fusion of the gills with
the median axis is lost and the two chambers,
separated here by the pyloric process of the vis
ceral mass (fig. 72, py.p.), merge together to form
a commom epibranchial chamber (figs. 72 and 116,
ep.br.ch.). This leads to a wide cone-shaped
exhalant chamber or cloaca (fig. 72, cl.) which can
be examined by forcing apart the posterior end of
the valves and focusing a beam of light on its
inner surface. The water tubes appear as large,
round holes (fig. 72, w.t.).

PROMYAL CHAMBER

In oysters of the Ostrea type all the water col
lected by the gills is discharged through a single
opening of .the .cloaca. In Orassostrea, however,
the exhalant system is modified by the presence of
an asymmetrical space on the right side of the
body called the promyal chamber (fig. 116,
pr.ch.). This irregularly shaped pocket between
the mantle and the visceral mass extends in a
dorsoposterior direction from the level of the
pericardium to a wide outside aperture which may
be seen by forcing the valves apart and examining
the space between them. Openings of the water
tubes similar to those found on the inner wall of
the cloaca are visible inside the chamber (fig. 75)

The promyal chamber was first observed by
Kellogg (1892), who suggested that the water
from the gills may be discharged through it.
Stafford (1913) showed the chamber in one of the
illustrations of his book but did not refer to it in
the text. The full anatomical significance of the
promyal chamber in O. virginica was described by
Nelson (1938) and by Elsey (1935) for O. gigas.

The position occupied by the promyal chamber
makes it apparent that water from the dorsoan
terior part of the right demibranch is discharged
through this chamber and does not pass through
the cloaca. After releasing carmine suspension
near the gills of an actively feeding oyster (0.
virginica) , one can observe some of the red dis
colored water being expelled through the promyal
chamber while the principal stream is passing
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through the cloaca. In spawning males the sperm
shed from the right gonoduct is frequently
discharged through the promyal chamber.

In assessing the relative importance of the
promyal chamber in the movement of water
through the gills, Nelson (1938) states that out of
36 water tubes in the right demibranch of O.
virgin1'ca the first 14, comprising more than half
the length of the demibranch, are in free commu
nication with the promyal chamber. The remain
ing 22 water tubes discharge water into the nar
rowed portion of the epibranchial chamber beneath
the adductor muscle or into the cloaca. In the
absence of measurements of the amount of water
discharged through the promyal chamber, it is
impossible to state what percentage of the total
output is discharged through the chamber. From
anatomical evidence it may be concluded that the
greatest part of the water used for ventilation of
the gills leaves through the cloaca and only a
minor portion through the promyal chamber.

Relative dimensions of the different parts of the
exhalant system of the gills can be demonstrated
clearly by casts made with plaster of Paris or with
latex. Before being injected, the oyster should
be completely narcotized. The material used for
injection is then forced through both the cloaca
and· the promyal chamber while the oyster is
gently and frequently tapped to permit good
penetration to the very ends of the water tubes.
When all the passages are full the valves are
pressed together and tied with a string. The ma
terial is permitted to set for 24 hours before the
shells are opened and the soft parts of the oyster
removed.

The various parts of the water exhalant system
of O. virginica are shown in figure 117, which rep
resents the cast of the inner gill chambers viewed
from three different angles. The promyal cham
ber (fig. 117, left, pm. ch.) occupies an irregular
area on the right side of the visceral mass and
ends in an aperture almost twice as large as the
opening of the cloaca (cl.). The relation between
the promyal chamber and the two demibranchs of
the right side is shown in the central drawing (fig.
117) of the cast viewed from the left side. The
right and left demibranchs are separated by a
septum (s.) in the upper portion of the posterior
side of the gills (fig. 117, right). Most of the
inner spaces of the gills are in direct connection
with the cloaca; less than one-half of the right
demibranch empties into the promyal chamber.
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FIGURE 117.-Water exhalant system of the gills of C. virginica. Plaster of Paris cast of a large specimen. Left
view from the right side. Center-view at sharp angle from the left. Right-view from the posterior side of the
gills. cl.-cloaca; l.d.-left demibranch; o.o.-outside opening (aperture) of the promyal chamber; pm. ch.
promyal chamber; r.d.-right demibranch; s.-septum separating the right and left demibranchs.

The relative size of the promyal chamber is
variable. In some specimens it extends over
three-fifths of the length of the gills and forms a
spacious pocket (fig. 118). The exhalant system
of O. gigas (fig. 119) is similar to that of O. vir
ginica. In the specimens I examined, the promyal
chamber extends approximately one-half the
length of the gill, and the funnel-shaped cloaca
was much wider than in O. virginica. In O.
edulis the promyal chamber is absent and the
entire system of water tubes, epibranchial cham
bers, and cloaca is symmetrical (fig. 120). In
comparison with O. virginica and O. gigas, the
cloaca of O. edulis is much broader and longer,
which is probably the result of the almost circular
shape of the body. The water tubes are shorter
than in Orassostrea.

The promyal chamber also has been described
for the Australian rock oyster, Ostrea (Orassostrea)
cucullata, Born (0. comercialis 1. and R.), and in
Ostrea (Orassostrea) frons L. from the mangrove
roots in Florida (Nelson, 1938).

Oysters of the Orassostrea type inhabit and
thrive in the brackish and muddy coastal waters,
which are less suitable for the mollusks of the
Ostrea type. It has been implied by some investi
gators (Elsey, 1935; Nelson, 1938) that the toler
ance to muddy waters is due to a superior cleaning
mechanism which is somehow associated with the
presence of the promyal chamber and prevents
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FIGURE 118.-Cast of the water exhalant system of a very
large C. virginica. Note the extent of the promyal
chamber along the gill axis and the impression made by
the distended pallial arteries at the lower end of the
right demibranch.
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FIGURE 119.-Cast of the water exhalant system of the
gill of C. gigas viewed from the left side. cl.-cloaca i
l.d.-Ieft demibranch; pm. ch.-promyal chamber;
r.d.-right demibranch.

Each lamella of a gill consists of a great number
of tubular filaments arranged at right angles to the
axis of the gill. At the edge of the plate the fila
ments are reflected on themselves and continue

the accumulation of sediment in the pallial cavity.
No evidence has yet been presented to corroborate
this view. The physiological significance of the
chamber is not known beyond the fact that it pro
vides an additional outlet for the discharge of
water through the gills. Elsey (1935) remarks
that in O. gigas the promyal chamber allows a free
passage of water when the gonads distend before
spawning and encroach into the branchial space,
partially closing the water tubes. Sections of the
visceral mass of O. virginica with fully developed
gonads do not show any "encroachments" into
branchial space. The latter remains unob
strueted, and the water tubes fully open. At
present it is difficult to see what structural and
physiological advantages are gained by the pres
ence of a promyal chamber in Orassostrea oysters.

GILL LAMELLA

upward along the plane of the ascending lamella.
The filaments forming the gill-lamella do not lie
smoothly on one planej they are arranged in a
series of transverse folds or plicae that give the
surface of the gill a plaited appearance noticeable
to the naked-eye. A transverse section (fig. 121)
shows the arrangement of filaments in alternating
grooves and ridges. The number of filaments on
a single fold of an adult O. virginica is not constant.
In my preparations it varied from 10 to 16 per
fold.

There are three types of filaments that can be
distinguished by their position, shape, and dimen
sions. The larger, or principal filaments (fig. 121,
pJ.), are located at the bottom of the groove
between the plicae. In cross section they have a
triangular shape with two bulky chitinous rods
forming two sides of this triangle. The rods are
fused at the apex but are separated at the base
which contains a narrow blood vessel. The tw~
transitional filaments (t.f.), one on each side of
the principal one, are smaller and differ in shape
from the ordinary filaments (o.f.), which form the
rest of the plica. Sometimes the difference is
insignificant. In general the ordinary filaments
seen on cross section are elongated, club-shaped
units.

Throughout their length the filaments of each
plica are joined at the bases by regularly spaced
interfilamentar junctions (if.j.), which consist of
narrow bands of vascular connective tissue. The
free portions of the filaments surround the oval
shaped openings, called ostia or fenestrae (0.),
through ~hich the water enters the inside passages
of the gIll. Numerous muscle fibers follow the
interfilamentar junction and extend along both
sides of the plica to its distal part (if.m.). At
intervals, the two lamellae of each demibranch
are connected by the partitions (interlamellar
septa) made of connective tissue (il.s.) which run
across the plate from one lamella to· the other.
These partitions are more numerous toward the
distal (free) edge of the demibranch and diminish
toward the base of the gill, where they are found
only at about every sixth plica. The interlamellar
junctions contain numerous muscle fibers, blood
vessels, and nerves. The muscle fibers are
arranged in three systems: the longitudinal mus
cles (l.m.) seen in cross section extend vertically
from the proximal to the distal end of the lamellae',
the transverse muscles (tr.m.) go from one side of
the lamellae to the other; and the tangential
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FIGURE 120.-Inner cast of the water exhalant system of the gills of O. edulis. Right-viewed from posterior side;
Left-:-viewed from left side.

interlamellar muscles (il.m.) underlie the surface
epithelium of the junction between the ascending
and descending lamellae. At both ends of the
junction near the location of the principal fila
ments the muscles branch off and form well
pronounced bands underlying the chitinous rods.
It can be deduced from the pattern of distribution
of the interlamellar muscles that their contrac
tions bring the plicae of the two sides of the
demibranch together, constrict the blood vessels,
and reduce the diameter of the water tubes.

SKELETON

A framework of chitinous rods forms a scaffold
ing which supports the entire gill structure. The
skeleton can be isolated from the tissues by brief
treatment with a weak solution of sodium hy
droxide, which does not affect the chitin. Struc
tural elements cleared by this method are shown
in figure 122. The skeleton of each filament
resembles a ladder with the horizontal rungs
slightly curved on one side and joined to the
vertical elements by knobs of chitin. On both
sides the supporting ladderlike unit of each
filament is joined by cross pieces to the next
units, forming a continuous framework. The
vertical and horizontal bars surround the open-
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ings (ostia) between the filaments (0.). Each
skeleton unit supports two adjacent filaments.
The vertical bars correspond to the walls of the
two adjacent filaments, while the horizontal
members (the rungs of the ladder) are embedded
in the tissue of the interfilamentar junctions.
Two purposes are accomplished by such a pattern.
The gill acquires rigidity and at the same time
provides strong support for the delicate, sievelike
membrane through which water passes into the
water tubes. Heavy rods support the principal
filaments (fig. 123). At the base of the gills the
skeleton rods form massive V-shaped arches
embedded in fibrous connective tissue (fig. 124).

THE FILAMENTS

The structural unit of the gill is a tubular
filament of ciliated epithelium supported by
skeleton rods. The central part of the filament
is occupied by a space which is periodically filled
with blood as the gill plates expand and contract.
Connective tissue underlies the proximal part of
the filament which consists of nonciliated, almost
cuboid cells, tightly packed in a two-cell layer.
The distal part of the filament is covered with
ciIiated cells (fig. 125). Bulky mucOUS cells
occur at irregular ill tervals and dischll:rge their
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FIGURE 121.-Transverse section of the demibranch of C. viriginica. Kahle fixation, hematoxylin-eosin. ch.r.-chitinous
rods; g.-groove; if.j.-interfilamentar junction; il.m.-interlamellar muscles; iI.s.-interlamellar septum; l.m.
longitudinal muscles of the interlamellar septum; o.--ostium; o.f.-ordinary filament; p.f.-principal filament j

pl.-plica; t.f.-transitional filament; tr.m.-transverse muscle of the interlamellar septum; w.t.-water tube.

content to the surface of the gills. The secreted
mucus spreads over the gill plates and entangles
the particles which settle on them. At the distal
edge of the gill the filaments are fused together
to form a terminal groove along which food is
conveyed toward the mouth. The principal
filaments differ from the others by their larger
size and nontubular appearance. At the base of
each filament there is a blood vessel located in a
space between the chitinous rods. The epithelial
cells are slightly larger than those of the ordinary
filaments and have longer cilia (fig. 126).

OSTIA

Ostia or fenestrae, the oval-shaped open spaces
between two adjoining filaments (figs. 121 and 125,
0.), are framed by two vertical and two horizontal

THE GILLS

skeleton bars covered with epithelium. Their
configurations and dimensions vary, depending
on the degree of contraction of the filamental
musculature and the distention of blood spaces.
In an actively feeding oyster the contraction and
expansion of the ostia regulate the passage of water
through the gills. This can be observed on the
surface of a gill exposed by cutting off a piece of
shell. The dimensions of the ostia are somewhat
correlated to the size of the oyster ova which pass
through the gills during spawning (see ch. XIV,
p. 303). In a viviparous O. lurida the ostia are
large, varying from 90 by 45 JJ. in contracted
state, to 180 by 60 JJ. when fully expanded. The
ova of this species average 90 JJ. in diameter. In
C. gigas and C. virginica, which have smaller eggs,
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FIGURE 122.-Side view (A) and front view (B) of a
skeleton of ordinary gill filaments of C. virginica. Soft
tissues removed by sodium hydroxide. Unstained
preparation, whole mount.
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the ostia are approximately only one-third the
dimensions of those in O. lurida.

CILIARY TRACTS

The surface of the filament is covered by
several different ciliary tracts. Cells of uniform
size on the outer surface bear the frontal cilia,
which are relatively small and beat parallel to the
surface of the filament (fig. 125, fr.c.). They are
flanked on each side by a single laterofrontal cell
(If.c.) of larger size with a blade-shaped cilium,
which according to Atkins (1938) occurs in the
family Ostreidae and is somewhat different from
the laterofrontal cells of other bivalves. In
fixed and stained preparations this wide and
curved cilium is frequently frayed. The shape
of the cilium and the presence of the basal granules,
typical for normal ciliated cells, both indicate
that the laterofrontal cilium· is formed by the
fusion of ordinary filaments, a view which is con
firmed by studies made with the electron micro
scope (see p. 132). The laterofrontal cells of O.
virginica are fairly large and cone-shaped; their
relatively small nuclei are located at the narrow,
proximal end of the cell; and the protoplasm is
devoid of granules and deeply stained with
hematoxylin. The laterofrontal cilia of gills
preserved in a relaxed state extend toward their
opposing numbers on the adjacent filament and
touch their tips. In a contracted gill they are
bent and almost undistinguishable from the
cila of the frontal cells. The length of the latero
frontal cila on sectioned and stained preparation
varies from 11 to 15 fl. Accurate measurements,
however, are difficult because of the bending of
the cilia which do not remain fully extended even
in completely narcotized cells. In O. edulis,
according to Atkins (1938), the length of the
latero£rontal cilia varies from 14 to 25 p.. The
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FIGURE 123.-Chitinous rod of the principal filament of C. virginica. Soft tissues removed by sodium hydroxide. Un
stained preparation, whole mount.
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FIGURE 124.-Longitudinal section near the base of the
gill of C. virginica. Chitinous arches, ch.a., are em
bedded in fibrous connective tissue, f.c.t. Osmic acid
fixation, iron hematoxylin.

frontal and laterofrontal cilia of the principal
filaments have the same structure as those of the
ordinary filaments, differing only in their greater
size. A short distance below the cell surface each
cilium terminates in a basal body, a tiny granule
from which a pair of rootlets extends deeper into
the protoplasm and becomes undistinguishable
near the nucleus (figs. 126 and 127).

Microns

FIGURE 125.- Transverse section through ordinary fila
ment of C. virginica. Vertical chitinous rods (stippled
areas) and blood space are at the center. fr.c.-frontal
cilia; If.c.-Iaterofrontal cilia j I.e.-lateral cilia j 0.

ostium. Kahle fixation; hematoxylin-eosin.

Besides the frontal and laterofrontal cilia,
Atkins (1938) distinguishes in O. edulis the "fine
frontal" and "paralaterofrontal" cilia, Which run
on both sides of the central portion of the frontal
tract (fig. 127, U.e., para !.f.e.). He states (1938,
p. 367) that: "Subsidiary laterofrontal cilia are
present in Ostreidae, but are very difficult to
distinguish even in the living gill." I was unable
to identify these cells in sectioned preparations or
in the living gill filaments of C. virginica examined
under high power. The frontal cilia of this
species appeared to be of uniform length along
the entire cross section of the tract. (fig. 125).

Beneath the laterofrontal cilia of the filaments
there is a group of six large cells, four of them
broad and two narrow, which bear large, stout.
cilia about 17 to 18 IJ. in length. These are the
lateral cilia (fig. 125 and 127, l.c.), which bend
forward slightly toward the outer surface of the
filament and touch the cilia of the opposite group.

TERMINAL GROOVE

The free edge of a demibranch formed by the
concrescence of the ascending and descending
lamellae is a shallow trough called the terminal

eh.a.
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FIGURE 126.-Transverse section of the principal filament of the gill of C. virginica drawn from the same preparation as
in figure 125. Note the well-developed muscle fibers, m., under the large skeleton bars, ch.r.. c.t.-connective
tissue; bl.v.-blood vessel; bl.s.-blood space; fr.c.-frontal cilia; If.c.-laterofrontal cilia; l.c.-lateral cilia; m.
muscle.

groove. This depression at the border of the
gills extends their entire length. The epithelial
lining of the terminal groove consists of columnar
ciliated cells with large cilia and numerous mucous
and eosinophilic cells. The epithelium rests on
a basal membrane. Transverse muscle fibers
extend between the two sides of the groove.
During feeding the grooves are open, the condition
which is shown in figure 128. Their contraction
brings the edges together and closes the groove.
In this way the oyster discards some of the
material which was collected by the surface of
the gill. The rejected particles entangled in
mucus are dropped to the inner surface of the
mantle and are discharged. The direction of the
ciliary beat along the four terminal grooves is
always toward the labial palps and the mouth.

THE MUSCLES OF THE GILLS

The gills of an actively feeding oyster contract
and expand at frequent, although irregular, inter
vals. This behavior is difficult to notice in an

130

intact oyster, but it can be observed in an oyster
in which much of the valve has been cut off
without injuring the adductor muscle and the
gills. The mantle at the exposed area rolls up
and leaves the gills in full view, and if carefully
performed, the operation has no visible ill effect
on the function of the gill.

The most conspicous movements which can be
seen with the naked eye are the muscular con
tractions at the bases of the gills and the corres
ponding changes in the position occupied by the
demibranchs. These four structures may stand
apart like stiff leaves of a wide open album or
they remain parallel, touching one another like
the pages of a closed book. There is also a lateral
movement of the filaments which brings them
together or pushes them apart. This movement
frequently occurs independently of the contrac
tions of the demibranchs and may be limited to
a small portion of the plica. Both types of move
ments affect the opening of the ostia, which are
widely stretched when either the four demi-

FISH AND WILDLIFE SERVICE



FIGURE 127.-Cross section of the filament of the gill of
O. edulis, according to Atkins, 1938. an.l.fc.-anterior
laterofrontal cilia; c,f.c.-central frontal cilia i Lf.c.
fine frontal cilia; para l.fc.-paralaterofrontal cilia;
m.g.-mucous gland; I.-lateral cilia; t.m.-transverse
muscle fiber. Chitinous rods are shown as black areas
under the epithelium.

branchs or only a group of filaments stand apart
and are constricted when the latter are drawn
together.

Changes in the position of the demibranchs de
pend on two distinct systems of muscles located at
the gill axis above and below the skeletal arches.
In general the muscle fibers follow the configura
tion of the arches. The larger bands located in
side the arches are the flexor muscles, which are
attached to the inner sides of the two arms of an
arch (fig. 129, f.). Their contractioll brings the
two adjacent demibranchs together. The smaller
bands at the base of the arch (ex.) are the extensor
muscles, which cause the demibranchs to stand
apart. The action of the two bands shown in the

FIGURE 128.-Terminal groove at the edge of a demi
branch of C. virginica. Longitudinal section of the
demibranch. Bouin, hematoxylin-eosin.

figure is antagonistic. The extensor bands are
smaller, probably because the elasticity of the
chitinous arches pushes the demibranchs apart and
this springlike action means that less force is re
quired of the e,x:tensor muscles than of the flexor
bands.

Other muscle bands of the gills, although less
conspicuous than the flexors and extensors of the
arches are, nevertheless, of great importance in
regulating the transport of water through the com
plexgill apparatus and in facilitating the exchange
of blood inside the gill filament. Water tubes of
the gill can be constricted by the contraction of
the muscles underlying the epithelium of the inter
lamellar septa and extending from one lamella to
another (fig. 121, il.m.), while the contraction of
the transverse muscles of the interlamellar septa
compresses the blood vessels. The contraction of
the longitudinal muscles of the septa (fig. 121,
l.m.) results in the withdrawal and shortening of
the entire demibranch. This reaction occurs spon
taneously but can also be induced by stimulation.
The contraction of the interfilamental muscles
(if.m.) brings together the vertical rods of the gill
skeleton, causes the curving of the crossbars, and
constricts the blood space of the filament, forcing
blood into the pallial veins.

Contractions affecting only part of the gill cause
the blood to oscillate inside the gills. Because of
the open nature of the lamellibranch circulatory
system the direct return of blood from the gills to
the auricles cannot be accomplished by the pump
ing action of the heart. Contractions involving
the entire gill apparatus are needed to complete
the renewal of blood.
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CILIATED CELLS

FIGURE 129.-Longituclinal section through the base of
a clemibranch of C. virginica. Kahle, Mallory triple
stain. ex.-extensor muscles; f.-Aexor muscles. Pieces
of the skeleton arch are shown in black.

The tructure and function of vibratile elements
of the cells have been the object of numerous inves
tigations beyond the scope of this book. The
reader is, therefore, referred to comprehensive re
views of the problem of ciliary motion made by
Gray (1928) and more recently by Atkin (1938)
and Brown (1950). Several theories ba ed on
studies of the tructure and action of cilia fail to
give a satisfactory explanation of ciliary motion,
which at present still remains a biological mystery.

Cilia examined in transmitted light or viewed on
a dark background in reflected light appear to be
optically homogenous. In polarized ligh t they
are birefringent (Schmidt, 1937). Observations
with the light microscope di close the presence of
an axial filament (axoneme) urrounded by a thin
sheet of cytoplasm (Wenyon, 1926). As a rule,
the cilia emerge from tiny basal granules
near the cell smface and penetrate through the
cuticle, which under the light microscope appears
as a thin homogenous membrane. Studie of
the role and origin of basal bodies in various
ciliated cells have resulted in !\ great number
of speculations. Experimen ts by Peter (1899)
showed that in small fragments of a crushed
protozoan the cilia continued to beat as long
as they were in organic connection with the
adjacent pieces of cytoplasm. He deduced from
this observation that the ciliary mechanism is
located neal' the surfn,ce of the cell. Similar l'e ults
were obtained with lateral cells tripped away

FINE STRUCTURE OF THE CILIA

from the filaments of Mytilus gills. The cilia
that were removed from the basal granules re
mained motionless while those connected with
them continued to beat (Gray, 1928). The
microdissection technique in more recent years
supports these findings. It was demonstrated
thn,t in the ciliated cells of the gills of Anodonta
the motion of the cilia ceases when the cell is cut
trn,nsverscly in the immediate region of the basal
granules. Transverse cuts made at any level
within the proximal two-thirds of the cell had no
effect on ciliary motion, but if the cut was made
[1cross the zone occupied by the fibrillae or rootlets
in the distal third of the cell, the coordination of
the ciliary motion was destroyed although the
cilin, continued to beat. These observations
seem to support the validity of the theory, ad
vanced illdependelltly by Henneguy (1897) and
Lenbossck (1898), that the basal granule, homol
OO'ous and sometimes identical with the centro
s~me of the mitotic figme, is the center which
controls the activity of the cilium.

With the advance of electron microscopy con
siderable progress has been made in the study of
the fine structure of cilia. It has been discovered
that throughout the plant and animal kingdoms,
regardless of the position of the organism on the
evolutionary level and irrespective of the organs
studied, cili!\' have a common structural pattern.
The cilia of the gill epithelium of the oyster are
no exception to this rule. Thin sections of the
fron tal and lateral cells of the filaments fixed in
bufl'ered osmic n,cid and examined under the elec
tron microscope show a structme which is undis
tino'uishn,ble from that of the cilia of vertebmtes,
pro~ozol1, or the tails of spermatozoa. The cilium
consists of a protoplasmic matrix in which are
embedded 11 filaments; 2 single filaments are at
the cen ter and 9 double ones are arranged in a
ring on the periphery. The central pair is con
nected to the peripheral ring by radial trabeculae
or spokes. Short pieces of dense material join
the outer filfLInen ts to the membrane (fig. 130),
which binds more osmiwu and is, therefore, darker
than their interior, making the cilia appear tubular
(Fawcett, 1958). The two central filaments are
ovn,l shaped in cross section. The plane in which
these filaments are oriented is similar for all the
cilia of the cell find is thought to be perpendiculm'
to the direction of the ciliary beat (Fawcet,t, 1958).

f

200

~-=:-----ex.

Micronso

132 FISH AND WILDLIFE SERVICE



Micron
0.5

FIGURE 130.-Cross section of the group of frontal cilia of the gill of C. virginica. Microvilli of the cell surface are seen
at the bottom. Electron micrograph. Buffered osmic acid 1 percent.

The orientation is apparent in the electron micro
graph (fig. 131) of a longitudinal section of the
distal part of the lateral cell of the filament of
C. vil'ginica and on transverse sections of the
frontal cilia (fig. 130). Because the latter cilia
are curved in the direction of the beat, they were
cut transversely and appe,1!' in the micrograph a
short distance above the cell surface. Their oval
shaped axial ftlaments are oriented parallel to the
surface of the cell, i.e., in the direction of ciliary
beat. The membranelike 1l1terofrontl11 cilia con
sist of several individual cilia embedded in 11

protoplasmic membrane, but each element retains
the typical structure of a single cilium (fig. 131).

The basal corpuscles of cilia are I1rl'l1nged in
rows (fig. 132), and the central part of el1ch is
surrounded by denser cortex, giving the appear
I1nce of an empty centml cl1vity. In the longi
tudinal section (figs. 131 I1nd 132) they I1re
elongated with a pair of rootlets arising from
el1ch proximal end. Rootlets of the cilil1 of the
clam, Elliptio complanatus, hllVe 11 periodic stril1-

THE GILLS

tion of about 750 A. Similar periodicity appears
in electron micrographs of oyster cilia made in
the course of my studies, but the picture is not
as clear as that published by Porter I1nd Fl1wcett
(see DeRobertis, Nowinski, and Saez, 1954, p.
382).

The distribution of rootlets follows a precise
pattern. El1ch rootlet of a pair turns at an acute
angle and crosses over the rootlet of the adjacent
corpu cleo The rootlets may be followed further
down the cytopll1sm toward the nucleu (not
shown in the microgmph); some of them cross
the second rootlet emerging from the other side
of the same corpuscle as can be seen at the center
and left side of figure 132. The crossed rootlets
are in close contact with each other, but it is
not clear whether or not they are fused. Ap
parently direct communication between the basal
corpuscles is lacking.

The question of whether the rootlets are simply
the anchoring tructures of the cilia or play an
active part in its movement remains unanswered.
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FIGURE 131.-Longitudinal section of the distal portion of laterofrontal cell of the gill of C. virginica. Since the plane
of section passes at the middle of the cilium only single axial and two peripheral filaments can be seen. The basal cor
puscle and the beginning of rootlets are at the lower part of the micrograph. Electron micrograph. Buffered osmic
acid 1 percent.

There is the possibility that they may represent a
coordinating mechanism of the ciliary epithelium.
The fact that the rootlets of the two adjacent
corpuscles cross each other is in favor of this
view, which was advanced by Grave and Schmitt
(1925) on the basis of their observation of the
cilia of fresh-water mussels made with the light
microscope. Exploration with the electron micro
scope gives additional support to their hypothesis
which, however, requires further corroboration.

The free surface of the ciliated cell appears as
a thin homogenous layer, devoid of visible struc
ture, when examined in the light microscope. In
reality this layer consists of fingerlike processes
called microvilli (figs. 130 and 132), which are
found in various tissues; they are considered a
device to increase the surface of the cell. Their
number has been estimated as high as 3,000 per
single cell of intestinal mucosa, and there is no
doubt that numerous fingerlike processes greatly
increase the surface area of the gill and fl1cilitate
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the exchange of gases and ions. In figure 132
the layer of microvilli, about 0.5 JJ, in thickness,
rests upon the plasma membrane of the cells.
The cytoplasm under the membrane contains
numerous mitochondria.

The complex ultrastructure of the ciliated cell
of the oyster gill is shown diagrammatically in
figure 133, which represents a reconstruction of
the principal features seen on electron micro
graphs. The diagram is based on a large number
of micrographs and summarizes our present
knowledge of the dimensions and arrangement of
the various parts which comprise the ciliated
apparatus of the oyster gill.

Although the mechanism of ciliary motion is
not known, studies of the ultrastructure of the
cilia suggest that the molecular organization
of both cilia and myofibrillae of the muscle cells
are homologous and that the mechanism of their
contraction is similar. This conclusion gains
further support from biochemical studie,s which
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FIGURE 132.-Section perpendicular to the surface of frontal cilia of the filament of the gills of C. virginica. The curved
frontal cilia are cross sectioned. Note the row of basal corpuscles with rootletsj the sharp line, parallel to the surface
of the cell corresponding to plasma membrane; and the microvilli above it. Electron micrograph. Osmium fixa
tion. Buffered osmic acid 1 percent.

show that both the contl'l1ction of the muscles
llnd the movement of bacterial cilia is stimulated
by adenosinetriphospbate (DeRoberti, Nowin
ski, and Saez, 1954, pp. 389).

MECHANICAL PROPERTIES OF THE
CILIUM

l\110st of the observations on the structUl'e n,nd
and movements of lamellibranch cilia were made
on the gills of Mytilu8. There is no rea on to
think, however, that the cilia of the oyster gill
are fundamentally different from those of the
mussel.

The gitl cilium is a flexible and elastic rod which
can be deformed by mechanica.l pre sure applied
with a microdissection needle. The deformity is
repaired rapidly when the pre sure is removed.
Gl'l1y (1928) interprets these observations on
".Myt'ilu8 cilia as an evidence of trl1,nsverse elas
ticity of the cilium.

THE GILLS

The movement of the cilium consists of two
distinct phases, the forwl1rd effective stroke and
the much slower recovery stroke which brings
the cilium to its initial po ition. The velocity of
the effective stroke is considered to be five times
that of the recovery stroke (Kraft, 1890). The
effective stroke begins with the curving at the
tip and extends down to the base, bending the
entire cilium into an arch of 180°; throughout this
period the cilium behaves as a rigid rod mounted
to the cell by its end. Dming the recovery
stroke the cilium stl'l1igh tens from the ba e to
the tip and moves backward as 11 limp thread.
Both the effective and the recovery strokes take
place in the same pll1ne, which remains constant
(Gl'l1y, 1922a; Cl1rter, 1924).

The movement of 11 cilium re ults from con
tl'l1ction of its fill1ments. It is not clear, however,
whether all 11 fill1ments are equally involved in
the effective and recovery stroke. Furthermore,
it appears probable, although definite proof is
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FIGURE 133.-Diagrammatic reconstruction of the distal
portion of the ciliated cells of the gill epithelium of C.
virginica. ax.f.-axial filament; b.pl.-basal plate and
basal corpuscle; c.-cilium; cw.-plasma membrane;
mit.-mitochondria; r.-rootlet. Cross section of the
cilium shown at upper left corner.

wanting, that the pair of axial filaments gives the
cilium the necessary rigidity but does not partici
pate in the movement.

METACHRONAL RHYTHM

Automatism is a general characteristic of ciliary
motion. This typical property of ciliated epi
thelium, common to all animals which have
ciliated cells, is a fundamental characteristic of
the ciliary motion of lamellibranch gills. As
Gray (1928, p. 4) stated: "There can be little
doubt that all cilia are fundamentally automatic
in their movement and that the power possessed
by organisms to inhibit the locomotion of their
cilia is of extraneous nature."

In any ciliated surface there is some sort of
coordinating mechanism that manifests itself in
the metachronal rhythm of the beat. The term
metachronal rhythm or metachronism denotes the
regular sequence of ciliary motion in which any
cilium in a given series is slightly out of phase
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with the cilium behind and in front of it. Since
the cilia in one row of the epithelium beat at the
same rate but are in different phase, their com
bined movement gives the optical appearance of a
wave passing over a wheat field on a windy day.
The beating of the lateral cilia along the isolated
filament of an oyster gill is an excellent obJect in
which to observe the metachronal wave. In the
drawing of an exposed surface of the gills of a live
oyster examined under a compound microscope
(fig. 134) the metachronal waves along the two
rows of the lateral cilia move in opposite direc
tions. The effective stroke of the lateral cilia in
this case is at right angles to the direction of the
metachronal wave (i.e., perpendicular to the plane
of the drawing). The crest of the wave includes
the cilia that are ready to begin their effective
stroke; in the troughs are the cilia that are about
to start the recovery stroke.

The direction of the metachronic wave is not
disturbed by the temporary cessations caused by
such extraneous agents as narcotics or cold.
Upon recovery the metachronic wave proceeds in
the same direction as when the motion was
artificially stopped. In the ciliated epithelium of
the roof of a frog's mouth the metachronic wave
is not disturbed even if a piece of epithelium is
cut off and then placed back after rotating it 180 0

(Brucke, 1917). Transplantation of the gill
epithelium of an oyster was tried in the Bureau's
shellfish laboratory without success. Copious
discharge of mucus, continuous bleeding of the
wound area, and the curling up of the filaments
interfered with the implantation of the excised
pieces. In all my experiments the host animals
discarded the implants in a short time.

The fact that small pieces of ciliated surface

FIGURE 134.-Two tracts of the lateral cilia of C. virginica
along the two filaments on both sides of the ostia.
Small black particles suspended in water are drawn into
the ostia while the large ones are discarded by the
recovery strokes of the lateral cilia. Drawn from life.
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or even single ciliated cells removed from the or
ganism continue to beat for a long time leads to
the conclusion that in the majority of cases the
ciliary motion is independent of nervous control
of the organism. This is, however, not a general
rule since the ciliary motion on small fragments
of the lips of the snail, Physa, removed with the
attached nerve, soon ceases unless the nerve is
stimulated (Merton, 1923b). Numerous investi
gations give support to the concept that in many
invertebrates and vertebrates the nervous system
is an effective agent in the control of coordinated
activity of ciliary tracts (Babak, 1913; Carter,
1927; Gothlin, 1920; Lucas, 1935; McDonald,
Leisure, and Lenneman, 1927; Seo, 1931).

Bipolar cells and nervelike fibers immediately
below the ciliated epithelium of the gills of fresh
water mussels, Lampsilis and Quadrula, described
by Grave and Schmitt (1925), were supposed by
these authors to serve as conduction paths for
stimuli which they claim regulate and coordinate
ciliary movements of the gills of these mollusks.
According to their point of view, the ciliated cells
of the bivalve gills have a dual control. They
may be perfectly autonomous and continue to
beat in the complete absence of neural connections;
on the other hand, the automatic beat of the cilia
may be regulated through supplementary nervous
connections in conformity with the state of the
organism as a whole. These authors assume that
ciliated tissues of fresh-water mussels are both
autonomous and under the control of the nervous
system.

Intracellular fibrillae of the gills of Mya, Lamp
silis, and Quadrula were considered by Grave and
Schmitt (1925) to be the conductive paths for
coordinating and regulating ciliary movement. A
complex system of interconnecting rootlets of the
ciliated cells of oyster gills described above
(fig. 132) gives additional support to this view.
Grave and Schmitt (1925) described also the
nervelike apparatus of bipolar cells and fibers.
Reinvestigation of the tissues of fresh-water mus
sels by Bhatia (1926) did not support these
findings. No such structures were found in my
preparations of the gills of O. virginica, or, ac
cording to Lucas (1931), in the gills of Mytilus
edulis. Their existence in the gills of fresh-water
mussels seems to be doubtful.

FREQUENCY OF BEAT

The rate of ciliary beat can be observed easily
on lateral cilia because of their relatively large
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size and well-pronounced metachronic wave. Ob
servations must be made on small excised pieces
of gill since the position of the lateral cilia on the
sides of the filaments makes it impossible to
watch their activity on an intact demibranch.
In my preparations the filament or a group of
them was separated by using fine needIes, and
kept in a micro-aquarium filled with sea water.
The temperature was controlled by circulating
cold or warm water in the outside jacket of the. .
mlCroaquarmm.

The frequency of beat was determined by using
a stroboscope of the type manufactured by R.C.A.
and sold under the name "Strobotac". The
reddish flickering light given off by this instrument
is sufficient to observe cilia under a magnification
of about 250 X. Readings are made directly
on the panel of the instrument by rotating the
knobs controlling the frequencies. The instru
ment must be adjusted to the zero point and
frequently checked.

Gradual decline in the frequency of beat on the
excised filament becomes apparent after several
hours; the disturbance of the metachronism in
the preparations kept for more than 24 hours is
a sign of pathological conditions. Such prepa
rations should be discarded.

The frequency of beat varies greatly in different
oysters of the same age, origin, and environment.
For instance, among the 12 large adult specimens
from New England waters tested in August 1956,
the range of variation at room temperature of
22° to 23° C. was from 16 to 27 beats per second.
All the specimens were in excellent condition and
appeared normal in every respect.

In addition, there are sometimes wide variations
in the frequencies of ciliary beat in the adjacent
filaments of the excised gills. In studies of the
effect of ·temperature and other environmental
factors on the rate of beat, therefore, all the read
ings must be made over the same portion of the
ciliary tract. This is sometimes difficult because
of the mobility of the excised pieces and copious
secretion of mucus which interferes with the
observations.

In the data summarized in table 14 the beat
frequencies were recorded in a selected locus of the
tract of lateral cilia kept at nearly constant tem
perature. The filaments were taken from the 14
different oysters listed in the first column of the
table. Observations lasted from 10 to 30 minutes.
The maximum range of variation recorded during
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TABLE 15.-Frequencies of beat of lateral cilia of the gills of
adult C. virginica at different temperatures

[Stroboscope readings made on excised filaments kept in sea water]

aquarium so that all the readings would be made
on exactly the same locus of the ciliary tract.
This was necessary because of the considerable
differences in the rate. of beating which occasionally
occur along the adjacent filaments.

The results, summarized in table 15, show the
maximum median frequency of 27.7 beats per
second at temperatures of 25° to 27° C. The
ciliary activity became irregular at about 35° C.,
and the movement ceased at 37° to 38° C.
Whether these limits are applicable to oysters
from warm southern waters is not known, since
all the observations were made only on the New
England oysters. Between 35° and 37° C. the
motion was so irregular that its frequency could
not be recorded with certainty. Irregular beating
at the rate of about two beats per second was ob
served in some specimens during short exposure
to the temperature of 45.6° C. Judging by the
median values of the beat frequencies, the opti
mum temperature is between 23 0 and 27 ° C. (see
fourth column, table 15). The ciliary activity
declines rapidly below 21 0 C. and ceases com
pletelyat 5° to 70 C.

Individual variations in the frequency of beat
among oysters of a single population suggest dif
ferences in their physiological states and different
requirements for food and water for respiration.
As a rule, spawned-out females remained inactive
for some time in late August and early September.
During this period the gonads containing un
spawned sex cells were reabsorbed and tissues be
came watery because of the reduction in solids
content. The adductor muscles remained con
tracted, and the shells were closed for unusually
long periods, lasting from 3 to 4 days, or opened

o C. Number Number Number
36-37. _____________ Irregular Irregular Irregular33-35 .________ 24.2 _
31-33______________ 17.3 27.7 22.5
29-31._____________ 23.8 23.8 23,8
27-29. 19.3 27.7 23.3
25-27._____________ 20.8 33.3 27.7
23-25._____________ 21. 3 33.3 25.6
21-23______________ 16.6 27.7 20.8
19-21._____________ 16.7 20.3 17.2
17-19._____________ 13.3 16.7 13.7
15-17. 10.0 11.6 10.5
13-15._____________ 3.6 11.9 10.2
11-13______________ 2.2 8.9 5.6
9-1L_____________ 1. 6 2.6 2.1
7-9._______________ 1. 5 1. 9 1. 8
5-7. _

Prepara-
tions Oysters
used used

Number
1

2
1
2
3
3
5
2
2
2
3
3
2
2
5

Number
2
1
5
1
3
7
7

13
3
6
6
7
8
8
5
5

Frequency of beats per second

Minimum Maximum Median

Temperature
range

Dura-
Beats per second

Temper- Record-
Oyster tion ature Ings

range Max. Min. Me-
dian

-----------
Min-

Spawned out. sex un- utes o C. No. No. No. No.determined____________ 21 23.8-23.8 20.7 18.3 19.6 20
Two-year-old____________ 10 24.1-24.4 17.3 15.7 16.3 10
Ripe male. ______________ 15 23.3-23.3 15.3 16.0 15.5 15
Spawned out male_______ 10 23.2-23.6 21. 5 20.5 21. 2 10
Spawned out male.. _____ 10 24.0-24.2 21. 3 19.3 20.0 10
Ripe male. ______________ 12 25.1-25.2 25.2 23.5 24.8 10
Spawned out female. ____ 30 25.2-25.4 23.7 21. 1 22.1 15
Spawned out female. ____ 15 24.2-24.3 20.5 16.6 18.5 15
Spawned out female _____ 10 25.1-25.1 20.6 17.3 19.0 10Ripe female. ____________ 10 24.5-24.5 18.8. 15.6 17.3 10
Ripe female. ____________ 20 26.5-26.5 18.0 15.5 17.3 20
Spawned out female. ____ 10 23.0-23.1 21. 5 19.3 20.7 10
Spawned out female. ____ 10 23.0-23.1 19.6. 18.8 19.3 10
Spawned out female .. ___ 30 22.4-23.2 20.7 19.7 20.6 15

each test was from 16.6 to 20.5 beats per second.
The greatest difference between the individual
oysters was recorded in two ripe males; one had the
median frequency of 15.5 per second (at 23.3° C.)
while in the other the cilia beat at the rate of 24.8
per. second (at 25.1 ° C.). In the majority of the
oysters the median rate of cilia beat varied between
18 and 22 per second.

EFFECT OF TEMPERATURE

In evaluating the biological significance of the
experimental data of the effect of temperature on
beat frequencies, one should remember that the
pieces of isolated tissue used were in an abnormal
situation. They were deprived of blood supply,
separated from close association with other struc
tural elements of the gill, and subjected to in
creased concentrations of metabolites. It is con
ceivable that under normal conditions the lateral
cilia of an intact gill may react somewhat
differently.

Stroboscope observations fully confirm the fact
that temperature controls the ciliary beat. This
effect was observed in a series of determinations
made during the summer using small pieces of
filaments taken from 39 adult New England
oysters kept in water at various temperatures.
At the start of each series of readings 10 minutes
were allowed for adjustment to the desired tem
perature which was kept constant within plus or
minus 10 C. Ten stroboscope readings were made
at I-minute intervals and repeated at higher or
lower temperature. No more than three different
temperature levels were used on one preparation.
Careful precautions were taken to prevent the
movement of the excised filaments in the micro-

TABLE 14.-Frequency of beat of lateral cilia of 14 adult
C. virginica recorded at nearly constant temperatures

[Readings were made at intervals of 1 or 2 minutes]
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FIGURE 135.-Effect of temperature on the median fre
quencies of beat in number per second of the lateral
cilia of C. virginica. Readings were made with Strobotac
on a single filament of the gill kept in sea water in a
microaquarium. Temperature was changed by circu
lating warm or cold water in the jacket of the micro
aquarium. Duration of the experiment 2H hours.
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COMPOSITION OF SEA WATER AND
CILIARY MOTION

only for a short time. Even when the valves
opened, the gills produced a weak and unsteady
current interrupted by frequent cessations of ciliary
motion.

The eff ect of temperature on ciliary activity can
be seen more clearly in the experiments in which
only a single gill filament was used. The results
are shown in figure 135 in which the median fre
quencies of the beat are plotted against the tem
perature. As in previous observations 10 readings
were made at each temperature step and the entire
experiment was completed in about 2~ hours.
The frequency of beat rapidly increased between
10° and 25° C. The slowing down of ciliary mo
tion below 10° C. was gradual until all movements
ceased at about 6° C. The curve shown in figure
135 has four distinct slopes that indicate the dif
ferences in the response of the lateral cilia to tem
perature changes: a) a very slow increase between
6° and 11°C.; b) a more rapid acceleration
between 11° and 15° C.; c) a gradual increase be
tween 15° and 25° to 26° C.; and d) a decline as
the temperature rises toward the 30° C. mark.

Ciliary motion may be affected by changes in
the chemical composition of sea water and by
various drugs. Ionic balance of the outside me
dium is one of the principal conditions for con
tinuous ciliary activity of the gill. The most
important ions are sodium, potassium, calcium,
and magnesium; the increase in concentration of
one without a corresponding compensation in the
concentration of another or the withdrawal of one
of the ions may completely disrupt the ciliary
motion.

EFFECTS OF CHEMICALS ON CILIARY
MOTION

METALLIC IONS

The most favored object for study of the effect
of ions on ciliary motion of bivalve gills has been
the frontal cilia of the excised pieces of Mytilu8
gills (Lillie, 1906; Gray, 1922b). Onlyocca
sionally were the lateral cilia used in these obser
vations.

The monovalent metallic ions are important in
the stability of the ciliated cells and maintenance
of ciliary motion. By using a series of samples of
artificially varied sea water it can be shown ex
perimentally that the replacement of sodium by

other monovalent cations rapidly affects the rate
of ciliary beat. The effect is the greatest with
lithium and smallest with potassium. In the
order of their effectiveness the ions can be placed
as follows: Li< Na< NH3< K. There is, how
ever, a marked difference between the effects
produced by sodium and potassium. The frontal
cilia beat more rapidly in solutions containing
greater concentrations of potassium and are less
affected by changes in the concentration of sodium.
The laterofrontal cilia of Mytilu8 are affected by
potassium in a manner not observed in other cilia.
The first reaction to the increased concentration
of this ion is an increase in the rate of beating.
With further addition of potassium the recovery
stroke becomes incomplete and the cilia vibrate
very rapidly with greatly reduced amplitude and
impaired efficiency.

Magnesium inhibits the beat of the lateral cilia
of the excised pieces when the concentration of this
metal in the surrounding water exceeds its con
centration in the blood. Potassium antagonizes
the action of magnesium while sodium produces no
such effect.

The difference between the effects of magnesium
and potassium is also apparent in the way these
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ions act on the stability of the intercellular matrix.
Under normal conditions magnesium is essential
for the maintenance of stability. If the gill
preparation is placed in a medium containing
sodium and magnesium, the cells remain stable;
these deteriorate rapidly in a mixture of magnesium
and potassium. It is probable that the potassium
ion drives away magnesium from certain areas
inside the cell and sodium ions do not (Gray,
1922b). In the absence of calcium the rate of
ciliary beat is gradually decreased and eventually
ceases (Gray, 1924), but the increase of calcium
in the surrounding water produces no marked
effect on ciliary motion.

As long as the normal equilibrium of the cations
sodium, potassium, calcium, and magnesium is
maintained in the surrounding medium, the ciliated
cells (of Mytilus) are insensitive to changes in
the concentration of anions (Cl-, NOa-, Br--, 1--,
acetate, and 804--),

It may be assumed that the results of observa
tions on Mytilus gills are applicable to the oyster
and that changes in the ionic equilibria in sea
water may have a similar effect on the efficiency
of the ciliated mechanism of oysters.

HYDROGEN IONS

The effect of variations in the concentration of
hydrogen ions on the rate of ciliary motion in
bivalve gills is greater than that caused by changes
in the concentrations of any other ions. This
has been demonstrated on the gills of Anodonta,
Mytilus, Mya, and Ostrea (Chase and Glaser,
1930; Gray, 1928; Haywood, 1925 ; Nomura, 1934;
Yonge, 1925). The greatest effect is produced
by those acids which, like carbonic acid, penetrate
the cell surface most rapidly. Nomura (1934)
found the following order of efficiency of acids in
arresting the ciliary motion of Pecten: H 2COa>
CHaCOOH>HaP04> HCI. Ciliary activity ceases
in 1 minute at pH 3.8 when HCI has been added,
but with CHaCOOH or H 2COa the stoppage
would occur in the same time at the much higher
pH of 5.5. A decrease in the pH values of sea
water from 8.1 to 6.1 reduces the ciliary motion of
the gills of C. virginica to about 37 percent of their
normal rate. In these observations by Galtsoff
and Whipple (1931) the pH of sea water was
changed by bubbling carbon dioxide, and measure
ments were made of the rate of flow of water
produced by the lateral cilia. Oiliary motion
stops completely over the entire gill surface of
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the oyster when the pH of water is reduced to
5.3 to 5.6. Minimum pH in which the cilia can
function depends on the concentration with which
they are normally at equilibrium. This was
demonstrated clearly by Yonge (1925) on the
cilia of Mya. Thus the average pH inside the
style sac of this clam is 4.45 and the cilia of the
sac stop functioning below pH 3.5 to 4.0, while
the gill cilia normally surrounded by sea water
of about pH 7.2 come to a standstill at pH 5.2 to
5.8.

VARIOUS DRUGS

The effects of various drugs on ciliary motion
of the gill epithelium of Anodonta, Pecten, Mytilus,
and Ostrea have been observed by various in
vestigators.

The reaction to any effective drug usually
takes place in four consecutive stages: (1) re
tardation of the frequency of beat, (2) disappear
ance of metachronism along the ciliary tract
and its perseverance within the individual cells
(unicellular metachronism), (3) synchronous beat
ing of the cilia of a single cell (disappearance of
unicellular metachronism), and (4) cessation of
beat.

The degree of depression depends on the con
centration of the drug used and the duration of
its action. Cessation of beat in the gills of
Anodonta was observed in the following compounds
(Bethell, 1956): 0.5 percent chloral hydrate (in
4 to 5 minutes); 1 percent novocaine (9 minutes);
1.5 percent pilocarpine hydrochloride (in 10
minutes). In 1 to 1.5 percent veratrine sulfate
the metachronal wave slows until movement
ceases. Caffeine (2 percent solution) accelerates
the ciliary motion for 3 minutes and in 6 minutes
completely depresses it. The effect of adrenaline
on the gills of C. gigas was studied by Nomura
(1937). The rate of ciliary motion was observed
on excised oblong pieces of the gill that were
placed in a graduated, narrow glass tubing.
They crawled along the glass surface of the
tubing, and their advance during 1 minute was
recorded. The crawling velocity in various con
centrations of adrenaline also was recorded,
and the degree of depression of ciliary motion
was expressed in percentage of the velocity
attained in natural sea water. The results show
that the ciliary movement is depressed in pro
portion to the concentrations, which varied from
10-10 to 10- 5•

Observations made in the Bureau's shellfish
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laboratory at Woods Hole using adult V'brg'bmca
showed that 5 m1. of 1 percent solution of chloral
hydrate applied to the mantle cavity of an oyster
kept in a 4 1. tank of slowly changing water de
pressed the beatirig of the lateral cilia by 50 to
87 percent. Twenty-five minutes after the re
moval of the drug the effect disappeared and
normal (i.e., preceding) rate of ciliary motion was
reestablished. Application of 1 m1. of 0.1 per
cent chloral hydrate to the mantle and gills had
no visible effect, but 4 m1. of the same concentra
tion injected in the vicinity of the gills increased
the ciliary motion by 15 percent. The effect
lasted only a few minutes.

In the above experiments the duration of the
drug action was brief since the oysters were kept
in running sea water. Different results were ob
tained when the test oysters were left in stagnant
water. No appreciable effect was noticed in
0.015 percent solution of chloral hydrate, a slight
decrease (about 12 percent) was recorded in 0.019
percent, and the ciliary action stopped in 0.03 per
cent solution.

Slight depression of ciliary motion (from 11 to
13 percent) was obtained by a single 1 m1. dose of
nembutal solution (concentration 0.02 g. per 1.)
injected directly into the mantle cavity. No
decrease in ciliary motion appeared in the control
tests in which 1 m1. of sea water was injected.
Ciliary activity in all these tests was measured
by determining the velocity of the cloacal current.

Introduction of 3 m1. of digitalin (1 :500) into
the pallial cavity results in an immediate, 90 per
cent depression of ciliary activity. Figure 136
represents part of the record obtained by using
the electric drop counting method described in
chapter IX, p. 190. The effect is dissipated in
about 2 minutes.

A solution of pilocarpine of 1: 10,000 in sea water
applied directly to the excised pieces of O. virginica
gills has no effect on lateral cilia. In the test
made in the Woods Hole laboratory the frequency
of beat in natural sea water varied in this experi
ment from 10.5 to 11.4 per second, and from 10.3
to 10.9 per second after addition of the drug. The
concentration of 0.5 percent slowed down the
frequency by approximately 40 percent (6.5 to
6.8 per second). All observations were made at
23.5° C. Atropine sulfate solution of 1:1,000 had
only a slight effect on the frequency of beat of the
lateral cilia, reducing it by about 17 percent at
22.3° C.
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FIGURE 136.-Kymograph record of the effect of digitalin
(1 :500) on the rate of ciliary activity of the gill of C.
virginica. Electric drop counting method. First and
third line indicate time intervals of 1 second; dotted
line marks the 2 minute interruption in recording. Second
and fourth lines show the contacts made by each drop
of water discharged through the cloaca. Two ml. of
digitalin solution were injected into the pallial cavity in
5 seconds, which are indicated at the top by the straight
line which interrupts the beat recording. A signal key
was depressed for 6 seconds (upper line) when the
digitalin was being added.

The effects of acetylcholine and eserine are of
particular interest because of their importance to
the functioning of the neuromuscular mechanism.
Eserine inhibits the action of choline esterase,
the enzyme which hydrolizes acetylcholine and
prevents its accumulation. The latter would
cause an excessive neuromuscular activity.
Nomura and Kagawa (1950) found that at concen
trations higher than 10-6 both acetylcholine
chloride and eserine inhibit ciliary movement of
the gills of O. gigas. These investigators deduced
from their observations and from the experiments
of Nomura (1937) that acetylcholine and adrena
line, while inhibiting ciliary motion in the oyster,
have the opposite effect on the heart of this
mollusk.

INHIBITION OF CILIARY MOVEMENT
BY ANTISERUM

Antiserum produced in rabbits by the injection
of minced gill tissue of Anodonta inhibits ciliary
motion of the gills of this species. This observa
tion of Galli-Valerio (1916) was confirmed by
Makino (1934) for O. gigas, Meretrix, and other
bivalves.

The problem was further studied by Tomita
(1954, 1955), who improved the technique of
preparation of the antisera by eliminating the
preservatives (merthiolate and phenol) which are
known to depress the ciliary motion in the con
centrations commonly used for this purpose.
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The antigens were prepared by Tomita in the
following manner. The gills of O. gigas, Anadara
inflata, and Pecten yessoensis were minced in 0.85
percent saline and homogenized in a blendor. The
protein content of the homogenate was estimated
from the determination of nitrogen made by
microKjeldahl method, and the preparation was
diluted with saline to give the final protein content
of 1 mg. per m!. Merthiolate in the concentration
of 1: 10,000 was added as a preservative. On
alternate days a quantity of antigens containing
2.5, 5.0, and 7.5 mg. of protein per kg. of body
weight were injected into healthy rabbits. After
2 weeks the animals were bled and the antisera
were placed aseptically in sterile ampules without
any preservatives and stored in a refrigerator.

Small pieces of gill tissues, 3 to 4 mm. long and
3 mm. wide were cut from the free margin of the
middle demibranch and placed in sea water in a
glass tubing about 12 mm. in diameter. The rela
tive speed of crawling estimated by Nomura's
method (1937) was taken as a measure of ciliary
activity in normal sea water (100 percent effi
ciency) and in various dilutions of the antiserum.
Complete stoppage of crawling was recorded in the
dilution 1:40 after -32 minutes. Considerable de
pression of ciliary motion was noticed in the dilu
tion 1:320 after 77 minutes of exposure. It is
regrettable that no observations were made on the
ciliary motion of an intact gill or that the frequency
of ciliary beat in the excised pieces was not meas
ured by a stroboscope or by any other technique
more reliable than the" crawling" method.

The antisera of the two other species of bivalves
(Anadara and Pecten) have an inhibitory effect on
the gills of Ostrea. The inhibition was, however,
less pronounced than that caused by the anti
Ostrea serum. The anti-muscle serum tested on
the gills of all three species was less effective than
the anti-gill serum. The author deduced from
these observations that both "tissue-specificity"
and "species-specificity" are involved in the in
hibitory effect of the antisera.

EFFECT OF PRESSURE ON CILIARY
MOTION

Observations of the effects of increased hydro
static pressure on ciliary motion were made by
Pease and Kitching (1939) using the gills of
Mytilus edulis. Part of an excised gill plate was
placed inside the glass chamber of a pressure bomb
designed by Marsland, and the surrounding sea
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water was saturated with veratrine, which accord
ing to Gray (1928) considerably prolongs the
activity of the cilia.

Under normal pressure the rate of beating,
measured stroboscopically, was about 9 to 10 times
per second, considerably slower than the normal
rate of 15 to 17 per second that one expects at the
temperatures of 21 0 to 24 0 C. at which the tests
were conducted. Apparently the use of veratrine
was unnecessary because the duration of the ex
periments did not exceed 90 minutes and some of
them were completed within 8 to 16 minutes.
The tests show that a sudden increase in the hydro
static pressure by 1,000 pounds per square inch or
more immediately increases the frequency of beat
of the lateral cilia. Decompression results in a
reduction in frequency below the normal level and
slow recovery. Pressure in excess of 5,000 pounds
per square inch decreases the frequency and causes
permanent injury. The authors claim that the
change in temperature due to compression or de
compression is too small to account for the ob
served effects, because, on theoretical grounds, it
may be expected that the temperature increases by
0.6 0 C. when the water is compressed adiabatically
to 5,000 pounds. The actual temperature in
chamber of the pressure bomb was not observed.

It would be of interest to repeat these experi
ments using pieces of gill epithelium kept in normal
sea water not poisoned by veratrine.

CILIARY CURRENTS OF THE GILLS

The ciliary currents at the surface of the gills
of an intact organ can be observed by dropping
small particles (carmine, carborundum, colloidal
carbon, and willemite) on the surface of the demi
branchs and following under the binocular micro
scope their movement and direction. The most
important contributions to the studies of this
subject were made by Wallengren (1905a), Orton
(1912), Kellogg (1900, 1915), Yonge (1926), and
Atkins (1937, 1938).

There are five major tracts on the surface of the
gill of O. virginica (fig. 137). The frontal cilia beat
parallel to the surface of the demibrancb from the
base toward its free margin. This current, main
tained along all ordinary filaments (or.f.), carries
the particles settled on the surface of the gill to the
terminal groove (tr.g.). This is lined with ciliated
cells that beat parallel to the edge of the gill and
push the particles entangled in mucus toward the
mouth. Between the plicae the current caused
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FIGURE 137.-Diagram of the system of ciliary currents
on the surface of the demibranch of C. virginica. The
four plicae are shown slightly pulled apart to indicate
the principal (wide) filaments at the bottom of the
grooves. Open ostia, 0., are shown only on the left
plicae; the mouth is toward the left; b.-base of the
gills; orJ.-ordinary filaments; o.-ostia; pd.-prin
cipal filament; tr.g.-terminal groove.

by the frontal cilia of the principal filaments
(prJ.) runs in the opposite direction, i.e., from
the free edge of the gill toward the base. Particles
carried by this current enter the track along the
base of the gills (b.), which runs parallel to the
direction of the current in the terminal groove and
carries food particles toward the mouth. The
lateral cilia (not shown in the diagram) beat at
right angles to the surface of the gill and create a
current that forces water inside the water tubes
and into the epibranchial chamber.

Small single particles fall into the grooves and
eventually are carried by the principal filaments
toward the mouth while the larger particles or a
mass of small ones entangled in mucus are pushed
by the frontal cilia toward the free edge of the
demibranch and may be dropped from the gill
before entering the terminal groove. Frequently
a group of particles is passed from the edge of one
demibranch to the surface of the underlying one
before it is discarded. The complex system of
ciliary currents in the gill constitutes an efficient
selective mechanism for the sorting of food.
Final selection is made along the surface of the

20
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o

The lateral cilia function principally as movers
of water. They force water through the ostia into
the water tubes of the gills and maintain inside
the gill a current that passes through the branchial
chambers to the outside. The hydrostatic pres-

MECHANICAL WORK OF THE LATERAL
CILIA

FIGURE 138.-Frontal view of a living filament of O. edulis.
c.f.c.-coarse frontal cilia; f.f.c.-fine frontal cilia; If.c.
laterofrontal cilia; pro.lf.c.-subsidiary laterofrontal
cilia. From Atkins, 1937, figure 1.

labial palps, which reject a large portion of the
material brought in by the gills (see p. 115)

The ciliary tracts of the gills of O. edulis de
scribed by Atkins (1937), in general resemble
those observed on the gill of C. virginica (fig. 138) .
In the three species of oysters G. virg~nica, O.
edulis, and G. angulata, the ciliation is essentially
the same.
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sure inside the gill chamber is maintained solely
by these lateral cilia, which form a pumping
mechanism with their synchronized beating over
the entire gill surface.

Local disturbance in the coordination of ciliary
motion caused by the change in the ratio between
the effective and recovery strokes or by the changes
in the phase of beat results in a drop of pres
sure and decrease in the current velocity. In the
absence of valves or any other regulatory devices,
the synchronous beat of the lateral cilia over the
entire surface of the gills is an essential condition
for the effective functioning of the gill.

One can see under the microscope that slight
mechanical disturbances, such as tapping of the
dish in which the gill fragments are kept, dis
organize the metachronal wave of the lateral cilia
and affect the frequency of their beat. The gill
may be compared to a folded tubular sieve, with
the meshes of the sieve corresponding to the ostia
surrounded by the lateral cilia. The contraction
of the gill muscles brings the filaments together,
constricts the ostia, and reduces the spaces be
tween the filaments. In this way the passage of
water through the gill may be restricted.

CARMINE CONE METHOD

The efficiency of the lateral cilia can be measured
with a simple device known as the carmine cone
method (Galtsoff, 1926). The method is based
on measurements of the velocity of the gill's
current in a horizontal glass tubing introduced into
the cloaca. The valves of the oyster are gently
forced apart until they are wide enough to allow
the insertion of soft rubber tubing into the cloaca.
A wooden wedge is placed between the valves to
keep them from closing. The insertion of rubber
tubing of a suitable diameter is made by gently
rotating it counterclockwise until the rubber is
slightly pressed against the outside wall of the
cloaca. The tubing is then secured in its position
by packing the space around it with cotton. A
cotton plug is inserted into the opening of the
promyal chamber and is covered with plastic clay.
The entire operation can be performed within 2
or 3 minutes and is greatly facilitated by narcotiz
ing the oyster in an 8 to 10 percent solution of
magnesium sulfate in sea water.

The oyster with rubber tubing in the cloaca is
then placed in a shallow white enamel tray filled
with sea water and gently tilted back and forth
to remove any air bubbles that may have remained
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under the valves. A small balloon pipette is intro
duced into the rubber tubing to suck out the air
bubbles that may be trapped in the epibranchial
chamber. The presence of the cloacal current is
checked by placing a drop of fine carmine suspen
sion against the end of the tubing. The suspension
may be added to the gills as well, and in a few
seconds a fine carmine cone appears in the cloacal
current.

The end of the rubber tubing is now connected
to one arm of an inverted T tube which has a
slightly curved glass funnel sealed inside the other
arm. This arm is joined to a horizontal glass
tubing of known diameter, not less than 15 em.
long and graduated in 0.5 cm. (fig. 139). A
thistle funnel filled with fine carmine suspension
is attached so the vertical arm of the inverted T
tube, and the tube and the funnel are held by two
clamps mounted on a heavy stand (not shown in
the diagram). The carmine suspension must be
released by a pinchcock without disturbing the
rubber tubing inserted in the cloaca, and the
amount released must be very small in order to
avoid back pressure of water in the gills. Because
of the frictional resistance of water moving inside a
circular tube, the highest current velocity is at
the center of the cross sectional area of the hori
zontal tube. A minute quantity of carmine sus
pension or of a solution of nontoxic dye in sea
water released from the funnel forms a sharply
defined cone inside the tube, the tip of which moves
from zero to 10 or 15 em. mark; the time of its

I'
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Centimeteters

FIGURE 139.-Diagram of the carmine cone method for
the study of the efficiency of the lateral cilia of the
oyster gill. In order to indicate the position of rubber
tubing inside the cloaca, the right valve is not shown;
the tank in which the oyster is kept is omitted from the
diagram. The funnel with carmine suspension is
perpendicular to the plane of the drawing.
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FIGURE 140.-Effect of temperature on the velocity of
the cloacal current produced by slow (lower curve) and
fast (upper curve) adult O'yster, C. vi1yinica, of about 4
inches in height. Each dot represents the mean
velocity of the current of 10 consecutive readings made
at intervals of 2 to 3 minutes. Carmine cone method.
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tivity of the cilia to mechanical disturbance great
care should be exercised to avoid Jarring, shaking,
and vibrating when preparing a test. The oysters
usually recover within 12 hours after being placed
in running sea water and show no ill effects of the
narcosis and handling.

EFFECT OF TEMPERATURE

The cone method proved satisfactory in a study
of the effect of temperature on the efficiency of the
lateral cilia. The results of many tests performed
in the Woods Hole laboratory show considerable
variability in the velocity of the cloacal current
of oysters of the same size and origin. At a given
temperature and under identical conditions the
lateral cilia of some oysters work faster than those
of others. Consequently, no definite rate of work
maintained by the gill epithelium at a specified
temperature might be considered as typical or
normal for an oyster of a stated size and type.

An example of the effect of temperature on cur
rent velocity produced by the lateral cilia of oysters
of identical size transporting water at different
rates is shown in figure 140. In both experiments
the water was agitated by an electric stirrer and
its temperature was changed by using heating or
cooling units placed at the end of the tank far
thest ,from the oyster. Not less than 15 minutes
for adJustment was allowed at each temperature
step. Readings were made starting at 20° C. and
decreasing to the extreme low t,emperature at
which no current was produced. Then the water

passage is recorded by using a stop watch gradu
ated to one-tenth of a second.

Glass tubing of sufficiently wide diameter should
be used to avoid turbulent flow. For large O.
virginica tubing of 5 to 6 mm. in diameter was
satisfactory.

The efficiency of the lateral cilia can be ex
pressed either in terms of the velocity of the cloacal
current or by computing the mechanical work
they perform. The fact that a distinct cone forms
at the center of the tube through which the current
is running indicates that we are dealing with a
viscous flow for which the velocity can be ex
pressed by the Poisseul's formula:

_D2t:.p
S-16J.d

V=7l'D20.5S
4

In this formula S is the velocity at the axis of the
tube in cm./sec.; D is the diameter; and l the
length of the tube in em.; t:. p is pressure drop
between the two marks along the tube in dynes!
cm.2

; and Po is viscosity of sea water in poises
(C.G.S. unit).

The mean velocity (Sm) of the current of the
entire cross sectional area of the tube is one-half
the velocity at the axis. The rate of discharge,
V, in cc. per second is computed by using the
following formula:

The rate of mechanical work W (in ergs per
second) can be determined from the formula:
IV 27l'lp,S2. For a detailed discussion of the
mechanical activity of oyster gills, the reader is
referred to the original publication of Galtsoff
(1928b).

The cone method is simple and requires no
elaborate equipment. It can be used in any field
or temporary laboratory and is particularly use
ful for rapid toxicity tests in tracing the phys
iologically active components of various pol
lutants. The method has, however, several
limitations that should be kept in mind. First,
the volume of water passing through the cloaca
does not represent the total amount transported
by the gills because a certain portion of the water
is discharged through the promyal chamber.
Second, the tests should be completed in 1day bl:'cause
the prolonged presence of tubing inside the cloaca
and of the wedge between the valves may produce
pathological conditions. Because of the sensi-
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TABLE l6.-Temperature of coefficients (QIO) , of the rate of
ciliary activity of lateral cells of C. virginica

The current velocity is not a true measure of
the work performed by cilia because the viscosity
of the water changes with temperature. In the
formula W=21TlJLS 2 the work required to maintain
a current at a constant speed is proportional to
viscosity, JL. Since at a lowerte mperature the
viscosity of sea water is greater than at higher
temperatures, more energy is required to propel
cold water. As the work needed to produce
current of a given velocity is proportional to the
square of the velocity at the axis of the current,
it is apparent that the decrease in the frictional
resistance due to lesser viscosity of water is not
sufficient to compensate for the additional energy

was warmed to the extreme high and cooled again
to 20° C. for the last observation. Each circle
represents a mean of 10 consecutive readings made
at intervals of 2 to 3 minutes. The lower curve
represents the activity of an oyster in which slow
ciliary motion started only at 11.3 ° C. The upper
curve is typical for an oyster which maintains a
rapid transport of water. In both curves the
maximum activity occurred at 20° to 25° C.
Rapid acceleration in the rate of current took
place between 10° (or 11.3°) and 15° C. Essen
tially the relationship between the temperature
and current velocity is similar to the effect of
temperature on the frequency of beat of lateral
cilia shown in figure 135, although the slope of the
latter curve is steeper than in the two curves
shown in figure 140. Within the range of the
temperature used in these tests, the action of the
cilia was completely reversible.

The increased rate of activity induced by
temperature may be expressed by temperature
coefficients determined at 10° intervals. These
values, calculated from a large number of obser
vations with the cone method and given in table
16, show considerable difference in QIO based on
the determinations of current velocity and on the
rate of work.

Temperature Temperature
coefficient coefficient
based on based on

velocity of rate of work
current performed by

the cilia

SPONTANEOUS INHIBITION OF
CILIARY MOTION

required for maintaining faster current. Tem
perature coefficients computed on the basis of the
rate of work performed are, therefore, more
significant than the QIO based on the velocity of
current.

HYDROSTATIC PRESSURE INSIDE
THE GILLS

The velocity of the cloacal current is propor
tional to the difference in hydrostatic pressure
inside the gill chambers and at the opening of the
cloaca. The pressure can be measured by in
troducing an L-shaped glass tubing into the free
end of the rubber tubing inserted into the cloaca
arid recording the difference between the level of
sea water in the tube and the level in the container
in which the oyster is kept. Correction should
be made for the position of the meniscus in the
tube due to surface tension. . Using this simple
device I found that in an actively feeding adult
C.virginiea the pressure inside the epibranchial
chamber may be as high as 7 to 8 mm. of sea
water column. If the temperature and salinity
of water are known, the pressure may be calculated
in grams per unit area.

When the bivalve mollusks close their shells
and cut off their access to outside water, they enter
a state of suspended animation during which their
normal functions are greatly slowed down or
completely cease. This state of diminished ac
tivity observed in Anodonta and Sphaenum
(Cyelas) was regarded by Gartkiewicz (1926) as
sleep. Through the transparent shell of Sphaer
ium he was able to see that the ciliary motion of
the gills and the beating of the heart were at a
complete standstill when the shells were closed.
This observation corrected the erroneous opinion
of earlier investigators (Wallengren, 1905a, 1905b)
that ciliary activity persists when the valves are
closed.

The cessation of ciliary motion after the closing
of shells was attributed to the .accumulation of
carbon dioxide and the decrease of pH. A pH
of less than 6.0 probably does not occur in the
body fluids of bivalves after they close their
valves because of the buffering action of carbonates
of the shell substance.

In the gills of O. virginiea ciliary motion ceases
shortly after the closing of the valves and is re-
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newed after they open. It is probable that in
these cases the depression of ciliary activity is due
primarily to the accumulation of metabolites
There exists, however, another type of inhibition
of ciliary motion that is not associated with
changes in the outside environment. It can be
observed on gills exposed by the removal of a
portion of the valve. The oyster is placed in a
suitable container supplied with slowly running
sea water, and the gills are strongly illuminated
and examined under a dissecting microscope.

The time required for a small inert particle
(carmine, or powered oyster shell) to be moved
along the terminal groove between the two selected
points in the microscope's field of view is recorded
with a stopwatch. Copious discharge of mucus
that impedes the transport of particles along the
groove was avoided by adding only minute quanti
ties of material in suspension. Readings were
repeated every minute, and the degree of expansion
of the gill lamellae and ostia were recorded.
The observations lasted from 10 to 30 minutes.
Ciliary motion over the terminal groove of the
gill frequently slowed down as the adductor con
tracted, but previous rhythm was resumed within
a few seconds after relaxation of the muscle.
The most spectacular were the instances of com
plete cessations of ciliary motion over the surface
of the entire gill following strong contraction of
the adductor muscle and complete closure of the
valves. Since a portion of the shell was removed
the surface of the gill remained in contact with
fresh sea water and the cessation of ciliary activity
could not be attributed to the accumulation of
carbon dioxide or other metabolites.

The association of the inhibition of ciliary
motion with the contracted state of the adductor
muscle is shown in table 17, which contains ex
cerpts of the records of observations made on
two male and two female adult oysters. Tem
por~ry depression and sometime stoppage of ciliary
motIOn were often observed after occasional
contractions of the gill muscles. In these cases
the inhibitory impulses seem to be less pronounced
than in the case of the contraction of the adductor
muscles. Electric shock applied from the DuBois
inductorium direct to the gill epithelium or to
the edge of the mantle had no effect on ciliary
beat of the frontal and terminal cilia. Only in
the case of a shock sufficiently strong to cause
contraction of the adductor muscle was there a
cessation of ciliary activity.
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TABLE 17.-Ass!Jciation of the velocity of ciliary current
along the termmal groove of the external right demibranch
and the state of contraction of the adductor muscle

[Excerpts of the protocols of the four experiments with adult and sexually
mature C. virginica made in August at Woods Hole. Mass.)

Time needed to

Tem-
move aJlartiCle
over a istance

Sex Time l pera- Adductor of 1 em.
ture

Min. Max.
--

Female ____
°G. Seconds Seconds

7:42- 7:44 a.m. 21. 6 Relaxed __________ 13.6 13.8
7:45- 7:47 a.m. 21. 6 Contracted________ 22.0 22.0
7:48- 8:10 a.m. 21. 6 Relaxed__________ 12.0 12.5Male_______ 10:20 10:22 a.m. 21. 0 Relaxed___________ 22.0 23.0

10:24--10:27 a.m. 22.0 Partially con- 26.6 29.2
tracted.

10:30-10:35 a.m. 22.0 Relaxed___________ 22.3 22.6
Femaie. ____ 4:58- 5:08 p.m. 21. 5 Relaxed___________ 20.6 22.2

5:25- 5:33 p.m. 22.0 Contracted'______ no movementMale_______ 3:21- 3:28 p.m. 22.8 Relaxed__________ 14.4 I 16.6
3:31- 3:41 p.m. 22.8 Contracted________ no movement

I
1 Readings made every minute within time shown in this column
, Complete contraction. Ciliary motion stopped along the entire terminal

groove and on the surface of the gill.

Extirpation of the visceral ganglion or its burn
ing with an electric needle had no effect on ciliary
motion of the gill, indicating that inhibition does
not originate in the ganglion. The frequent
coincidence of the cessation of ciliary motion with
the contraction of the adductor muscle and the
subsequent resumption of ciliary activity after its
relaxation suggests the possibility of a neuroid
transmission of the inhibitory impulse which may
originate during muscular activity and spread
over the ciliated surface of the gill.

Since the problem of the impulses causing
inhibition of ciliary motion has not been studied
sufficiently, it is impossible at this time to present
a reasonable explanation of this puzzling phenome
non.

The transport of water by the gills during feed
ing and respiration is discussed in chapter IX since
this function is controlled jointly by the mantle and
adductor muscle.
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