






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 em. (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

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. vilginica, 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 temperature at
which no current was produced. Then the water

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 cm.; !::. p is pressure drop
between the two marks along the tube in dynes/
cm.2

; and ~ 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:
TV 21rl~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 brcause
the prolonged presence of tubing inside the cloaca
and of the wedge between the valves may produce
pathological conditions. Because of the sensi-

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:

_D2!::.p
s- 16~l
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TABLE 16.-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=27rlMS 2 the work required to maintain
a current at a constant speed is proportional to
viscosity, M. 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 0 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 0 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 0 to 25 0 C.
Rapid acceleration in the rate of current took
place between 10 0 (or 11.3 0

) and 15 0 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 0 intervals. These
values, calculated from a large number of obser­
vations with the cone method and given in table
16, show considerable difference in QlO 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 QlO 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
and 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 a<;tively feeding adult
G. virginica 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
(Gyclas) was regarded by Gartkiewicz (1926) as
sleep. Through the transparent shell of Sphaer­
illm 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 conected 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 G. virginica ciliary motion ceases
shortly after the closing of the valves and is re~

4.8
4.4
2.4
1.8
1.2

6.0
2.5
1.8
1.5
1.3

Temperature range

ce.5-10 _
10-20. _
15-25 _
20-30 _
25-35 _
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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.

TABLE 17.-Asspciation 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 pro.to~o~s of the four experiments with adult and sexually
mature C. vlrgmlca made In August at Woods Hole, Mass.l
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1938. On the ciliary mechanisms and interrelation­
ships of lamellibranches. Part VII. Latero-

Min. Max.

Time needed to
move a particle
over a distance

of 1 em.Adductor

oC. Seconds Seconds
21. 6 Relaxed_ __ ___ 13.6 13.8
21.6 Contracted________ 22.0 22.0
21.6 Relaxed__________ 12.0 12.5
21. 0 Relaxed___________ 22.0 23 0
22.0 Partially con- 26.6 29: 2

tracted.
22.0 Relaxed___________ 22.3 22.6
21. 5 Relaxed___________ 20.6 22.2
22.0 Contracted , no movement
22.8 Relaxed_ 14.4 I 16.6
22.8 Contracted________ no movement

I

Tem­
pera­
ture

Tlme lSex

Female 7:42- 7:44 a.m.
7:45- 7:47 a.m.
7:48- 8:10 a.m.

Male 10:2010:22 a.m.
10:24·-10:27 a.m.

10:3(}-10:35 a,m.
Female.____ 4:58- 5:08 p.m.
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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.

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 degTee 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 rela.xation 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
porary 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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