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ANATOMY

The adductor muscle of the oyster is a massive
organ that controls the opening and closing of the
valves. It occupies a slightly asymmetrical posi-
tion at the ventroposterior part of the body and
is surrounded by the following internal organs:
the visceral mass, pericardium, epibranchial cham-
ber of the gills, and cloaca (fig. 72). The rectum
adheres to the posterior side of the muscle. The
protrusion of the visceral mass, containing the
crystalline style sac and the lowermost part of the
gonad, covers the anterior side of the muscle. A
- wedge-shaped visceral ganglion located inside the
epibranchial chamber rests in a slight depression
on the side of the muscle under the visceral pro-
trusion. The ganglion can be exposed by cutting
through the wall of the epibranchial chamber and
lifting the tip of the visceral mass.

The adductor muscle of the monomyarian mol-
lusks, i.e., those which have only one muscle (such
as edible oysters, pearl oysters, scallops, and

152

Spondylus), corresponds to the posterior adductor
of other bivalves. The anterior adductor, present
in larvae, disappears during metamorphosis shortly
after the attachment of the larva.

Shortly after the metamorphosis of the larva
the posterior adductor muscle develops into the
most conspicuous and the heaviest organ of the
oyster. In valves of C. wirginica and in some
other species of edible oysters the muscle scar
where the adductor is attached to the shell is
darkly pigmented. The shape and dimensions of
this area are variable (see p. 30 ch. II).

The weight of the muscle of C. virginica ac-
counts for 20 to 40 percent of the total weight of
the tissues. After spawning, when other parts of
the body are watery and poor in solids, the rela-
tive weight of the adductor increases. Examples
of this condition, usually encountered after the
discharge of a large number of sex cells and be-
fore the accumulation of the reserve materials
(glycogen) in the connective tissue, are given in
table 18. It may be deduced from these data
that the weight of the adductor muscle is not
affected by the changes in the chemical composi-
tion which take place in other organs. For fur-
ther discussion of this problem the reader is
referred to chapter XVII of this book.

The adductor is comprised of two distinet parts.
About two-thirds of the total bulk of the muscle is
translucent, oval-shaped, and slightly concave at

TaBLE 18.— Relative weight of the adductor muscle of six
adult C. virginica (4 fo & inches in height) during the
spawning season (August) in Woods Hole, Mass. (fresh
basis), 1961

Weight Adductor
N muscle
Oyster (total
Meat Adductor weight)
muscle
Grams Grams Percenl
Ripe male..._. 17.8 3.5 19.7
Ripe male____ 15.0 3.7 21,8
Ripe female . _ - 18.7 4.4 23.5
Ripefemale ... ... .. __._____ 6.5 2.1 32.3
Partially spawned female_.____._.___. 6.5 2,8 35.3
Spawned out, sex undetermined. .. ... 5.2 2.2 42,3
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A

Frgure 141.—Cross sections of the two portions of the adductor muscle of C. virginica.

translucent part.
tissue than those of the translucent part (right).

the dorsal side adjacent to the pericardium. This
portion is frequently called the vitreous or dark
part. The remainder is crescent-shaped and an
opaque milky-white. The fibers of this part are
tougher than those of the translucent portion;
the difference shows clearly when the muscle is
being cut or teased.

The fibers of the adductor muscle form dense
bands surrounded by connective tissue. In a
cross section examined under. a low-power micro-
scope (fig. 141) the bands appear as separate units
packed more or less parallel to one another. This
arrangement is less pronounced in the translucent
part (fig. 141, right). The tissue that surrounds
the muscle bands is better developed in the opaque
section. A layer of connective tissue separates
these two major parts of the adductor.

Connective tissue provides a framework for the
muscle. Individual fibers do not run the full
muscle distance between the two valves; they are
anchored at one or both ends in the sheets of
tissue which surround the bands. A very thin
membrane, called endomysium, invests each mus-
cle cell; the sheathing around the bands of cells is
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Millimeters

B

A—white or opaque part. B—

The muscle bands of the white part are more compact and are surrounded by tougher connective
Bouin, with formalin hematoxylin-eosin.,

epimysium; the septa which radiate from the latter
form perimysium.

The cross-sectional areas and the weight of the
two portions vary in different specimens. It was
reported by Hopkins (1930) that the ratio of
weight of the translucent to the white part of the
muscles of oysters growing near Beaufort, N.C.,
depends on ecological conditions. In the oysters
found at the upper limit of their vertical distri-
bution near the high-water level the ratio was 1.26,
while in the oysters taken at a level 2.5 feet lower,
where they were submerged during about three-
quarters of the time, the ratio was 2.51.

The entire adductor muscle is well supplied with
blood; wandering leucocytes are usually seen
between the fibers and in the connective tissue.
Both parts of the adductor muscle are abundantly
supplied with nerves. The innervation of the
muscle is discussed in Chapter XII.

MICROSCOPIC STRUCTURE

The muscle fibers of the two parts of the adduc-
tor differ in both size and structure. The white
muscles are smooth and wide, while the dark
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(translucent) fibers are thinner and have a peculiar
striation which has been described as oblique,
double-oblique, helicoidal, and spiral. Some in-
vestigators (Kellogg, 1892; Orton, 1935; Hopkins,
. 1936) and authors of bivlogy textbooks (Borradaile
and Potts, 1961) refer to the translucent part as
consisting of striated muscles, '

Both types of fibers appear under the light
microscope as long cylindrical cells, slightly thick-
ened in the middle and tapering toward the ends.
An ovalshaped nucleus with one or several
nucleoli is near the surface, outside the contracting
elements  which make up the bulk of the cell.
Clear homogenous cytoplasm (sarcoplasm) which
can be seen under high magnification forms a very
thin surface layer of the cell and around the
nucleus. The major part of the cell is made of
slender fibrils that differ in their orientation in the
two types of muscle cells.

The principal structural elements appear in
unstained, isolated fibers examined with phase
contrast oil immersion lens under high magnifica-
tion. Whole mounts can be made after pieces of
muscle are macerated in 20 percent nitric acid
and then placed in glycerol. Treatment with
nitric acid apparently does not affect the visible
structure of the fibers. Preparations should be
made from fibers which have been taken from
both a fully relaxed and a completely contracted
adductor. The desirable state. of relaxation is
obtained by narcotizing the oyster in 5 to 10
percent magnesium sulfate solution for 48 hours;
treating the mantle with a strong solution of
hydrochloric acid causes long-lasting contraction.
In opening the oyster, care should be exeicised
not to damage the visceral ganglion, since injury
to this nerve center may cause relaxation of the
adductor.

WHITE MUSCLE FIBERS

White muscle fibers isolated from a completely
relaxed adductor of a fully narcotized C. wirginica
are from 2 to 3 mm. long and about 10 x in diam-

_eter. The fibers are too short to stretch from one
valve to the other and, with the exception of
those attached to the shell, end in connective
tissue. Occasionally they bifurcate but do not
anastomose. The body of the fiber consists of
many fibrils of variable length and a diameter of
only a fraction of a micron. The fibrils are ori-
ented parallel to the long axis of the cell and those
close to the surface appear to be darker. The
arrangement of the fibrils changes somewhat, de-
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pending on the state of contraction. Figure 142,
A-D, represents four camera lucida drawings made
of a white muscle fiber; (A) the fiber is in a com-
pletely relaxed state, (B) it is strongly contracted,
(O) it is partially contracted, and (D) a noncon-
tracted fiber is folded by the contraction of the
surrounding fibers. All drawings were made from
glycerin-mounted preparations examined with
phase contrast lens. The difference between the
relaxed and contracted fiber is primarily in the
thickness of the fiber, which in B is about three
times greater thanin A. Inboth cases the orienta-
tion of fibrils is the same. In a partially con-
tracted and slightly twisted fiber, C, some of the
fibrils are at an angle to the long axis of the cell
while others retain their original orientation. The
fiber D, found in the same preparation with C, is
folded but not contracted. Its surface layer of
transparent cytoplasm was wider than in the
others and the fibrils followed the zig-zag outlines
of the fiber. Although the sample was isolated
from a contracted adductor, only a few fibers
were found in highly contracted state B. The
fiber A was separated from a completely relaxed
muscle. :

DARK MUSCLE FIBERS

The fibers of the dark (translucent) part of the
adductor are from 1 to 2 mm. long and in a relaxed
state are about 5p in diameter. When isolated in
teased preparations, the fibers have a tendency to
twist and coil. 'The connective tissue around them
is less tenacious than in the white muscle, and the
fibers can be separated easily by fine needles. As
early as 1869 Schwalbe showed that the fast ad-
ductor muscle of Ostrea is composed of fibers which
exhibit a clearly defined diamond lattice pattern.
Marceau (1909) maintained that double obliquely
striated muscles are widely distributed in the fast
parts of the shell closing muscles of bivalves, and
Anthony (1918) advanced a theory that oblique
striations are a stage in the evolutionary develop-
ment of transverse striation. The fact that true
cross striation occurs in the muscles of Pecten,
Lima, Teredo, Spondylus, and other bivalves leads
to a widely accepted belief that the dark portion
of the adductor muscle, also described by some
authors as yellow, grey, or tinted (Kawaguti and
Tkemoto, 1959), consists of cross striated fibers and
that quick movements of these animals are brought
about by their contraction.

From their study of the translucent fibers of the
adductor of C. angulata, Hanson and Lowy (1961)
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F16URE 142.—Small pieces of four white fibers of the adductor of C. virginica seen under phase contrast lens. Whole
mounts of a preparation teased after treatment with nitric acid. Glycerol. A—completely relaxed fiber from nar-
cotized oyster; B—strongly contracted fiber; C—slightly contracted fiber; D-—folded but not contracted fiber.
Figures B and D are from one preparation of a highly contracted adductor.

concluded that the fibers of that part of the muscle
differ from true cross striated muscles in that the
bands (A and I) lie at about a 10-degree angle to the
fiber axis and are arranged helically around the
outer part of the fiber; this produces the double

THE ADDUCTOR MUSCLE

oblique striation visible in the light microscope.
Hanson and Lowy’s observations were based on
electron microscopy, and the bands they refer to
as A and I are not visible under the light micro-
scope.
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Fiqure 143.—Small piece of dark muscle fiber from the contracted adductor muscle of C. virginica. A—Whole mount
in glycerol after nitric acid treatment. B—Small portion of the same negative magnified. Round globules are
artifacts. Phase contrast lens.
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Examination of relaxed fibers of C. virginiea
with phase contrast lenses shows the existence of a
distinct diamond lattice pattern shown in figure
143. In the relaxed dark fibers this double obligue
striation is absent and the fibrils are oriented
parallel to the axis of the cell. My observations
confirm the deseription made by Hanson and
Lowy (1957), who found that in helical configura-
tion of myofibrils of the “yellow” part of the ad-
ductors of oysters and FEnsis ensis the angles be-
tween the helix and the axis of the fiber increased
as the muscle relaxed. The so-called diamond
lattice pattern of striation is not a permanent
feature of the translucent fiber. It becomes visible
in a contracted muscle and is usually confined to
the cut ends of the fiber. This observation made
by Bowden (1958) for Ostrea edulis and C. angulata
is in accordance with my observations on C.
nrginica.

Considerable advance in the understanding of
fine structure of bivalve muscle cells was made by
Philpott, Kahlbrock, and Szent-Gyoérgyi (1960),
in the work on C. virginica, Mya arenaria, Mer-

cenaria mercenaria, and Spisula solidissima. Simi-
lar studies of C. angulata were made by Hanson
and Lowy (1961).

With respect to the ultrastructure of the fibers
of the adductor muscles of these species, the re-
sults of the two investigations are in agreement
although they present different theories of the so-
called catch mechanism of the adductor, which is
discussed later. In both parts of the muscle the
fibrils consist of two types of filamentous struec-
tures that can be clearly seen on the electron
micrograph of the transverse section of the fibril
(fig. 144). The thick filaments form the largest
part of the fibril; their diameter varies from 250
to 1,500 A. The thin filaments which occupy the
space around the thick ones are about 50 A. in
diameter. The thick filaments have the 145 A.
periodicity associated with paramyosin. The
authors surmise that actomyosin is localized in
the thin filaments. Hanson and Lowy (1961), in
confirming the presence of two kinds of filaments
in the fibrils of C. angulata, assume that the
thinner filaments contain mainly actin. Accord-

! Microns

Frcure 144.—Electron micrograph of a small portion of a muscle fiber of the translucent part of the adductor of C.

virginica.

THE ADDUCTOR MUSCLE
788-851 O—64——11

Courtesy of Philpott and Szent-Gyorgyi.
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ing to their interpretation of the electron micro-
graphs which accompany their paper, both types
of filaments are relatively short in comparison
with the length of the fiber; they lie parallel to the
fiber axis and are grouped with separate arrays
which alternate with each other and appear to be
cross-linked by means of transverse projections
which belong to the thick filaments. The exist-
ence of the-projections does not seem to be firmly
established, and their connections with the two
types of filaments require corroboration. It is
obvious from the electron micrographs published
by Philpott, Kahlbrock, and Szent-Gyorgyi,
(1960) that filaments are randomly distributed
throughout the cross-sectioned area of the fibril.

In the relaxed state the muscle cells are stretched
and on longitudinal sections of either part of the
adductor appear to be arranged in parallel lines
separated in places by connective tissue (fig. 145).

A contracted adductor muscle is strikingly
different in appearance from one which is relaxed.
Most of the muscle fibers are folded and the
entire organ has a herringbone appearance (fig.
146). The uniform thickness of the folded fibers

indicates that their actual length is not shortened
by the contraction; the fibers are compressed to
occupy a shorter distance between the valves.
Folding implies the existence of a force that acts
parallel to the longitudinal axis of the fibers.
The question arises as to the nature of the force
that produces this effect.

In an attempt to answer

200
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Microns

Fi6URE 145.—Longitudinal section through a completely
relaxed translucent part of the adductor muscie. Bouin,
hematoxylin-eosin. : .
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Ficure 146.—Longitudinal section of the white part of the
adductor muscle of C. virginice preserved in Bouin with
formalin solution. Musecle is in a highly contracted
state. Hematoxylin-eosin. Camera lucida drawing.

this question I examined a series of sections of
muscles preserved at various degrees of contrac-
tion. Oysters were stimulated to close their
valves and were preserved in that state by using
a strong and rapidly acting fixative applied through
an opening cut in a portion of the shell. In such
preparations contracted muscle fibers were found
only in the area near the attachment to the valves.
In the two photomicrographs (fig. 147) the con-
tracted fibers, nearest to the valve (left side),
are short, thick, and deeply stained with eosin.
The fibers to the right in the same preparation
are narrow and folded.

In a partially closed oyster the contracted fibers
may be scattered between the folded fibers
throughout the entire cross-sectional area. This,
condition, shown in figure 148, is drawn from
preparations preserved in osmic acid and stained
with iron hematoxylin. The contracted fibers
appear as isolated dark bodies scattered through-
out the moderately folded fibers. It may be
deduced from the histological picture that only a
small number of muscle fibers are in a contracted
state. In order to explain the folding of the
noncontracted portion of the adductor it is neces-
sary to assume that a rigidity develops in the
contracted fibers in two places—near their contact

FISH AND WILDLIFE SERVICE
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FiGure 147.—Two photomicrographs of a longitudinal section of the translucent part of the adductor muscle near the

valve (the left side of the photograph).
tion.
tracted fibers are deeply stained with eosin.
away from the area of the same section shown at left.

Millimeters
Fraure 148.—Longitudinal section of partially contracted
translucent portion of the adductor. Contracted fibers
appear as black spindles. Osmium fixation. Iron
hematoxylin.

THE ADDUCTOR MUSCLE

Note the thick, short contracted fibers on the left and the beginning of folding at the right edge of it.
The photomicrograph on the right shows folded fibers a short distance

The muscle was preserved in a contracted state in Bouin with formalin solu-

Con-

with the folded fibers and at their anchorage in
the connective tissue. Under this condition the
contracted portions will bring the valves together
and compress the noncontracted fibers into folds.
This gives the oyster a considerable degree of
flexibility in controlling the degree of opening of
the valves.

Observations by Bandmann and Reichel (1955)
on Pinna nobilis deal with similar conditions. In
the smooth muscle of this mollusk plastic length-
ening is combined with an orientation of the fiber
structure without any changes of its elastic prop-
erties. The reverse process (disorientation) takes
place during contraction, which is accompanied by
an increase in dynamic stiffness. The authors
attribute plastic and contractile length alterations
to two different mechanisms: change in orienta-
tion and change in molecular shape within the
contractile elements.

No observations have been made in the living
oyster of the contractions of small bundles of
fibers that run parallel to the surface of the valves.
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These fibers, which are at right angles to the
main fibers extending from one valve to the other,
are found near the attachment of the adductor
to the valves (fig. 149). Their position suggests
that they act as braces by bringing together and
tightening the principal bundles.

Microns

Freure 149.—Longitudinal section of a piece of partially
relaxed muscle near the attachment to the valve (right
side). Note band of muscles at right angle to the main
fibers. Kahle, hematoxylin-eosin.

ATTACHMENT TO SHELL

The adductor muscle of C. virginica is fastened
so strongly to the shell that when the valves are
forced apart the muscle breaks in the middle
instead of tearing from the shell. The adhesion
sometimes withstands a pulling force of 10 kg.
(22 pounds). On the other hand, the connection
between the muscle and the shell can be weakened
or completely destroyed by applying heat to the
shell over the area of the muscle scar. This con-
nection is smooth and glossy.

Briick (1914) found that in the shells of Anodonta
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and Cyclas the muscles are fastened by means of
a specialized layer of cells which he called holding
or adhesive epithelium (“haft epithelium”).

Hubendick (1958) used both electron and light
microscopy to demonstrate the presence of ad-
hesive epithelium in the areas of attachment of
the muscles of the fresh-water snail Aecrolozus
lacustris (Maxwell). The surface of the cells
has a dense brush border of minute microvilli
which are transversed by very thin cytoplasmic
fibrils originating in the base of the cell. The
epithelial cells are fastened to the underlying
connective tissue by the evaginations which
extend into the base of the cells. Since the
muscles used by Hubendick were fixed in osmic
acid, which resulted in their detachment from
the shell, the electron micrographs published in
his paper do not show the actual connection
between the microvilli and shell material. The
shell surface over the area of the attachment has,
however, small depressions into which fit the tops
of the microvilli. It is, therefore, likely that in
Acrolozus the adhesion of the muscle is accom-
plished in this manner.

The holding epithelium of C. wvirginica can be
seen on transverse sections of decalcified shell and
muscle preparations. Individual cell boundaries
are indistinet, but the position of each cell is
clearly merked by a large round nucleus (fig. 150).
Fine strands resembling those described by
Hubendick originate in the base of the cells and
terminate at their surfaces. They are not visible
at low power but can be seen under oil immersion.
The holding epithelium of the oyster is a modifi-
cation of the surface epithelium of the mantle;
the transition from one type to another can be
seen in the areas adjacent to the muscle attach-
ment (fig. 151). The holding epithelium of C.
virginica secretes an organic film of about 2 u
in thickness that consists of adhesive material by
which the muscle fibers are attached to the shell.
The chemical nature of this film was not deter-
mined, but staining properties suggested the
presence of collagen. Since it is known that un-
der proper conditions collagen is digested by
collagenase, I made a series of experiments at
Woods Hole to determine the effect of this en-
zyme on the attachment of muscles. Small
amounts of phosphate buffer solution (pH 8.4)
containing 1 mg. of collagenase per ml. were
injected into adductor muscles through holes
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Fiaurg 150.—Longitudinal section of the adductor muscle
of C. mrginica where the muscle fibers are attached to the
shell. Note the holding epithelium and the cement layer
which in the upper part of the illustration is separated
from the epithelium and turned over. The decalcified
shell is out of the field of view. The cement film is
partially detached at the upper half of the preparation
and twisted exposing its surface facing the shell; the
width of the upper part of the film corresponds to the
thickness of the section. Kahle. Hematoxylin-eosin.

drilled in the valves. In another set of experi-
ments the muscles of oysters with the shells
attached to them were immersed in the solution
of collagenase and were kept at a temperature of
24° to 25° C. for 24 to 48 hours. Solutions of
trypsin and phosphate buffer alone, without
collagenase, were used for control experiments.
In all cases the muscles treated with collagenase
became detached within 36 hours. In the con-
trols they remained attached to the shells (fig.
152).

THE ADDUCTOR MUSCLE

Millimeters

FicuRE 151.—Cross section of the visceral mass of C. vir-
gintca near the adductor muscle. Notice the gradual
change of typical mantls epithelium (left side) into
holding epithelium covering the adductor muscle. The
shell is not shown. Kahle, hematoxylin-eosin.

CHEMICAL COMPOSITION OF THE
ADDUCTOR MUSCLE

The chemistry of the adductor muscle of oysters
has received less attention than that of the mus-
cles of clams, scallops, and sea mussels. Probably
the differences in the chemical composition of the
muscles of various marine lamellibranchs are not
of fundamental nature, although the proportion
of various components may vary greatly between
the species and even within mollusks of the same
species living in different environments. Older
reviews dealing with the comparative physiology
of the adductor muscle make no distinction be-
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tween the various groups of mollusks and combine
the data under the general and nonscientific
designation of ‘“shellfish” (Katz, 1896; Riesser,
1936). Gross analysis of the adductor muscle
of the oyster (0. imbricata) (Grimpe and Hoff-
mann in: Tabulae Biologicae, 1926) shows the
following composition: water 66.58 percent; pro-
tein 11.38 percent; fat 4.8 percent; and ash 1.1
percent.

INORGANIC SALTS

Studies of the content of the metallic salts in
the body of oysters and other bivalves were
made by many investigators interested in the
problem of osmotic regulation in marine inverte-
brates. Observations on European oysters, pre-
sumably 0. edulis, made by Krogh (1938) are of
particular significance. He found that in the
oysters living in waters of high salinity (35°/00)
in France the concentrations of chlorine, sodium,
and potassium expressed on the basis of tissue
water, were as follows: chlorine 256 mm/kg.%;
sodium 265 mm/kg.; potassium 46 mm/kg. The
next day the oysters were placed in water of
lowered salinity (25°/00) in Limfjord, Denmark,
and individual samples were taken at intervals of
1 to 2 days. The results, though somewhat
irregular owing to individual variations, showed
a decrease in chlorine (221 to 138 mm/kg.) and in
sodium (258 to 139 mwm/kg.). The potassium
increased from 46 to 98 mm/kg.

The mean values for the concentrations of
some elements in the adductor muscle of the
Australian oyster, Crassostrea (Sawostrea) com-
mercialis, were found to be as follows (Humphrey,
1946):

Percent Mg,
Potassium__ .. __ .. ____________ 381.7 £18.9
Sodium. . ... _______. 327.9 £13.0
Caleium_ . _ ... . _____ 45. 76+ 3. 28
Magnesium__ ... ... .____. 79.93+ 3.03
Chlorine_____ .. o __ 733.4 +17.3

8 Values given in millimoles per kilogram of water,

In this case sodium and potassium were present
in almost equal amounts (Na:K=0.98) while in 0.
edulis potassium was present in much smaller
concentrations and the Na:K ratio varied from
1.6 to 5.8. The concentrations of calcium and
magnesium in the whole adductor muscle of C.
commercialis were found to be 1.1 and 1.5 x 102 m,
respectively. Both elements are uniformly dis-
tributed between the two parts of the muscle
(Humphrey, 1949).

ORGANIC COMPONENTS

Glycogen

Bivalve mollusks accumulate considerable quan-
tities of glycogen in their tissues, including the
muscles. This reserve material is deposited
primarily in the connective tissue of the body
parenchym and in the mantle and in smaller
quantities is found in the gills and adductor
muscles. Analyses made in the Bureau’s shellfish
laboratory show that on a percentage basis the
adductor muscle stores smaller quantities of
glycogen than do the gills or visceral mass (table
19).

TaBLE 19.—Solids, water, and glycogen conient of the
adductor muscles, gills, and remainder of the bodies of
15 C. virginica of good quality from the vicinity of Charles
Island, Long Island Sound

[Average percentages of fresh substance, 1934, 1935]

Item Mantle Body Gills |Adductor
muscle

November 30:
[:17:) oI IR, 73.24 80.20 78.67
Totalsolds_ . . |._..o..._. 26.76 18.80 21.43
(€3 RT3 « N IR 7.96 4.68 1,69

January 3:

Water. oo oeceaan 78.60 74.0 88.52 79. 04
Total solids. .- o._..____ 21.40 26.0 11.48 20. 96
Glycogen. ..ooccvomomaaonnoe 3.37 3.96 1,53 1,40

Samples consisted exclusively of adult Long Island Sound oysters of good
commercial quality and high content of solids; they were analysed within
a few hours after removal from the bottom.

In the Japanese species, 0. circumpicta, the
percentage of glycogen in the two parts of the

Ficure 152.—Effect of collagenase on the attachment of the muscle of C. virginica.
through the hole in the right valve (on left) has no effect on the attachment of the musecle.
adductor is detached from the right valve after an injection of collagenase.

Twenty-four hours after injection, 24° to 25° C. Left valves of each oyster are on right.

valve (right side).
162

Upper row: control—trypsin injected
Lower row: part of the
The detached part is seen on the left
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adductor has been calculated as follows (Ko-
bayashi, 1929):

Translucent portion—

October_________________. 1.12 percent.

November.____._.________ 1.0 percent.
White portion—

October_ _ .. ______________ 1.43 percent.

November_. ... ___..____ 1.29 percent.

The figures are not essentially different from those
for C. wrginica. The questions of how much of
the glycogen in the adductor muscle is part of the
muscular mechanism and how much of it is stored
have not been answered with certainty.

Proteins

According to the data quoted from Tabulae
Biologicae (1926), the fresh adductor muscle of
0. imbricata contains 11.38 percent protein and
4.8 percent fat. No published data are available
for the protein content of the muscle of C. virginica.
It may be assumed that in this species the protein
content is not essentially different from that
usually found in plain muscles in which it forms
from 14 to 18 percent (Evans, 1926).

The contractile mechanism of the adductor
muscle of bivalves has the same structural
elements as are found in vertebrate muscles:
myosin (Florkin and Duchiteau, 1942), actin,
and adenosinetriphosphate (ATP). The actin and
myosin extracted from muscles of 0. edulis, My-
tilus edulis, and Pinna nobilis (Lajtha, 1948) have
solubility relationships similar to those of the
corresponding substances of rabbit muscle (Szent-
Gyorgyi, 1951). The myosin is soluble in distilled
water, insoluble in dilute potassium chloride solu-
tion (0.002-0.08 M), and again soluble in 0.1 M
potassium chloride and higher. It is also soluble
in the 0.1 M and stronger solutions of chloride and
magnesium chloride. Myosin and actin can be
precipitated at isoelectric points of 5.2 and 4.7.
They both show double refraction which dis-
appears in dilution or at higher concentration
(0.4 ™ potassium chloride for myosin). Actin has
a Higher double refraction than myosin. It also
has the peculiar property of undergoing reversible
change from the globular to the fibrous state and
vice versa, depending on the pH and ionic con-
centration of the medium.

Besides actin and myosin the adductor muscle
contains another protein called paramyosin, which
differs in solubility and X-ray diffraction from
myosin (DeRobertis, Nowinski, and Saez, 1954).
Paramyosin was first detected in the adductor
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muscle of the clam (Mercenaria (Venus) mer-
cenarie) by using electron stains (Hall, Jakus,
and Schmitt, 1945). Preparations of muscle
fibrillae treated with phosphotungstic acid reveal
a periodic structure of alternate bands that show
affinity for the stain. The distance between the
bands averages 145 A. At the same time there
is a larger period of 720 A. which is repeated
every five spaces of the smaller period (145 X 5).
It was concluded by Hall, Jakus, and Schmitt
(1945) that the fibrillae of this type consist of
paramyosin. Its content in various bivalves
varies but is quite high in Mytilus edulis in which,
according to Lajtha (1948), it exceeds the content
of myosin. Paramyosin of the adductor muscle
of C. virginica was separated from actomyosin by
precipitation with three volumes of ethanol at
room temperature (Philpott, Kahlbrock, and
Szent-Gyorgyi, 1960) and resuspension of the
precipitate in 0.6 M potassium chloride at pH 7.4,
which was then dialyzed against the same solution.
By such treatment the paramyosin passed into
solution and the actomyosin remained precipitated.
The yield of paramyosin extracted in percent of
total protein was 22 percent in the opaque part,
16 percent in the translucent part. On the basis
of biochemical studies the authors suggest that
paramyosin is localized in the thick filaments,
while the thin filaments consist of actomyosin.

Paramyosin is not found in vertebrate muscles
but is the principal protein in many invertebrates
(Engstrém and Finean, 1958). Although its par-
ticular role in muscular contraction has not been
determined with certainty, it appears probable
that this protein is responsible for the maintenance
of the tonus of the adductor muscles.

PHYSIOLOGY OF THE ADDUCTOR
MUSCLE

The zoologists of the middle 19th century were
aware of the difference in the function of the two
parts of the adductors of bivalves. They re-
garded the white part as a bunch of elastic bands
which counteracted the pulling force of the valve
ligament and the translucent part as an ordinary
muscle which brought the valves together (Bronn,
1862, p. 359). Coutance (1878) and Jhering
(quoted from Marceau, 1904a) and later Jolyet
and Sellier (1899) msaintained that the translucent
part of the adductor muscle of Pecten maximus
consists of striated anastomosing fibers whose ex-
clusive function is to close the valves; they
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observed that the white part of the adductor con-
tracts very slowly and can remain in a contracted
state for & long time. Marceau (1904a, 1904b)
confirmed these results by a series of experiments.
He cut off either white or translucent portions and
found that in O. edulis the rapid closing of the
valves is accomplished by the contraction of the
translucent part of the muscle while the elasticity
and tonus of the white part counteract the pulling
force of the ligament. Useful reviews of many in-
vestigations dealing with the muscle physiology
of bivalves and other invertebrates are found in
the papers of Ritchie (1928), Jordan (1938),
Evans (1926), and others.

It is a well-established fact that the two parts of
the adductor muscle contract at different speeds.
In scallops the isolated striated (translucent) por-
tion contracts in about 100 microseconds (u sec.);
its relaxation time is about 0.1 second (sec.)
(Bayliss, Boyland, and Ritchie, 1930). In the
slow part of the adductor the contraction time
varies from 500 u sec. to 2.5 sec. and the relaxation
time is from 10 to 45 sec. The contraction of the
adductor muscle of oysters is always several times
faster than its relaxation, the ratio varying
according to the type of muscular reaction. Mar-
ceau (1909) published a number of tracings of the
spontaneous movements of the valves of 0. edulis
in which only the white (slow) part of the muscle
was left. The time of relaxation was from 15
minutes to 1 hour.

In many bivalves the adductor muscle can re-
main contracted, keeping the valves closed
tightly, for a long time. This behavior varies,
however, in different species. For instance, com-
mon scallops of the American and European
coastal waters, Astropecten irradians and Chlamys
opercularis, close their valves for only a short
time. Soon after being taken out of water they
gape, lose shell liquor, and perish. My observa-
tions on pearl oysters of the Hawaiian Islands
and Panama (Pinctada galtsoffi, P. mazatlanica),
show that shortly after being taken out of water
their shells gape and the muscle fails to contract.
These species cannot be transported over long
distances unless they are kept in frequently re-
newed water all the time. On the other hand, the
bivalves in which the adductor muscle remains
contracted for a long time can survive long ex-
posure and can be shipped alive over great
distances.

THE ADPDUCTOR MUSCLE

Oysters living within the tidal renge on flats
thrive in this situation because they can keep
their valves closed during the time of exposure.
It is obvious that this ability provides a great
survival value for those sedentary animals that
can withdraw within their heavy shells to avoid
desiccation and remain protected against un-
favorable conditions or attacks of predators.

The ability of bivalve muscles to keep the shells
closed is frequently called & ‘‘catch” or locking
mechanism. The idea originated from observa-
tions made by Uexkiill (1912) on the scallop; if a
piece of wood is pushed between the valves the
adductor contracts with such force that the edges
of the shells may be splintered. The wooden
wedge is held as firmly as if it were in a vise and
can be removed only by twisting and pulling.
The valves, however, remain motionless, and the
muscle that holds them in their position shows
no elasticity. The muscular fibers seem to be
frozen solid. The shell cannot be opened, but if
the valves are pressed on both sides they may be
brought nearer together and remain fixed in their
new position. This ability Uexkiill called “Sper-
rung”’, which in English means “locking.” Bay-
liss (1924) interpreted Uexkiill’s expression using
the word “catch,” probably influenced by Griitz-
ner’s (1904) suggestion that the muscle fibers of
the bivalve adductor must somehow be ‘‘hooked
up” by a mechanical arrangement similar to &
ratchet consisting of two pieces with teeth facing
each other. In his proposal the upper piece
could be pushed only in one direction, shortening
the total length of the model, and the upper
teeth could not move back unless the two pieces
were separated from each other by the depth of
the teeth. There is nothing in the structure of the
muscle fiber which even remotely suggests the
existence of such a mechanism. The expression
“catch mechanism” implies some mechanical de-
vice and is, therefore, misleading. It has been
used, however, for such a long time that the
literary meaning of the words has been lost and
the term simply refers to the continuous state of
contraction of the closing muscle of bivalves.

Several theories have been proposed to explain
the locking or eatch mechanism of the adductor
muscles. Some investigators assumed that the
muscle twitch (i.e., the contraction in response
to single brief stimulus) is common to all muscles
and the difference between the behavior of the
adductors of bivalves and of the muscles of other
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types is due to the differences in time scale and
the condition of stimulation. It was claimed,
(Ritchie, 1928, p. 86), although not proved, that
tonus of the adductor muscle is maintained by
tetanic contraction.  Another view (Winton,
1930), which i8 more in harmony with the bio-
chemical data, explained the locking mechanism
as a result of physical changes during contraction,
particularly the alteration in viscosity of muscle
proteins. Experiments with byssus retractor of
Myytilus showed that after stimulation by direct
current the viscosity of the muscle was raised
and remained high for about 2 hours. No such
effect was obtained if alternating current was
used. These observations suggest that viscosity
changes are involved in the contractions of the
adductor of bivalves.

The difference between the white and the
translucent parts of the adductor muscle may be
primarily of a quantitative character. This
suggestion was made by Shukow (1936), who
found that in Anodontea and Unio the two parts
of locking muscles actively participate in single,
spontaneous ‘contractions and in the maintenance
of tonus. Shukow’s observations indicate the
inadequacy of the theory that makes the main-
tenance of the tonus the exclusive function of
the white fibers,

Studies of the electric phenomena in the smooth
adductor muscles of lamellibranchs (Mytilus, Mo-
diolus, and smooth part of Chlamys) lead Lowy
1953, 1955) to conclude that the hypothesis of
“catch mechanism’’ is unnecessary because, ac-
cording to his observations, the tonus in the intact
muscles of these mollusks is due to a shifting
pattern of tetanic stimuli controlled by the
nervous system, bringing it in line with the tonus
in other muscles. Since action potentials were
observed in muscles which were isolated from the
ganglia, Lowy suggested that they may be of
myogenic nature. The question of whether the
tonic activity of lamellibranch muscles is neuro-
genic or myogenic remains open. Lowy makes an
interesting statement that “lamellibranch muscles
maintain a certain level of tension all the time
due to the activity of a peripheral automatic
system, which works by successive activation of
limited ereas.”’ This conforms with the histo-
logical observations described above which show

that in an intact adductor muscle of the
oyster preserved in a contracted state only certain

1—Underscoring is mine, P. 3. G.
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muscle bands are in a true contracted state while
others are folded. Lowy concludes that further
studies are needed before it i1s decided whether
lamellibranch muscles are directly innervated by
excitatory and inhibitory nerves or are acted on
indirectly via a peripheral ganglionic plexus. The
existence of inhibitory axons in Pecten was demon-
strated by Benson, Hays, and Lewis, (1942), who
found that the relaxation of the adductor of the
scallop was considerably accelerated by stimu-
lating certain nerve bands going to the msucle.
This is in accord with the evidence presented by
Barnes (1955) for the adductor muscles of Ano-
donta. His work imphies that the adductor of
Anodonta is innervated by three types of nerves:
one group of motor fibers supplies the striated
muscles and produces phasic contractions which
may summate and produce tetanus; another group
of activating fibers supplies the unstriated muscles
and produces increased tonus; the third group
consists of inhibitory fibers which decrease the
tonus. Barnes points out that the nervous mech-
anism controlling the adductor activity in Mytilus
may be the same as in Anodonfa. Miytilus is
capable of both phasic and tonic contractions,
but there is no obvious differentiation of the
muscle into two parts. It must be accepted,
therefore, either that all muscle fibers are capable
of exhibiting both types of contraction or that the
two types of fibers are present but completely
interspersed.

Electrical activities associated with the contrac-
tion of the adductor muscle of the oyster have
not been studied enough to warrant an evaluation
of their role in the locking mechanism of these
mollusks. An attempt to solve the paradox of
the catch muscle mechanism was made recently by
Johnson, Kahn, and Szent-Gyorgyl (1959) and is
based on the study of the property of paramyosin.
The solubility of this protein was found to be
critically dependent upon the pH and ionic
strength of the medium. Similar dependence was
shown in the glycerinated fibers of the anterior
byssus retractor of M. edulis. The fibers were
stretched, and the tension thus developed was
measured. To reduce the effect of actomyosin,
107* M Salygran and 1072 m pyrophosphate were
added to the medium. Stiffness of the fibers was
measured at various values of pH. Below pH
6.5 and at low ionic strength of 0.07 u potassium
chioride the fibers were relatively stiff. This is
a range in which paramyosin crystallizes out of
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solution. At higher pH values the fibers were
relatively plastic. The authors think that parallel
with the actomyosin system which produces initial
tension of the adductor there is a second, or
paramyosin system, capable of maintaining the
tension developed by the first one by crystallization
of the paramyosin component caused by pH
shift within the muscle. The theory was tested
by Hayashi, Rosenbluth, and Lamont, (1959) on
the muscle extracts of Mercenaria (Venus) mer-
cenaria and Spisula solidissima. The results of
these experiments tend to support the hypothesis
that crystallization of paramyosin effectively
freezes the adductor muscle at any state of
contraction.

In two papers dealing with the fine structure of
the small fibers of the oyster (C. angulata) and
other bivalves, Hanson and Lowy (1959, 1961)
have proposed two possible explanations of the
mechanism by which the closing muscles of mol-
lusks maintain tension ‘“‘very economically,”
le., without using much energy. According to
their view, based on examination of electron
micrographs of muscle, the thick filaments of the
fibril (see p. 157 and fig. 144) are discontinuous
and do not contract; they slide as the muscle
shortens the relative portions of the thick and thin
filaments. The tension is maintained by cross
links between the two types of filaments. Accord-
ing to their view the alternative hypothesis, which
supposes that tension is maintained by change
in the physical state of the protein within a
paramyosin system, is difficult to reconcile with
their observations. The sliding or so-called
interdigitatory model of the contractile structure
is based primarily on the studies of striated muscle
(Huxley, 1960), and the extension of the theory to
nonstriated muscles of bivalves is very attractive.
It is impossible, however, to state at present which
of the two theories interprets correctly the catch
mechanism. Further experimental studies are
needed to solve the puzgzle which for a century
has baffled the biologist.

In spite of the substantial advance of bio-
chemical investigations, the problem of the lock-
ing mechanism requires further study. So far
no evidence has been presented to show that the
shift in the pH needed for the crystallization of
paramyosin actually takes place in the whole
living muscle of a bivalve. 1t seems that the
solution to the locking paradox should consider
the problem in its entirety, by taking into account

THE APDUCTOR MUBCLE

all the biochemical and biophysical processes
which accompany the prolonged tonus of the
adductor muscle.

Chemical changes during muscular activity

Chemical changes occurring during the contrac-
tion and relaxation of the muscle are extraordinarily
complex. The reader interested in this problem
should consult the textbooks of general physiology
(Scheer, 1948), biochemistry (Needham, 1932;
Baldwin, 1957), and particularly the comprehen-
sive reviews of more recent works given by Szent-
Gyoérgyi (1951) and Weber (1958). Most of the
work on the chemistry of muscular contraction
has been performed on vertebrate muscles. In
general the results were found to apply to the
muscles of scallops (Pecten, Astropecten, Chlamys),
sea mussels (Mytilus), edible oysters (Ostrea,
Crassostrea), and Anodonta.

A complex chain of events is involved in mus-
cular contractions. I will consider only the high
points. Glycogen appears to be the principal,
if not the only source of energy in this process.
Its content in the adductor muscles of bivalves
varies from less than 1 to about 3 percent. The
immediate source of energy for muscular con-
traction is not derived, however, from the break-
down of glycogen. Considerable quantities of
phosphate are released by the organic compounds
called phosphagens. These substances contain
(Weber, 1958, p. 5) an energy-rich phosphate
bond and, therefore, are the ‘‘stores of immediately
available energy.”” Creatine phosphate, identified
as a phosphagen of vertebrate muscle, does not
occur in mollusks; ite place is taken by arginine
phosphate. Phosphagen decreases during con-
traction and is formed again during rest. After
prolonged contractions the tissues of the fatigued
muscle become acidic due to the accumulation of
lactic acid. Glaister and Kerly (1936) found that
iodoacetate, which inhibits the formation of lactic
acid in Mytilus muscle does not materially inter-
fere with muscular contraction.

The key substance involved in the energy trans-
formation in the muscles is, however, adenosine-
triphosphate (ATP); the presence of ATP is a
prerequisite to contraction. According to Szent-
Gyorgyi's theory ATP has a great affinity to
myosin and is strongly linked to it. Exeitation
of the muscle implies the formation of actomyosin
{from actin 4 myosin), & process which does not

take place in the absence of ATP (Szent-Gyérgyi,
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1951). Dephosphorylization of ATP to adenosine-
diphosphate (ADP) is believed to be the most
important reaction closely connected to the libera-
tion of energy in the contracting muscle. The
function of ATP, according to Weber (1958) is
twofold: “it acts as a contracting substance if it
is split and as a relaxing and plasticizing substance
if it is present without being split.” The ATP
used in contraction is restored ‘‘almost as rapidly
a8 it is broken down by transphosphorylation of
phosphagens.”

Since the phosphorylization of ATP is the main
stage in the energy-providing reaction in the
muscle, it is of interest to know the splitting
capacity of this compound in the adductor muscles.
Investigation of this problem by Lajtha (1948)
showed that the phosphatase activity is much
lower in bivalve muscles (Mytilus and Pinna)
than in rabbit muscle. Lajtha suggests that this
is correlated with the slow working of the adductor
muscle, which does not require the quick energy
changes needed in the more rapidly functioning
muscles of vertebrates and insects.

Chemical changes in the adductor muscle of the
oyster (. commercialis) were studied by Hum-
phrey (1944, 1946, 1949, 1950), who demonstrated
the presence of arginine phosphate and of several
phosphorylated breakdown compounds of glyco-
gen. The glycogen can be synthesized in both
parts of the muscle from glucose-1-phosphate, but
synthesis is more readily effected in the translucent
portion.

In the glycolysis of the oyster muscle the glyco-
gen breaks down in the presence of added potas-
sium, magnesium, and DPN (diphosphopyridine-
nucleotide) and yields a mixture of pyruvic and
lactic acids (Humphrey, 1949). The glycolytic
ability of the adductor muscle of the oyster is
several hundred times less powerful than that of
rabbit muscle.

Studies of the glycolysis in extracts of the
adductor muscle of C. commercialis (Humphrey,
1944) disclosed three essential facts: (1) phosphate,
potassium, magnesium or manganese, and DPN
are the essential parts of the system resulting in
the production of acid; (2) lactic and pyruvic acids
are produced simultaneously; and (3) acid produe-
tion is inhibited by fluoride and iodoacetate. The
glycolysis in oysters and other invertebrates still
is not well understood, particularly with respect
to the metabolism of pyruvate by oyster muscles.

The ATP present in the adductor muscle has a
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definite relationship to glycolysis. The amount of
ATP in the muscle decreases when oysters are left
out of water. From this observation Humphrey
advances the hypothesis that the breakdown of
glycogen provides the energy for the muscle to
resist the pull of the igament. He thinks that the
regeneration of ATP proceeds through glycolysis,
which continues under both aerobic and anaerobic
conditions. Both conclusions require further cor-
roboration.

NORMAL SHELL MOVEMENTS

Studies of shell movements can give valuable
information regarding the physiological state of
the oyster and its reactions to the changes of
environment. The only type of motion that can
be performed by an adult oyster consists of two
distinct components: the contractions of the
adductor muscle that bring the opposing valves
together and may completely seal off the soft parts
of the oyster, and the springlike action of the
ligament that pushes the valves apart during the
periods of relaxation. The purely mechanical
action of the ligament is counteracted by the
tonus of the muscle, which retains a certain degree
of elasticity even in the state of maximum stretch-
ing. If the muscle is cut off at the maximum
gaping, the valves are pushed farther apart by the
elastic force of the ligament.

METHOD OF RECORDING

Opysters selected for long-term observation (sev-
eral weeks or months) should be free of boring
algae and animals. The surface of the shell is
scrubbed with a metal brush, washed, and dried.
The left valve is embedded in a rapidly setting
mixture of cement, sand, and unslacked lime in
proportion 1:2:1. Care should be exercised to
keep the edges of the valves free of cement mixture
and to wipe out and wash with sea water all excess
material. Mounted oysters are left in the air at
room temperature for 12 to 24 hours.

A small metal loop cut from a paper clip may be
used to attach strings which lead to & recording
lever. The two arms of the U-clip are bent
horizontally, and the loop is placed on the clean,
dry surface of the right valve and sealed in a
vertical position by s few drops of hot colophonium
cement. For recording the up and down move-
ments of a valve heart and muscle levers available
at scientific supply houses ¢an be used. Adequate
levers can be made of strips of appropriate length
cut from a sheet of plastic and mounted on pivots
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of a small glass rod inserted in a hole drilled in the
supporting arm. It is convenient to have at hand
levers of various lengths so that records of shell
movements of several oysters can be made
simultaneously on one kymograph drum. Unless
there are some special reasons for not changing the
ses water during the observations, the oysters are
placed in running sea water, and the temperature
of the water is recorded on a thermograph and its
salinity checked at regular intervals.

The records reproduced in this book were
obtained by using a slow-motion kymograph.
The uppermost position of the writing pen always
corresponds in these tracings to the position of a
completely closed right valve; the lower position
of the line marks the various degrees of opening of
the shell. The magnitude of the up and down
excursions of the writing pen depends on the ratio
between the two arms of the lever, the distance
between the hinge ligament and the place of the
attachment of the string, and the height of the
oyster. The magnification of shell movements
recorded in the Bureau’s shellfish laboratory at
Woods Hole varied from three to seven times the
actual excursions of the valves. A baseline
representing the position of the writing pen when
the shell is completely closed (not shown in the
records reproduced here) may be obtained by
rotating the drum rapidly before beginning
observations.

Under ordinary circumstances the opening and
closing movements of the shell are so small that
the corresponding up and down tracings on kymo-
graph paper are relatively short and are not dis-
torted by the actual movement of the lever, which
on wider tracings describes an arc on the side of
the rotating cylinder. In case of wide gaping
produced by experimental stretching of the muscle
the distortion becomes serious since the writing
point at the bottom moves ahead of the time
marker and draws a gentle slope instead of a steep
curve. To avoid possible misinterpretation the
true position of the writing lever at the time of
maximum stretching and its return to the top as
the muscle contracts are shown on the records by
dotted lines.

For long-term observations the speed of the
kymograph drum is adjusted to slow movement of
about 1 inch per hour. When studies ars made
of the reactions of oysters to various stimuli the
speed of the rotation should be increased to about
three-sighths of an inch (1 cm.) per minute. With

THE ADDUCTOR MUSCLE -

the fast- and slow-motion kymograph used in
the Bureau’s shellfish laboratory, the latter speed
corresponded to one complete revolution of the
drum per hour. With this technique several
thousands of records of shell movements of oysters
were obtained under a great variety of conditions
using both normal and diseased oysters. Speci-
mens used in the tests were taken from New
England waters, Chesapeake Bay, South Carolina,
the west coast of Florida, Mississippi, Louisiana,
and Texas. A relatively small number of records
were made of shell movements of C. gigas and
O. lurida of the Pacific Coast. Many records
were obtained while oysters were subjected to
various types of poisons (chlorine, phenol, black
liquor and red liquor of pulp mill wastes, crude oil,
thiocyanates, etc.) or while they were given
various concentrations of carbohydrates and
suspensions of pure culture of Escherichia coli.

For a study of shell movements under normal
conditions the oysters were kept in running sea
water delivered at 10 times, at least, faster than
the rate at which it was transported through the
gills. Under this condition one can be certain
that the products of metabolism were removed and
the oysters were not deprived of food.

Shell movements play an essential part in the
respiration, feeding, and rejection of silt, mucus,
and excreta that otherwise may accumulate in
the pallial cavity of the oyster. Material settled
on the gills and mantle is rejected by rapid and
powerful snapping of the valves. In addition to
this rejection reaction there are smaller and
slower changes in the tonus level of the adductor
which may be interpreted as adjustments to a
steady flow of water through the gills. It is not
surprising that shell movements of oysters show
great variations both in the rate and type of
contraction. Analysis of the records made under
known conditions in the laboratory indicates
that in spite of this variability the movements of
individual oysters can be grouped into five major
types characterized by their responses to various
conditions.

FIVE MAJOR TYPES OF SHELL
MOVEMENTS

In comparing the records of shell movements it
is necessary to know the following essential points:
the highest and lowest level reached by the
writing pen during the periods of closing and
opening of the valves, the frequency at which
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the contractions occur, and the speed of rotation
of the drum. Published reports frequently fail
to mention these significant details. Another
feature of importance is the gemeral level cor-
responding to the tonus of the muscle to which
the valve returns after each brief closing. Under
normal conditions the adductor muscle is never
completely relaxed. The distance to which the
valves are pushed apart by the hinge ligament is,
therefore, indicative of the degree of relaxation.

During my years of study, more than 2,000
tracings of shell movements of oysters were
obtained under a great variety of conditions. It
was possible to group them into five principal
types which for the sake of brevity are designated
by the first five letters of the alphabet.

Type A

The three curves shown in figure 153 (A-1,
A-2, and A-3) indicate normal behavior of the
oyster. The differences in the appearance of the
curves are due primarily to differing speeds of
drum rotation. Curve A-2 is a continuation of
curves A-1 with the drum movement reduced
from 15.3 cm. to 3.6 cm. per hour. The extreme
right portion of curve A-2 indicates the summa-
tion of several stimuli that caused brief closing of

the valves. The curve A-3 is a variation of type
A-1 and is essentially similar to curves A-1 and
A-2. The writing lever in curve A-3 was set in
such a way that the magnification of the vertical
excursions was only one-third of that used in
curves A-1 and A-2. The contractions were,
however, more frequent. Several downward
excursions of the pen indicate brief attempts to
widen the opening of the valves, but the general
tonus level of the adductor remained fairly
constant.

Type A shell movement, shown in figure 153,
represents movements of an undisturbed oyster
that maintains a steady current of water for the
ventilation of the gills and for the collection of
food. The general level of opening of the valves
is fairly constant (curves A~1 and A~2). Relaxa-
tion of the muscle immediately after rapid con-
traction is slow, and the resulting curve slopes
down gently (see right parts of curves A-1 and
A-2). Sudden snapping of the valves is associated
with the discard of rejected food, mucus, detritus,
and other paiticles that accumulate on the inner
surface of the pallium. This rejection reaction is
an important feature of oyster behavior for it is
the principal method of keeping the pallial cavity
free from the accumulation of foreign matter.

A-2

Fi6uRE 153.—Shell movements of normally feeding oyster. Type A. Vertical magnification of curve A-3 ia about one-
third of that in A-1 and A-2. In each curve the uppermost point corresponds to the position of the lever when the
shells are completely closed. Time interval: A~1, § min.; A-2, 30 min.; A-3, 1 hour.
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Numerous minor contractions (fig. 153, A-2) that
occur between the rejection reactions only slightly
reduce the opening between the valves and are
more difficult to interpret because they are not
accompanied by the discharge of any material.
Possibly they represent the fine adjustments made
by the oyster in maintaining a steady flow of water
through the gills. On the other hand, it is also
possible that they are responses to minor physical
disturbances such as vibrations of laboratory
floors and slight changes in illumination. None of
the existing laboratories in the United States
have the shockproof floors and walls that would
assure complete elimination of the outside dis-
turbances caused by street traffic and footsteps
within the building.
Type B

Type B shell movement is characterized by the
increased frequency and well-pronounced perio-
dicity of contractions and corresponds to the state
of increased excitability (fig. 154). Curve B-1
was observed in oysters which were exposed to a
rapid rise of temperature from 13° to 25.6° C.
B-2 represents the behavior of oysters affected by

the metabolites accumulated in stagnant and
unaerated water. The uniform and rapid con-
traction shown in B-2 stopped immediately when
the water was changed.

Curve B-3 represents a similar activity recorded
on a rapidly moving drum. The relaxation peri-
ods are much shorter, but the level of the muscle
tonus remains constant. Shell movements of this
type were frequently observed in oysters which
were left after spawning in water containing large
quantities of oyster eggs and sperm. Normal
movements of the type A-1 were resumed as soon
as the water was changed.

Type C

The curve of type C shell movements (fig. 155)
illustrates periods preceding or following changes
in the degree of opening and closing of the valves.
Both periods are characterized by a series of minor
contractions and relaxations until the final tonus
level is reached. The type shown in C-2 (left
part of the curve) is a typical ‘‘staircase” or
“Treppe” reaction of the adductor muscle, which
contracts in several distinct stages. This reaction
is the response to an irritating substance added

FigURre 154.—Shell movements of type B are typical for the state of increased excitability frequently caused by the
accumulation of metabolites in sea water or rapid rise of temperature. Vertioal magnification in B-3 is about one-
fourth of that in B-1 and B-2; uppermoet pointe correspond to closed shells. B-1 temperature increased from 13° C.
at the start to 25.6° C. at the end. B-2, B-3 increased musoular activity due to the accumulation of metabolites.
Time interval: B-1, 1 hour; B~2, 1 hour; B-3, 1 minute.
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Ficure 155.—Shell movements of type C, preceding the closing of valves (left side) and following their opening (right

side).

to the water. A ‘‘staircase’” in reverse direction
sometimes takes place during the opening of the
valves (C-2, right half). This behavior was pro-
voked by small doses of oyster sperm, vitamins,
and sugars injected between the valves into the
pallial cavity. The “reversed staircase’” may be
interpreted as a testing reaction of the oyster,
which adjusts the opening of the valves to a
needed rate of ventilation.

Type D

Shell movement of type D (fig. 156) was ob-
served in oysters affected by various poisons which
caused increased excitability of tle adductor
muscle (D-1). In case of a prolonged action of
poison the periods of greater excitability (D-2 and
D-3) are interrupted by gradually increasing du-
rations of periodical closure (D4 and D-5). This
type of shell movement is a symptom of a highly
advanced pathological condition resulting from
poisoning, disease, or exposure to adverse physical
conditions. It is typical for dying mollusks (D-5).
Type E

The E type of shell movement associated with
the spawning of the female oyster is characterized
by great regularity, rapidity, and rhythmic up
and down strokes (fig. 157), At the beginning of
the reaction the time needed to reach the maxi-
mum relaxation level is very brief, almost equal
to the time of the contraction (see: E-2). Dur-
ing the relaxation phase (downward stroke) there
is a brief period of slowing down in the decrease
of muscular tension. On the curve this period is
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Note staircase movement in C-2.

Time interval: C-1 and C~2, 1 hour each.

represented by & small plateau. This moment
coincides with the passage of eggs through the
gills into the pallial cavity. The eggs in the pallial
cavity are dispersed into the swrrounding water
by rapid contractions of the adductor.

Shell movements that take place during the
spawning of a female do not occur at any other
time and cannot be induced by drugs. They cease
with the cessation of spawning. The factor that
induces female spawning (temperature or chemical
stimulation by sperm) has no effect on the type of
shell movement of a male and is ineffective on non-
spawning females. It is probable that this type of
muscular activity is associated with the discharge
of eggs from the gonads.

DURATION OF PERIODS OF OPENING
AND CLOSING

The length of time the shells remain open or
closed and the conditions that affect this behavior
are of importance to oyster biclogy. Obviously
the normal functions of the organism, such as
respiration, feeding, and elimination of waste pro-
ducts, can be performed only when the valves of
the mollusk are open. It does not follow, however,
that the opening of the shell indicates that the
mollusk is feeding or is ventilating its gills. Under
certain conditions water may be shut off from the
pallial cavity by the pallial eurtain or by the ces-
sation of ciliary motion while the valves remain
open. However, in the majority of laboratory
observations of the behavior of oysters in unadul-
terated sea water the opening of the valves coin-

FISH AND WILDLIFE SERVICE



D-4

D-5

— n n n 1 r A "

Ficure 156.—8hell movements of type D are observed in the oysters poisoned by toxic substances or weakened by
adverse environment. D-5 shell movements of a dying oyster. Vertical excursions of the writing pen are mag-
nified three times in all tracings. Uppermost level of the curves corresponds to closed shells. Time interval:
D-1, D-2, D-3, D4, D-5, 1 hour each.
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Fioune 157.—Shell movements of & spawning female. Note the frequencies of up and down movements, brevity‘of
the relaxation periods and slowing down at the middle of the downward strokes; this brief period coincides with

the penetration of eggs through the gills. Time interval: E-1 and E-2, 1 minute each. .
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cided with the maintenance of a steady cloacal
current.

The determination of the number of hours the
oyster remains open under average normal condi-
tions is of significance in studies of reactions of
the mollusk to changes in its environment. Cer-
tain industrial wastes discharged in sufficient
concentrations into natural waters reduce the
time the oysters stay open. It was found, for
instance, that the red liquor which is the waste
product of pulp mills using acid digestion of wood
and the black liquor of pulp mills which employ
a sulfate process exert this effect on the Olympia
oyster (Hopkins, 1931) and on C. virginica (Galtsoff,
Chipman, Engle, and Calderwood, 1947). Any
condition that forces oysters to remain closed for
an abnormelly long time deprives them from
taking in food and eventually may harm them.

The percentage of time during each 24-hour
period that the oysters are open can be used as an
index of normal behavior, provided the shell move-
ments of the mollusk do not indicate pathological
conditions of the type shown in curves D-1 to
D-5. Failure to recognize the significance of this
type of shell movement while recording the time
the oyster remains open may lead to serious mis-
understandings and errors. Unfortunately there
are many published data in which the ‘“‘time open”
was recorded without observing the character of
shell movements.

The length of time C. pirginica remains open is
also influenced by temperature and by the state
of the oyster itself. Since the shell movement is
influenced by several external and internal factors,
it is not surprising that there is a great discrepancy
in the estimates of the average duration of “open
shells” reported by various investigators.

In the Bureau’s shellfish laboratory at Woods
Hole from June 15 to October 15, 1928, 132 daily
records of 34 oysters observed gave an average of
17 hours 7 minutes for open shells. The tempera-
ture of the water during this period ranged from
13° to 22° C., but daily fluctuations of temperature
were insignificant, never exceeding 1.5° C. (Galt-
soff, 1928). Records of the three oysters kept by
Nelson under observation for 21 days in New
Jersey water indicated that the shells remained
open on the average of 20 hours per day at tem-
peratures varying between 22° and 25° C. (Nelson,
1921). For oysters kept in running sea water at a
Beaufort, N.C., laboratory, average time open in
October to November varied between 10 and 14

174

hours (Hopkins, 1931). The temperature of water
was not recorded. Two hundred and one daily
records of 49 York River (Virginia) oysters kept
under observation in the laboratory at Yorktown
showed that the periods of opening varied from 19.2
to 24.0 hours a day (Galtsoff, Chipman, Engle,
and Calderwood, 1947). Within the temperature
range of 17.0° to 28.0° C. Long Island Sound oys-
ters were found to remain open for an average
period of 22.5 hours. The latter data are based
on 64 records of 18 oysters (Loosanoff and No-
mejko, 1946). O. lurida of the Pacific Coast
remained open for an average of 20 hours a day
at the temperature range of 5° to 17° C. (Hopkins,
1931).

A sample of oysters always includes several
individuals that may remain closed for 24 hours
or longer. One or two of them will reduce unduly
the average figure based on a small number of
observations. Furthermore, under identical con-
ditions of the normal environment (i.e., not
affected by pollution, dredging, or other disturb-
ances) an oyster may keep its shell open or closed
for varying periods of time depending on the
requirements of the organism for food and oxygen.
I found that immediately after spawning the
female oysters have a tendency to keep their shells
closed for several days. On the other hand,
oysters left overnight out of water open almost
immediately upon being returned to sea water.
It is reasonable to assume that they accumulated
an oxygen debt during the period of closure.
In view of these observations the differences in
the duration of periods of opening or closing
described for oysters of different localities have no
particular significance. The average value may
be useful, however, in determining the adverse
effects of the changes in the population of oysters
in a given locality and in making a comparison
between the behavior of these individuals in clean
and polluted waters.

EFFECT OF TEMPERATURE

Temperature a8 such has no direct influence on
the duration of shell opening. There was no
significant difference in the length of time the
Woods Hole oysters remained open when kept at
temperatures varying from 15° to 30° C. (Galtsoff,
1928). It is rapid change in temperature, often
occurring in those laboratories where sea water is
subject to wide diwrnal fluctuations, that has a
pronounced effect on shell movements, 0. lurida,
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F1oure 158.—The average percentage of time open of two
specimens of 0. lurida at each hour of the day observed
over the 29-day period (solid circles). Average tem-
perature readings for each hour during the same period
(open circles). From Hopkins (1931), fig. 4, p. 6.

for instance, has a tendency to close with the fall-
ing of temperature and open with a rise of tempera-
ture (Hopkins, 1931). The sensitivity of this
oyster to temperature changes was reported to be
greater at the lower range. At 4° to 6° C. the
oysters remained closed & relatively high per-
centage of the time; at 6° to 8° C. they were open
only about 6 hours, while at the maximum of
about 15° C. they remained open over 23 hours
per day. In both cases the diurnal curve of shell
activity was parallel to the curve of temperature
fluctuation observed by Hopkins (1931) although
the percentage of time open in warmer water was
consistently higher (fig. 158). It would be of
interest to repeat these observations and compare
them with controls kept at a constant temperature
since Hopkins’ temporary laboratory near Olym-
pia, Wash. lacked adequate equipment for regula-
tion of temperature. He concluded that “change
of temperature is more important in affecting the
length of time Olympia oysters remain open than
the degree of temperature itself.” The results
of his observations on C. virginica at Beaufort,
N.C., bear close resemblance to those described
above but, unfortunately, they were not accom-
panied by thermograph records and so are
not entirely convincing. His conclusions need
clarifieation.

EFFECT OF LIGHT AND DARKNESS
Periods of light and darkness have no apparent
effect on the closing or opening of the valves.

THE ADDUCTOR MUSCLE

Analysis of 103 daily recards of shell movements
of oysters kept in the Bureau’s Woods Hole lab-
oratory in running sea water at nearly constant
temperature (daily fluctuations +0.5° C.) and
constant salinity shows that of the total number
of 831 hours of inactivity (shell closures), 266 hours
or 32 percent occurred during the 8-hour period of
darkness and the bslance of 565 hours, or two-
thirds of the total, took place during the remaining
two-thirds of daylight (Galtsoff, 1928). During
the summer, from June to August inclusive, the
Long Island Sound oysters kept their shells open
for 94.4 percent of the total time during daylight
and 93.8 percent during the hours of darkness
(Loosanoff and Nomejko, 1946). These observa-
tions repudiate Nelson’s conclusion that the
periods of inactivity (or closings) occur during
darkness (Nelson, 1921, 1923¢).

EFFECT OF TIDE

There is no evidence that the opening and
closing of oyster valves is related to the stages of
tide. The idea that oysters living below the
low-water mark are relatively inactive during the
outgoing tide and that the times of cessation and
commencement of feeding are correlated to stages
of the tide, was several times expressed by Nelson
(1922, 1923a, 1923¢, 1938) and without verification
was accepted by Orton in his article in Encyclo-
pedia Britannica (Orton, 1929). Loosanoff and
Nomejko (1946) analyzed the kymograph tracings
of shell movements of oysters kept under virtually
natural conditions on a platform installed on a
small oyster bed on the bottom of Milford Harbor
in Long Island Sound. They found that the shells
remained open on an average of 93.4 percent of
the time during the flood periods and 95.2 percent
of the time during the ebb periods. The tidal
changes in Long Island Sound are not accompanied
by the excessive changes in the temperature,
salinity, pH, and turbidity of water which fre-
quently take place in the tidal streams of the
southern Atlantic states and may influence the

. shell movements of oysters.

POWER OF THE ADDUCTOR MUSCLE

Anyone who attempts to open a live oyster by
inserting and twisting a knife between the two
valves becomes aware of the considerable resistance
exerted by the mollusk. As a rule the valves of
healthy oysters just taken out of sea water are
difficult to pry apart. The power of the adductor
muscle, which is solely respounsible for keeping
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the valves tightly closed, varies greatly in oysters
of the same size and environment. Prolonged
exposure to air so weakens the adductor that
oysters left out of water for several days can be
easily opened.

In attempts to measure the power of the
adductor of various bivalves Plateau (1884),
Marceau (19054, 1905b), and Tamura (1929, 1931)
drilled holes near the edge of the shells and inserted
rods or hooks to which they attached weights.
The opposite valve was immobilized. Assuming
that the adductor muscle is an elastic body, the
amount of work (W) done by the adductor
against the loaded weight (G) was calculated by
using & simple formula W= ;a(—‘;G where ac is a
distance in centimeters from the ligament to the
attachment of the weights; ad is the distance in
centimeters from the ligament to the center of the
adductor muscle; and G is the weight in grams
applied to the valve. Under a known pulling
force the shell movements were traced on a
kymograph and a record was made of the time
and load under which the muscle fibers were torn
off. Continuous irritation of the adductor by the
foreign body (hook or rod) inside the shell near

the mantle makes this technique objectionable.
Furthermore, the end point of the experiment,
the tearing off of the muscle, is of no biological
significance compared to a determination of the
tensile force of the muscle fibers.

The method used in the Bureau’s shellfish
laboratory eliminates these objections. The left
valve of the oyster is mounted on a heavy cement
block, using & very strong mixture of portland
cement and sand to which a small amount of
plaster of paris is added (fig. 159). The base is
bolted to the frame D which may be placed in the
aquarium tank B supplied with running sea water.
A galvanized iron screw (a) about 1 inch in length
is inserted into the valve at the center of the
attachment of the adductor muscle. Its tip
should not penetrate the valve. Enough portland
cement or other highly adhesive mixture is applied
to the shell surface around the screw to make a
cone of about 1 inch in diameter; the top of the
screw (a) should protrude above the cement. A
metal stirrup (E) consisting of a pair of iron bars
(b) with pronged arms at the lower end and a
hook (d) mounted at the upper end connect the
valve and the pan (e) of the laboratory balance
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FigurE 159.—Method of determining the resistance of the adductor musele of C. virginica to a pulling force. . A—cement
base, bolted to wooden frame 1D and placed in tank B; a—galvanized iron screw; b—bars of the etirrup E; c—adjust-
ing nut; d—hook for connecting the stirrup to the balance; e—left pan of the balanee; F—seawater intake; H—
overflow; K—kymograph; L—writing lever; M—signal magnet and pen; R—Telechron timer; T—4ransformer.
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placed on frame D. The length of the hook is
adjusted by turning the nut (c). The two pans
of the balance are placed in a zero position, and
the desired weight is put on the right pan. The
right valve of the oyster is connected to the
writing lever (L) of the kymograph (K). The
writing pen (M) is attached to a signal magnet
which is activated by an electric timer (R) and
transformer (T). The timer is made by mounting
& plastic disc on the axis of a Telechron motor
making one revolution every hour. A short piece
of copper wire at the periphery of the disc, indi-
cated in figure 159 by the arrows, completes the
circuit every 30 minutes (at the vertical position
of the arrow). The weight of the balance is
sufficient to keep the platform from floating when
it is placed under water. Sea water is supplied
through the intake (¥); the overflow (H) controls
the water level. This setup was successfully used
in a large number of tests made both in the air
and under water.

Occasionally the bond between the cement cup
and the surface of the shell was insufficient for a
pull of 8 to 10 kg. and had to be adjusted by using
s stronger mixture and slightly roughening the
surface of the valve. In the majority of cases the
connection between the valve and the cement cap
remained intact even when the pulling force of
about 10 kg. was applied and occasionally the
muscle itself was torn in the middle.

The purpose of the test was twofold: to study
the behavior of the adductor under variable
pulling force and to determine the time required
to cause the loss of tonus by the muscles that were
being stretched by weights varying from 2 to 10
kg. directly over the muscle scar.

New England oysters kept in the harbor near
the laboratory were used in all the tests. The
oysters were about 5 inches in height and ap-
peared to be in good condition with the shells
undamaged by boring sponge.

TESTS MADE IN AIR AND IN WATER

Adult oysters exposed to air at room tempera-
ture are able to withstand the pulling force of
several kilograms for several days. Under the
weight of 7 to 8 kg. the adductor muscle opened
immediately (fig. 160). A force of 8 kg. (2,185.8
g./fcm.? of cross-sectional area of the adductor)
caused immediate stretching of the adductor to
about one-third of the maximum gaping distance,
which was attained within 6.5 hours. During the

THE ADDUCTOR MUSCLE

5 hours following the initial stretching there was
no shell movement but the adductor retained its
tonus level; the response to pricking (several
small upward strokes on the record) was very
slight. Final stretching to 1.5 cm. gaping dis-
tance of the valves was relatively rapid. At this
stage the adductor lost the tonus and failed to
respond to stimulation. Upon removal of the
weights the muscle regained its elasticity and
contracted (right side of fig. 160). For several
hours an oyster weighing only 18.2 g., exclusive
of shell, was capable of maintaining a constant
tonus level against the pull of 8 kg.

In all tests in which the pulling force of 10 kg.
per oyster was applied (from 2.5 to 3.0 kg./cm.?
of the muscle area) the muscle stretched im-
mediately and the gape of the valves reached the
maximum width of 15 to 18 mm. The muscle
failed to respond to pricking or to the application
of 0.1 N hydrocholoric acid but retained a certain
degree of elasticity and was able to counteract
the pulling force of the ligament. As soon as the
muscle was cut off the valves opened several
millimeters beyond their former position.

Individual variations in the time required for a
muscle to reach maximum stretching are consider-
able. The time needed to produce tonus loss is
inversely related to the weight applied to the
valves. The pulling force of 0.5 kg. (131 to 136

* g./Jem.?) applied for 15 days had no effect on the

opening of the oyster shell in the air (at room
temperature of 15° to 18° C.). At the pulling
force of about 500 g./cm.? the loss of tonus and
failure to respond to stimulus developed in 300
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Figure 160.—Record of shell movement of C. virginica
kept in air under the pulling force of 8 kg. (2185.8 g./fcm.}
of cross-sectional area of the adductor muscle). Arrows
indicate time when the weight was applied (upper left)
and removed (lower right). Temperature 18° to 23° C.
Total weight of oyster meat 18.2 g.; of shell 166 g.
Maximum gap (right end of the curve) 1.5 cm. The
distortion of the lowermost position of the lever with
reference to the horizontal axis is marked by the heavy
arrow. Time interval: 0.5 hour,
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hours. To avoid desiccation the oyster in this
experiment was surrounded by & small moist
chamber. With the increase in weight the time
of complete loss of tonus rapidly decreases
(fig. 161).

Muscles which were kept for several hours under
a pulling force of about 1.7 kg./cm.? of cross-
sectional area suffered a temporary injury which
resulted in abnormal shell movements after the
return of the oysters to sea water (fig. 162). The
two tracings reproduced in this figure are almost
identical, although in the case of oyster A a pulling
force of 6 kg. was used while 8 kg. were applied to
oyster B. In both instances the pulling force per
unit of muscle scar area was the same, 1,676 in A
and 1,675 g./em.? in B. After a few days in
running sea water both oysters completely re-
covered and their shell movements became normal.

In oysters kept in sea water the relationship
between the weight applied to the valves and the
time needed to attain tonus loss is less regular
and individual differences are much greater than
for oysters left in the air. With a pulling force of
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Figure 161.—Time in hours required to obtain loss of
tonus aof the intact adductor muscle kept under constant
pull in kg.fem 2 of the cross-sectional area of the adductor.
Experiments with C. virginica kept in air st tempera-
tures between 18° and 24° C,
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F1GURE 162.—Shell movements of C. virginica in sea water
after the removal of weight of 6 kg. or 1,676 g./cm.? of
muscle area (upper line) and 8 kg. or 1,675 g./cm.? of
muscle area (lower line) applied to the valves. Weights
were removed after complete loss of tonus was attained
in 43.52 and 52 hours exposure in air at temperature
23° to 24° C. Water temperature 13.5° C. Time
interval: A and B, 0.5 hour each.

about 1.5 kg./em.? of muscle area some of the
oysters showed tonus loss in less than half an hour
while others remained closed for many hours.
The relationship between the increasing pulling
force and the time recquired to develop loss of
tonus is shown in figure 163.

Changes in the character of shell movements of
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Fioure 163.—Time in hours required to obtain complete
loss of tonus in the adductor muscle of C. sirginica kept
in water under a constant pulling force expressed in
kg./em.? of the cross-sectional area of the adductor
muscle. Temperature 13.9° to 18.0° C. At the pulling
force of 0.59 kg. complete tonus loas was obtained in 274
hours (11.5 days).
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an oyster kept under the continuous pull of the
relatively light weight of 2 kg. (606 g./em.? of
cross section of muscle area) are shown in figure
164. The five lines represent excerpts of about
7.5 hours duration from a continuous recording
made at a temperature of 13.9° to 14.1° C. and
salinity of 31.3 °/oe. Inline A the movements are
normal. Their amplitude is increased after the
application of a pulling force of 2 kg.; at the same
time the frequency of contraction decreases
(line B). This condition continues until the
67th hour (line D, middle part) when the muscle
begins to stretch and the number of contractions
greatly increases. At the 71st hour (end of line
D) the muscle does not respond to stimulation.
After removal of the weight (line E) shell move-
ments are restored. The frequency of contrac-
tions during the recovery period is greater than
under normal conditions. Within the next 48
hours normal shell movements of the type shown
in line A are resumed.

Similar experiments in the air at higher tempera-
tures varying from 18.5° to 24.0° C. gave slightly
different results shown in figure 165. The pulling
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Ficure 164.—Shell movements of C. wirginica in sea
water under continuous pull of 2 kg. (606 g./cm.? of
cross-sectional area of the adductor muscle). Tempera-
ture 13.9° to 14.1° C. Salinity 31.3 °/,,. A-—normal
shell movements before the application of weight.
B—immediately after the application of weight.
C—after 32 hours; note increased gaping. D-—after
64 hours; wide gaping, complete loss of tonus and lack
of response to stimulation. Maximum valve opening
1.5 cm. E—increased muscular activity during the
recovery period following the removal of the weight.
Time interval: A, B, C, D, and E, 0.5 hour each.

THE ADDUCTOR MUSCLE

Ficure 185.—Excerpts of the continuous records of shell
movements of C. virginica in air under the pulling force
of 2 kg. (590 of the cross-sectional area of the adductor).
A—1line ends at the 96th hour after the application of
force; B—at 190th hour; C—at 274th hour when the
musecle failed to respond to stimulation. Widest gap of
valves 1.5 cm. Temperature 18.5° to 24° C. Time
interval: A, B, C, 0.4 hour each.

force of 2 kg. per oyster applied in this case
was equivalent to 530 g./cm.? of the cross-sectional
area of the muscle. Loss of tonus was attained in
this case after 274 hours (line C) when the gap
between the valves reached the maximum of 1.5
cm. Pathological condition of the muscle was
apparent after 96 hours (line A) and became pro-
nounced at 190 hours (line B). After removal of
the weights the oyster was left in running sea water
but failed to recover and died in 2 days.

A lighter weight (315.5 g./cm.? of muscle area)
applied to an adult oyster kept in running sea
water at temperatures ranging from 13.9° to 18.0°
C. produced very slow changes in the normal shell
movements (fig. 166). The upper line of figure
166 represents normal movements recorded imme-
diately after the application of the weight. A
noticeable increase in the amplitude of contractions
began on the 3rd day and continued through the
11th and 12th days. During the 13th and 14th
days the amplitude of up and down strokes was
greatly reduced; loss of tonus and failure to re-
spond to stimulation developed by the 18th day.
The last line shows the typical staircase contrac-
tion following the removal of the weight, indicating
that the muscle retained some of its Blasticity. At
the maximum amplitude of the contractions (8th
and 11th days) the oyster periodically lifted the
weight of 1 kg. to the height of about 1 cm. Ten
days after the end of the test the oyster recovered
completely and its shell movements became

normal.
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Ficure 166.—Shell movements of C. virginica in running
sea water under a continuous pull of 1 kg. (312.5 g./em.2
of the cross-scctional area of the adductor muscle).
Temperature 13.9° to 18.0° C. Time interval: 0.5 hour.

If much greater weight (4 kg. per oyster or 1,150
g./cm.? of muscle area) is applied shell novements
become abnormal at the very beginning of the test.
This is demonstrated in the records of two Cotuit
(Muss.) oysters (C. virginica) and one (. gigas
shown in figure 167.

The stretching of the adductor muscle by a pull-
ing force not exceeding 4 kg. per oyster did not
interfere with their feeding; a strong current was
maintained by the gills, and the feces were formed
and discharged in & normal way. However, the
secretion of mucus by the mantle and gills was
greatly increased. Vast quantities of slimy mate-
rial accumulated at the mantle edge and were dis-
carded as pseudofeces.

The resistance of the adductor muscle to a pull-
ing force exceeds by many times the force required
to overcome the elasticity of the ligament and
close the shell. This additional force is apparently
needed to keep the valves hermetically sealed.
The ability to keep the valves tightly closed has
definite survival value. Mollusks possessing it
are able to protect themselves against desiccation
when exposed to air, or against adverse conditions
caused by the presence of toxic substances in the
water. Powerful muscular mechanism also helps
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Ficure 167.—Shell movements of two Cotuit oysters, C.
virginica (lines A and B), and C. gigas (line C) in sea
water under a continuous pull of 4 kg. or about 1,150
g./ecm.? of cross-sectional area of the adductor muscle.
Temperature 14.5° t0 16.5° C. Salinity 32.0 to 32.3 °/oo.
The exact time of tonus loss is shown by the broken line
and arrow. Time interval: A, B, and C, 0.5 hour each.

them to resist attacks of starfishes, crabs, and other
enemies that attempt to pry open their valves.

CYCLES OF SHELL MOVEMENTS

There is no indication of any periodicity in
muscular activity in the kymograph records of
shell movements of oysters that were kept in
running sea water in the laboratory or kept out-
side on a suitable platform submerged from a pier
(Loosanoff and Nomejko, 1946). Brown and his
associates (Brown, 1954; Brown, Bennett, Webb,
and Ralph, 1956) claim, however, that C. virginica
possesses a persistent lunar cycle of activity with
the maxima occuring at about 12.5 hour intervals.
Oysters used for obtaining tracings of shell move-
ments were kept for a fortnight or longer in about
4 or 5 1. of sea water which was not changed but
was adjusted by occasional addition of distilled
water to compensate for evaporation. The mean
daily cycles were calculated for 15-day periods
by obtaining the average value of opening for
each hour of the day and applying to the data a
very complicated method of adjustment. The
main conclusions reached by the authors were
that: (1) oysters and quahogs display “‘statistical
rhythms of opening of shell while the overt
rhythms are not apparent from kymograph
records”, (2) short periods of opening tend to
occur about 6:00 8.m. and more or less prolonged
periods of openings happen through mueh of the
remainder of the day. The observations and
their mathematical treatment are of interest from
a theoretical point of view, but the eeological
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significance of the times of maxima and minima
of activities in the daily cycle of the oyster are
difficult to imagine at the present time.

BIBLIOGRAPHY

ANTHONY, R.

1918. Réflexions A propos de la genése de la striation
musculaire sous ’action des causes qui la détermi-
nent. La question de la structure des fibres a
contractions rapides dans les muscles adducteurs
des mollusques acéphales. Archives de Zoologie
Expérimentale et Générale, tome 58, Notes et
Revue, numéro 1, pp. 1-10.

BaLpwin, ERNEST.

1957. Dynamic aspects of biochemistry. 3d ed.

Cambridge University Press, London, 526 pp.
BanpMaNN, H. J,, und H. REICHEL.

1955. Struktur und Mechanik des glatten Schliss-
muskels von Pinna nobilis. Zeitschrift fir Bio-
logie, Band 107, pp. 67-80.

BanrieLp, Winiiax G.

1958. Collagen and reticulin. In Sanford L. Paley
(editor), Frontiers in cytology, ch. 17, pp. 504-519.
Yale University Press, New Haven, Conn.

Barnes, Goroon E.

1955. The behavior of Anodonta cygnea L., and its
neurophysiological basis. Journal of Experimental
Biology, vol. 32, No. 1, pp. 158-174.

Baruiss, L. E,, R. Borranp, and A. D. Rircuik.

1930. The adductor mechanism of Pecten. Pro-
ceedings of the Royal Society of London, series B,
vol. 106, pp. 363-376.

Bavyriss, WiLLiaM Mabpock.

1924. Principles of general physiology. 4th ed.

Longmans, Green and Company, London, 882 pp.
BensoN, ANprREW A., Jorn T. Havs, and Ricaarp N.
Lewis.

1942. Inhibition in the slow muscle of the scallop,
Pecten circularis aequisulcatus Carpenter. Pro-
ceedings of the Society for Experimental Biology
and Medicine, vol. 49, No. 2, pp. 289-291.

Borrapairg, L. A., and F. A. Porrs.

1961. The Invertebrata. A manual for the use of
students. 4th ed., Revised by G. A. Kerkut.
Cambridge University Press, London, 820 pp.

Bowbpen, J.

1958. The structure and innervation of lamelli-
branch musele. In G. H. Bourne and J. F.
Danielli (editors), International Review of Cytology,
vol. 7, pp. 295-335.

Bronw, H. G.

1862. Die Klassen und Ordnungen der Weichthiere
(Malacozoa), wissenschaftlich dargestellt in Wort
und Bild. Dritten Bandes, erste Abtheilung.
Kopflose Weichthiere (Malacozoa Acephala). C.F.
Wintersche, Leipsig, 518 pp.

THE ADDUCTOR MUSCLE

BrownN, FRANK A, Jr.

1954. Persistent activity rhythms in the oyster.
American Journal of Physiology, vol. 178, No. 3,
pp. 510-514.

Brown, FrRank A, Jr., M. F. Bexnert, H. M. Wess,
and C. L. Rarpn.

1956. Persistent daily, monthly, and 27-day cycles
of activity in the oyster and quahog. Journal of
Experimental Zoology, vol. 131, No. 2, pp. 235-262.

BRriicK, ARTUR.

1914. Die Muskulatur von Anodonta cellensis Schrét.
Ein Beitrag zur Anatomie und Histologie der
Muskelfasern. Zeitschrift fiir wissenschaftliche
Zoologie, Band 110, pp. 481-619.

Caspers, HUBERT.

1951. Rhythmische Erscheinungen in der Fortp-
flanzung von Clunio marinus (Dipt. Chiron.) und
das Problem der Junaren Periodizitdat bei Organ-
ismen. Archiv fir Hydrobiologie, Supplement,
Band 18, pp. 415-594.

Craxrkg, C. H. D.

1949. Fluctuations in populations.

Mammalogy, vol. 30, No. 1, pp. 21-25.
CoLg, LaMont C.

1951. Population cycles and random oscillations.
Journal of Wildlife Management, vol. 15, No. 3,
pp. 233-252.

1957. Biological clock in the unicorn.
125, No. 3253, pp. 874-876.

CouTaNnce, A.

1878. De l'énergie et de la structure musculaire chez
les Mollusques Acéphales. J. B. Bailliére et Fils,
Paris, 63 pp.

DeRosgems, E. D. P.,, W. W. Nowinskl, and Francisco
A. Saxz.

1954. General cytology. 2d ed. W. B. Baunders

Company, Philadelphia, Pa., 456 pp.
ENGSTROM, ARNE, and J. B. FINEAN.

1958. Biological ultrastructure. Academic Press,

New York, 326 pp.
Evans, C. Lovarr.

1926. The physiology of plain muscle.

logical Reviews, vol. 6, No. 2, pp. 358-398.
FLORKIN, MARCEL.

1849. Biochemical evolution.
and augmented by Sergius Morgulie.
Press, New York, 157 pp.

FLORKIN, MARCEL, and GHIBLAINE DUCHATEAU.

1942. Sur la composition de myosines d’Invertébrés
et sur les degrés d’Homologie des protéines animales.
Acta Biologica Belgica, tome 2, pp. 353-354.

Gavrsgorr, PaoL 8.

1928. Experimental study of the function of the
oyster gills and its bearing on the problems of
oyster culture and sanitary control of the oyster
industry. Bulletin of the U.8. Bureau of Fisheries,
vol. 44, for 1928, pp. 1-89. (Document 1035.)

1953. How strong is the oyster? 'National Shell-
fisheries Association, 19562 Convention Addresses,
pp. 51-53.

1958. Observations on muscle attachments, ciliary
motion, and the pallial organ of oysters. Proceed-

181

Journal of

Science, vol.

Physio-

Edited, translated,
Academic



ings of the National Shellfisheries Association,
vol. 48, August 1957, pp. 154-161.
GavrtsoFr, PauL 8., WaLTER A. CHiPMAN, Jr., JANES B.
EnGLE, and Howarp N. CALDERWOOD.

1947. Ecological and physiological studies of the
effect of sulfate pulp mill wastes on oysters in the
York River, Virginia. {U.S.] Fish and Wildlife
Service, Fishery Bulletin 43, vol. 51, pp. 59-186.

GuaAISTER, DpBorAH, and MARGARET KERLY.

1936. The oxygen consumption and carbohydrate
metabolism of the retractor muscle of the foot of
Mytilus edulis. Journal of Physiology, vol. 87,
No. 1, pp. 56-66.

GRUTZNER, P.

1904. Die glatten Muskeln. Ergebnisse der Phy-

siologie, Band 3, Abteilung 2, pp. 12-88.
Hawr, C. E,, M. A. Jakvus, and F. O. ScaMITT.

1945. The structure of certain muscle fibrils as
revealed by the use of electron stains. Journal of
Applied Physics, vol. 16, No. 8, pp. 459-465.

HansoNn, JEaN, and J. Lowy.

1967. Structure of smooth muscles.
180, No. 4592, pp. 906-909.

1959. Evidence for a sliding filament contractile
mechanism in tonic smooth muscles of lamelli-
branch molluscs. Nature, vol. 184, No. 4682, pp.
286-287.

1961. The structure of the muscle fibres in the trans-
lucent part of the adductor of the oyster, Crasso-
stree angulata. Proceedings of the Royal Society of
London, series B, Biological Sciences, vol. 154, pp.
173-196.

HavasHi, Tervu, Rasa RosensLurr, and Haves C.
LaMonT

1959. Studies of fibers of acto- and paramyosin from
lamellibranch muscle. [Abstract.] Biological Bulle-
tin, vol. 117, No. 2, p. 396.

Horxins, A. E.

1931. Temperature and the shel movements of
oysters. [U.8.] Bureau of Fisheries, Bulletin No.
1, vol. 47, pp. 1-14.

1936. Activity of the adductor muscle in oysters.
Physiological Zotlogy. vol. 9, No. 4, pp. 498-507.

Hopxins, HovT 8.

1930. Muscular differentiation in oysters exposed for
diverse periods of time. {Abstract.] Anatomical
Record, vol. 47, No. 3, p. 305.

Husexpick, Benor.

1958. On the molluscan adhesive epithelium. Arkiv
for Zoologi utgivet av Kungl. Svenska Vetenskap-
sakademien, andra serie, band 11, No. 3, pp. 31-36.

HusMpHREY, GEORGE FREDERICK.

1944, Glycolysis in extracte of oyster muscle.
Australian Journal of Experimental Biology and
Medical Science, vol. 22, part 2, pp. 135-138.

1948, The endogenous respiration of homogenates of
oyster muscle. Australian Journal of Experimental
Biology and Medical Science, vol. 24, part 4, pp.
261-267.

1949. Adenosinetriphosphatases in the adductor
muscle of Sazoeirea commercialis. Physiologia
Comparata et Qecologia, vol. i, pp. 366-375.

Nature, vol.

182

1950. Glycolysis in oyster muscle. Australian Jour-
nal of Experimental Biology and Medical Science,
Vol. 28, part 2, pp. 151-160.

Huxiey, H. E.

1960. Muscle cells. In Jean Brachet and Alfred E.
Mirsky (editors). The cell, biochemistry, physi-
ology, morphology, vol. 4, Specialized cells: part 1,
ch. 7, pp. 365-481 Academic Press, New York.

JorNsoN, WiLLiaM H., JoseErR S. Xann, and ANprew G.
SzeNT-GYORGYI.

1959. Paramyosin and contraction of ‘‘catch

muscles”. Science, vol. 130, No. 3368, pp. 160-161.
Jounson, WiLLiam H., and ANprEw G. SZENT-GYSRGYI.

1959. The molecular basis for the ‘‘cateh’” mechan-
ism in molluscan muscle. [Abstract.] Biological
Bulletin vol. 117, No. 2, pp. 382-383.

JoLyET, F., et, J. SELLIER.

1899. Contributions 4 1’étude de la physiologie
comparée de la contraction musculaire chez les
animaux invertébrés. Bulletin de la Station
Biologique d’Arcachon, Travaux des Laboratoires,
Année 1899, pp. 49-92.

Jorpan, H. J.

1938. Die Physiologie des Tonus der Hohlmuskeln,
vornehmlich der Bewegungsmuskulatur ‘‘hohlor-
ganartiger” wirbelloser Tiere. Ergebnisse der
Physiologie, Biologischen Chemie und Experi-
mentellen Pharmakologie, Band 40, pp. 437-533.

Karz, JuLius.

1896. Die mineralsichen Bestandthicle des Muskel-
fleiches. Archiv fir die gesammte Physiologie des
Menschen und der Thiere, Band 63, pp. 1-85.

KawaaurTi, Siro, and Noriak1 IKEMoTO.

1957. Electron microscopy of the smooth muscle of
a mussel, Mytilus crassitesta Liachke. Biological
Journal of Okayama University, vol. 3, Nos. 1-2,
pp. 107-121.

1958. Electron microscopy on the adductor muscle of
the scallop, Pecien albscans. Biological Journal of
Okayama University, vol. 4, Nos. 3—4, pp. 191-205.

1959. Electron microscopy of the adductor muscle of
the thorn oyster, Spondylus cruentus. Biological
Journal of Okayama University, vol. 5, Nos. 1-2,
pp. 73-87.

KELLOGG JaMES L.

1892. A contribution to our knowledge of the morph-
ology of lamellibranchiate mollusks. Bulletin of
the U.S. Fish Commission, vol. 10, for 1890, pp.
389-436.

KoBayasHl, BaTARS.

1929. Lactic acid and glycogen in the adductor
muscles of the oyster, Ostrea circumpicia Pils.
Science Reports of the Téhoku Imperial University,
series 4, Biology, vol. 4, No. 1, fase. 2, pp. 193-205.

KRrooH, AUGUST.

1938. The salt eoncentration in the tissues of some
marine animals. Skandinavisches Archiv fir
Physiologie, band 80, pp. 214-222.

Lajraa, ABEL.

1948. The muscle proteins of invertebrates. Pub-
blicazioni della 8Staxione Zoologioa di Napoli,
vol. 21, fasgicolo 8, pp. 226-231. .

FISH AND WILDLIYE .SERVICE



LeenaarpT, H.

1923. Sur la présence d’un muscle pédieux chez les
Ostréidés. Bulletin de la Société Zoologique de
France, vol. 48, pp, 379-380.

L0O8ANOFF, VIcToR L., and CrARLES A. NoOMEIKO.

1946. Feeding of oysters in relation to tidal stages
and to periods of light and darkness. Biological
Bulletin, vol. 80, No. 3, pp. 244-264.

Lowy, J.

1953. Contraction and relaxation in the adductor
muscles of Mytilus sedulis. Journal of Physiology,
vol. 120, Nos. 1 and 2, pp. 129-140.

1955. The lamellibranch muscle. Contractile mech-
anism. Nature, vol. 176, No. 4477, pp. 345-346.

MarcEeav, F.

1904a. Sur les fonctions respectives des dux parties
des muscles adducteurs chez les lamellibranches.
Comptes Rendus Hebdomadaires des Séances de
I’Académie des Sciences, tome 138, pp. 1343-1345.

1904b. Sur le mécanisme de la contraction des
fibres musculaires lisses dites A double striation
oblique ou & fibrilles spiralées et en particulier de
celles des muscles adducteurs des Lamellibranches.
Comptes Rendus Hebdomadaires des Séances de
V'Academie des Sciences, tome 139, pp. 70-73.

1905a. Recherches sur la physiologie et en particulier
sur les lois de la production de travail mécanique
par les muscle adducteurs des Acéphales. Bulletin
de la Station Biologique d’Arcachon, Travaux des
Laboratoires, Huitiéme (8) Année, p. 41-47.

1905b. Sur la production de travail mécanique par
les muscles adducteurs des Acéphales. Comptes
Rendus Hebdomadaires des Séances de 1’Académie
des Sciences, tome 141, p. 278.

1909. Recherches sur la morphologie, I’histologie et
la physiologie comparées des muscles adducteurs
des mollusques acéphales. Archives de Zoologie
Expérimentale et Genérale, série 5, tome 2, fascicule
6, pp. 295-469.

NEeEpHAN, DororRy MOYLE.

1932. The biochemistry of muscle. Methuen and

Company, Ltd. London, 166pp.
NeLsoN, TrUrRLOW C.

1921. Report of the Department of Biology of the
New Jersey Agricultural College Experiment
Station, New Brunswick, N.J., for the year ending
June 30, 1920. Published by the Btate, Trenton,
N.J., pp. 317-349.

1922. Report of the Department of Biology of the
New Jersey Agricultural College Experiment
Station, New Brunswick, N.J., for the year ending
June 30, 1921. Published by the State, Trenton,
N.J., pp. 287-299.

1923a. Report of the Department of Biology of the
New Jersey Agriocultural College Experiment
Btation, New Brunswick, N.J., for the year ending
June 30, 1922. Published by the State, Trenton,
N.J., pp. 315-343.

1023b. The mechaniem of feeding in the oyster.
Proceedings of the Society for Experimental
Biclogy and Medicine, vol. 21, pp. 166-168.

THE ADDUCTOR MUSCLE

1923¢. On the feeding habits of oysters. Proceedings
of the Society for Experimental Biology and Medi-
cine, vol. 21, pp. 90-91.

1938. The feeding mechanismm of the oyster. 1.
On the pallium and the branchial chambers of
Ostrea virginica, 0. edulis and 0. angulata, with
comparisons with other species of the genus.
Journal of Morphology, vol. 63, pp. 1-61.

Orton, J. H.
1929. Opyster. Encyclopaedia Britannica, vol. 18,
pp. 1003-1006. 14thed. Encyclopaedia Britannica,

Inc., Chicago, Ill.

1935. Biology of shell-movements of the oyster.

Science, vol. 82, No. 2118, pp. 105~106.
PaLmcrEN, PonTUs.

1949. Some remarks on the short-term fluctuations
in the numbers of northern birds and mammals.
QOikos, vol. 1, fasc. 1, pp. 114-121.

PaiLrorT, D. E., MaRGIT KAHLBROCK, and A. G. SzENT-
GYORGYI.

1960. Filamentous organization of molluscan mus-
cles. Journal of Ultrastructure Research, vol. 3,
No. 3, pp. 254-269.

PraTEAU, FELIX.

1884. Recherches sur la force absolue des muscles des
invertébrés. 1. Force absolue des muscles adduc-
teurs des mollusques lamellibranches. Archives de
Zoologic Expérimentale et Générale, série 2, tome 2,
pp. 145-170.

RigssEr, OrToO,

1936. Vergleichende Muskelphysiologie. Ergebnisse
der Physiologie, Biologischen Chemie und Experi-
mentellen Pharmakologie, Band 38, pp. 133-250.

Rircare, A. D.

1928. The comparative physiology of muscular
tissue. Cambridge University Press, London,
111 pp.

ROCHLING, ELFRIEDE.

1922. Der Kolumellarmuskel von Heléix pom. und
seine Beziehung zur Schale. Zeitschrift fior Wissen-
schaftliche Zoologie, Band, 119, pp. 285-325.

Scaxer, BrRapLEY T.

1948. Comparative physiology. John Wiley and

Bons, New York, 563 pp.
ScuwaLss, G.

1869. Ueber den feineren Bau der Muskelfasern wir-
belloser Thiere. Archiv fiir mikroskopische Anato-
mie, Band 5, pp. 205-259.

Sauxow, E. K.

1936. Die Labilitatsinderung der glatten muskulatur
als Faktor des Uberganges der Klonischen Ver-
ktirzungen in den Tonus. Journal of Physiology of
U. 8. 8. R, vol. 20, No. 1, pp. 87-97. [In Ruesian
with German summary.]

S1eN-GYURGYI, A,

1951. Chemistry of muscular contraction. 2d ed.

Academic Press, New York, 182 pp.
TABULAE, BIOLOGICAE.

1926. Chemische Zusammensetsung der Mollusken,
by G. Grimpe aud H. Hofman. In Tabulae Bio-
logicae, Band 3, pp. 466-461. W. Junk, Berlin.

183



TamMuRA, TADASHIL

1929. The power of the adductor muscle of the oyster,
Ostraea circumpicta Pils. Science Reports of the
To6hoku Imperial University, series 4, Biology,
vol. 4, No. 1, fasc. 2, pp. 2590-279.

1931. The power of the adductor muscle of the
lamellibranchs, inhabiting in the South Sea Islands.
Beience Reports of the Téhoku Imperial University.
series 4, Biology, vol. 6, No. 3, pp. 347-390.

UgxxtiLr, J. von.

1909. Umwelt und Innenwelt der Tiere. Julius

Springer, Berlin, 259 pp.

1912. Studien iber den Tonus. VI. Die Pilger-
muschel. Zeitschrift fiir Biologie, Band 58, pp.
305-332.

184

WEBER, Hans H.

1958. The motility of muscle and cells. Harvard

University Press, Cambridge, Mass., 69 pp.
WeLsH, JorN H.

1938. Diurnal rhythms. Quarterly Review of Bi-

ology, vol. 13, No. 2, pp. 123-139.
WigrsMa, C. A. G.

1957. Neuromuscular mechanisms. In Bradley T.
Scheer (editor), Recent advances in invertebrate
physiology, a symposium, pp. 143-159. Univer-
sity of Oregon Publications, Eugene, Oreg.

WinroNn, F. R. ;

1930. Tonus in mammalian unstriated muscle.

Journal of Physiology, vol. 69, No. 4, pp. 393—-410.

FISH AND WILDLIFE SERVICE



