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The columellar muscle of prosobranch gastropods:
morphological zonation and its functional implications

Joseph T. Thompson, Angela D. Lowe, and William M. Kier®

Department of Biology, University of North Carolina, Chapel Hill, North Carolina 27599, USA

Abstract. The arrangement of muscle and connective tissue fibers in the columellar muscle of
three prosobranch gastropods, Calliostoma euglyptum, Littorina littorea, and Ilyanassa obso-
leta, was analyzed. The columellar muscle in the three snails is a flat, sheet-like muscle that
originates on the columella of the shell and inserts on the operculum. The muscle was found
to comprise a densely packed three-dimensional array of muscular and connective tissue fibers,
supporting the hypotheses of previous authors that it functions as a muscular hydrostat. The
fiber arrangement is not uniform throughout the entire muscle; instead it includes three regions
that grade into one another. Nearest its origin, the muscle consists primarily of longitudinal
muscle fibers with few dorsoventral or transverse fibers, and no oblique fibers. The middle
portion of the columellar muscle in the region posterior to the head consists of longitudinal,
dorsoventral, and transverse fibers wrapped by two opposed layers of oblique fibers. The third
region of the columellar muscle extends through the foot and includes longitudinal, transverse,
and dorsoventral fibers with a layer of oblique fibers on the dorsal surface. A narrow band of
spherical spaces divides the columellar muscle into dorsal and ventral halves in this region.
The morphological zonation within the muscle suggests that different regions perform different
functions. In addition, compared to a muscle that is circular in cross section, the elliptical cross-
sectional shape may increase the muscular force necessary to twist the foot relative to the shell
and may decrease the resistance to buckling.
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Mollusca

One familiar aspect of most coiled snails is their
ability to retract the soft parts into the shell when dis-
turbed. In coiled gastropods, the muscle responsible
for retraction, the columellar muscle, originates on the
columella of the shell and extends into the foot, where
it inserts on the operculum. Although the function of
the columellar muscle in retraction is straightforward,
the mechanisms of elongation of the columellar muscle
and protraction of the body from the shell are less
obvious. .

Early studies of the anatomy of the gastropod foot
and visceral mass noted that the longitudinal fibers of
the columellar muscle were divided into bundles by
muscle fibers oriented perpendicular to the axis of the
muscle (Kiittler 1913; Weber 1926; Rotarides 1941).
In a study of locomotion of Bullia digitalis, Trueman
& Brown (1976) observed a similar three-dimensional
array of muscle fibers in the columellar muscle and
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hypothesized that such an arrangement could provide
a mechanism for muscular antagonism. Later, Brown
& Trueman (1982) briefly surveyed metapodia from
five prosobranchs and two pulmonates and found a
three-dimensional network of muscle fibers in the col-
umellar muscles of each. Finally, Voltzow (1990) de-
scribed a three-dimensional array of muscle fibers in
the columellar muscle in the foot of Busycon contrar-
ium and in the pedal retractor muscle of Haliotis kam-
tschatkana.

A tightly packed three-dimensional array of muscle
fibers has been observed in a variety of organs includ-
ing the arms, tentacles, and mantle of cephalopod mol-
luscs, the tongue of many vertebrates, the trunk of el-
ephants, and in other gastropod organs such as the
tentacles (see Kier & Smith 1985; Kier 1988; Smith
& Kier 1989; Marshall et al. 1989). In such a system,
called a muscular hydrostat, the contraction of the
muscle fibers arranged in one orientation can antago-
nize the others. The mechanical principle is straight-
forward and relies on the fact that these structures con-



46

sist of incompressible tissue and liquid. Because the
structure is constant in volume, decrease in one di-
mension caused by shortening of fibers with a given
orientation must result in increase in another dimen-
sion and elongation of the fibers running parallel to
that dimension.

Contraction of the muscle fibers perpendicular to the
long axis will decrease the cross section and increase
the length of the columellar muscle, pushing the snail’s
body out of the shell or elevating the shell above the
foot (Trueman & Brown 1976; Brown & Trueman
1982; Kier 1988; Voltzow 1990). Contraction of the
longitudinal muscle fibers coupled with relaxation of
muscle fibers perpendicular to the long axis will tend
to shorten the columellar muscle, generating force for
retraction or clamping of the shell to the substratum.
Contraction of obliquely arranged muscle layers gen-
erates force for twisting of the columellar muscle, for
instance when the shell is twisted relative to the foot
during locomotion. The direction of twisting depends
on the handedness of the contracting oblique muscle
layer. Simultaneous contraction of opposite handed
oblique muscle layers increases the torsional resistance
of the columellar muscle (see Kier & Smith 1985).

Activity of antagonistic muscle fibers or application
of force by a muscular hydrostat causes the pressure
to increase. Indeed, Trueman & Brown (1985) pre-
sented experimental evidence in support of this mech-
anism in the abalone Haliotis midae, which has a
three-dimensional arrangement of muscle fibers in the
pedal (or shell) retractor muscle. They showed that
shell elevation, analogous to protraction of the foot out
of the shell in a more coiled gastropod, is accompanied
by an increase in pressure in the pedal retractor muscle
(Trueman & Brown 1985). Increases in intramuscular
pressure in the foot associated with lifting, twisting,
and retraction of the shell were also reported by Volt-
zow (1986) for Busycon contrarium and Haliotis kam-
tschatkana.

Although the previous studies cited above provide
an overview of the anatomy and function of the col-
umellar muscle (primarily in the portion of the colu-
mellar muscle located in the foot), a detailed descrip-
tion of the arrangement of the muscle and connective
tissue fibers of the columellar muscle over the entire
length from its origin on the columella of the shell to
its insertion in the foot is lacking. (For a description
of the ultrastructure of the muscle fibers see Huddart
et al. 1977; Plesch 1977; Frescura & Hodgson 1989,
1990, 1992; Trueman & Hodgson 1990). In this study,
we provide such a description for three species rep-
resenting three grades of prosobranch gastropod evo-
lution and show a previously undescribed zonation of
the muscle along its length. We also discuss the func-
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tional implications of this morphological specializa-
tion.

Methods
Animals

Specimens of Calliostoma euglyptum A. ADAMS
1854, Littorina irrorata (SAY 1822), and Ilyanassa ob-
soleta (SAY 1822) were obtained from Cape Fear Bi-
ological Supply (Southport, NC, USA). Additional
specimens of L. irrorata and I. obsoleta were collected
at Beaufort, North Carolina, USA. These species were
chosen for the study as representatives of three grades
of evolution in prosobranch gastropods: an archaeo-
gastropod, C. euglyptum; a mesogastropod, L. irrora-
ta; and a neogastropod, 1. obsoleta.

The snails were maintained in artificial seawater (In-
stant Ocean, Aquarium Systems Inc, Ohio, USA) in
aquaria for up to two months prior to fixation and sec-
tioning.

Histology

A total of 18 snails (6 C. euglyptum, 4 L. irrorata,
8 I. obsoleta) were anesthetized in a 1:1 (v/v) mixture
of seawater and 7.5% MgCL*6H,0 in distilled deion-
ized water (Messenger et al. 1985) for 24 to 72 hours,
and fixed in 10% formalin in seawater for 48 hours.
The snails were treated overnight (DeCal, National Di-
agnostics, Atlanta, GA, USA) to decalcify the shells.
The visceral masses of most specimens were then dis-
sected away, leaving intact only the foot, columellar
muscle, and, in the case of 1. obsoleta, the muscle that
retracts the siphon. The visceral masses of a few snails
were left intact so that internal organs could be used
for reference to determine orientation of the columellar
muscle.

The fixed tissue was dehydrated in a graded series
of ethyl alcohol, cleared (Histo-Clear, National Diag-
nostics, Atlanta, GA, USA), and embedded in Para-
plast (Monoject Scientific, St. Louis, MO, USA). The
tissue blocks were serially sectioned (10 um thickness)
in 3 mutually perpendicular planes with a rotary mi-
crotome. Alternate slides were stained with Milligan’s
trichrome and with picro-ponceau with Weigert iron
hematoxylin according to procedures adapted from
Humason (1979) by Kier (1992). Each staining pro-
cedure provides clear differentiation between collage-
nous connective tissue and muscle.

The serial sections were examined with brightfield,
phase contrast, and polarized light microscopy, and
drawings of representative sections were made using
a camera lucida. Photomicrographs of individual sec-
tions were made with polarized light and brightfield
illumination.








