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1. Introduction

The morphology of the musculature of cephalopods, and indeed that of many
mollusks, is characterized by a tightly packed three-dimensional arrangement of
muscle fibers that lack extensive fluid-filled cavities or hardened skeletal ele-
ments. Previous research on the arms and tentacles of squids (Kier, 1982) and the
arms of octopuses (Kier, 1987) suggests that the skeletal support of these appen-
dages is provided by a type of hydrostatic skeleton that differs from the classic
conception of a hydrostatic skeleton (e.g., Chapman, 1958, 1975; Clark, 1964,
1981; Clark and Cowey, 1958; Wainwright, 1970, 1982) in that the musculature
both creates movement and provides skeletal support. These appendages, termed
muscular-hydrostats, are capable of diverse, complex, and highly controlled
movements (Kier and Smith, 1985). This study of the functional morphology of
Nautilus tentacles was undertaken to explore further the diversity of muscular
arrangement and function in cephalopods.

2. Materials and Methods

This study of the morphology and behavior of tentacles of N. pompilius Lin-
neaus, 1758 was based on specimens maintained in captivity in the New York
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Aquarium, Brooklyn, New York, by Dr. J. Chamberlain, Brooklyn College of the
City University of New York. The animals were transferred from the exhibit area
to an aquarium suitable for photography, where 16 mm cine films and still pho-
tographs were made of tentacle movements during foraging and feeding. The cine
films were analyzed with an NAC Inc. DF-16C 16 mm projector.

Whole tentacles from specimens that had recently died were fixed for 24—48
hr in either Bouin’s fixative or phosphate-buffered 2.5% glutaraldehyde and 4%
paraformaldehyde. Excellent fixation and staining were achieved, especially with
the buffered glutaraldehyde and paraformaldehyde fixative. The tissue was de-
hydrated through a graded series of ethanols, cleared in xylene, and embedded
in paraffin (melting point 56-58°C). Transverse, parasagittal, and frontal serial
sections were cut at 7-10 wm with a rotary microtome. Two staining procedures
were used: (1) Milligan’s Trichrome Stain, with aniline blue substituted for fast
green, and (2) Picro-Ponceau with Weigert hematoxylin (Humason, 1979). Both
stains show strong contrast between muscle and connective tissue. The sections
were studied with direct, phase-contrast, and polarized-light microscopy.

3. Results
3.1. Gross Morphology and Movements of the Tentacles

Nautilus possesses numerous tentacles, classified by Owen (1832) into three
groups: (1) one pre- and one postocular tentacle located in front of and in back
of each eye, respectively; (2) a variable number of labial tentacles, arrayed on
lobes surrounding the buccal mass (some of which are modified to form secondary
sexual structures in both male and female animals); and (3) 19 pairs of digital
tentacles, surrounding and extending beyond the labial tentacles (Fig. 1). Each
digital tentacle consists of an extensible, muscular cirrus enclosed in a protective
sheath. The cirri of the labial and digital tentacles are equipped on one side with
adhesive annular ridges. The cirri of the ocular tentacles are not adhesive and
are thought to be sensory (Griffin, 1900; Willey, 1898a). The morphology and
function of the digital tentacles of the chambered nautilus are described in this
chapter (Fernandez, 1907; Griffin, 1900; Hamada et al., 1980a; Willey, 1898b) (see
also Chapter 17). Descriptions of the structure of the labial tentacles and associated
secondary sexual structures of Nautilus are provided by Griffin (1898b), Haswell
(1896), and Owen (1843); the structure of the ocular tentacles has been described
by Griffin (1900) and Willey (1898a, 1902).

The sheaths of the digital tentacles (19 per side) are fused in a mass to form
the cephalic sheath. Four of the digital tentacles per side are small and are directed
laterally, with sheaths that open closer to the apertural margin of the shell than
do the sheaths of the other, larger, and more medial digital tentacles (Fig. 1). The
terminal portions (= 1 cm) of the sheaths of the digital tentacles are not fused to
the cephalic mass and are triangular to quadrangular in cross section. The sheaths
taper to a blunt point, where a slitlike or oval opening is located.

The muscular cirri of the digital tentacles can be retracted completely into
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Figure 1. Fholograph of live M. pompilius. Many of the cirel () of the digital tentaches are sxtended
beryond shoatlss (S). The labial tentacles are not wisible in the phatograph, but the oculsr Entacles

(O] can be seen in front of and in back of the eye. [—) Four smaller digital tentacles, Scale bar: 1
cm

the sheaths. The cirri are slender and slightly tapered, with a blunt, rounded tip.
The distal portion of the cirrus is approximately triangular in cross section, but
the proximal portion is circular. The cirf are encircled with a series of narrow,
annular grooves and ridges. The ridges on the oral side of the cirrus [the side
facing the mouth) are adhesive and are more pronounced than those on the two
aboral faces, The annular grooves and ridges become more closely spaced and
less pronounced proximally. The base of sach cirrus tapers slightly to insert at
the base of the sheath and at this point the tissues are continuous.

The digital tentacles are used to seize and manipulate food and to attach to
surfaces. Measurements from cine films of N. pompilivs show the cirr to be
capable of extensions of 90-110% of their fully retracted longth, Extension of a
cirrus occurs quite slowly, often requiring 510 sec ar longer. Once extended, the
cirri are capable of bending movemants in any plane. Bending can occur either
sharply at one point on the cirrus or more gently, over the entire extended length.
Lateral bending of the free tips of the shesths was observed during bending of
extended cirrl, Twisting of the cirri along their long axes [torsion) was also ob-
served (Fig. 2). The total amount of torsion wes usually small: the maxdmum
observed was approximately 90° (al the distal tip, relative to the basa). Torsion
was obsarved to occur in both directions and commonly occurred during bending.
For additional descriptions of the use of the tentacles, see Bidder [1962).
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Figure 2. Close-up phatagraph of torsbon and bending in the cimrus of & digital lentacls af a live M.
pompilioes. Scale bar: 1 cm.

3.2. Microanatomy of the Digital Tentacles

The axial nerve cord lies within the musculature and runs longitudinally
down the cirrus in a subcentral location on the oral side [Figs. 3 and 4). The narve
cord is enlarged at the location of each oral adhesive ridge along the length of
the cirrus (Fig. 5a). Nerves branch off laterally and orally from the axial nerve
cord at tha location of each oral adhesive ridge and extend within the trabeculas
of the radial muscles (Fig. 5b) to the oral side of the cirrus, where they connect
with a peripheral network of nervous tissue [described below]. The nerve cord
itself is enveloped by a thin sheath of fibrous connective tissue. Adjacent to the
nerve cord on the oral side is a thick-walled artery, A lerger and thinner-walled
vein is located toward the outer surface on the oral side of the cirrus. Surrounding
the axial nerve and occupying the core of the cirrus is a mass of radially arranged
muscle fibars. The radial muscle fibers are arranged perpendicularly to the long
axis of the cirrus. Radial muscle fibers extend from the central muscle mass of
the cirrus to the periphery in longitudinally oriented sheets, Similar extensions
of the central muscle mass of the arms of Octopus were termed trabeculae by
Graziadei (19654), and the term is therefore adopted for extensions of the radial
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Figura 3, Schematic culaway view of the cirrus
af & digital tendacle of M. pompilies. Key: [AN)
axinl werve cord; [AR) artery; (COM)] crosssd
ablique muscle; (EP) epldarmis: (LM} longin-
dinal miescle; [LN1M) longitudina] nerva/lhd
network; [OAR) oml adbesive ridge: (O8d)
-:||:||i|:|1.|e muscle; [RM] radial muscle; [TR) tra-
beculse of radial muescle; (V] vein, Scale bar: 0.5
T,

muscle in the cirrus of Noutilus (Figs. 3, 4, and 5). The trabeculae divide the
surrounding longitudinal muscle into bundles and branch as they approach the
periphery of the cirrus, where they insert on a layer of connective tissue imme-
diately beneath the epidermis [see below). Both the longitudinal muscle and radial
muscle are divided by and associated with a fine network of connective tissue
[Figs. 5a and 8). The muscle fibers that meke up the radial musculature in the
center of the cirrus are not tightly packed, even when the shrinkage resulting from

Figure 4. Micrograph of a transverse section
af the cirrus of a digital tentacls of M. pom-
pilius, Ses the Fig. 3 caption for details. Di-
rect mkcroacopy of paralfin ssclion stained
with Milligans Trichrome, Scale bar 0.5

TTimi.




Figure 5, (2] Microgmaph of a frontal section of the cicrus of o digital tentacle of 5. poanpifics at the level of
the axial merve cord, The meese cord [AN] muns veriieally in the micrograph and hae greater diameter at 1he
Bogation al pach adhesive ridge along the length of the drros. Susroanding the perve cord s the coddal moscbes
mass. Mote thal the radial muscle [Ebers, many of which are cul in croee section, ar ol closely packed bul,
instiwd, arn saparalod by comneclive liseue [leas densely sained)l Longitudina] muschs (L) is visihle at the
far right and far left of the micrograph. Trabecalae (TR of the radial muscle mass are visibbe o eight. Dinect
microscoqy of parallin section slafned with Milligen's Trichrome. Scabe bar: 1000 pm. |b) Micrograph of &
frontal section of the cirrus of a digital tentacle of M. pompélive This section (s closer to the oeal sida of b
chrras thamn 1l section in [a], Bundles of lengituding! muscde (LAM] can be ssen running vertically in the
micrugraph, Betwpen the bundles of longitudinal muscle are the trabeculae (TH) of the radial muscle mass
with muscle fibers In cross section. Nafe fhe nueenous meeves [N in crode seclian in s traksculese. Each
tranevense alignment of & group of nerves cccurs #t the lomtion of an oral adhesive ddge. Direct mderoscopy
af paraffin section stained with Milligen's Trichroma. Scala bar: 100 g,
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Figure 6. Micrograph of a transverse sectlon of the cirms of & digital tentacke of N, pompilius, The
trabeculae of the radial muscle mass extend fram the central tadial muscle mass and branch to Insart
an connective tissus [CT) immedistely beneath the epidermis. The trabocelas pass throogh (From left
o right in the micrograph) the longitudinal muscle [[LA) cut in cross section], the obligue muscle
lawer [[OM] cul in uhliql.l.e seclion], the longitudinal nervelongitudinal muscle (LN/LAM] bundle net-
wiark, andl linally the thin crossed obligue muscle layer [COM) undemeath the connective tisses and
epidermis. Mobe the connective tisoe netwark in the longitudinal muscle, Direct microscopy af par-
afiln section slained with Milligan's Trichrome. Scale bar: 100 pm.
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histological techniques is taken into account. Instead, individual muscle fibers
and bundles of muscle fibers are separated from one another by the fine connective
tissue network. The connective tissue is especially apparent in frontal sections
such as Fig. 5a, but can also be seen in transverse sections (Fig. 6).

Enclosing the longitudinal muscle on each side of the cirrus is a layer of
oblique muscle fibers (Figs. 3, 4, and 6). The oblique muscle layer is thickest
laterally and thins aborally and especially orally. Parasagittal serial sections of
the cirrus show that the handedness of the oblique muscle fibers on one side of
the cirrus is opposite to that on the other side. If an oblique muscle fiber from
either oblique muscle layer is traced from the oral side to the aboral side of the
cirrus, it follows an oblique course from distal to proximal (Fig. 7a). The muscle
fibers from the oblique layer on each side of the cirrus cross and interdigitate
orally and aborally. No distinct connective tissue structure is present at their
origin and insertion. The fiber angle of the oblique muscle layers (the angle that
a muscle fiber makes with the long axis of the cirrus) ranged from 40 to 50° in
the cirri examined. (However, the state of extension or retraction of the cirri was
not known.)

Just outside the perimeter formed by the oblique muscle layers is an unusual
array of longitudinal muscle bundles that are associated with a network of nervous
tissue (Figs. 6 and 7). The longitudinal muscles of this network lie adjacent to
and outside the longitudinally arrayed nervous tissue. Muscle fibers from the
trabeculae of the radial muscle mass extend between the longitudinal nerve/mus-
cle bundles. In addition to the longitudinally arrayed nerve bundles, circumfer-
ential nerve bundles connect each longitudinal nerve bundle around the periph-
ery (Fig. 7). The circumferential nerve bundles have the same periodicity as the
oral adhesive ridges. Nerve branches from the axial nerve cord connect to this
peripheral array of nervous tissue at the positions of the circumferential nerve
bundles.

A thin, interlaced layer of crossed oblique muscle fibers wraps the longitu-
dinal bundles of muscle and nervous tissue (Figs. 3 and 7b). This layer was in-
correctly identified by Griffin (1900) as a circular muscle layer. The crossed
oblique muscle layer is wrapped by a thin layer of fibrous connective tissue that
is in turn covered by a simple columnar epithelium on the aboral side of the
cirrus. A large number of goblet cells are found in the epithelium. The epithelium
covering the adhesive ridges on the oral side of the cirrus is different from that
on the aboral surface. The epithelial cells that line the grooves between adhesive
ridges are cuboidal, with large nuclei. There is an abrupt transition on the prox-
imal side of each ridge from cuboidal to tall, columnar epithelial cells that com-
prise the surface of the adhesive ridge (Fig. 8). The nuclei of these cells are basal,
and the terminal one third of each columnar cell is filled with intensely staining
granules (red in Milligan’s, black in Picro-Ponceau with hematoxylin) (see Chapter
17). The musculature of the adhesive ridges inserts on a thick basement membrane
underlying the tall columnar epithelium (Fig. 8). Muscle fibers project from this
insertion in trajectories that are perpendicular to the oral surface of the cirrus
and converge to pass between the longitudinal nerve/muscle bundles. After pass-
ing between the longitudinal nerve/muscle bundles, the musculature of the ad-
hesive ridge becomes incorporated into the musculature of the cirrus and is com-
monly observed to be continuous with the trabeculae of the radial muscle mass.
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Figure 7. (a) Micrograph of a paresagiital section of the cirris of o digital tentacle of N. pompilius.
Tha: long axis of the clrrus is horlzontal, The oral adbesive ridges can be seen st the bollom of the
micrograph. The ohligue mascle layer [Ok) runs across the uppar part of the micrograph, The lan-
gitwdinal nervedengitudinal muscle [LSLM) netwark is also visible, Clroumferential narve bundles
(5] of this network have the same periodicity as the oml adhesive ridges. Direct microscopy of parafiin
section stained with Milligan's Trichrome. Scale bar: 200 pm. (k] Micrograph of a Srontal saction of
the ciorus of a digital tentacke of N. pompilioe. The long axis of the cirms is horizontal. The oral
adheaive ridges are vigible gl the botbom of the micragraph. The upper portion of the micrograph is
deeper inilo the cirrua than the lower porlica. Tha crosssd abliqes muscle layer (O0M) is visible. The
lomgitudinal nervelongitudinal muscle [LNLM) petwerk is visible in the upper postion of the mi-
crograph. Mote the circumfareniial nerva bundles of this meiwork [arented vertically in the mica-
graph]. Direct mécroscopy of paraffin section stalned with Milligan's Trichrome, Scale bas 200 pm.
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Figiare & Micrograph of & parssagiital section of the cierae of a digital eatscls of N, pompilios. The
long awis of the cirrus is horizontal. The aral adhesive ddges ane at the bottom of the micrograph.
Mate the abrapl transitian in the epltheliom from groove to fidge (=), The musculatars of the adheeive
ridges inserts on a thick basement membrane undeslying the epithelivm and exiends up indo the
musculature of the cirms. Longitudinal muscle (L] bundles ane also visible. Direct microscopy of
parallin section slained with Millipan's Trichroms. Scale bar: 200 wm,

In section, the muscle cells of the cirrus have the appearance of regular,
obliquelv striated muscle (terminology of Millman, 1967). Transverse sections of
the muscle fibers show the cells to be mada up of a central core, presumably of
mitochondria, surrounded by & mass of myofilamants that show s banding pattern
cherecteristic of obliquely stristed muscle [see Kier, 1985] |regular, obliquely
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striated muscle is distinguished from irregular, obliquely striated muscle by the
presence of a mitochondrial core in the former and the absence of such a core in
the latter (Millman, 1967)]. In an ultrastructural study of Nautilus, Hochachka et
al. (1978) found regular, obliquely striated muscle in cirrus number two of the
spadix (a modified labial tentacle of the male), in the funnel musculature, and
in the retractor muscles. Obliquely striated muscle is the most common type in
cephalopods (Kawaguti and Ikemoto, 1957; Kawaguti, 1962; Cloney and Florey,
1968; Florey, 1969; Socastro, 1969; Gonzalez-Santander and Socastro Garcia-
Blanco, 1972; D. V. Ward and Wainwright, 1972; Moon and Hulbert, 1975; Am-
sellem and Nicaise, 1980; Mommsen et al., 1981; Bone et al., 1981; Chantler,
1983; Nicaise and Amsellem, 1983; Kier, 1985).

4. Discussion

The morphology of the musculature of the cirri of Nautilus is similar in many
respects to that of other muscular cephalopod appendages, such as the arms and
tentacles of many squids (Kier, 1982) and the arms of octopuses (Kier, 1987).
Therefore, discussion of the functional role of the muscular morphology of the
cirri is allied with the proposals outlined previously for squids and octopuses.
The most important biomechanical feature of these “muscular-hydrostats” is that
they are constant in volume. The musculature and body fluids of these appendages
are composed primarily of an aqueous liquid that is practically incompressible
at physiological pressures. In addition, there is no evidence of flow of fluid into
or out of the cirri, and no gas-filled spaces are present. In a structure of constant
volume, a change in one dimension will cause a compensatory change in at least
one other dimension. The following analysis of the function of the musculature
of the cirri of Nautilus is based on this principle.

Elongation of the cirri probably results from the contraction of the radial
musculature. Radial muscle contraction decreases the cross-sectional area of the
cirrus, and because the cirrus is constant in volume, a decrease in cross section
results in an increase in length. The displacement resulting from radial muscle
contraction is amplified mechanically, because of the relationship between the
diameter and the length of initially elongate, constant-volume structures like the
cirri (see Kier and Smith, 1985). To illustrate the effects of this mechanical am-
plification, consider a constant-volume cylinder 4 mm in diameter and 80 mm
long, the approximate dimensions of a retracted cirrus of one of the specimens
studied. (Because the cirri can be completely retracted within the sheaths, mea-
surements of the dimensions of retracted cirri could not be taken from the cine
films of live animals and were determined by dissection of preserved specimens
instead.) An increase in the length of such a cylinder by 100%, or 80 mm (a typical
extension observed), is caused by a decrease in diameter of slightly less than 1.2
mm. The displacement produced by radial muscle contraction is thus amplified
mechanically and is analogous to the mechanical amplification observed in sup-
port systems that use hardened skeletal elements to provide leverage.

Branching of the radial muscle bundles as they extend outward from the
central, radial muscle mass of the cirrus (see Figs. 4 and 6) may be important in
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distributing the load produced by radial muscle contraction. Distributed loads
rather than point loads are common in support systems that lack rigid skeletal
elements, such as the cirrus (Wainwright et al., 1976).

The longitudinal muscle is probably responsible for retraction of the cirrus.
During elongation and shortening of the cirrus, the longitudinal muscle operates
over a range of extension and contraction of approximately 100% of its length at
rest. The operating range of retractor muscles is discussed in Kier and Smith (1985)
and Kier (1987).

During elongation and shortening, the radial and longitudinal muscles op-
erate independently, but bending movements of the cirrus probably require si-
multaneous activity of portions of the radial and longitudinal musculature. Bend-
ing movements are produced by contraction of longitudinal muscle on one side
of the cirrus. This unilateral longitudinal muscle contraction will cause bending
only if the longitudinal compressional force tending to shorten the cirrus is re-
sisted (Kier, 1982; Kier and Smith, 1985). Because shortening increases the di-
ameter of the cirrus, shortening due to longitudinal muscle contraction can be
prevented by resisting increase in diameter. Constant diameter may be maintained
by contractile activity of the radial muscles of the cirrus. Thus, bending requires
simultaneous, coordinated activity of the radial and longitudinal musculature.
Note that with appropriate nervous control, the same arrangement of musculature
used for creating bending movements also can be used for extension and
retraction.

The cirri were observed to be capable of bending movements in any plane.
Such bending requires longitudinal muscle arrayed around the entire circumfer-
ence, and as Fig. 4 shows, such a situation obtains in the cirrus. In addition, much
of the longitudinal muscle is situated peripherally, away from the central axis of
the cirrus. This location is of interest, because a greater moment arm for bending
the cirrus is provided by a peripheral rather than a central arrangement of lon-
gitudinal muscle.

Torsional movements of the cirri are probably caused by contraction of the
oblique musculature (Kier, 1982; Kier and Smith, 1985). The direction of torsion
depends on the handedness of the contracting oblique muscle. For example, con-
traction of oblique muscle arranged as a right-hand helix will create counter-
clockwise torsion of the distal portion of the cirrus relative to the proximal portion
when viewed from the proximal end of the cirrus, looking distally. Both right-
and left-handed oblique muscle is present, and torsion of the cirri in either di-
rection was observed. Figure 4 shows that the oblique musculature is situated
peripherally in the cirrus, away from the central axis. This arrangement provides
a larger torsional moment through which to apply torque than a more central
location would.

In addition to creating a torsional force, helical or oblique muscle fibers may
also create force for elongation or shortening, depending on their fiber angle. A
theoretical model of a constant-volume cylinder wrapped by helically arranged,
extensible fibers (Kier and Smith, 1985) predicts that in addition to creating a
torsional force, oblique muscle fibers with a fiber angle greater than 54°44’ create
a force for elongation, and oblique muscle fibers with a fiber angle less than 54°44'
create a force for shortening. Oblique muscle fibers with a fiber angle equal to
54°44’ create a torsional force and do not create force for elongation or shortening.
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The fiber angles measured in oblique muscles of the cirri approximate 50°, sug-
gesting that the oblique muscles contribute primarily to torsional movements and
play a minor role, if any, in creating changes in length of the cirri. It should be
noted, however, that the state of extension or retraction of the cirri sampled was
not known. Because the fiber angle increases and decreases as the cirri shorten
and elongate, respectively, it is possible that the oblique muscle could contribute
to length changes of the cirri at the extremes of extension and retraction.

The arrangement of the musculature of Nautilus cirri is similar to that of the
arms and tentacles of many squids and octopuses. The details of the arrangement
are different, however, and may be correlated with differences in function. The
radial musculature of the cirrus, suggested here to be responsible for elongation,
is not as extensive or tightly packed as the transverse musculature of the tentacles
of loliginid squid, which may be responsible for elongation (Kier, 1982). The
difference in extent and packing of muscle is perhaps significant, because squid
tentacles are extended rapidly and forcefully (15-35 msec), whereas the cirri of
Nautilus are extended comparatively slowly (5—-10 sec). In both appendage types,
the displacement created by the radial and transverse musculature is mechani-
cally amplified, due to the geometric relationships of these initially elongate,
constant-volume structures.

The oblique musculature of the cirri is less extensive and complex than the
oblique musculature of many squid and octopus arms (Kier, 1982; Kier, 1987).
Squid and octopus arms are wrapped by two layers of oblique muscle, each form-
ing complete right- and left-handed helical muscle/connective tissue systems. The
oblique musculature of the cirri primarily consists of a single oblique layer in
which the handedness of one side is opposite that of the other. The relatively
small amount of torsion observed in the cirri compared with that in octopus and
squid arms may be correlated with the less extensive oblique musculature of the
cirri.

In Nautilus cirri, as in octopus arms, the same arrangement of muscle is
capable of creating changes in length and also bending movements, with appro-
priate nervous control. The pattern and form of bending observed are variable,
suggesting complex motor control and a complex, subdivided neural system. Little
is known about sensory input and motor control of the cirri, and in this regard,
the elaborate longitudinal nerve/muscle and associated circumferential connec-
tions described here deserve further study.
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