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The Functional Morphology of the Musculature of Squid
(Loliginidae) Arms and Tentacles
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ABSTRACT  The arms and tentacles of squid (Family Loliginidae: Sepioteuthis
sepioidea (Blainville), Loligo ' pealei (LeSueur), Loligo plei (Blainville), Loliguncula
brevis (Blainville)) do not possess the hardened skeletal elements or fluid-filled
cavities that typically provide skeletal support in other animals. Instead, these
appendages are made up almost entirely of muscle. It is suggested here that the
musculature serves as both the effector of movement and as the skeletal support
system itself.

High-speed movie recordings were used to observe prey capture by loliginid
squid. Extension of the tentacles (1 pair) during prey capture is probably brought
about by contraction of transverse muscle fibers and circular muscle fibers. Con-
traction of longitudinal muscle fibers causes retraction of the tentacles. Torsion of
the tentacles during extension may be the result of contraction of muscle fibers
arranged in a helical array. The inextensible but manipulative arms (4 pairs) may
utilize a transverse muscle mass to resist the longitudinal compression caused by
contraction of the longitudinal muscles which bend the arms. A composite connec-

tive tissue/muscle helical fiber array may twist the arms.

To exert force, a muscle must be attached to
a mechanical structure (Schmidt-Nielsen, "79).
Movement, maintenance of posture, and other
muscular activities of an organism therefore
depend on muscle and a skeletal support sys-
tem, the mechanical structure to which the
musculature is attached. Skeletal support sys-
tems in animals can be divided into two gen-
eral categories. The first is characterized by
hardened internal or external skeletal elements
as seen in the arthropods, echinoderms, and
vertebrates. The second is characterized by
hydrostatic skeletons, typically a fiber-
reinforced container surrounding a fluid-filled
cavity, as seen in polyps and the diverse verm-
iform animals (Chapman, ’58; Alexander, '68;
Wainwright et al., "76).

The arms and tentacles of squid lack both
hardened skeletal elements and large fluid-
filled cavities and thus do not at first appear to
fit either of the two general categories of skel-
etal support. It is suggested here that these
appendages actually do possess a type of
hydrostatic skeletal support but the system
differs from other hydrostatic skeletons be-
cause it is made up almost entirely of muscle.
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The musculature of squid arms and tentacles
serves as both the effector of movement and as
the skeletal support system itself.

MATERIALS AND METHODS
Experimental animals

I built a lighted float with reflectors and
wave baffles to allow underwater observation
and tethered it to a dock in 2 m of water at
Carrie Bow Cay, Belize. Using a long-handled
dipnet, I captured specimens of the squid
Sepioteuthis sepioidea (Blainville) attracted to
the light in the evening and placed them im-
mediately in a large tank of seawater. Tissue
for histological examination was obtained
from freshly killed animals.

I also observed and histologically examined
specimens of the squid Loligo pealei (LLeSueur),
Loligo plei (Blainville), and Loliguncula brevis
(Blainville) maintained at the Marine Biomed-
ical Institute of the University of Texas Med-
ical Branch at Galveston. The staff of the
Marine Biomedical Institute collected and
maintained these animals as outlined in
Hanlon et al. ("78), and Hulet et al. ('80).
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Microscopy

I anesthetized the squid in 1% ETOH in sea-
water, removed small tissue samples from
several locations on the arms and tentacles,
and placed the tissue in Bouin’s fixative for
24-48 hr. After ethanol dehydration, the tissue
was embedded in paraffin (MP 56-58°C) and
transverse, frontal, and sagital sections 4-10
pm thick were cut with a rotary microtome.
The sections were stained with Mallory’s triple
stain and studied with bright-field, phase-
contrast, and polarized light microscopy. Mea-
surements of fiber angle of the crossed-helical
fiber arrays were made on these preparations
with a polarizing microscope equipped with a
rotating stage with goniometer and ocular
cross hairs.

. High-speed movie photography

A Redlake Industries HYCAM 16-mm high-
speed movie camera was mounted above a
large raceway (9.1 m long, 1.8 m wide, 24 cm
deep) containing L. pealei and L. plei at the
Marine Biomedical Institute of the University
of Texas Medical Branch at Galveston. Light-
ing was provided by eight 300-W dichroic mir-
ror bulbs (GE-ELH) mounted in two fan-cooled
pallets of my own design. Penaeid shrimp were
used for prey and were sutured to the end of a
fine wire and placed in the center of the camera
field. I filmed approximately 40 sequences of
prey capture by squid at 750 frames per sec-
ond. The films were analyzed with a LW Inter-
national MK-IV 16-mm movie analyzer.

DESCRIPTION OF PREY CAPTURE

Loliginid squid possess five pairs of append-
ages in a ring encircling the mouth (Fig. 1).
Four pairs, termed arms, taper from the base
to the tip and bear two rows of suckers on the
entire oral surface. The remaining pair of
appendages, the tentacles, bear four rows of
suckers on an expanded terminal club, whereas
the more slender tentacular stalk is cylindrical,
only slightly tapered and naked. The tentacles
are capable of rapid extension and are used for
capture of the squid’s diet of fish, crustaceans,
and smaller squid. The inextensible arms hold
and manipulate the prey once it has been cap-
tured and brought within reach by the ten-
tacles.

The capture of prey by loliginid squid and
indeed most of the members of the order
Teuthoidea has not been well documented. In
part this reflects the difficulty of laboratory
maintenance of these delicate animals (Bidder,
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’60), and in part it reflects the fact that the
extension and retraction of the tentacles oc-
curs so rapidly it cannot be observed easily by
the unaided eye. The staff of the Marine Bio-
medical Institute of the University of Texas
Medical Branch at Galveston has been suc-
cessful in maintaining loliginid squid in the
laboratory. The following is a description of
the major events of prey capture taken from
approximately 40 high-speed sequences of
feeding by specimens of L. pealei and L. plei
maintained in the laboratory at Galveston
(temperature, 19°C; salinity, 35 0/00.

In his excellent description of the tentacle
strike of the cuttlefish Sepia officinalis, Mes-
senger (68, "77) divided the attack into three
phases —attention, positioning, and strike.
Owing to the similarity between the attack of
Sepia and that of the loliginid squid, the same
divisions will be employed here.

Attention

If a penaeid shrimp or other suitable prey is
introduced into a tank containing squid, the
squid respond with rapid movements of the
eyes, head, and body. Initially, the head of the
squid is rapidly turned so that the arms and
tentacles are pointed towards the prey and the
eyes are directed forward. Keeping the arms,
tentacles, and eyes pointed towards the prey,
the animal then uses the funnel and lateral fins
to turn so that the long axis of the body is also
pointed at the prey. An immediate change to a
brown coloration often accompanies the atten-
tion movements. This phase of prey capture is
brief (approximately 0.5-2 sec) and is followed
immediately by the next phase, positioning.

Positioning

Using the funnel and lateral fins, the animal
swims directly towards the prey with the arms
and tentacles forward. The arms are held
together in a tight cone-shaped arrangement
with the tips of the tentacles protruding just
beyond the arms. During the attention phase
and as the squid approaches the prey, both
eyes are directed anteriorly towards the prey,
resulting in “ocular convergence” (Messenger,
'68). After prey capture, the eyes are immedi-
ately returned to a laterally directed position.
If the prey is moving as the squid approaches,
the tips of the tentacles and arms bend in the
direction of movement and the animal alters
its course, facing the prey and keeping the ten-
tacles aimed directly at it. The duration of the
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positioning phase is variable (1-4 sec) and
depends on the distance the squid must swim
to the prey.

Strike

The final phase of the attack occurs as the
animal continues to approach the prey. When
the tips of the tentacles are approximately 4-6
cm from the prey (squid dorsal mantle length
of 13-20 cm), the animal lunges towards the
prey, the arms are flared out from their previ-
ous tight cone, and the tentacles are extended
rapidly. The terminal portions, or dactyli, of
the tentacular clubs are attached to one
another as the tentacles are extended in a
straight trajectory, reaching the prey in
approximately 15-35 msec. The tentacles
strike the prey with such force that the prey
often is pushed further away and the compres-
sive force on the tentacle results in buckling of
the tentacular stalk (Fig. 1). The buckling of
the tentacles disappears as they are retracted
and the prey is drawn back within reach of the
arms. The tentacle strike often is accompanied
by a rapid color change of the entire animal to
clear or white (chromatophores retracted). The
arms manipulate the prey into the proper posi-
tion to be eaten. Once the prey is withdrawn to
the arms, the tentacle clubs release their hold
and are not involved further in prey manipula-
tion.

In several of the high-speed prey capture
sequences, an additional torsional movement
of the tentacles was observed. As the tentacles
were extended, they twisted along their long
axis either in a clockwise or counterclockwise
direction. Torsion of the tentacles did not
occur when the long axis of the prey was paral-
lel to the long axis of the squid. Torsion may be
important in orienting the side of the tentacle
equipped with suckers so that the suckered
surface strikes the prey.

The tentacle attack of the loliginid squid dif-
fered in several respects from that reported for
the cuttlefish, Sepia (Messenger, 68, '77).
During the attention phase, the loliginid squid
were not observed to erect the first pair of
arms. In addition, a pause at an “attack dis-
tance” after positioning typically was not ex-
hibited. Instead, the approach during position-
ing continued up to the point of tentacle exten-
sion.

Movement of the prey appears to affect the
nature of the attack. When the prey is station-
ary, the tentacles are sometimes not used and
the squid simply lunge forward and grasp the
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Fig. 1. Tracing from a projected 16-mm frame of a high-speed (750 frames per second) film of the capture of a penaeid
shrimp by Loligo pealei (19-cm dorsal mantle length). The two tentacles have buckled upon striking the shrimp but will

straighten out as the prey is drawn into the eight flared arms.
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Fig. 2. Diagram of left tentacular stalk of a loliginid

squid. AN, axial nerve cord; AR, artery; CM, circular mus-

cle; DCT, dermal connective tissue; EP, epithelium; HM,
helical muscle; IN, intramuscular nerve cord; LM, longitud-

prey with their arms. Bradbury and Aldrich
('69) noted similar behavior in Illex illecebrosus
(LeSueur) when the animals were feeding on
dead capelin (fish).

MORPHOLOGY OF THE TENTACULAR STALK

Figure 2 is a schematic cutaway view of the
tentacular stalk of a loliginid squid (L. pealei,
L. plei, Loliguncula brevis, Sepioteuthis
sepioidea are all similar) showing the muscles
and associated structures. Figure 3 is a photo-
micrograph of a transverse section through the
left tentacular stalk of L. pealei. Running
longitudinally down the central axis of the ten-
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inal muscle; SLM, superficial longitudinal muscle; TR,
trabeculae of transverse muscle; TM, transverse muscle;
TV, superficial tentacular vein.

tacle is a bundle of nerve cell bodies and nerve
fibers, the axial nerve cord (AN) (Graziadei,
"71). The structure of the nerve cord was
described by Colasanti {1876), Guérin ('08), and
Graziadei ('71) and will not be considered fur-
ther here. The axial nerve cord is surrounded
by a loose connective tissue sheath containing
alarge aboral artery (AR) running parallel with
the nerve cord. Surrounding the axial nerve
cord and its connective tissue sheath is a mass
of transverse muscle (TM). Muscle fibers
within the transverse muscle lie in planes per-
pendicular to the long axis of the tentacle. In
the periphery of the transverse muscle mass lie
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Fig. 3. Micregraph of transverse section of left tentecy:  misroscogy of parallis sscthon stalned with Mellory's triple
lier walle of Lolign pralel. See Plpere 2 for deiads. Dhrect stain,
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bundles of longitudinal muscle fibers (LM).
Muscle fibers from the transverse muscle mass
extend out in groups in between longitudinal
muscle fiber bundles to a layer of circular mus-
cle (CM). Similar extensions of a transverse
muscle mass of the arms of Octopus were
called trabeculae by Graziadei (65) and the
term “trabeculae” (TR) is therefore adopted for
similar structures in the squid. Muscle fibers
of the trabeculae can be observed to flare out
into the circular muscle layer (Fig. 4). The
transverse musculature thus does not appear
to insert peripherally on a connective tissue
sheet or tendon and instead interfingers into
the circular muscle layer. A thin epimysial con-
nective tissue layer surrounds the circular
muscle layer.

The circular muscle layer is wrapped by two
thin muscle layers made up of helically
oriented muscle fibers (HM) (Figs. 2, 5). The
inner helical layer of the left tentacular stalk
consists of a sheet of muscle fibers wrapped in
a right-hand helix and the outer layer consists
of muscle fibers wrapped in a left-hand helix.
The arrangement is reversed in the right ten-
tacular stalk, the inner layer being a left-hand
and the outer layer a right hand helix. The fiber
angle (angle that a muscle fiber makes with the
long axis of the tentacle} varies with the degree
of extension of the tentacle from a maximum of
approximately 67° in a retracted tentacle to a
minimum of approximately 36° in a fully ex-
tended tentacle.

The helical muscle layers are, in turn, sur-
rounded by a layer of superficial longitudinal
muscle (SLM). Orally and adjacent to the
helical muscle layers, the superficial longitu-
dinal muscle layer surrounds a superficial ten-
tacular vein (TV) (Williams, '09). Also within
the superficial longitudinal muscle layer and
adjacent to the helical muscle layers are six
intramuscular nerve cords (IN) containing
nerve fibers and nerve cell bodies. For a more
complete description and discussion of their
function see Guérin (08) and Graziadei (65,
"71). Surrounding the entire tentacular stalk is
a dermal layer of loose connective tissue con-
taining chromatophores, blood vessels, and
nerves. This is in turn covered by a simple
cuboidal to columnar epithelium.

The morphology of the tentacular club and
its functional significance will not be described
here because they are similar to those of the
sessile arms discussed below.

FUNCTIONAL ROLE OF TENTACULAR STALK
MORPHOLOGY

In order to understand the possible func-
tional role of tentacular morphology in exten-
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sion, retraction, and torsion of the tentacle, it
is useful to consider the tentacular stalk as a
cylinder of constant volume. The primary con-
stituent of muscle tissue is an aqueous fluid,
which at physiological pressures, may be con-
sidered to be essentially incompressible. This
fact, coupled with the lack of gas-filled spaces
in the tentacle, makes the assumption of con-
stant volume reasonable.

If the cross section of a constant-volume
cylinder is decreased, an increase in length
must result. Contraction of the muscle fibers of
the transverse muscle mass and circular
muscle layer of the tentacular stalk causes a
decrease in the cross section of the tentacular
stalk. Because the tentacle is constant in
volume, any decrease in cross section must
result in extension of the tentacle. It is there-
fore likely that the transverse and circular
muscle masses are responsible for tentacle
extension. Tentacle retraction after the strike
is probably brought about by contraction of
the longitudinal muscles, which run the length
of the tentacular stalk.

Figure 6 shows the percentage increase in
length of a hypothetical constant-volume
cylinder of elliptical cross section versus the
percentage decrease in the major and minor
axes of the cross section (the elliptical cross
section and initial length/diameter ratio
approximate those of the tentacular stalk).
This plot shows that a 70% increase in length
(an extension typically exhibited by the tentac-
ular stalk in prey capture) results from only a
23% decrease in cross section. For one of the
typical animals filmed, the retracted tentac-
ular stalk length was approximately 5.8 cm
and the minor axis width was approximately
0.3 cm. The extended tentacular stalk length
was approximately 9.5 cm, but the change in
width during extension could not be resolved.
A very small change in width would be ex-
pected from the relation plotted above. For
this 66% extension, Figure 6 predicts a 22%
decrease in width, a change of only 0.07 c¢m.
(The width measurements were also compli-
cated by the changing orientation of the ellip-
tical cross section during tentacle torsion.)

The structure of the muscle fibers of the
transverse and circular musculature of the ten-
tacular stalk may reflect the role of these
muscles in the rapid extension of the tentacle.
Guerin (08) reported transverse striation of
the transverse musculature of L. media and
Sepia officinalis (species that rapidly extend
their tentacles in prey capture), but he did not
report transverse striation in the musculature
of other cephalopod appendages. The loliginid
species studied here also exhibit striation of
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Fig. 6. Plot of relationship between percentage increase
in length of hypothetical cylinder of elliptical cross section
and percentage decrease in major and minor axes of the
cross section. Major axis/minor axis = 3/2; initial length/
initial minor axis width = 20/1. Note that a decrease in cross
section results in a large increase in length.
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Fig. 7. Diagram of a single hypothetical helical muscle
band (in this case, a left-hand helix). The black line is a ref-
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the transverse and circular muscle fibers of the
tentacular stalk (light microscopy of paraffin
sections only) but do not show similar striation
in the other tentacle musculature or in the
musculature of the nonextensible arms. The
morphology of the transverse and circular
muscle fibers of the tentacle may reflect the
ability of these muscle fibers to contract
quickly and forcefully, extendint the tentacle
with the rapidity observed (see, for example,
Bone, '81). Further work on the ultrastructural
and enzymatic nature of the various muscle
groups is planned in order to gain additional in-
sight into the proposed functional role of this
musculature.

erence line. Upon contraction of the muscle band, the cyl-
inder twists.
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Fig. 8. Diagram of left arm of a loliginid squid. AN, axial
nerve cord; ACT, aboral connective tissue (fibrous); AR,
artery; BV, superficial brachial vein; DCT, dermal connec-
tive tissue; EP, epithelium; IN, intramuscular nerve cord;
LM, longitudinal muscle; OCT, oral connective tissue

It will be recalled from the earlier description
of the tentacle strike that in some prey capture
sequences, the tentacles are twisted along
their longitudinal axis. The two helical muscle
layers of the tentacular stalk, if separately
innervated, could be responsible for this twist-
ing or torsion. To visualize this, it is helpful to
consider a hypothetical, single muscle band
wrapping around the tentacle from base to
club (Fig. 7). The contraction of this muscle
band would result in torsion. Contraction of
the right-hand helical muscle layer would
result in a counterclockwise torsion of the tip
of the tentacle relative to the base (when
viewed from the base to the tip) and contrac-
tion of the left-hand helical muscle layer would
result in clockwise torsion. Contractile activity
in both muscle layers would result in increased
resistance to a torsional force.
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(fibrous); OM, oblique muscle; PM, protective membrane;
SKLM, swimming keel longitudinal muscle; SKTM, swim-
ming keel transverse muscle; SLM, superficial longitudinal
muscle; SU, suckers; TM, transverse muscle; TR, trabeculae
of transverse muscle.

MORPHOLOGY OF THE ARM

Figure 8 is a schematic view of the arm of a
loliginid squid (L. pealei, L. plei, Loliguncula
breuvis, Sepioteuthis sepioidea are all similar).
Figure 9 is a photomicrograph of a transverse
section of right arm number 2 of Sepioteuthis
sepioidea. Running down the center of the arm
is an axial nerve cord made up of nerve cell
bodies and nerve fibers surrounded by a loose
connective tissue sheath. The functional asso-
ciation of ganglionic expansions of this nerve
cord with the location of suckers has been dis-
cussed by Graziadei ('71). An aboral artery is
associated with the connective tissue sur-
rounding the axial nerve cord.

A central core of transverse muscle sur-
rounds the nerve cord. Muscle fibers of this
mass lie in planes perpendicular to the long
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Fig. 8. Microgruph of transverse ssetion of right srm £2
of Sepiateuihiv repinidea. See Figure 8 for detadls. Direct

axi= of the arm and extend out in trabeculne to
insert orally and aborally on fibrous conmective
tisswe shests |ACTOCTY (stwin blue with
Mallory's triple stain) and laterally on the inner
member of a pair of obliqwe muscles on ench
gmide of the arm. Lﬁ.l!l,gi.Ludmul muscle fiher
bundles Fun between the trabeculas farmed by
the transverse muscle fibers.

A pair of obligue muscles (0M) on each side
of the prm insert on the oral and aboral fibrous
conmective tissue sheets. Connective tissue
fibers in the sheets are in 8 crossed-fiber
arrangement with a fiber angle Imgl,e fibag
makes with the long axis of the arm) of approx-
imately 72" [Fig. 10, The pair of chlique
muzckes is made up of muscle fibers with the
same fiber angle as the connective Lissue fibars
of the oral and aboral shests Lo which I'.|'|:-.3,r are
gttached. Surrounding the connective tissoe
sheets and obligue muscles are three bundles
of suparficial lengitudinal muscle ffbers that
are crescentic in cross section, one oral and twao
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mleredenpy of paraffin section stained with Mallory's triple
stali.

lateral. The aral bardle surrounds a suparbicial
brachial veln {BY) lying adjacent to the oral
conmective blssue sheet (Willlams, 090 Six
intramuscalar merve conds conlaining nerve
fibers and nerve cell bixdies are located adja-
cent to, and outside of, the perimeter formesd
by the ehlique muscles and fbrows eomnseLive
tizsue upon which the obligue muscles inserl.
The phoral surfaces of the arms are equipped
with I:-EpH‘iJl,g Bwimmi.ng keels, thie most ome
inent. of which s lecated on the third pair of
arms leounting fram darsal Eo ventral) and pro-
jecte aborally. The cores of the swimming keels
are made up of nonfibrous connective tissee
with scattered muscle bundles (SKTM) ar-
t'a.ng'e-d Et'mlﬂ\'&r:wél_'r acroas the keel, Laomgita-
dinal muscle fikera (SKLM) lie in & shest over
the core.

Tha orpl surface of the arm is equipped with
a double row of suckers (SU} lopped on both
sicles of the arm bw thin prﬂtmtjua mambranes
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Fig. 10. Micrograph of frontal section of arm of Fapio-
reurkds seplolden. The right-hamd side of the section is
decper tham the left. The longtudinal muosde bundles (LM
g cuk |n long section. The trakoculae i TR of the irapaverss

(M1, The musculsture af the sucker ]:|u|]1.|.r.||.']u
and protective membranes inseris on the aral
connective Lissue sheet, The suckers will not be
caonsiderad further here as they do not appear
i e Invalved in the mechanical functioning of
the arms and tentacles and hawve received at-
tention in the litersture previously, Girod
(1884), Miemic (1LEEE), Willinms ('0%) and Neef
1) described the suckers, but the best
accounts of strocture and function of |:|.-|.~|'.'1p|:|r]
sukers are by Ciwdrin () and Mixon and |.'I|.|J_1.'
(T7) The arm is enclosed by a loose connective
tissue dermis (DCT) containing chromato-
pleores, irldophores, blood vessels, and nerves,
A simple cuboidal-to-columnar epithelivm (EP)
layer caps the dermis,

FUNCTIONAL ROLE OF AKM MORPFHOLGY

The possible funetional marphalogy of the
four pairs of inexten=ihle ot m||.11i]'.||:|||.|.1.i'.'|.~
arms may be allied with the previous propesals
far the pair of exlensible tentacles. Tn this dis-

muEckes pre in creme seeiion Theeross] Gilees of Chio abasal
connective Hieege (ACT) shest are in long sectbess on Uhe kefe
Dhrect microscopy of parallis seclion staised with Maollory's
Lriji #Lkin.

cussion, it is usefiul to conaider the arm to bea
cylinder of constant volume (in a manner sim-
ilar to that sutlined for the tentecles), Bending
of the arm presumably is caused by selective
contraction of longitudinal muscles om one side
of the arm (the side representing bhe concave
radius of the bend), [n order for this muscle
contraction Lo bring abowl bending, some com-
ponent af the arm muast resist longitudinal
compression, Without this eomponent, oon-
traction of longitedinal muscles would sarve
simply to shorten the arm.

What then serves to resist the longitudingl
compression that results from the contraction
of muscles involved in bending? Any decrense
in lemgth of & constant-volume cylinder muast
ressult inoan inerease in dinmeter, In oeder Lo
limit longitudinal compression, increase in
diameter must be prevented. The transverse
muscle mass and associated trabeculae of the
arim are orienbed n sech a way that contractile
activity in these muscles would prevent an in
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Fig. 11. Diagram of single hypothetical composite mus-
cle/connective tissue band (in this case, a left-hand helix).

crease in diameter. It seems likely therefore
that the transverse muscle mass resists longi-
tudinal compression of the arms by resisting
increase in arm diameter.

In this context it is interesting to note the
location of the large longitudinal muscle
masses on the oral side of the arm. The forceful
bending of the arms orally is important in
handling prey while it is eaten, once the ten-
tacles have retracted to bring the prey within
reach of the arms.

Upon contraction of the muscles of the composite, the cyl-
inder twists.

The functional role of the oblique muscles
and associated connective tissue sheets is less
obvious. The fiber angle of the connective tis-
sue fibers is the same as that of the oblique
muscle fibers (inner left-hand helix, outer
right-hand helix for right arms; opposite for
left). Each of the left- and right-hand helical
systems can be considered as a composite of
muscle fibers alternating with connective tis-
sue fibers. It is helpful to consider a single
hypothetical muscle/connective tissue band as
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it wraps the cylinder of the arm in a helical
fashion (Fig. 11). With one end of the cylinder
fixed, contraction of the muscles of the com-
posite would result in torsion of the cylinder.
The direction of torsion would once again
depend on the right- or left-handed nature of
the helix.

In the high-speed movie sequences (L. pealei,
L. plei) torsion of the arms was common during
the manipulation of prey immediately after
prey capture. In addition to creating torsion,
the helical muscle/connective tissue fiber com-
posite systems could be used to resist torsion,
thereby preventing struggling prey from
freeing itself from the squid’s grasp by twist-
ing the arms.

DISCUSSION

The functional difference between the arms
and tentacles of squid appears surprising at
first because the morphology is so similar.
Both the arms and the tentacles possess a
large central mass of transverse muscle sur-
rounded by bundles of longitudinal muscle, yet
the tentacles undergo rapid extension and re-
traction, and the arms are inextensible. If the
functional proposals outlined here are correct,
the transverse muscle mass is actually in-
volved in length change in both sets of append-
ages. In the tentacles, the transverse muscle
mass appears to create length change. In the
arms, the transverse muscle prevents length
change. The difference in function appears to
be reflected in the structure of the muscle
fibers of each muscle mass. As mentioned
earlier, the muscle fibers of the transverse
muscle mass of the rapidly extensible tentacles
are transversely striated. The muscle fibers of
the transverse muscle mass of the inextensible
arms are not transversely striated. The longi-
tudinal muscles are antagonists to the trans-
verse muscles in both cases. In the arms,
contractile activity of the transverse and longi-
tudinal muscles presumably occurs simultane-
ously. In the tentacles, contractile activity
occurs at different times {transverse muscle
contraction during extension, longitudinal
muscle contraction during retraction).

In the preceding discussions, the hydrostatic
nature of the supportive system is empha-
sized. According to Wainwright ('70), a hydro-
static supportive system consists of a fluid
under pressure in a container. In squid arms
and tentacles, the fluid under pressure and the
container are not immediately distinguished
because these two constituents are not distinct
entities. In fact, the compression-resisting
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fluid is made up, in part, of elements of the ten-
sion-resisting container: muscle fibers of the
transverse muscle mass.

Wainwright (70) also listed a number of
observations that apply to hydraulic systems
in animals that help to identify the similarities
of and differences between other hydrostatic
systems and the hydrostatic system of squid
arms and tentacles. One of these states that it
is possible to distinguish purely tensile com-
ponents from those that resist compression.
As previously noted, the transverse muscle
array of squid arms and tentacles serves as
both a compression-resisting and a tensile
element. This view can be reconciled if one
looks at the structure of the muscle fibers and
the role played by that structure. The myofil-
aments of the muscle fiber resist (or in this
case, create) tension and it is the sarcoplasm of
the muscle fiber in addition to extracellular
fluids that resists compression. The sarco-
plasm and extracellular fluids of this muscula-
ture serve the same role as the coelomic fluid of
other hydrostatic skeletons.

Wainwright (70} noted that, typically, the
compression-resisting fluid is concentrated in
the central region of the supportive system
and the tensile materials are peripheral. Al-
though components of the tension-resisting
container (the transverse muscle mass) occur
centrally in the squid appendages, their ability
toresist or create tension would not be possible
without the peripheral systems to which they
are attached: the circular muscle layer of the
squid tentacle and the connective tissue and
oblique muscle layer of the squid arm.

The arms and tentacles of loliginid squid
exhibit a dynamic hydrostatic skeleton.
Muscle fibers function in roles typically
played, in other hydrostatic systems, by con-
nective tissue fibers and aqueous fluid. The
degree of flexibility and the range and speed of
movements observed in the appendages of
these animals may be related to the control of
the properties of the system conferred by this
dynamic morphology.

ACKNOWLEDGMENTS

I thank Roger Hanlon, Ray Hixon, John
Forsythe, and Joseph Hendrix of the Marine
Biomedical Institute of the University of
Texas Medical Branch at Galveston. The high-
speed filming would have been virtually impos-
sible without their insight into the laboratory
maintenance and behavior of squid. I thank
the members of my doctoral dissertation com-
mittee for a critical reading of the manuscript.



192

I am grateful to Kathleen Smith for urging me
to explore further the geometrical relation-
ships of the model. I especially wish to thank
Stephen Wainwright for his constant support
and truly perceptive insight and guidance.
This work was supported in part by a Cocos
Foundation Morphology Traineeship.

LITERATURE CITED

Alexander, R.McN. (1968) Animal Mechanics. London:
Sidgwick and Jackson.

Bidder, A.M. (1950) The digestive mechanism of the euro-
pean squids, Loligo vulgaris, Loligo forbesii, Alloteuthis
media and Alloteuthis subulata. Q. J. Microsc. Sci. 91:
1-43.

Bone, Q. (1981) Squid mantle muscle. J. Mar. Biol. Assoc.
U.K. 61:327-342.

Bradbury, H.E., and F.A. Aldrich (1969) Observations on
feeding in the squid [llex illecebrosus illecebrosus
(LeSueur, 1821) in captivity. Can. J. Zool. 47:913-915.

Chaprhan, G. (1958) The hydrostatic skeleton in the inverte-
brates. Biol. Rev. 33:338-371.

Colasanti, G. (1876) Anatomische und physiologische
Untersuchungen uber die Arme de Cephalopoden. Arch.
Anat. Physiol. Wiss. Med., pp. 480-500.

Girod, P. (1884) Récherches sur la peau des céphalopodes.
La ventouse. Arch. Zool. Exp. Gén. (série 2) 2:379-401.
Graziadei, P. (1965) Muscle receptors in cephalopods. Proc.

R. Soc. B. 161:392-402.

Graziadei, P. (1971) The nervous system of the arms. In J.Z.

Young (ed): The Anatomy of the Nervous System of Octo-

W.M. KIER

pus vulgaris. Oxford: Claredon Press.

Gueérin, J. (1908) Contribution a I'étude des systémes cutané,
musculaire et nerveux de l'appareil tentaculaire des
Céphalopodes. Arch. Zool. Exp. Geén. (Série 4) 8:1-178.

Hanlon, R.T., R.F. Hixon, and W.H. Hulet (1978) Labora-
tory maintenance of wild-caught loliginid squids. Proceed-
ings of the Workshop on the Squid Illex illecebrosus,
Dalhousie University, Halifax, Nova Scotia, May 1978.
Fisheries and Marine Service Technical Report 833:
20.1-20.13.

Hulet, W.H., R.T. Hanlon and R.F. Hixon (1980) Loliguncula
brevis— A new squid species for the neuroscience labora-
tory. Trends Neurosci. 3(4):4-5.

Messenger, J.B. {1968) The visual attack of the cuttlefish,
Sepia officinalis. Anim. Behav. 16:342-357.

Messenger, J.B. (1977) Prey capture and learning in the cut-
tlefish, Sepia. Symp. zool. Soc. Lond. 38:347-376.

Naef, A. (1921) Cephalopoda. Fauna Flora Golfo Napoli, Vol.
35, Fascicles I and II. (Translated from German; Israel
Program for Scientific Translations, Jerusalem, 1972.}

Niemic, J. (1885) Recherches morphologiques sur les ven-
touses dans le régne animal. Rec. Zool. Suisse 2:1-147.

Nixon, M., and P.N. Dilly (1977) Sucker surfaces and prey
capture. Symp. Zool. Soc. Lond. 38:447-511.

Schmidt-Nielsen, K. (1979) Animal Physiology: Adaptation
and Environment. 2nd Ed. Cambridge: Cambridge Uni-
versity Press.

Wainwright, S.A. (1970) Design in hydraulic organisms.
Naturwissenschaften 57:321-326.

Wainwright, S.A., W.D. Biggs, J.D. Currey, and J.M.
Gosline (1976) Mechanical Design in Organisms. New
York: John Wiley and Sons.

Williams, L.W. (1909) The Anatomy of the Common Squid
Loligo pealii, LeSueur. Leiden: E.J. Brill.



