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ABSTRACT  The transverse muscle mass of the arm and the transverse
and circular muscle masses of the tentacle of squid (Loligo pealei and Illex
illecebrosus) were examined by transmission electron microscopy. Previous
work had indicated that although similar in gross arrangement, the transverse
muscle mass of the tentacle creates rapid elongation during prey capture while
the transverse muscle mass of the arm is involved in creating bending move-
ments. The difference in function between the transverse muscle masses of the
arms and tentacles is reflected in differences in ultrastructure. The transverse
muscle mass of the arm is made up of regular, obliquely striated muscle fibers
1-6 pm in diameter. The transverse and associated circular muscle masses of
the tentacle are made up of cross-striated muscle fibers 1-3 ym in diameter.
The cross-striated muscle fibers have A bands approximately 0.5 ym (I illece-
brosus) and 0.9 um (L. pealei) in length and a resting sarcomere length of 0.9
pm (L illecebrosus) and 1.6 pm (L. pealei), suggesting a relatively high short-
ening speed for this muscle type. The cross-striated cells are not divided up
into myofibrils, and the sarcoplasmic reticulum is located beneath the sarco-
lemma. Vernier displacements of the sarcomeres were observed. The myofila-
ments of the obliquely striated muscle fibers of the arm surround a central
core containing mitochondria and the cell nucleus. The sarcoplasmic reticulum
of the obliquely striated cells is located beneath the sarcolemma, in the plane

of the Z elements, and surrounding the mitochondrial core.

Squid capture and subdue their prey with
an array of ten muscular appendages. One
pair of appendages, termed tentacles, is used
to capture prey by rapid elongation; the re-
maining four pairs of appendages, termed
arms, subdue and orient the captured prey
with bending and grasping movements. In
spite of the difference in function between
the arms and tentacles, the gross arrange-
ment of musculature of these two appendage
types is similar (Kier, '82). It has been pro-
posed that the differences in function be-
tween the musculature of the arms and
tentacles might be reflected in differences in
ultrastructure of the muscle itself rather
than its gross arrangement (Kier, '82), and
this hypothesis is tested here.

The movements of the arms and tentacles,
the gross morphology of the musculature, and
the proposed functional significance of the
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muscular arrangement are reviewed briefly.
The paper then reports on the types of mus-
cle fibers found in cephalopods as well as on
the ultrastructure of the musculature of
squid arms and tentacles. The discussion re-
lates these observations to previous descrip-
tions of cephalopod muscle, to vertebrate
skeletal muscle, and to the possible physio-
logical parameters of the musculature.

Arm and tentacle movements
and prey capture

The arms and tentacles of squid are ar-
ranged in a ring that encircles the mouth.
The four pairs of arms taper from base to tip
and bear suckers on their oral surface (sur-
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Fig. 1. Composite of photographs of single frames of high-speed cine film (750 frames per second) of dorsal view of
strike of Loligo pealei during capture of a penaeid shrimp. The cumulative time in milliseconds is indicated. The
four pairs of arms flare as the pair of tentacles is elongated. The impact of the tentacular clubs on the prey (last

frame) causes compressive buckling of the tentacular stalks and pushes the shrimp further away. The grid spacing
is 2 cm.

Fig. 2. Schematic transverse section of the tentacular stalk of squid (ommastrephid and loliginid squid similar).
A, axial nerve cord; C, circular muscle; D, dermis; E, epithelium; H, helical muscle; L, longitudinal muscle; T,
transverse muscle; TR, trabeculae of transverse muscle. The scale bar length equals 1 mm.

Fig. 3. Schematic transverse section of the arm of squid (ommastrephid and loliginid squids similar). A, axial
nerve cord; CT, connective tissue sheet; D, dermis; E, epithelium; L, longitudinal muscle; O, oblique muscle; T,

s

transverse muscle; TR, trabeculae of transverse muscle. The scale bar length equals 1 mm.

face facing the mouth). The pair of tentacles
bears suckers on an expanded terminal club,
whereas the slender, cylindrical tentacular
stalks are naked. The tentacles are used al-
most exclusively for prey capture (described
below), whereas the arms are used both for
prey handling and steering during swim-
ming.

Squid pursue and capture live prey-typi-
cally fish, crustaceans, and smaller squid.
The attack can be divided into three phases—
attention, positioning, and strike (Kier, '82;
Messenger, ’68; 77). During the attention
phase, the squid rapidly orients so that the
arms, tentacles, and long axis of the body are
pointed toward the prey and the eyes are
directed forward at the prey. During posi-
tioning, the squid swims directly toward the
prey with the arms held together in a tight
cone-shaped arrangement enclosing the ten-
tacles, the tips of which protrude just beyond
the arms. The final phase, the strike, occurs
as the squid continues to approach the prey
(Fig. 1). During the strike, the arms flare out

from their previous tight cone and the tenta-
cular stalks are extended rapidly in a
straight trajectory. The tentacular clubs
reach the prey in approximately 15-35 msecs,
striking the prey and attaching to it with the
suckers. The tentacles then shorten, pulling
the prey within reach of the arms. The arms
converge around the prey from their pre-
vious flared arrangement and subdue and
orient the prey for ingestion with bending
and grasping movements (Kier, '82).

Arm and tentacle microanatomy and
function

Diagrammatic cross-sections of the tenta-
cular stalk and the arm are shown in Figures
2 and 3, respectively. A centrally located ax-
ial nerve cord (A) lies parallel to the long
axes of the tentacle and arm, surrounded by
an extensive mass of transverse muscle (T).
Muscle fibers of the transverse muscle mass
are oriented perpendicularly to the long axes
of the tentacle and arm. The transverse mus-
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Fig. 4. Schematic diagram illustrating the similarities and differences of obliquely striated
and cross-striated muscle fibers. Note that a cross-section of an obliquely striated muscle cell
shows an analogous sequence of bands to those seen in a longitudinal section of cross-striated
muscle. The thin filaments have been omitted from the diagram for clarity.

cle fibers extend toward the surface, forming
groups of fibers called trabeculae (TR) which
interdigitate with bundles of longitudinal
muscle fibers (1.). The trabeculae of the ten-
tacles (Fig. 2) merge into a layer of circular
muscle (C). The trabeculae of the arm (Fig. 3)
insert on a connective tissue sheet (CT) orally
and aborally and on a pair of oblique muscles
(0) laterally. The circular muscle layer of the
tentacle (Fig. 2) is wrapped by two helical
muscle layers (H). The perimeter formed by
the oblique muscles and connective tissue
sheets of the arm and the helical muscle lay-
ers of the tentacle is enclosed by a connective
tissue dermis (D) and a simple cuboidal epi-
thelium (E). (See Kier, '82, for a more com-
plete description.)

The arrangement and gross morphology of
the transverse muscle masses of the arms
and tentacles are similar (Figs. 2,3); however,
they probably serve different functional roles
(Kier, ’82). Upon contraction, the transverse
muscle mass of the tentacles decreases the
cross-section of the tentacles; because the
tentacle is constant in volume, the decrease

in cross-section results in tentacular elonga-
tion. Shortening of the tentacular stalk after
the strike is likely caused by longitudinal
muscle contraction. The transverse muscle
mass of the arms presumably serves a differ-
ent function. Bending of the arms requires
coordinated contraction of the transverse
muscle mass and longitudinal muscle on one
side of the arm. The transverse muscle mass
of the arms resists the longitudinal compres-
sional force created by longitudinal muscle
contraction and allows arm bending (see
Kier, '82; Kier and Smith, ’85).

Muscle types in cephalopods

Typical cross-striated muscle has a charac-
teristic banded pattern in longitudinal sec-
tion due to alignment of the sarcomeres
between adjacent fibrils (Fig. 4). The sarcom-
eres are defined by the Z discs. The thin
filaments attach to the Z discs. On either side
of the Z disc are the I bands, zones containing
thin filaments but no thick filaments. The
transverse alignment of thick filaments is
referred to as the A band.
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Cross-striated muscle is rare in cephalo-
pods. The cardiac muscle of cephalopods ex-
hibits cross-striation (Dykens and Mangum,
’79; Jensen and Tjgnneland, *77; Kawaguti,
’63; Marceau, '05a; Schipp and Schifer, *69;
but see Amsellem and Nicaise, '80). Alexan-
drowicz ('27) reports small cross-striated
muscles associated with the retina of the cut-
tlefish. Guérin (08) and Plenk ('24) report
cross-striated muscle in the transverse mus-
cle mass of the tentacle of squid and cuttle-
fish. Guérin (08) did not observe cross-
striated muscle fibers in the other muscle
groups of the tentacle or any of the muscle
groups in the arms.

Most cephalopod muscle is obliquely stri-
ated (Amsellem and Nicaise, ’80; Chantler,
’83; Hanson and Lowy, ’60; Hoyle, ’64; Ni-
caise and Amsellem, ’83). Its myofilaments,
although parallel to the long axis of the cell,
are not lined up in register across the cell as
in cross-striated muscle fibers. In contrast to
cross-striated muscle, obliquely striated mus-
cle has its myofilaments staggered so that
the Z elements lie in an oblique pattern en-
circling a central core of mitochondria and a
single cell nucleus (Fig. 4). (Obliquely stri-
ated muscle containing a mitochondrial core
is classified as regular. Irregular, oblique-
ly striated muscle lacks a mitochondrial core
(Millman, ’67)). Thus obliquely striated mus-
cles lack transverse banding. However,
transverse sections of regular, obliquely
striated muscle cells show a characteristic
appearance with a similar sequence of band-
ing to that in longitudinal section of cross-
striated muscle: line of Z elements; an I band,
an A band, an I band; and the next line of Z
elements (Fig. 4). Of course these bands differ
in the angle of section across the filaments.
The striation angle (angle of alignment of Z
elements relative to the long axis of the mus-
cle cell) depends on the degree of extension
and contraction of the muscle. In squid (spe-
cies not identified) mantle and funnel retrac-
tor muscle the striation angle at rest has
been reported as 6-12°, and to increase to
60° if the glycerol-extracted muscle was
treated with adenosine triphosphate (Hanson
and Lowy, ’57).

MATERIALS AND METHODS

The transverse and circular musculature
of the tentacle and the transverse muscula-
ture of the arms of the ommastrephid squid
Illex illecebrosus (LeSueur, 1821), and the lo-
liginid squid Loligo pealei LeSueur, 1821

227

were examined with the transmission elec-
tron microscope. Many sections included por-
tions of the longitudinal muscle masses, but
no systematic study of the longitudinal mus-
cle masses was made. Specimens of I illece-
brosus were maintained in a 685 m? tank at
the Aquatron Laboratory, Institute of Ocean-
ography, Dalhousie University, Halifax,
Nova Scotia, Canada, as described in O’Dor
('78) and Balch ("78). Specimens of L. pealei
were obtained from the Marine Biological
Laboratories, Woods Hole, Massachusetts.
The investigation was begun with specimens
of I illecebrosus fixed in five fixative types:
1) 2.8% glutaraldehyde and 4.0% paraformal-
dehyde in 0.08% M phosphate buffer at pH
7.2; 2) 1.25% glutaraldehyde and 2.0% para-
formaldehyde in 0.2 M phosphate buffer at
pH 7.2; 3) 1.25% glutaraldehyde and 2.0%
paraformaldehyde in 0.15 M phosphate buffer
at pH 7.2; 4) 1.25% glutaraldehyde and 2.0%
paraformaldehyde in 0.10 M phosphate buffer
at pH 7.2; 5) 1.25% glutaraldehyde and 2.0%
paraformaldehyde in 0.05 M phosphate
buffer at pH 7.2. The best fixation was
achieved with fixative type 1, but the condi-
tion of the sarcoplasmic reticulum in this
material suggested that a fixative of higher
osmolarity would have been more suitable.
Cross-sectional slabs 2-3 mm thick of the
arms and tentacles were obtained from
freshly killed animals and fixed for 30 min-
utes at 40°C. The slabs were then cut into
smaller blocks, approximately 1 mm?, and
fixed for an additional four hours at 4°C,
followed by a 12-h buffer wash. The tissue
was then postfixed in 1% osmium tetroxide
for 1 h and dehydrated through a graded
series of acetones. The tissue was infiltrated
and embedded in epoxy resin (Epon) under
reduced pressure.

Specimens of Loligo pealei were also exam-
ined using a fixative with 3.0% glutaralde-
hyde, 0.065% phosphate buffer, and 0.5%
tannic acid with and without the addition of
6.0% sucrose. An attempt was made to ex-
amine tissue close to the surface of the block,
as earlier work had indicated that infiltra-
tion of the tissue with fixative was difficult
to achieve. The fixation obtained in the L.
pealei material, in particular after 6.0% su-
crose was added, was superior to that of the
earlier work. Slabs cut from the arms and
tentacles of L. pealei were fixed for 10 h at
4°C. Portions of the slabs adjacent to the
fixation surface were then cut into smaller
blocks approximately 1 X 1 X 4 mm and






ULTRASTRUCTURE OF THE MUSCULATURE OF SQUID

washed overnight in buffer. The blocks were
rinsed for 20 min in chilled 0.065% phos-
phate buffer and postfixed for 40 min in a 1:1
mixture of 2% potassium ferrocyanide in 0.13
M cacodylate buffer and 2% osmium tetrox-
ide. The blocks were dehydrated in ethanol
and embedded in Epon.

For light microscopy, sections were cut at
0.5 pm and stained with toluidine blue. Thin
sections for electron microscopy were stained
with saturated aqueous uranyl acetate and
with Reynolds’ lead citrate ('63) and were
examined with Zeiss EM 10A and Zeiss EM
10CA electron microscopes. The magnifica-
tion stops were calibrated with a grid replica
before each measurement series (Ernest F.
Fullam, Inc., No. 1002, 2160 lines/mm).

Glycol methacrylate sections of the muscu-
lature of the arms and tentacles of the squids
Loligo opalescens Berry, 1911 and Lolligun-
cula brevis (Blainville, 1823) were examined
with the light microscope. The squid were
anesthetized in 1% ETOH in seawater, and
2-3 mm cross-sectional slabs of the arms and
tentacles were cut and placed in phosphate
buffered 2.5% glutaraldehyde and 4.0% par-
aformaldehyde for 24-48 hours. The tissue
was dehydrated through ethanols to 70%
ETOH and infiltrated and embedded in JB-4
embedding medium (Polysciences, Inc.). Sec-
tions were cut at 1.5 um and stained with
Lee’s methylene-blue basic fuchsin stain
(Bennett et al., *76). The sections were stud-
ied under phase-contrast and direct micros-
copy.

RESULTS
The muscle cells of the transverse muscle
mass of the arms

The transverse muscle mass of the arms is
made up of closely packed regular, obliquely
striated muscle cells (Fig. 5). The cells are
circular to polygonal in cross-section, and
their diameter ranges from approximately 1-

Fig. 5. Low-power electron micrograph of transverse
section of regular, obliquely striated muscle cells of the
transverse musculature of the arm of Illex illecebrosus.
The myofilaments surround a central core of mitochon-
dria (M). An electron-dense extracellular material lies
in between the closely packed cells. The scale bar
length equals 1 um.

Fig.6. Electron micrograph of transverse section of reg-
ular, obliquely striated muscle cells of the transverse
musculature of the arm of Illex illecebrosus showing
greater cell diameter at the location of the nucleus (N).
The scale bar length equals 1 ym.
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6 um (L illecebrosus—mean = 3.4 pm, S.D. =
1.1 pm; L. pealei—mean = 2.8 um, S.D. = 0.9
pm). The range of fiber diameters observed
in transverse section (Fiig. 5) may be a func-
tion of the plane of section cutting through
different locations along the lengths of fusi-
form cells. Authors of several previous inves-
tigations of obliquely striated cephalopod
muscle cells have reported this fusiform
shape (Amsellem and Nicaise, '80; Bone et
al., ’81; Gonzalez-Santander and Socastro
Garcia-Blanco, '72). The myofilaments of the
cell surround a central longitudinally ori-
ented core containing the cell nucleus and
mitochondria (M). Transverse sections that
pass through the cell nucleus (N) show the
cell diameter to be greatest at that point (Fig.
6). An amorphous, electron-dense extracellu-
lar material is located among the cells.
Amsellem and Nicaise (80) recognized
three zones of sarcoplasmic reticulum in
obliquely striated muscles of the buccal mass
of the cuttlefish Sepia officinalis. T have ob-
served a similar arrangement in the squid
arm musculature and will therefore employ
the same subdivisions here. The first, a pe-
ripheral zone of sarcoplasmic reticulum, is
present in the subsarcolemmal cytoplasm.
The outer portion of the membranes of the
terminal cisternae of the sarcoplasmic retic-
ulum in this zone are arranged in parallel to
the sarcolemma forming specialized contacts
termed “dyads” by Amsellem and Nicaise
(’80) and “peripheral couplings” by Nunzi
and Franzini-Armstrong (81) (PC, Fig. 7).
Hoyle ('83) defines a “‘dyad” as a form of close
contact between a single sarcoplasmic retic-
ulum element and an invaginated tubule of
the sarcolemma. The obliquely striated mus-
cle cells of the transverse muscle mass of
squid lack invaginated tubules; I therefore
adopt the term “peripheral coupling” for the
specialized contacts between the sarcolemma
and the sarcoplasmic reticulum. Regularly
spaced, electron-dense “junctional feet” are
present in the space between the sarcolemma
and cisternal membrane of the peripheral
coupling. The junctional feet were more eas-
ily identified in the tissue processed with
potassium ferrocyanide in the secondary fix-
ative (see Nunzi and Franzini-Armstrong,
’81). The terminal cisternae are most fre-
quently seen at points where the Z elements
approach the sarcolemma. The terminal cis-
terna of one muscle cell is often located adja-
cent to the terminal cisterna of another
muscle cell. Where the terminal cisternae of
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two cells are opposed, the amorphous, extra-
cellular electron-dense material normally lo-
cated between the sarcolemmal membranes
is absent (Fig. 7).

The second zone of sarcoplasmic reticulum
(SR) is the intramyoplasmic zone which lies
in the plane of the Z elements (Fig. 7). Com-
parison of transverse and longitudinal sec-
tions (compare Figs. 7 and 8) suggests that
the sarcoplasmic reticulum in this zone is
made up of an anastomosing network of units
that are elongated parallel to the longitudi-
nal axis of the cell. The Z elements are not
organized in a regular pattern such as that
seen in the Z disc of many cross-striated mus-
cle cells. Although arranged in a plane and
associated with the intramyoplasmic zone of
the sarcoplasmic reticulum, the Z areas of
these obliquely striated cells are made up of
irregularly spaced dense bodies (Fig. 8). In
transverse sections, the sarcoplasmic reticu-
lum and associated Z elements divide each
cell cross-section into a number of roughly
trapezoidal areas of myofilaments. The third
zone of sarcoplasmic reticulum is a central
zone surrounding the mitochondrial core
(Figs. 6, 7).

In transverse sections it can be seen that
the thick filament diameters vary and are
arranged in an orderly array within each
trapezoidal area of myofilaments between the
rows of Z elements (Fig. 7). The smallest-
diameter thick filaments are located along
the two sides of the band of thick filaments
nearest to the rows of Z elements, whereas
the largest-diameter thick filaments are lo-

Fig. 7. Electron micrograph of transverse section of reg-
ular, obliquely striated muscle cells of the transverse
musculature of the arm of Loligo pealei. The outer
membranes of the terminal cisternae (*) make special-
ized contacts or peripheral couplings (PC) with the
sarcolemma. Regularly spaced junctional feet are visi-
ble in the peripheral coupling labeled PC. The termi-
nal cisternae occur where the Z elements and
associated sarcoplasmic reticulum (SR) approach the
sarcolemma. Note that within each trapezoidal area of
myofilaments delimited by the rows of Z elements and
sarcoplasmic reticulum, the thick filament diameters
are greatest in the center of the band of thick fila-
ments. The scale bar length equals 1 gm.

Fig. 8. Electron micrograph of longitudinal section of
regular, obliquely striated muscle cells of the trans-
verse musculature of the arm of Illex illecebrosus. The
long axis of the muscle fiber is oriented horizontally
on the page. The intramyoplasmic zones of sarco-
plasmic reticulum (SR) and dense bodies (arrows) are
oriented at a small angle with respect to the horizon-
tally oriented thick filaments. The scale bar length
equals 1 ym.
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Fig. 9. Schematic diagram of the effect of staggering
and tapering of thick filaments on their appearance in
cross-section. A single band of staggered thick fila-
ments is illustrated. Note that a transverse section
through any point along the band will show larger-
diameter thick filaments at the center of the band.

cated down the center of the band. This is
interpreted to be the result both of tapering
of the thick filaments and their stagger rela-
tive to one another due to the oblique stria-
tion of the muscle cell (Amsellem and
Nicaise, ’80; Hoyle, ’83). In Figure 9 this is
demonstrated by a schematic cross-section
through an obliquely arrayed band of fusi-
form thick filaments. A section passes
through the tapered end of the filaments at
the edges of the band and through the thick-
est middle portion of the filaments in the
center of the band. The thick filament diam-
eter at the center is approximately 310 A
(mean = 311 A, S.D. = 19 A)for L illecebro-
sus and approximately 360 A (mean = 358
A, S8D. = 30 A) for L. pealei. I was unable
to obtain accurate measurements of thick fil-
ament length due to the difficulty of obtain-
ing exactly longitudinal sections. In some
sections, I was able to trace thick filaments
for 2.8 pm, but this may not represent their
total length.

The muscle cells of the transverse and
circular muscle mass of the tentacle

The transverse muscle mass of the tentacle
is made up of closely packed, cross-striated
muscle cells (Figs. 10 and 11). Occasionally, I
observed a small bundle of obliquely striated
muscle cells (similar in morphology to those
of the transverse muscle mass of the arms)
within the mass of cross-striated muscle. The
diameter of the cross-striated muscle cells is
small, ranging from 1-3 um (I illecebrosus—
mean = 2.1 um, S.D. = 0.5 um; L. pealei—
mean- 2.4 ym, S.D. = 0.7 um). Mitochondria
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(M) are located peripherally in the cell, im-
mediately beneath the sarcolemma (Fig. 10).

Tubules of the sarcoplasmic reticulum (SR)
were never observed in the center of the cells
within the myofilaments. Instead, the sarco-
plasmic reticulum is located peripherally in
the cell immediately beneath the sarco-
lemma (Figs. 10 and 11). Thus, the cells are
not divided into myofibrils and lack invagin-
ated tubules. The sarcoplasmic reticulum
forms peripheral couplings (PC) with the sar-
colemma similar in morphology to those ob-
served in the obliquely striated muscle
described earlier. Regularly spaced, electron-
dense junctional feet are present in the space
between the outer sarcoplasmic reticulum
membrane and the sarcolemma of the pe-
ripheral couplings (Fig. 11). As in the
obliquely striated cells, the addition of potas-
sium ferrocyanide in the secondary fixative
enhanced the contrast of the junctional feet.
The peripheral couplings of a cell are often
aligned with the peripheral couplings of ad-
jacent cells (Fig. 10).

The A band (thick filament length) is short,
approximately 0.5 um (mean = 0.52 pm, S.D.
= 0.03 pum) for I illecebrosus and approxi-
mately 0.9 um (mean = 0.94 um, S.D. = 0.08
um) for L. pealei. The thick filament diame-
ter was measured to be approximately 240
A (mean = 237 A, S.D. = 10 A)in I illece-
brosus and approximately 310 A (mean =
314 A, S.D. = 22 A) in L pealei. In trans-
verse sections at high power, the thick fila-
ments appear hollow due to the presence of
an electron-lucent core (Fig. 12). The resting
sarcomere length was measured to be ap-

Fig. 10. Electron micrograph of transverse section of
closely packed, cross-striated muscle fibers of the
transverse muscle mass of the tentacle of Loligo pealei.
Mitochondria (M) are located immediately beneath the
sarcolemma. The outer membrane of the sarcoplasmic
reticulum (SR) makes specialized contacts or periph-
eral couplings (PC) with the sarcolemma. Note that
the A band (thick filaments seen in cross-section) passes
in and out of the section in a single muscle fiber. The
scale bar length equals 1 um.

Fig. 11. Electron micrograph of longitudinal section of
cross-striated muscle fibers of the transverse muscula-
ture of the tentacle of Loligo pealei. The outer mem-
brane of the sarcoplasmic reticulum (SR) forms
peripheral couplings (PC) with the sarcolemma. The
inset shows a higher magnification view of a periph-
eral coupling in which junctional feet (arrows) are vis-
ible. Note that the Z disc (Z) is diffuse and sometimes
(lower fiber) follows an angled course across the muscle
fiber. The scale bar length equals 1 um and the inset
is 0.5 um wide.
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proximately 0.9 um (mean = .86 uym, S.D. =
0.6 um) for I illecebrosus and 1.6 um (mean
= 1.64 um, S.D. = 0.2 um) for L. pealei. An
M band (a band in the exact center of the
sarcomere where thick filaments are bound
to one another by cross-links) is not present
and the sarcomeres appear to be susceptible
to shearing, with the result that the Z discs
(and A and I bands) often are not perpendic-
ular to the long axis of the fiber and instead
follow a curved or angled course across the
fiber (Fig. 11). The shearing or lack of align-
ment is also apparent in transverse sections
where it can be seen that the section plane
passes in and out of the A band in a single
fiber (Fig. 10). The edges of the H region are
indistinct (Fig. 11).

The Z disc is more diffuse and less regu-
larly arranged than the Z disc of the cross-
striated muscles of vertebrates (Smith, ’72;
Hoyle, ’83). Transverse sections that graze
the Z disc (Z, Fig. 13) show a loosely arranged
grouping of electron-dense material rather
than the organized network seen in verte-
brate Z discs (cf. Rowe, ’71).

A number of instances of vernier displace-
ments of the cross-striation of the cells were
noted (Fig. 14). A vernier displacement re-
sults from the insertion of one or more addi-
tional sarcomeres in a portion of the muscle
fiber (Nunzi and Franzini-Armstrong, ’81).
This is discussed further below.

In the squid species studied, the transverse
muscle mass of the tentacles of both male
and female animals was made up of cross-
striated muscle fibers. This contradicts the
report of Hanson and Lowy (60) that “the
radial [=transverse] muscles of the long arms
[=tentacles] of female decapods are striated
while in the shorter arms and in the male
they are of the smooth (helical) type” (Han-
son and Lowy, '60, p. 275). This would be
surprising indeed, because male and female
animals use the tentacles in an identical
manner.

The muscle cells of the longitudinal muscles
of the arms and tentacles

Although the longitudinal muscle bundles
of the arms and tentacles were not studied in
detail, many sections included parts of these
cells. Observations from these sections sug-
gest that the muscle cells of the longitudinal
muscle masses of both the arm and the ten-
tacle are the regular, obliquely striated type,
similar in ultrastructure to those of the
transverse muscle mass of the arms.
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DISCUSSION
Ultrastructure of the regular obliquely
striated muscle cells

The ultrastructure of the muscle cells of
the arms of Illex illecebrosus and Loligo pealei
is similar to that reported in a variety of
muscles of other cephalopods: the mantle
musculature of squid and cuttlefish (Bone et
al., ’81; Kawaguti and Ikemoto, ’57; Kawa-
guti, ’62; Mommsen et al., '81; Moon and
Hulbert, *75; Ward and Wainwriglit, ’72); the
arms of cuttlefish and the tentacles of octo-
pus (Gonzalez-Santander and Socastro Gar-
cia-Blanco, *72; Socastro, ’69); the digestive
tract of the cuttlefish (Amsellem and Nicaise,
’80); the chromatophore muscle of squid (Clo-
ney and Florey ’68; Florey, ’69) and a variety
of muscles of the chambered nautilus (Ho-
chachka et al., ’78).

There has been confusion historically con-
cerning the classification of obliquely striated
muscle. The oblique striation of cephalopod
muscle fibers was reported as early as 1892
by Ballowitz and later by Marceau (04, *05b)
and Plenk (’33). The oblique striation has
been mistaken to be a diamond lattice or
“double oblique striation.” Whenever whole
isolated cells are viewed through the light
microscope, both the front and back of the
cell are visible and the oblique pattern ap-
pears to cross (Hanson and Lowy, ’60). Han-
son and Lowy (’57) suggested that the oblique
striation was due to a single layer of ribbon-
shaped, smooth (nonstriated) myofibrils that
wrap the sarcoplasmic core in a helical pat-
tern. They therefore proposed that this mus-
cle type be classified as a special type of
smooth muscle: “helical smooth.” Hoyle (’64)
recognized that a muscle fiber so constructed

Fig. 12. High-power electron micrograph of transverse
section of cross-striated muscle fibers of the transverse
musculature of the tentacle of Loligo pealei. The thick
filaments appear hollow. The A band (A) (where over-
lap between thick and thin filaments occurs) and the
H band (H) (portion of the A band not occupied by thin
filaments) are indicated. The scale bar length equals
200 nm.

Fig. 13. Electron micrograph of transverse section of
cross-striated muscle fibers of the transverse muscula-
ture of the tentacle of Loligo pealei Portions of the A
band (A), I band (I), and Z disc (Z) are included in the
section. Note the diffuse arrangement of electron-dense
Z material. The scale bar length equals 1 pm.

Fig. 14. Electron micrograph of longitudinal section of
cross-striated muscle fibers from the transverse mus-
culature of the tentacle of Iilex illecebrosus illustrating
vernier displacements (arrows) within a single muscle
fiber. The scale bar length equals 1 gm.
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would be incapable of shortening unless it
was prevented from twisting and the sarco-
plasmic core maintained a constant volume.
Later, the smooth “myofibrils” reported by
Hanson and Lowy (’57) were revealed to be
actually a staggered alignment of myofila-
ments, according to detailed ultrastructural
studies of the obliquely striated muscles of
cephalopods (Amsellem and Nicaise, ’80;
Gonzalez-Santander and Socastro Garcia-
Blanco, *72; Kawaguti and Ikemoto, ’57; Ka-
waguti, ’62), annelids (Bouligand, *66; Knapp
and Mill, *71; Kryvi, "74; Mill and Knapp,
’70; Rosenbluth, ’68, 72; Wissocq, '67, 81;
Wissocq and Boilly, '77) and nematodes (Ro-
senbluth, ’65, ’67; Lanzavecchia, *77, 81; Lan-
zavecchia and Arcidiacono, ’81). The
myofilaments themselves are parallel to the
long axis of the muscle fiber and the muscle
is actually a type of striated muscle.

As Amsellem and Nicaise ('80) have noted,
the term “myofibril” has also been used in-
appropriately in several recent studies of ce-
phalopod muscle (Gonzalez-Santander and
Socastro Garcia-Blanco, *72; Moon and Hul-
bert, 75; Ward and Wainwright, *72). This
term is used to describe the fibrous subdivi-
sions of cross-striated muscle cells made up
of a sequence of sarcomeres and usually sur-
rounded by sarcoplasmic reticulum and in-
terspersed by mitochondria. The roughly
trapezoidal areas of myofilaments seen in
transverse sections of regular, obliquely
striated cephalopod muscle differ from true
myofibrils because they represent an align-
ment of A bands and thus only a portion of a
sarcomere rather than a sequence of sarcom-
eres (Fig. 4).

Ultrastructure of the cross-striated muscle of
the tentacle

The cell size and characteristics of the sar-
coplasmic reticulum in squid cross-striated
muscle differ from the cross-striated muscle
of vertebrates in a number of ways. The sar-
coplasmic reticulum of the cross-striated cells
of the tentacle does not extend into the cen-
tral portion of the cell occupied by myofila-
ments, and there are no divisions into
myofibrils. In addition, the cells lack a trans-
verse tubular system. The cross-striated cells
of the tentacle are similar in this respect to
the cells described in the cross-striated ad-
ductor muscles of scallops (Millman and Ben-
nett, '76; Morrison and Odense, *74; Nunzi
and Franzini-Armstrong, ’81; Sanger, *71).
There is likely a relation between the small
cell diameter seen in the cross-striated cells
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of the tentacle and the absence of a trans-
verse tubular system within the myofila-
ment mass. Sanger (71) has suggested that
the small cross-sectional area (1 X 10 um) of
scallop (Aequipecten irridians) cross-striated
cells of the adductor is related to minimizing
the Ca?* diffusion distance from the sarco-
plasmic reticulum to the myofilaments (see
also Bone and Ryan, "73; Hill, ’48; Kidokoro
et al,, ’74; Prosser, '82). A similar relation
between cell size and diffusion distance is
suggested here. It is perhaps significant that
the myofibrils of mammalian skeletal mus-
cle fibers are typically 1.0 pm in diameter
(Close, *72; Goldspink, '70). The single mus-
cle cell of the cross-striated tentacle muscu-
lature is similar in size and is perhaps a
functional equivalent of a single myofibril of
mammalian skeletal muscle.

The "above discussion assumes that, as in
vertebrate striated muscle, the sarcoplasmic
reticulum serves as a calcium store. The pe-
ripheral couplings of the striated adductor of
scallops (Aequipecten irridians) figured by
Nunzi and Franzini-Armstrong (81) look
identical to the peripheral couplings ob-
served in this study in squid muscle. Nunzi
and Franzini-Armstrong (81) used freeze-
fracture techniques and found that the plas-
malemma facing the peripheral sarcoplasmic
reticulum is similar to the junctional T-tub-
ule membrane of vertebrate striated muscle.
I suggest that the peripheral couplings iden-
tified in both the obliquely striated muscle of
the arms and the cross-striated muscle of the
tentacles play a role similar to that of the
triad of vertebrate skeletal muscle.

Transverse sarcomere splitting has been
suggested as a mechanism of insertion of new
sarcomeres within a muscle for crab muscle
(Jahromi and Charlton, 79) and scallop cross-
striated adductor muscle (Nunzi and Fran-
zini-Armstrong, ’81). In this, a new sarcom-
ere begins formation as a Z line cuts across
the bridge-free regions of the thick filaments
in the center of an existing A band. Each
half of a divided A band then reestablishes
bipolarity by adding the missing half. Simul-
taneously, thin filaments grow from the new
Z line. As a result of this growth mechanism,
vernier displacements of the cross-striations
are formed. Perhaps the vernier displace-
ments observed in squid cross-striated mus-
cle are a result of a similar mechanism of
addition of sarcomeres.

The protein paramyosin is present in the
core of the thick filaments of most molluscan
muscles. Although its function remains
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somewhat unclear, there is a correlation be-
tween thick filament length and paramyosin
content (Chantler, ’83; Levine et al., ’76). In
this regard, a determination of the para-
myosin content of the cross-striated muscle
cells of the squid tentacle would be particu-
larly interesting because the thick filaments
of this muscle type are much shorter than
those reported for other molluscan muscles.
The hollow appearance of the thick filaments
when viewed in transverse section under the
electron microscope could possibly indicate
reduced paramyosin content in the core.

Implications of ultrastructure for
physiological parameters

The ultrastructure of the muscle fibers of
the transverse muscle mass of the squid ten-
tacle is different from that of the other mus-
cle masses of the tentacle and the muscle
masses of the arm. What does the unusual
ultrastructure of this muscle indicate about
its physiology? There is a striking correla-
tion between a muscle’s ultrastructure and
its physiology (Franzini-Armstrong and
Peachey, ’81; Josephson, ’75; Smith, ’72).
There are also data on the structure and
physiological properties of other cephalopod
muscles and from mollusc muscles in general
(Lowy and Millman, ’62; Millman, ’67; Nis-
bet and Plummer, ’68). This discussion will
not be concerned with intensive factors of
muscle performance (terminology of Joseph-
son, ’75) such as the activity of myosin AT-
Pase or the rate constants for calcium binding
by sarcoplasmic reticulum proteins.

Comparison of the structural and physio-
logical properties of molluscan muscles with
frog sartorius muscle shows that an approxi-
mately inverse correlation exists between
thick filament length and unloaded shorten-
ing speed (Millman, ’67). Apparently, mus-
cles with short sarcomeres have more
sarcomeres in series per unit length, and
shortening velocities of elements in series
are additive (Huxley and Simmons, ’72; Jo-
sephson, '75). Unloaded shortening speeds (at
20°C) of molluscan muscles range from ap-
proximately 5 lengths/second for the cross-
striated adductor muscle of the scallop Pecten
(thick filament length of 1.6 um) to 0.25
lengths/second for the smooth anterior bys-
sus retractor muscle of the mussel Mytilus
(thick filament length of 10-30 um). Frog
sartorius muscle (thick filament length of 1.6
um) shows an unloaded shortening speed of
6.0 lengths/second and is thus comparable
with the striated adductor of Pecten. The
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thick filament length of the cross-striated
transverse muscle mass of the squid tentacle
is 0.5 um in I illecebrosus and 0.9 ym in L.
pealei. This suggests that this muscle has an
even higher shortening speed than the cross-
striated muscles of the frog and Pecten. The
approximate thick filament length of the reg-
ular, obliquely striated muscle of the squid
arm was measured to be 2.8 um. Other regu-
lar, obliquely striated cephalopod muscles
show similar thick filament lengths, and it
is thus likely that the shortening speed of
the obliquely striated arm muscle is similar
(2.4 lengths/second for Octopus funnel retrac-
tor, Millman, ’67).

It is possible to estimate the shortening
speed of the cross-striated muscle of the ten-
tacles from measurements from the high-
speed cine films of prey capture by squid
using the model for tentacle extension (Kier,
’82). If the tentacle is treated as an elliptic
cylinder of constant volume, one may predict
the change in diameter of the tentacle from
a measured change in length. (The change in
diameter could not be resolved on the high-
speed cine films; see Kier, '82.) In the se-
quence illustrated in Figure 1, the tentacles
extended by 37% in 19 ms. This elongation
would result from a 15% decrease in diame-
ter (contraction of the transverse muscle
mass produces the 15% decrease) requiring
an approximate contraction speed under load
of eight lengths/second (19°C). Although the
load is difficult to estimate, the unloaded
shortening speed is likely to be higher. This
suggests that the cross-striated muscle of the
tentacle is indeed a fast-contracting muscle.

CONCLUSION

Although the gross morphology and ar-
rangement of the transverse muscle masses
of the arms and tentacles of squid are simi-
lar, their functional roles are different. The
arms serve in bending and grasping, whereas
the tentacles are specialized for prey capture
and rapid extension. The muscle fibers of the
transverse muscle masses of the tentacle are
responsible for this rapid extension, and their
ultrastructure reflects this specialization.
Unlike the other muscle masses of the ten-
tacle, and all of the arm musculature, muscle
fibers of the transverse muscle mass of the
tentacles are cross-striated with a short A
band length. The approximate loaded short-
ening speed estimated for these muscle fibers
is significantly higher than values reported
for unloaded shortening speed of typical ce-
phalopod obliquely striated muscle and is
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also higher than unloaded shortening speeds
of many vertebrate striated muscle fibers.
The regular, obliquely striated fibers of the
other muscle masses of the arms and tenta-
cles are similar in ultrastructure to those
described for other cephalopod body mus-
culature.
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