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Summary

The goal of this study was to obtain a complete description

or along the mantle.In vivo mantle strains peaked in the

of the elastic modulus and hysteresis of the mantle tissue of middle (lengthwise) of the mantle and declined towards both

the squid Loligo pealeiover the entire functional region of
the mantle. In addition, in vivo strains were measured to
allow calculations of the amount of energy stored and
returned in each region of the mantle studied, and
microscopic analysis of the tissue was carried out with the
aim of correlating macroscopic properties with microscopic
structure. The results of dynamic tissue tests indicate that
mean elastic moduli for each of the 35 mantle positions tested
ranged from 5.0x10° to 1.2x10PNm~2. The elastic modulus

ends, and the absolute strains increased with increasing
swimming velocity. Energy storage calculations showed that
most energy was stored in the middle of the mantle, with an
increase in storage with increased swimming velocity.
Microscopic tissue analysis found direct correlations

between macroscopic properties and  microscopic
characteristics, and electron microscopical analysis of all
three types of intramuscular fibre revealed that all three

types are collagenous in nature.

varied within a narrow range, in no predictable manner.
Mean hysteresis values for each position varied from 19.7 %
to 27.3% with no discernible patterns found either around

Key words: mantle, muscle, elastic modulus, hysteresis, energy
storage, swimming, squitipligo pealej locomotion, collagen.

Introduction

Squids, soft-bodied animals whose skeletal support i80% of the total circular muscle volume. These muscles are
derived from a musculo-hydrostatic system, are remarkableharacterized by a sparse capillary bed and fibres with very
animals in that they can swim as well as many fish, but thegmall mitochondrial cores. Two thin layers of slow-twitch,
do so using jet propulsion (Gosline and DeMont, 1985). Foaerobic fibres, characterized by a rich vascular bed and fibres
example, Todarus pacificusthe Japanese squid, can swimwith central mitochondrial cores, occupy the other portion of
continuously for 2.5 months at an average speed of 0.8 msthe fibre volume (Bone et al., 1981). The radial muscle fibres
(0.9 bodylengths3) covering a migratory distance of have the same characteristics as muscle fibres of the central
2000 km (Gosline and DeMont, 1985). For short escape burstspre and are composed entirely of fast-twitch, glycolytic
however, squids have been recorded swimming at3msd  muscle fibres. These muscle fibres insert on an inner and outer
some larger species are believed to swim three times as fadayer of robust collagen fibres (the inner and outer tunics,

The locomotor system of the squid produces the fastesespectively).
locomotion known in aquatic invertebrates and generates the There is a second system of collagenous fibres, which runs
highest hydrostatic pressures measured in any animal (Watldrough the thickness of the mantle muscle tissue in several
and Wainwright, 1972). The squid mantle is chiefly composedifferent orientations (Gosline and Shadwick, 1983a). One set
of a mass of circular muscle fibres, divided in a more or lessf these intramuscular fibres (IM-1) can be seen in longitudinal
regular way into rectangular blocks by thin partitions of radiakections of the mantle (Fig. 1A) running from the outer tunic
muscle fibres (Bone et al., 1981). These radial muscle fibrée the inner tunic, at an angle of approximately 30 ° relative to
are not continuous around the mantle, but only run for a fewhe long axis of the animal (Ward and Wainwright, 1972). In
millimetres. The mantle is not divided into regular rings ofsections cut tangentially to the surface of the mantle (Fig. 1B),
circular muscle by these partitions, but rather the partitionthese fibres do not run parallel to the long axis but at a small
interdigitate, and the thickness of the rings varies. Twangle €10-15°) relative to this axis (Bone et al., 1981), thus
different types of circular muscle fibre exist in the mantlefollowing a steep ‘spiral’ through the muscle tissue. A second
(Mommesen et al., 1981). The circular muscles are made up eét of intramuscular fibres (IM-2) can be seen in transverse
a thick central layer of fast-twitch fibres making up more tharsections that pass through layers of radially oriented muscles
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A jet cycle. The mantle begins at some intermediate resting
diameter and the jet cycle is initiated with a period of
cmi— . . . .
~ hyperinflation, powered by contractions of the radial muscles.
> Hyperinflation functions to fill the mantle cavity maximally,
rm +—- . . .
e allowing a more powerful jet to follow. The second phase is
the jet. Immediately following hyperinflation, the circular

muscles contract, expelling the sea water in the mantle cavity
and creating the jet. The third phase involves the refilling of
the mantle. After the jet, the mantle re-expands to its resting
diameter. This expansion is probably powered largely by the
elastic recoil of the connective tissue fibre lattice

(intramuscular fibres). Thus, in this ‘basic’ pattern of escape
jetting, the major role of the radial muscles is primarily during

the hyperinflation phase. However, it is likely that there is a
certain amount of variation in this basic pattern, as the animals
Sused were significantly restrained (Gosline et al., 1983).

(A) In longitudinal sections, the fibres in system IM-1 are seen to U phalopods. with their highly developed complex nervous
from the outer tunic to the inner tunic at an angle of approximately P P ' gnly P P

30° relative to the long axis. (B) In sections cut tangential to théYStems (Wells, 1978), are _p':Obably capable of several
mantle surface, the fibres in IM-1 run at an angle of 10-15° relativdifferent patterns of muscle activity.
to the long axis. (C) In transverse sections through a layer of radial The bulk of the muscle in the squid mantle seems to be
muscle, the fibres of IM-2 can be seen running from the outer tuni@ctive only during the high-speed bursts involved in an escape
to the inner tunic at an angle of 55° relative to the surface of theesponse, and the radial muscles have no role in refilling the
mantle. ot, outer tunic; it, inner tunic; cm, circular muscle; rm, radiaimantle when the squid is swimming slowly. During slow
muscle (adapted from Gosline and Shadwick, 1983a). swimming, the refilling process is powered by an elastic
mechanism composed of the intramuscular fibres embedded
throughout the mantle.
(Fig. 1C). These fibres also run from the outer tunic to the inner The intramuscular fibres are stretched reversibly by
tunic and are oriented at approximately 55° relative to thapproximately 10 % during the jet cycle (Gosline and DeMont,
mantle surface. They are confined to the planes of the radia®85). During this process, the fibres can store and release
muscle bands (Bone et al., 1981). The fibres in both the inn&arge amounts of elastic energy. When the circular muscles
and outer tunics and in IM-1 and IM-2 all appear to follow verycontract during the jet phase, the mantle wall thickens and the
straight paths. There is, however, a third set of intramusculdirst two sets of fibres (IM-1 and IM-2) are stretched. In
fibres (IM-3) that can be seen running parallel to the circulamechanical studies of these tissue springs, Gosline and
muscles. These fibres are not straight but appear coiled 8hadwick (1983b) found that the fibres store energy efficiently,
buckled. releasing approximately 75% of it when they relax. Energy
The fibres of the inner and outer tunics can be identified &som these springs is then used to power the expansion of the
collagen, but the intramuscular fibres have not yet beemantle during refilling. In a similar manner, the third set of
identified definitively. Gosline and Shadwick (1983a) reporfibres (IM-3) is stretched when the radial muscles contract
that the fibres in IM-1 are highly birefringent and exhibit theduring hyperinflation, and the energy stored is released when
same birefringence as that observed for rat tail tendon collagdéime radial muscles relax at the start of the jet phase. During
fibres (Aaron and Gosline, 1980). In addition, they were nomaximal escape jets, both the elastic system antagonizing the
able to measure the birefringence of the fibres in systems IMircular muscles and the elastic system antagonizing the radial
2 and IM-3 since these fibres are only seen in sections that romuscles are used, presumably to maximize power output
parallel to a set of muscle fibres, resulting in a strongluring escape responses (Gosline et al., 1983).
birefringence of the myofibrils which masks that of the The goal of the present study was to obtain a complete
connective tissue fibres (Gosline and Shadwick, 1983a). Bortescription of mantle tissue mechanics in the sduiligo
et al. (1981) report that some of the intramuscular fibres, gsealei over the entire functional region of the mantle. In
well as those forming the major overlapping layers of the thickaddition,in vivo strains occurring in the swimming squid were
outer tunic, stain with three different histological stains that areneasured, to allow estimates of the amount of energy stored
characteristic of elastin fibres. and returned in each area of the mantle studied. Quantitative
The jet cycle of a squid has been carefully analyzed bynicroscopic analysis of all regions of the mantle tested
simultaneously recording the electromyographic (EMG)mechanically were carried out to attempt to correlate the
activity of squid mantle muscles, changes in mantle cavitynacroscopic properties of the mantle with its microscopic
pressure and changes in mantle diameter (Gosline et al., 1988haracteristics. This study is part of a larger project that will
Three distinguishable phases of activity occur in the full jeintegrate the tissue and fluid mechanics in order to calculate all
cycle. The first phase, hyperinflation, occurs at the start of tha vivo forces on swimming squid. This approach was used
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previously to examinén vivo forces on a swimming scallop been anaesthetized by lowering their body temperature to 0°C.

(Cheng et al., 1996; Cheng and DeMont, 1996a,b, 1997).

Materials and methods

Squid used in this study had mantle lengths within the range
22-25cm.

The sampling strategy utilized was designed to measure the
physical properties over the entire functional region of the

Specimens ofoligo pealei(LeSueur) were obtained from mantle. Tissue ‘rings’ were taken sequentially along the length
the Marine Resources Center of the Marine Biologicabf the mantle (Fig. 2A) and labelled as 0 0.75Xm,
Laboratory (MBL), Woods Hole, MA, USA. The squid were 0.60Xm, 0.45€m and 0.3Xm, whereXn is mantle length from
captured either by a common jigging method from nearbyhe posterior mantle apex (Fig. 2A) to the anterior mantle apex.
wharves or by the MBL trawler. Animals were maintained inPosterior and anterior here and throughout the text refer to the
running sea water of ambient temperature (approximatelfunctional anterior (head) and posterior ends. Within a
10°C). Specimens were killed by decapitation after havingarticular ring, rectangular tissue blocks were removed from

Posterior

0.30 0.450.60 0.75 0.90

Anterior

seven locations around the circumference of the ring (Fig. 2B).
This sampling method resulted in a total of 35 sampling
positions. Blocks were cut as shown in Fig. 2C, with the
circumferential dimensionc) of the specimen being only
slightly greater than the mantle thickned} o prevent
buckling of the sample (Gosline and Shadwick, 1983a).
Tissue blocks of lengthl)( approximately 0.007m and
thickness varying from 2 to 5mm were magnified<}1@nd
the dimensions were measured using a dissecting microscope
and video dimension analyzer (VDA). Tissue blocks were
mounted in the apparatus shown in Fig. 3. A moveable top
plate applied a compressive strain to the circumferential
dimension €) which replicated afn vivo compression. The
top plate was attached to a Cambridge 300B lever system,
which could apply any displacement while measuring the force
required to maintain the strain. A Hewlett Packard 8904A
multifunction synthesizer produced a sinusoidal signal whose
midline strain amplitude could be adjusted by using the lever
system. These instruments were used to apply a pre-determined
strain to the tissue and to oscillate the tissue sinusoidally from
rest to this desired strain. Both the voltage signal controlling
the displacement and the voltage signal corresponding to the
force were collected on a Hewlett Packard digitizing

C oscilloscope and stored on a computer. LabVIEW and
+
+ + + o+ 4+
* + o+ +
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+
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Fig. 2. The location and orientation of mantle samples. (A) The To servo
samples were taken from five tissue rings along the length of th . system,
mantle.Xm is the mantle length from the posterior mantle apex to the Saline bath ,
anterior mantle apex. Each of the five longitudinal positions Function
represents a percentage of this mantle length, i.eX@.8&presents generaior,
30% of Xm. (B) Within a ring, seven angular sampling locations Oscill oscope.
were used around the circumference. These positions are defin and PC '

looking down the mantle towards the posterior end of the squic.
(C) The dimensions of the tissue blocks cut from these positionFig. 3. Schematic diagram showing the mechanical testing and data-
within a ring and their orientation relative to the surrounding mantlecollection apparatus, sample circumferential dimension;sample

tissue are showt,.length;c, circumferential dimensiort; thickness.

thickness.
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MATLAB software were used for both data acquisition and
analysis.

Initial estimates ofin vivo circumferential strain were
measured from high-speed video recordings of casual jettir
Loligo pealeitaken using a Redlake Motionscope 500 high-
speed camera at a frame rate of 125-250 franhe$lse squid
were filmed in flumes at the Woods Hole Oceanographi
Institute (WHOI). If the volume of the mantle tissue is constan
and the mantle length does not change significantly (Goslir
and Shadwick, 1983a), the circumferential straincan be
calculated as:

t

R -5
€=l ———, (1)
R-L
2
whereR is the outer radius of the contracted sqidis the , , , ,
resting outer radiug; is the resting thickness of the mantle 0 -0.05 -0.1 -0.15 -0.2
(measuredpost mortemn and tf is the thickness of the Strain

contracted mantle calculated using the formula: _ _ _ ) )
Fig. 4. A stress/strain curve resulting from a single loading/

e unloading cycle of a squid mantle tissue block (longitudinal position

— _ 2 _+. —t
tr=Rr—VRZ-ti(2R ~t). ) 0.45%m, where Xm is mantle length, angular position 180°, see
Fig. 2; frequency of oscillation 0.7 Hz). The line drawn on the figure

Theo initial estlmate.oin Vivo C|.rcu.mferent|al straln Was. at a tangent to the curve represents the slope used to determine the
—-14.5%, where negative values indicate compression. SiNG|astic modulus of the tissue.

this circumferential strain was estimated from a casually jettin
squid, it could be predicted that a squid undertaking escap
jetting muscle contractions would undergo a tissue strain ofherea is stress (Paf; is force (N),A is cross-sectional area
approximately-20% or greater. Thus, a maximum strain ofonto which the force is applied @ine is strain (%)Ac is the
-20% was chosen to be applied to the tissue. Swimminghange in the circumferential dimension of the sample,cand
frequencies of filmed squid ranged from 0.4 Hz (slow casuds the resting circumferential dimension of the sample.
jetting) to 0.9 Hz (fast casual jetting). Stress and strain were calculated and plotted for each trial
Initially, tissue blocks were tested to determine the tempordtequency using the tissue sample dimensions (Fig. 4). The
window available after death for mechanical tests to be mad®n-zero stress at zero strain is simply an artefact of the
beforerigor mortis set in and changed the properties of theexperimental procedure, which required lowering the
tissue. The oscillation frequency began at 0.2Hz andompressive plate to a location which just caused deformation.
progressed to 1.1 Hz, increasing by increments of 0.1 Hz onlyhe hysteresis of the tissue (the percentage of energy put into
after a complete set of force/displacement data for a cycle difie tissue upon loading which is lost and not returned upon
loading and unloading had been recorded by the computer fonloading) was calculated by taking the area between the
each frequency. This range of frequencies was chosen to spaading and unloading curves, and the elastic modulus was
the observed swimming frequencies. calculated by taking the slope of the curve between the strains
Therigor mortis test trials revealed that the tissue modulus-0.15 and-0.19. The elastic modulus and hysteresis value
remained the same for at least 3 h after death if the tissue wagre calculated for each frequency of oscillation from 0.2 Hz
kept immersed in sea water of ambient temperature. Thi® 1.0 Hz for each sample, for all three full rounds of samples.
window led to the procedure of testing only one ‘ring’ from The statistical analysis methods available in Microsoft Excel
each squid killed. This procedure took approximately 2 h fron®7 were utilized to carry out an extensive statistical analysis
the time of death to the end of testing of the last block of tissuen the elastic modulus values. Initially, a regression analysis
Tissue rings from 15 squid were used and, when poole®f modulus against frequency of oscillation was performed for
yielded three ‘full sets’ of sampling data for each location. Thelata from each of the 35 positions. Next, single-factor analyses
force/displacement data recorded by the computer from thef variance (ANOVAs) were performed on samples tested
mechanical testing were converted to stress/strain data usifigm the same position on different squid to determine whether

the formulae: their modulus means were significantly different from each
= other. Following this, single-factor ANOVAs were carried out
GZA—, (3)  for all samples taken from an individual squid to determine
whether the tissue samples from around the tissue ring were
ezﬁ, @) significantly different. Since statistical differences were found,

Tukey tests were performed for all samples taken from the
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same ring to determine exactly which of the position modulfixed in Bouin’s fluid for 24 h, washed and stored in 70%
differed significantly from each other. After this, correlationethanol prior to being dehydrated in a graded series of ethanols,
analyses were carried out to determine whether the modulgteared in xylene and embedded in Tissue Prep (Fischer
varied with certain variables (see Fig. 2C) such as the thickneSgientific). Serial transverse and longitudinal sectionsn6
of the tissue sample)( the transverse area of the sampi®( thick, were mounted on glass slides and stained using a
the tunic area of the samplex{) and the circumferential modified Weigert's technique for demonstrating elastic,
dimension of the sample&)( An identical statistical analysis elaunin and oxytalan fibres (Montes, 1992). Positive controls
procedure was carried out for the hysteresis values. for elastic, elaunin and oxytalan fibre staining consisted of
The video sequences used to estimate the circumferentiséctions of rat aorta collected from lean female Zucker rats
strain were later intensively analyzed. From digitized image®Rattus norvegicus(Charles River, St Constant, Quebec,
the instantaneous outer mantle diameter was measured aldBgnada), as described previously (Davidson et al., 1995).
the length of the mantle. The maximum circumferential strain Mantle samples collected from the middle region of the
(ec) at eachXm position was calculated using equations 1 andnantle (approximately 0.66,) were fixed for electron
2. Recordings of three casually jetting squid travelling amicroscopy in 3% glutaraldehyde in 0.1 m8lkcacodylate
different velocities were analyzed, and the maximunbuffer at pH7.3 containing 10% sucrose for 24h at room
circumferential strain at each of the fiXe, positions was temperature (20°C). Samples were rinsed in 0.1Tholl
determined for two distinct contractions for each squid, givingacodylate buffer containing 10% sucrose, post-fixed in 1%
two (one for each of the two separate contractions analyze@sQ; in cacodylate buffer at room temperature (20 °C), then
complete maximum strain distributions (a strain distributionrwashed in buffer, dehydrated in an ethanol series and
meaning strains for all fivm positions) for each of the three embedded in Spurr’'s resin. Sections (I thick) were
squid. One of these squid had a swimming velocity oftained with 1% Toluidine Blue in 1% borax and examined to
25cms?, a speed that it could maintain for more than 2 h. Thassess the orientation of the tissue. Ultrathin sections stained
other two squid were travelling at higher swimming velocitieswith uranyl acetate and lead citrate were examined and
of 38-39cms! which, on the basis of observations of squidphotographed using a Hitachi H600 or H7000 electron
swimming in the flume, is near the upper limit of prolongedmicroscope operated at 75kV. The dimensions of structures
swimming. The strains for the slow-swimming squid were use@vere measured from 20 representative samples of that structure
to produce a strain distribution for that swimming velocity,in at least five micrographs at magnifications ranging from
while the circumferential strain values for the fast-swimming41 100< to 100 66&.
squid were averaged to produce a strain distribution for a high-
velocity squid.
Three whole squid were fixed in 10 % formalin immediately Results
after death and used for further tissue analysis. One squid Table 1 gives the mean elastic modulus values for each of
mantle was cut into sections and put through a defattinthe 35 mantle positions (note that 1 Newil Pa). Fig. 5 shows
procedure (Winkelmann and Schmitt, 1957). Tissue blockgraphically the modulus values for all 35 mantle positions.
from all 35 sampling positions were then removed from thiRRegression analysis carried out on the modulus data for each
squid and embedded in Tissue-Tek OCT compound (MileBssue sample to investigate frequency effects revealed that 31
Inc.) and frozen in a freezing microtome set-@&0°C. out of 35 tests hal>Fit (i.e. no significant linear relationship
Transverse frozen sections 40 thick were cut using this amongst modulus values for the different frequencies tested on
microtome, placed on slides and protected with coverslipa sample,P<0.05). Single-factor ANOVAs performed on
These slides were then viewed under a Leitz Laborlux 12amples tested from the same position to determine whether
polarizing microscope (20 magnification) under cross- they were significantly different yielded 33 out of 35 sample
polarized light. Beginning at the outer tunic, images wergositions havingF>F¢it (i.e. sample means within each
digitized using a Backman Vidcon camera linked to an IMAQposition are significantly different). Single-factor ANOVAs
PCI-1408 frame grabber. Successive images from outer tungerformed for all samples taken from each individual squid
to inner tunic were taken (varying from three to seven imagegelded 15 out of 15 tests with>Fit (i.e. all sample means
depending on the thickness of the mantle). Two completeithin a tissue ring are not equal). Tukey tests carried out for
sections (one section being a set of images spanning outer tuait samples taken from the same ring to determine exactly
to inner tunic) from each of the 35 positions were digitized angvhich position moduli differed significantly from which
stored on computer. yielded no discernible patterns from test to test. Correlation
The polarized micrographs then were studied usingnalyses performed for modulus/thickness of sample,
guantitative image analysis. For each micrograph, radiahodulus/transverse area of sample, modulus/tunic area of
muscle spacing (and thus circular muscle thickness), radiaghmple and modulus/circumferential dimension of sample all
muscle thickness and the number of radial muscles wenrgelded extremely low correlations that were not significant.
measured. Table 2 gives the mean hysteresis values for each of the 35
Samples of mantle from four squid were prepared for lightantle positions Fig. 6 shows graphically the hysteresis values
and electron microscopy. Tissues for light microscopy weréor all 35 mantle positions. Regression analysis carried out on
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Table 1.Mean elastic modulus (MPa) for each position on the squid mantle

Mantle position

Ring

position 0.Xm 0.45%m 0.6Xm 0.75%m 0.9%m Mean

0 0.735+0.057 0.613+0.028 0.962+0.064 0.586+0.056 0.699+0.076 0.719
45 0.916+0.088 0.774+0.035 0.504+0.032 0.911+0.122 0.854+0.074 0.792
135 0.985+0.086 0.768+0.037 0.985+0.086 0.942+0.113 0.947+0.029 0.925
180 0.669+0.025 0.641+0.027 0.878+0.087 0.632+0.077 0.853+0.023 0.734
225 0.831+0.045 0.104+0.072 0.104+0.142 0.867+0.079 0.819+0.051 0.919
270 1.2+0.145 0.124+0.045 0.974+0.051 0.694+0.100 0.824+0.038 0.985
315 0.928+0.095 0.108+0.045 0.82+0.045 0.685+0.062 0.767+0.099 0.856
Mean 0.894 0.879 0.880 0.760 0.823

Mantle positions are defined in Fig.)@», mantle length.
Values are meansst.M. (N=15) and are given as MPa.

the hysteresis data for each tissue sample to investigateThe maximumin vivo circumferential strain data for the
frequency effects revealed that 30 out of 35 testdhaalues  slow-swimming squid are shown in Fig. 7A. The meawivo

that were not significant. Single-factor ANOVAs performed onstrain is maximal between 0.45 and X#5 with the peak
samples tested from the same position yielded 28 out of 3&ccurring at 0.68m. Thein vivo circumferential strain data for
sample positions havind=>Fcrit. Single-factor ANOVAs the two fast-swimming squid are shown in Fig. 7B, indicating
performed on all samples taken from each squid revealed ¥b6 significant strain increase relative to the slow-swimming
out of 15 tests withF>F¢iit. Tukey tests performed for all squid and a similar strain pattern with the peak strain again at
samples taken from the same ring yielded no discernibl@.60Xm.

patterns from test to test. Correlation analysis carried out for Ten stress/strain loading curves representative of those
hysteresis/thickness of sample, hysteresis/transverse areareforded for all mantle positions were used in a LabVIEW
sample, hysteresis/tunic area of sample and hysteresi@ogram which determined the area under the curves up to a
circumferential dimension of sample all yielded extremely lowspecified strain and then averaged these values to calculate the
correlations that were not significant. energy stored per unit volume (=energy input) at each of the
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Fig. 5. Elastic modulus values for all 35 mantle positions teste.
(three trial values for each position were averaged to produce Fig. 6. Hysteresis values for all 35 mantle positions tested (three trial
single value). See Fig. 2 for an explanation of mantle positions. Thvalues for each position were averaged to produce a single value).
X axis represents the fivén positions along the mantle, whexg, is See Fig. 2 for an explanation of mantle positions. kheaxis
mantle length, thg axis shows the modulus of elasticity, and the represents the fiv¥n positions along the mantle, whexg is mantle

axis shows the seven positions around the circumference oXgach length, they axis shows the hysteresis, and thexis shows the
ring. seven positions around the circumference of eéacting.
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Table 2.Mean hysteresis (%) for each position on the squid mantle

Mantle position

Ring

position 0.Xm 0.45%m 0.6Xm 0.75%m 0.9%m Mean

0 25.3+0.69 24.2+0.50 20.8+0.55 22.4+0.84 24.2+1.22 234
45 24.7+0.64 25+0.95 26+0.80 22+0.48 23.7+1.46 24.3
135 23.9+0.81 27.3+1.03 24.3+0.83 23.2+0.73 23.1+0.49 24.4
180 21.2+0.70 25.3¢1.01 22.5+0.60 19.740.31 23+0.68 22.4
225 25.2+0.78 22.8+1.34 22.9+0.92 21.4+0.88 24.3+0.63 23.3
270 22+1.06 22.5+0.54 21.4+0.68 23.6x1.1 25.9+1.3 23.1
315 25.8+0.72 23.1+0.73 22+0.62 24.5+1.68 27.2+1.02 245
Mean 24.0 24.3 22.8 22.4 24.5

Mantle positions are defined in Fig.)2», mantle length.
Values are meanss£.m. (N=15).

five Xm mantle positions. The maximumin vivo one using the mean peak strains for the fast-swimming squid.
circumferential strains used were taken from Fig. 7. TwdEach energy per unit volume value for the corresponding
separate sets of calculations were made by the program, opesition for both slow-swimming and fast-swimming squid
using the mean peak strains for the slow-swimming squid anslas then multiplied by the mean sample thicknépsarid
Immx1mm (an arbitrarily chosen area) for each of the 35
positions to give the absolute energy storage (in J) in a volume

-0.09 A of tissue 1 mm1 mmxt from that particular position for that
-0.08 - particular swimming speed. This provided an absolute energy
= -0.07 4 storage distribution over the entire mantle. The absolute energy
% -0.06 | storage for each of the 35 mantle positions is shown in Fig. 8A
8 005 for a slow-swimming squid (25cm% and in Fig. 8B for the
g 004 fast-swimming squid (38—-39 crmn'3.
€ ] Fig. 9 shows a series of polarized light micrographs from
g -0.034 samples taken along the mantle (X30to 0.9m). The
G -0.02 results of the quantitative image analysis are summarized in
-0.01 4 Tables 3 and 4, which show mantle characteristics to be
0 Y Y Y Y Y Y ‘ maximized close to 0.6Gh. Table 3 shows the mean radial
0 015 03 045 06 075 09 105 muscle spacing and Table 4 shows the mean percentage of
Longitudinal position micrograph area occupied by circular muscles for each of the
014 - 35 mantle positions.
B None of the mantle tissue stained with the modified
-0.12 Weigert's technique. The elastic fibres in the wall of the aorta
present in some of the mantle-containing sections stained
5 0.1 intensely with the modified Weigert’s technique.
g Analysis of the fibrous connective tissue elements at the
% -0.08 1 electron microscope level for all three sets of intramuscular
3 0.06 fibres (IM-1, IM-2 and IM-3) indicated the presence of
E collagen fibres 1.5-45m in diameter. Representative
g 004 1 micrographs are shown in Fig. 10. The fibres are composed of
closely packed collagen fibrils, 2026 nm in diameter, which
-0.02 - have indistinct cross striations (Figs 11, 12). Fibrils are aligned
laterally to form fibres that vary in shape from being relatively
0 straight with some undulations of the fibrils (Figs 10, 11A) to

0 015 03 9'45_ 0.6 _(_)'75 09 105 being wavy and/or coiled with undulations, turning and
Longitudinal position twisting of the fibrils (Fig. 12).

Fig. 7. (A) In vivo circumferential strain data for the slow-swimming
squid travelling at a velocity of 25.04cmsl. (B) Meanin vivo . .
circumferential strain data for the two fast-swimming squid Discussion

(Vavge=38.5cmsY). Longitudinal position is expressed as a Most of the properties of the squid mantle tested and
proportion of mantle lengthm. quantified in this study have not been investigated previously.
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Energy storage (J)
Energy storage (j.J)

Fig. 8. Absolute energy storage (=energy input) in a piece of mantle tissugllmmxt, wheret is sample thickness for each of the 35 mantle
positions in the slow-swimmingv/E25.04 cms?) squid (A) and the two fast-swimminy#,¢=38.5cms?) squid (B). Note that the averaged
strain data for the two fast-swimming squid were used in the calculation for B« &tie represents the fivén positions along the mantle,
whereXm is mantle length, thg axis shows the energy storagd), and the axis shows the seven positions around the circumference of each
Xm ring. See Fig. 2 for an explanation of mantle positions.

Table 3.Mean radial muscle spacinguf) for each position on the squid mantle

Mantle position

Ring

position 0.Xm 0.45%m 0.6Xm 0.75m 0.9%Xm Mean

0 486+10.0 515+39.8 561+83.4 420+34.2 350+13.3 467
45 419+6.8 453+28.0 570+9.3 424+0.2 285+16.3 431
135 412+17.4 466x44.2 591+115.2 400x43.4 225+0.9 419
180 250+69.1 522+79.7 443+15.0 338+13.3 204£17.7 352
225 256+51.3 451+1.2 547+18.1 366+15.4 206+10.5 366
270 370+1.9 342+64.7 374+103.8 286+12.5 136+3.8 302
315 402+2.5 582+37.4 455+60.4 344+19.7 212+0.6 399
Mean 371 476 506 369 232

Mantle positions are defined in Fig.)@», mantle length.
Values are meanss£.M. (N=2).

Table 4 Mean percentage of micrograph area occupied by circular muscles for each position on the squid mantle

Mantle position

Ring

position 0.Xm 0.45%m 0.6Xm 0.75%m 0.9%m Mean

0 91.3£0.8 92.4+£1.5 94.4+0.6 92.6£0.4 92+1.4 92.5
45 91.9+0.2 91.7+0.1 92+0.3 93.1+1.1 89.8+0.7 91.7
135 91.4+0.3 93.3x0.4 92.3+0.3 93.1+0.7 90.6+£0.5 92.1
180 90.7+0.5 93+2.0 92.5+0.3 92.1+0.3 91.7+0.9 92.0
225 93+0.3 92+0.1 93.3+1.6 91.9+0.3 85.6+0.04 91.2
270 92.1+1.1 93.410.2 93.2+0.04 92+0.3 84.1+0.1 91.0
315 94+1.1 94+0.2 92.3£0.3 92.6x£1.8 89.1+0.5 924
Mean 92.0 92.8 92.9 92.5 89.0

Mantle positions are defined in Fig.)@x, mantle length.
Values are meansst.m. (N=2).
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ot

it

Fig. 9. Polarized light micrographs of
squid mantle showing the change in
muscle arrangement along the mantle.
The outer tunic (ot) and inner tunic (it)
positions are not to scale. On average,
4—6 micrographs of this height would
be needed to traverse the mantle. All
the micrographs shown were taken of
the mantle tissue in the centre of the
mantle (i.e. approximately equidistant
from the inner and outer tunics). RM,
radial muscle; CM, circular muscle;
IM-1s, intramuscular fibres of set 1.
(A) Sample location 0.3, 315°;
(B) sample location 0.4&n, 315°;
(C) sample location 0.6G,, 225°;
(D) sample location 0.2&n, 315°;
(E) sample location 0.9G,, 270 °.Xm,
mantle length. See Fig.2 for an
explanation of sample locations. Bars,
400pm.

i
A

Gosline and Shadwick (1983a), however, made a single There have been relatively few comparative studies
estimate of the modulus and hysteresis of a randomly selectedncentrating on the mantle characteristics of different squid.
tissue block from d.oligo opalescenspecimen. They report Bone et al. (1981) describe the organization of the mantle
a modulus of elasticity of APNm== and a hysteresis of musculature in the squidlloteuthis subulataand, in lesser
approximately 25-30 %. The modulus results from the preseunlepth, the mantles dfoligo forbesiand Sepia officinalis They
study indicate that the mean values for each of the 35 positiofsund that the organization of muscle was essentially the same
ranged from 510° to 1.2x10°N m=2, with an overall mean of among all three species. Mommsen et al. (1981), after examining
8.5x10°N m2, significantly less than that stated by Goslinefive species of squid (each representative of a different genus),
and Shadwick (1983a). It should be noted, however, thdbund evidence of metabolic differentiation of the mantle
Gosline and Shadwick (1983a) measured the elastic modulasusculature. Both these studies imply that the mantle
between strains 0f0.25 and —0.35, a range much higher tharmusculature of squid of the same genus (in this cakgo) is

thein vivo strain range we recorded for casual jetting and thadrganised similarly as a result of their taxonomic association.
we predicted for escape jettingd(15 t0—0.20). In the light of The extensive statistical analysis carried out in the present
this, it is no surprise that we report an elastic modulustudy revealed no discernible patterns between the elastic
significantly lower than the 2Q0°Nm= of Gosline and modulus and any variable tested and, most importantly,
Shadwick (1983a). The latter value was also determined for showed no significant patterns of change either along or around
different species.oligo opalescenswhereas the focus of the the mantle. Thus, the modulus of elasticity has been shown to
present study walsoligo pealei. vary within a narrow range and in no predictable manner.
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Fig. 10.  (A,B)  Representative
electron  micrographs of the
intramuscular fibres of the mantle
indicating the presence of collagen
fibres 1.5-4.pim in diameter. Scale
bars, Jum.

A very similar conclusion was found for the hysteresis Another very important observation is that the strains
results. The statistical analysis showed no discernible patterircrease dramatically when the squid increases its swimming
between the hysteresis and any variables tested and, as wi#locity. The maximum strain in the slow-swimming squid
the modulus, showed no significant patterns either along avas 8.49 % while in the fast-swimming squid it is 12.72 %, an
around the mantle. The mean hysteresis values for each maritierease of 4.23%. This indicates that, as the frequency of
position were similar to the value of 25 % reported by Goslin€ontraction increases, the magnitude of contraction tends to
and Shadwick (1983a) fdr. opalescensranging from 19.7% increase as well. Thus, as the squid swims at a higher
to 27.3% with an overall mean of 23.6 %. frequency, it contracts either a greater proportion of its slow-

Thein vivo mantle strains of a jetting squid mantle weretwitch circular muscles or contracts them to a greater extent
quantified in the present study. In both slow- and fastwith each contraction, or both of these. This suggestion agrees
swimming squid, the strains peak in the middle of the mantleith the previous proposal (Gosline et al., 1983) that a certain
(0.60Xm) and decline at either end (Fig. 7). It is important toamount of variation in the ‘basic’ pattern of jetting is likely,
emphasize that strain is normalized deformation, meaningesulting from the highly developed, complex nervous system
there is a greater percentage change in thickness of the mar{iféells, 1978) of the squid which probably enables it to use
tissue in the middle compared with the anterior or posterioseveral different patterns of muscle activity in both ‘casual’
regions in addition to the greater absolute magnitude aind ‘escape-jet’ swimming depending on the activity and
deformation in the middle expected from the larger mantlg@referred velocity.
diameter in this region. This trend in strain will be related to Quantification ofin vivo strains enabled estimates of the
the microscopic structure of the mantle later in theenergy storage of mantle tissue for all 35 positions tested. It
Discussion. was assumed that the strain was constant around¥gading,
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Fig. 11. (A,B) High magnifications
of collagen fibres (mantle
intramuscular fibres) showing that
they are made up of tightly packed ¥
collagen fibrils which have indistinct
cross striations. (A) Scale bar, |
400 nm. (B) Scale bar, 198 nm. !

although the ventral (180-360°, see Fig.2) region may These energy calculations give the energy stored per unit
inherently have a potential for higher strains than the dorsablume. These data can be used to estimate the total energy
region, which may be restricted by the rigid chitinous pen thattored during a contraction, which can be compared with the
serves as the mantle scaffolding. The clear pattern found fenergy required to produce a jet. The energy stored per unit
energy storage (Fig. 8) shows that most of the energy is storedlume in the mantle of a slow-swimming squid is
in the same region where the mantle strains are maximized; tapproximately 440Jm. The maximum volume of a typical
middle of the mantle (approximately 0X46). There are two squid &m=23 cm) can be estimated asl9°>m?3 by assuming
main contributing factors which explain this trend in energya cylindrical geometry. This gives a total maximum energy
storage. First, higher strains in the middle of the mantle resuttorage during a contraction of approximately 40mJ. The
in greater tissue deformation and thus more energy beirgmount of energy recovered is approximately 30 mJ (using a
stored in the intramuscular fibres (IM-1 and IM-2). Second, théysteresis of approximately 25%). Thus, the total cost of
mantle tissue is thicker on average in the middle of the mantiantle deformation for a jet cycle is 40-30=10mJ. For
than at the anterior and posterior ends. The more tissue thatc@mparison, the minimum energy required to produce a jet for
present the more energy-storing fibres there are, and the ma@&eimilar-sized slow-moving squid is 12 mJ (Anderson, 1998).
energy will be stored and returned. Thus, the cost of deforming the mantle is a significant
Energy storage increases as the swimming velocity increaspsoportion of the cost of producing the jet. We are presently
(Fig. 7). This makes sense in the light of the increased straim®rrelating these mantle mechanical properties witlntkeso
that occur with increasing velocity. When the squid increasegressure distribution on the swimming squid.
its velocity from 25cmd to 38.5cmsl, the energy stored A number of trends in the measured morphological
more than doubles. characters were noted from the polarized light micrograph
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Fig. 12. High magnifications of
collagen fibrils making up the
intramuscular fibres of the mantle.
Fibrils are aligned laterally to form
fibres that vary in shape from being
relatively  straight with  some
undulations of the fibrils to being
wavy and/or coiled with many
undulations, turning and twisting of
the fibrils. (A) Two adjacent fibres
(groups of fibrils) showing fibrils
in cross and longitudinal section.
Scale bar, 486nm. (B) Higher
magpnification showing the twisting
nature of the fibrils. Scale bar,
198 nm.

analysis. The obvious trend is along the mantle, but there aligtle variation except possibly at the extreme anterior end
some very interesting changes around the mantle as well. TE@90Xm) of the mantle where there is a tendency for the
mean radial muscle spacing and, conversely, circular muscpercentage to decrease. This indicates that relatively the same
thickness (since radial muscle spacing remains approximateimount of circular muscle is found along most of the mantle.
constant from the inner to outer tunic, this thickness applies #&/hat appears to be occurring is that, although the relative
both slow- and fast-twitch circular muscle) are low at B30 amounts of circular and radial muscles remain constant, the
greater at 0.4%y and peak at 0.6Qn, approximately the arrangement (number) and thickness of the muscles varies
middle of the mantle (Table 3). Towards the anterior end ofiramatically in a similar manner to the trends found forirthe

the mantle, the radial muscle spacing decreases again reachiigp mantle strains anth vivo energy storage. The fact that

a minimum at 0.98m. Thus, radial muscle spacing and circularthese microscopic mantle tissue characteristics correlate so
muscle thickness follow a clear pattern with minimum valuesvell with the macroscopic properties investigated strongly
at the anterior and posterior ends and a maximum in the middéeiggests some linkage between the two. An exact explanation
of the mantle. This trend in the microscopic structureof the correlation is not available, but an investigation
corresponds exactly with the patterns observedifovivo  presently under way into the muscle architecture of squid may
strains and energy storage. Initially, it appears that thesdeld possible solutions.

macroscopic trends could be attributed to the greater thicknessAnother interesting observation from the micrographs is that
of circular muscle present in the middle than at the ends of thihe angle of the IM-1 fibres in longitudinal section (Fig. 9)
mantle. However, when the percentage of micrograph areseems to vary along and possibly even around the mantle, not
occupied by the circular muscles was determined at eadyeing restricted to the 30 ° measured by Ward and Wainwright
position along the mantle (Table 4), this value showed very1972) and Gosline and Shadwick (1983a). Further quantitative
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image analysis should lead to a thorough description of thiBland (St Francis Xavier University), and D. Wadowska

IM-1 fibre angle distribution. (University of Prince Edward Island) for their technical
As with the trends found along the mantle length, the patterassistance.

that was noted around the mantle circumference does not

involve changes in the relative amounts of circular and radial

muscles, but rather involves changes in the arrangement and References
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