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Abstract

The mantle muscle of common cuttlefish, Sepia officinalis, is responsible both for
high-magnitude and rapid movements for locomotion, as well as sustained ventilation,
which require specific metabolic, electrophysiological, and structural organization.
Young cuttlefish have a highly oxidative phenotype and a rapid growth rate. Here, we
show high rates of oxygen consumption and protein synthesis in juveniles, and these
rates decay exponentially over the first few weeks of growth. This is associated with
considerable citrate synthase activity (relative to larger cuttlefish) but a lack of glu-
cose metabolism based on zero uptake of glucose by isolated muscle sheets and mini-
mal activity of hexokinase (similar to larger animals). In contrast to glucose
metabolism in the heart, glucose metabolism in these muscle sheets was not stimu-
lated by extracellular taurine. Previous research revealed an unusual ion channel com-
plement in mantle myocytes, the most notable feature of which is the lack of a Na*t
current during depolarization. Because this adaptation is not consistent across the
coleoid clade, we investigated excitation-contraction coupling. Here, mantle energet-
ics and contractility, including the individual components of the total Ca®* flux driving
contraction, were studied. Results indicate that the majority of Ca®* current underly-
ing contractile stress development capacity in cuttlefish juveniles is not mediated by
dihydropyridine-sensitive L-type channels, in contrast to their adult counterparts, and
the sarcoplasmic reticulum contributes little to routine contractility. We had previ-

ously noted an influence of physiological levels of taurine in limiting cardiac
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1 | INTRODUCTION

Cephalopods, including the common cuttlefish (Sepia officinalis Linnagus
1758), mobilize extensively using jet propulsion. This method of locomo-
tion is especially critical during escape activity and in young animals that
are mechanically disadvantaged in undulatory mantle fin-enabled swim-
ming (Bartol et al., 2008, 2009; Staaf et al., 2014). Accordingly, the bio-
mechanics of jet propulsion are optimized for animal size and behavior
(Gladman & Askew, 2022). The current study examines metabolism and
mechanical function in mantle muscle of juvenile (0.5-3 g; Vidal &
Shea, 2023) cuttlefish. Young cuttlefish can grow at rates as high as 12%
body weight per day (Sykes et al., 2014), devoting at least 41% of whole
animal oxygen consumption to mantle protein synthesis (Fraser &
Rogers, 2007; Lamarre et al., 2019). Mantle muscle displays a highly oxi-
dative phenotype and a remarkable relative growth rate, suggesting a
highly specialized metabolic phenotype in juvenile animals (Lamarre
et al., 2016, 2019; Speers-Roesch et al., 2016). In isolated mantle muscle,
following a simulated jetting event, the rate of protein synthesis increases
by 24% and is accompanied by a 29% increase in oxygen consumption.
Inhibition of glucose metabolism results in a 50% decrease in protein syn-
thesis and oxygen consumption, indicating a necessity for glucose metab-
olism. Despite this, there was no change in glucose uptake immediately
following the activity period associated with the increase in protein syn-
thesis and oxygen consumption (Lamarre et al., 2019). Glucose metabo-
lism is stimulated by extracellular taurine in cuttlefish systemic heart
(MacCormack et al., 2016), but it is unclear whether this is the case for
other tissues. Here, we assess whether extracellular taurine is a require-
ment for glucose uptake in mantle muscle. In addition, we report the scal-
ing of activity of key enzymes in energy metabolism with body mass to
determine how the metabolic phenotypes of young cuttlefish change
with growth. We specifically focused on hexokinase, which catalyzes the
first intracellular reaction in glucose utilization; citrate synthase, which is
an indicator of aerobic potential; and octopine dehydrogenase, which
catalyzes the terminal step in anaerobic metabolism.

The mantle of coleoid (soft-bodied) cephalopods represents a
powerful physiological model in which to study muscle contractility, as
it is responsible both for acute high-pressure jetting events as well
as sustained low-pressure ventilatory movements (Gladman &
Askew, 2022; Packard & Trueman, 1974; Trueman & Packard, 1968).
Despite apparent similarities in body form and mantle function in
coleoids, the cellular physiology of the mantle muscle diverges consid-

erably between orders. Electrophysiologically, for example, squid in

contractility but found no analogous sensitivity in mantle muscle. Finally, transmission
electron microscopy of subcellular architecture revealed the presence of sarcoplasmic
tubular aggregates, suggesting that oxidative inhibition of sarcoplasmic reticulum

function limits its role in this life stage.

calcium flux, excitation-contraction coupling, glucose uptake, metabolic enzymes, muscle,
oxygen consumption, sarcoplasmic reticulum, taurine, tubular aggregates

the genus Alloteuthis have rapid all-or-nothing action potentials (APs)
carried mainly by the Na' current, which seem pervasive across the
mantle because a given stimulation current can induce the same rela-
tive force production across different tissue thicknesses (Rogers
et al., 1997). This organization is rather traditional in the context of
comparative physiology and reflects the squid's niche as a pelagic
hunter, which requires both swimming speed and endurance. In con-
trast, the relatively sessile adults in the octopus genus Eledone and of
the common cuttlefish (S. officinalis), both of which rely on ambush
hunting in a benthic setting, seem to have no Na* component to their
mantle APs. Instead, their AP current is virtually ablated upon L-type
Ca?* channel (LTCC) blockade (Rogers et al., 1997). Squid and cuttle-
fish are in the superorder Decapodiformes, whereas octopus comprise
the Octopodiformes. Accordingly, such niche-specific differences in
muscle physiology raise interesting questions concerning the conver-
gent evolution of, or selective loss of, a Na™ current component to the
AP, as well as the energetics supporting its function. Understanding
the basis for such fundamental differences in excitation-contraction
(E-C) coupling may provide valuable insights into the physiological
and energetic advantages and disadvantages of each model.

The obliquely striated mantle muscle of cephalopods more closely
resembles mammalian cardiac muscle than skeletal muscle, in both
functional structure and molecular derivation (Zullo et al, 2017);
coleoid muscles possess cardiac-like dyadic structures instead of the
triads of mammalian skeletal muscle (Feinstein et al., 2011), and they
rely on peripheral coupling processes instead of t-tubules (Kier, 1985).
Mature coleoid striated muscle also contains a rudimentary sarcoplas-
mic reticulum (SR) (Feinstein et al., 2011; Kier, 1985); however, little is
known about its capacity or activity. The SR of coleoid systemic heart
muscle is well developed and plays an important role in Ca®* cycling
on a beat-to-beat basis (Altimiras et al., 1999; Gesser et al., 1997), but
the SR's significance in striated muscle function has been poorly stud-
ied. The regulation of intracellular Ca%* is particularly important in
cephalopods because of the relatively high concentration of Ca%" in
their hemolymph, ~10.5 mmol/L compared to the ~2 mmol/L of most
vertebrates. MacCormack et al. (2016) have shown that extracellular
taurine, the most abundant free amino acid in cuttlefish blood, plays
an important role in controlling contractility and protecting systemic
and branchial heart muscle from high extracellular Ca%* (Ca?*y) levels.
In vertebrate skeletal muscle, intracellular Ca?* (Ca®*;) accumulation
can activate a variety of pathways that result in cellular damage and

loss of function (Gissel, 2005). In mammalian fast-twitch muscle,
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chronic disruptions in Ca?*; regulation can also trigger the misfolding
and inactivation of SR Ca?* ATPase proteins (SERCA), with the subse-
quent formation of SR membrane-derived tubular aggregates
(Boncompagni et al., 2012). It is possible that extracellular taurine may
serve a similar role in preventing Ca®*; accumulation in cuttlefish man-
tle muscle, but this has yet to be investigated.

The goal of the current study was to characterize metabolism and
functional aspects of E-C coupling in mantle muscle of very young
(e.g., <3 g) cuttlefish with a specific focus on metabolic phenotyping and
Ca®" flux. A nonlinear relationship between animal body mass and oxy-
gen consumption/protein synthesis was demonstrated amid constant
specific activities of key enzymes of central carbon metabolism, suggest-
ing extreme metabolic demands in young animals. Isometrically con-
tracting mantle muscle preparations were employed to characterize
mantle contractile endurance and the relative contributions of LTCC
and SR in twitch and tetanic force production. Given its seemingly criti-
cal role in heart muscle, the contribution of extracellular taurine to the
regulation of glucose uptake and mantle muscle contractility was also
assessed. Finally, the ultrastructural anatomy of mantle myocytes from
cuttlefish was examined to support pharmacological findings and to
compare metabolic features with existing literature on adults of the
same species and the life histories of other cephalopods. Our results
indicate that E-C coupling mechanisms and the subcellular architecture
of mantle myocytes substantially differ between young and adult cuttle-
fish; potential reasons for these differences are discussed. When consid-
ered in concert with their fast muscle cycling (Gladman & Askew, 2022),
the early life stage of the cuttlefish represents an ideal model in which
to examine the intersection of unusual muscle electrophysiological and

metabolic organization to produce a highly successful organism.

2 | METHODS

2.1 | Ethical statement

All the procedures were approved by CCMAR Animal Welfare Com-
mittee (ORBEA CCMAR-CBMR) and Direccio-Geral de Alimentacéo e
Veterinaria (DGAV) of the Portuguese Government, according to
National (Decreto-Lei 113/2013) and EU legislation (Directive
2010/63/EU) on the protection of animals used for scientific pur-
poses. In addition, protocols were approved by institutional Animal
Care Committees at Université de Moncton (UdeM-18-02) and
Memorial University of Newfoundland. Procedures were only applied

to live animals by authorized users.

2.2 | Animals and tissue sampling

Cuttlefish (S. officinalis) of an F2 captive stock were reared at
CCMAR's Ramalhete Aquaculture Station (Ria Formosa, Portugal,
37°00'22.39”N; 7°58'02.69"W) in a 1,500-L round, black fiberglass
tank with an open seawater system, according to methods of Sykes

et al. (2014). Both temperature and dissolved oxygen (DO,) were

WILEY-22%

measured with a VWR D0O220 probe, and salinity was measured with
a VWR EC300 salinity meter. Water temperature was 20.8 + 1.14°C
(mean £ SD), salinity was 34.6 + 0.71 g/I, and DO, was 101.0 + 1.60%
air saturation. Post-hatch juveniles were fed live mysids, and once
the juveniles reached mass >1.5 g, they were fed live grass shrimp
(Palaemon varians), both ad libitum on a daily basis. Animal mass in bio-
chemical studies is shown in Section 3. Animals used in contractile
studies were 6-8 weeks after hatching, with a mass of 1.1 +0.04 g
(mean + SEM; n = 28). Following the guidelines for care and welfare of
cephalopods (Fiorito et al., 2015), cuttlefish were euthanized for sam-
pling of the ventral mantle tissue in 0.22 um-filtered seawater (FSW)
containing 10% EtOH. After animals became unresponsive, stopped
ventilation, and chromatophore activity ceased (~2 min), death was
confirmed by cerebral bisection and decapitation (Lewbart &
Mosley, 2012).

2.3 | Whole-animal respirometry

Whole-animal resting aerobic metabolic rate (MO,) was measured in
animals 9 days, 1 month, and 2 months of age (n = 6 per age) by use
of custom-made respirometry chambers. Briefly, the chamber con-
sisted of a cylindrical plastic container equipped with a tight-fitting lid
on which a rubber port was installed to accommodate a 3-mm fiber-
optic oxygen sensor (Robust Oxygen Sensor, PyroScience GmbH,
Aachen DE). A false bottom allowed for gentle water agitation using a
magnetic stir bar operated at very low speed. For the smaller animals
(up to 1 month old), the assembled chamber volume was 87.5 ml,
whereas the larger animals (2 months old) were studied in a chamber
with a volume of 348 ml. The animals were gently placed in the cham-
ber, and the lid was fitted while completely immersed in water to
avoid trapping air in the respirometer. Animals were allowed to accli-
mate for 30 min following introduction to the chamber prior to mea-
surement. Oxygen concentration was then measured at 1 Hz for 1 h
using a FireSting-O2 and recorded using Pyro Oxygen Logger
(PyroScience GmbH). At 20-min intervals, the water in the chamber
was gently replaced by immerging the chamber in fresh aerated sea-
water at the same temperature. Oxygen concentration was always
above 80% air saturation during the trials. For each animal, three
slopes of oxygen concentration in relation to time were obtained
(R? > .95), averaged, and normalized to body mass to calculate MO,.
Background respiration rate, measured in an empty chamber, was sub-
tracted from the calculated MO,. The results are presented in pmol
O,gth™L

2.4 | Mantle protein synthesis measurement

The fractional rate of protein synthesis (Ks) in mantle was deter-
mined following a modified version of the flooding dose method
(Garlick et al., 1980; modified by Lamarre et al., 2015). Cuttlefish
between 3 days and 2 months old and weighing between 107 and

2,785 mg (n=24) were transferred into a 6-L tank containing
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aerated seawater supplemented with 0.75 mM phenylalanine (PHE)
and 0.75 mM deuterated phenylalanine ([Ds]-PHE, ring-D5-phenylala-
nine, Cambridge Isotope Laboratories Inc., Tewksbury, MA,
United States) maintained at ~21°C. After an incubation period of
90 min, cuttlefish were quickly euthanized, mantles collected, gently
blotted dry, and flash-frozen in liquid nitrogen. The rate of protein syn-
thesis was then measured as described in Lamarre et al. (2019); briefly,
samples were homogenized in 0.2 mol/L perchloric acid, hydrolyzed in
6 mol/L HCI, subjected to solid phase extraction, derivatized with pen-
tafluorobenzyl bromide, and analyzed by gas chromatography and mass
spectrometry. The fractional rate of protein synthesis is presented as
the percentage change in protein content per day.

2.5 | Tissue glucose uptake and enzyme activities
Following euthanasia, a cut was made up the center of the ventral side
of the mantle. The mantle was splayed open, one wing was isolated,
and skin was carefully removed by dissection with a blunt probe. The
mantle tissue was incubated in FSW containing 1 mmol/L glucose with
either no further addition or supplemented with either 100 mmol/L
taurine or 100 mmol/L sucrose. The tissue to medium ratio was 1 g to
9 ml (e.g., 0.01 g tissue plus 90 pl medium). Isolated tissue was incu-
bated for 1 h with gentle shaking. Thereafter, glucose concentration in
the medium was analyzed in buffer containing 250 mmol/L imidazole,
5.0 mmol/L MgSO,4, 10 mmol/L ATP, 0.8 mmol/L NADP*, excess
glucose-6-phosphate dehydrogenase, and thereafter treated with
excess hexokinase. A standard curve was created for glucose analysis.
Assays were conducted in a BioTek Synergy HT microplate reader
(Agilent, Santa Clara, CA, United States) at a wavelength of 340 nm.

For enzyme activity studies, tissue was flash-frozen at sampling
and then homogenized as previously described (Lamarre et al., 2016).
Enzyme activity of octopine dehydrogenase (ODH) was assayed in
buffer containing 50 mmol/L imidazole (pH 7.4), 1.0 mmol/L KCN,
0.2 mmol/L NADH, 4.0 mmol/L pyruvate, and 10 mmol/L L-arginine
(omitted for control), and absorbance was monitored at 340 nm.
Hexokinase (HK) activity was assayed in buffer containing 50 mmol/L
imidazole buffer (pH 7.4), 5.0 mmol/L MgCl,, 1.0 mmol/L glucose, 0.4
in mmol/L NADP™, 2 U/ml glucose-6-phosphate dehydrogenase, and
2.0 mmol/L ATP (omitted for control), and absorbance was monitored
at 340 nm. Citrate synthase (CS) activity was measured as previously
described (Speers-Roesch et al., 2016). The chymotrypsin-like activity
of the 20S proteasome was also measured using a microplate-based
fluorescence assay (Shibatani & Ward, 1995), as per Lamarre
et al. (2012, 2016). Tissue incubations and enzyme activities were

determined at a controlled room temperature (~21°C).
2.6 | Isometrically contracting mantle strip
preparations

Mantle tissue samples from animals >1.5 g were used for paired

twitch mechanics analysis under several conditions. With a fresh razor

blade, paired, circumferentially oriented sections ~8 mm long, 2 mm
wide, and full thickness were cut from the anterior lip of the ventral
mantle, and the skin was carefully removed by dissection with a blunt
probe. In previous experiments on cuttlefish and other model organ-
isms, small molecules and pharmacological agents, including taurine
and ryanodine, can rapidly affect function in muscle preparations of
this thickness (Henry & MacCormack, 2017; Lamarre et al., 2019;
MacCormack et al., 2016).

Freshly isolated mantle strips were attached to calibrated isomet-
ric force transducers (model 60-2994, Harvard Apparatus, South
Natick, MA, United States) by short 6-0 silk sutures and clamped
inside double-walled 20-ml experimental chambers containing static
FSW (Lowy & Millman, 1962; MacCormack et al., 2016) with
1.0 mmol/L glucose (Capaz et al., 2017), maintained at 20.0 + 0.01°C.
Transducers were interfaced to a PowerlLab 8/35 data acquisition
system, and data were recorded using LabChart 8 software
(ADInstruments, Colorado Springs, CO, United States). Strips were then
gently stretched (<5%) under sporadic field excitation by paired 1.2-mm
platinum electrodes with an SD9 (Grass Technologies Inc., Warwick, RI,
United States) physiological stimulator (100 V, 5 ms duration) until peak
isometric stress was achieved (Milligan et al., 1997). All experiments

were conducted within 45 min of isolation.

2.6.1 | Experiment 1: Force-frequency relationship

One subset of mantle muscle preparations (n = 8, all from different
animals) was used to assess contractility responses to increasing stim-
ulation frequencies. After mounting in the apparatus, preparations
were allowed to rest and equilibrate for 10 min, before being sub-
jected to 15 square wave pulses (100 V, 5 ms duration) at increasing
frequencies, starting at 0.2 Hz. Stimulation frequency was progres-
sively increased to 1.0 Hz in 0.2 Hz increments, with a 30 s rest period

without stimulation between each increment.

262 |
Ca?* flux

Experiment 2: Functional estimates of

A separate set of mantle strips was used to pharmacologically charac-
terize the contribution of L-type Ca?* channels and SR Ca?" cycling
to contractility. After preparations were established (nh = 6 paired tri-
als per treatment), one of two randomly selected parallel preparations
was treated with 40 pl DMSO, and the other with either ryanodine
(10 umol/L final concentration) (Gesser et al., 1997) or nifedipine
(10 pmol/L final concentration) (Milligan et al., 1997) in 40 ul DMSO.
Preparations were allowed to rest and equilibrate for 10 min before
being subjected to six square wave pulses (100 V, 5 ms duration) at
0.2 Hz. After a 2 min rest, preparations were stimulated with the same
waveform at 50 Hz to generate a tetanic contraction, which was
maintained until they had dissipated >90% of peak contractile force,
to allow for the detection of small Ca?" handling differences between

treatments.
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A rapid cooling protocol was also used to stimulate Ca®" release
from the SR. Rapid cooling to below 5°C triggers Ca?" release from the
SR in skeletal and cardiac muscle preparations from vertebrates
(Konishi et al., 1985). Tension generation during such rapid cooling con-
tractures (RCC) is proportional to the concentration of Ca®* released
and can be used to estimate the magnitude of SR Ca®" stores
(Bers, 1989; Talon et al., 2000). Mantle muscle preparations (n = 4)
were established at 20.0°C as described in Experiment 1 and were not
stimulated at any point following initial setup and stretching to optimal
tension development. Following the 10-min acclimation period, the
bathing media in the chamber was rapidly drained and immediately
(<2 s) replaced with ice-cold media of identical composition. Muscle
tension was continuously monitored throughout the procedure.

2.6.3 | Experiment 3: Influence of taurine on
contractility

A final set of mantle strips was employed to determine whether extra-
cellular taurine influenced contractility. Preparations (n = 7 paired tri-
als per treatment) were established and experiments carried out as
described in Experiment 2, except that one of two randomly selected
parallel preparations was treated with 100 mmol/I taurine and the
other with an equivalent concentration of sucrose to maintain con-
stant osmolality between treatments (MacCormack et al., 2016).

2.7 | Isolation and Ca®* imaging of mantle
myocytes

Animals (n = 5) were sampled for paired taurine or sucrose exposure
and Ca®* imaging. Immediately following euthanasia, the lower mantle
was dissected, minced to pieces of 1 mm or less in each dimension,
and gently but regularly triturated using a 1 ml wide-bore pipette in
FSW containing 2.5 mg/ml Type 2 collagenase (Worthington Bio-
chemical Corporation, Lakewood, NJ), 1.0 mmol/L glucose and
100 mmol/L taurine for ~20 min. The resulting crude isolate was
passed through a 70 um nylon net filter and then centrifuged at 400g
for 45 s. The supernatant was removed, and the pellet gently resus-
pended in FSW with 1.0 mmol/L glucose and 100 mmol/I taurine,
then plated on glass slides that had previously been washed with
1 mmol/L NaOH, incubated in 20 mg/ml gelatin in FSW for 1 h, and
then rinsed with FSW. Cells were left to attach for 30 min and rinsed
with FSW before viability was assessed using a final concentration of
0.2% (w/v) Trypan Blue. Cells were examined with an optical micro-
scope under a 40X objective and imaged with a Dino-Eye AM4023X
1.3 MP digital eyepiece camera (AnMo Electronics Corporation, New
Taipei City, Taiwan). To examine taurine-dependent intracellular Ca®*
flux, cells were then incubated for 1 h at room temperature in a
Ringer's solution containing 458 mmol/L NaCl, 4.89 mmol/L MgSOy,,
52.7 mmol/L MgCly-6 H,0, 23.8 mmol/L KCI, and 3.38 mmol/L
NaHCO; (pH 7.6) (MacCormack et al., 2016), to which was added
either 100 mmol/L taurine or 100 mmol/L sucrose. Fluo-4 AM

WILEY-L22

(Thermo-Fisher Scientific, Waltham, MA, United States) DMSO stock
was spiked into the treatment medium for the last 30 min at a final
concentration of 5 pmol/L. We used an SD9 stimulator to pace cells
at 1 Hz, 5 ms duration, 50V for 6 s on custom-made glass slides,
coated as described above, with integrated carbon electrodes. Regions
of interest containing fluorescing cells were visualized with an
LSM710 microscope with a 488 nm excitation laser. Normalized
Ca?*-associated fluorescence was then compared between taurine

and sucrose treatments.

2.8 | Transmission electron microscopy

Fresh mantle samples of similar size to those used for contractile
preparations (n = 2 animals) were glutaraldehyde-fixed, stored at 4°C
in fixative for ~1 month, and then post-fixed in 1% OsQ, in PBS for
2 h. Samples were dehydrated in EtOH steps, followed by pure ace-
tone. Epon 812 resin was used in 33%, 66%, and 100% steps for infil-
tration. Polymerization was carried out overnight at 60°C. Sections
80-100 nm thick were taken from the embedded samples and stained
with saturated aqueous uranyl acetate (30 min) and Reynold's lead cit-
rate (2 min). Sections were examined at an accelerating voltage of
150 kV with a CM30 TEM (Philips Electron Optics, Eindhoven, the
Netherlands).

2.9 | Data analysis and statistics

The relationships between animal mass and MO, rate of protein syn-
thesis, and enzyme activity were analyzed using linear and nonlinear
regressions. For glucose uptake experiments, statistical significance
was assessed with a one-sample t test to compare the mean value to
an expected value of 1. For isometrically contracting mantle muscle
preparations, stress (in mN/mm?) was calculated according to
Shiels et al. (2010), assuming a muscle density of 1.06 g/cm®
(Dabrowski, 1978; Layland et al., 1995). Stress traces were analyzed
for resting and net maximum values, integrated contractile stress over
time, tetanus:twitch maximum stress ratios, and times to peak stress
and half relaxation from both twitch and tetanic traces. The use of
two simultaneous mantle strip preparations from the same animal
allowed for paired pharmacological manipulation (ryanodine or nifedi-
pine vs. DMSO sham). All analyses were carried out using Prism
9 (GraphPad Software Inc., La Jolla, CA, United States). Pairwise treat-
ments were tested for normality using the D'Agostino-Pearson omni-
bus test. Statistical significance was determined by paired t test, with
significance set at o = .05. Unless otherwise specified, data are pre-

sented as mean + SEM.

3 | RESULTS

This study identifies links between metabolic capacity and E-C cou-

pling function in juvenile cuttlefish. We chose to examine metabolic
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metrics by whole-body mass to better appreciate phenotypic changes

that may arise dramatically over early life stages. Rates of oxygen con-
sumption and protein synthesis were measured in intact animals. Iso-
lated mantle sheets were used to assess the impact of size and taurine
on glucose uptake, and mantle muscle samples were homogenized for
characterization of metabolic enzyme activity. Animal MO, declined
with increasing mass (regression coefficient p = .014; Figure 1A), coin-
ciding with decreased rates of mantle protein synthesis (Ks; regression
coefficient p <.0001; Figure 1B). Glucose uptake from the medium
could not be detected under any condition of mantle tissue incubation.
This included incubation in FSW without any additions, incubation with
either sucrose or taurine in the medium, or across a range of body
masses (Table 1). The specific activity of ODH slightly increased with
mass, whereas HK activity decreased with mass (regression coefficients
p = .0005 and p = .041, respectively; Figure 2A,B); S and proteasome
activity remained consistent across animal masses (regression coeffi-

cients p = .45 and p = .55 respectively; Figure 2C,D).

40-
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£ 30 e p=0.0139
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)
©
s
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=
0 T T 1
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o
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Mass (g)

FIGURE 1 Whole-animal rates of oxygen consumption and
protein synthesis in young cuttlefish (Sepia officinalis). (A) Whole-body
rate of oxygen consumption (MO,) by whole-body mass. Linear
regression is significantly different from zero. (B) Fractional rate of
whole-animal protein synthesis (Ks) by body mass.

Isometrically contracting circumferential mantle strips from juve-
niles of S. officinalis were assessed for twitch stress production in the
presence of specific inhibitors of SR function (ryanodine) and
the LTCC current (nifedipine) (Figure 3); ryanodine inhibits the ryano-
dine receptor allowing Ca®* release from the SR, whereas nifedipine
inhibits L-type Ca?* channels. Preparations were viable for several
hours in the specified conditions, providing they were allowed rest
between bouts of contraction. Contractile curve characteristics were
similar in 0.2% (v/v) DMSO-treated sham preparations and paired
preparations treated with either 10 pmol/L ryanodine or 10 umol/L
nifedipine (n = 6 each, Figure 3A). The mantle strips could maintain
contractions at the imposed stimulation rate to >10 Hz before any
summation was observed and continued to match the stimulation rate
up to ~25 Hz with summation. The mantle muscle preparations exhib-
ited a negative force-frequency relationship that reached steady state
in net peak force at 70-80% peak stress (Figure 3B). Samples showed
high cross-sectional peak contractile stress (117 =62 mN/mm?,
Figure 3C), although this is an underestimate of peak fiber stress
because orthogonal or antagonistic fibers would also be included in
the cross-sectional area of the fibers in this preparation, compared to
thinner preparations used in other studies (e.g., Rogers et al., 1997).
The second contraction in a 0.2 Hz stimulation train showed signifi-
cantly lower time-integrated stress (impulse per unit cross-sectional
area) compared to the initial contraction (paired t test, Figure 3D, p =
.0025) because of a lower peak stress, demonstrating a slow refrac-
tory rate. Further analysis of single twitch kinetics and dynamics
revealed no effect of 10 min incubation in 10 umol/L ryanodine
(Figure 3E,G,|,K) or nifedipine (Figure 3F,H,J,L) relative to their respec-
tive paired DMSO shams. There were no significant differences
between control and pharmacologically treated preparations in peak
stress (paired t tests, Figure 3E, ryanodine, p = .68; Figure 3F, nifedi-
pine, p = .75), time-integrated stress (paired t tests, Figure 3G, ryano-
dine, p = .15; Figure 3H, nifedipine, p = .45), time to peak tension
(paired t tests, Figure 3l, ryanodine, p = .21; Figure 3J, nifedipine,
p = .91), or time from peak to half-peak relaxation (paired t tests,
Figure 3K, ryanodine, p = .20; Figure 3L, nifedipine, p = .48). In an
effort to release SR Ca®" stores, a cold-shock experiment was carried
out in which the bathing medium at 20.0°C was rapidly replaced with
ice-cold medium in the absence of any electrical stimulation. All prep-
arations maintained consistent baseline resting tensions and showed
no evidence of RCC following this treatment (data not shown).

Although we were unable to determine a ryanodine-sensitive
(SR) or nifedipine-sensitive (LTCC) contribution to mantle muscle con-
tractility, we noted beat-to-beat sensitivity and strong frequency
dependence of single-twitch stress. To further elucidate the contribu-
tors to E-C coupling, we subjected the preparations to a physiological
extreme in the form of tetanic contractions (Lowy & Millman, 1962;
Rosenbluth et al., 2010). Stimulation of isometric mantle preparations
above ~25 Hz induced an essentially tetanic contraction, and in this
study, we used 50 Hz to elicit reproducible tetanic stresses. However,
small unfused contractions were still noted at ~25 Hz (Figure 4A),
suggesting the possible presence of multiple, physiologically distinct

muscle types in the preparation. Neither ryanodine (paired t test,
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TABLE 1  Glucose concentration following incubation of isolated
mantle muscle for 1 h in media initially containing 1.0 mmol/L
glucose.?

Additions to media Animal wet weight (g) Glucose (mmol/L)

None 0.33 £ 0.031 0.99 + 0.03
Taurine 0.16 £ 0.01 0.96 + 0.05
Taurine 0.47 +0.02 1.00 + 0.04
Taurine® 0.76 +0.12 0.99 + 0.03
Sucrose® 0.76 £0.12 0.99 + 0.03

2Sheets of mantle muscle were incubated for 1 h in filtered sea water with
or without sucrose (100 mmol/L) or taurine (100 mmol/L). Initial
concentration of glucose in all preparations was 1.0 mmol/L. n = 6 in all
cases except group with mass of 0.47, for which n = 11. Final glucose
concentration in all cases was not significantly different from 1.0 mmol/L.
bTissue preparation from the same animal used for both incubation with
taurine and sucrose.

Figure 4B, p = .80) nor nifedipine (paired t test, Figure 4C, p = .89)
significantly affected the ratio between maximal contractile stresses
during tetanus and a single twitch. Ryanodine treatment did not influ-
ence the shape of the tetanic curve, although there was bimodal
response consisting of delayed time to peak tetanic stress in two of
the samples tested (Figure 4D), with no clear effect on the other four;
however, this pattern was not statistically significant (paired t test,
p = .59). Application of nifedipine significantly reduced the time from
peak to half-peak tetanic stress (paired t test, Figure 4E, p = .006).

Analysis of the single-twitch and tetanus experiments suggested
minimal functional SR in our preparations, a nifedipine-sensitive LTCC
contribution of minimal physiological relevance, and a continued and
unimpeded Ca?* source in the form of a rapidly activating current as
detected in the unfused contractions during tetanus. However, the
source of the majority of Ca%" flux remains unidentified. We had
previously demonstrated a regulatory role of taurine in cuttlefish sys-
temic heart muscle contractility (MacCormack et al., 2016). To deter-
mine the effect of taurine on contractility, preparations were
incubated in baths containing 100 mmol/L of either taurine or
sucrose. Analysis of single-twitch contractile curve characteristics in
mantle muscle preparations (Figure 5A) revealed that inclusion of
exogenous taurine did not significantly impact peak stress (paired
t test, Figure 5B, p = .50), change in impulse after 10 min (paired
t test, Figure 5C, p = .68), peak stress production rate (paired t test,
Figure 5D, p = .67), tetanus:twitch peak force ratio (paired t test,
Figure 5E, p = .36), or magnitude of Fluo-4-coupled Ca®* transients
(paired t test, Figure 5F, p = .37).

Because we did not demonstrate sensitivity of contractility to
taurine, and because functional characterization revealed no signifi-
cant contribution of the SR to mantle contractility, we used TEM to
examine the abundance and distribution of SR within muscle fibers
of juvenile cuttlefish (Figure 6). The vast majority of intracellular
space in myocytes was taken up by actomyosin structure, with
nuclei and mitochondria relegated to the center of each cell, and
with cells closely associated with thick collagen bundles

(Figure 6A-D). The cross-sectional area of the SR was greatest at

WILEY-L22

locations adjacent to the sarcolemmal membrane. Small-diameter SR
tubules were observed across the rest of the fiber, but at low rates
of occurrence. Most notably, highly structured and relatively exten-
sive SR tubular aggregates (TAs) were found in the centers of multi-
ple fibers (Figure 6E-H). These TAs were identified morphologically
based on previous positive identifications of TAs colocalized with
calsequestrin and the sarcoplasmic/endoplasmic calcium ATPase
(SERCA) (Boncompagni et al., 2012).

4 | DISCUSSION

Cuttlefish are highly oxidative organisms (Capaz et al., 2017; Lamarre
et al., 2016, 2019; Speers-Roesch et al., 2016), which, when combined
with their high rates of growth (Sykes et al., 2014), are expected to
undergo significant metabolic stress (i.e., high flux demand). In this
study, the rate of protein synthesis in the mantle of 1-week-old cut-
tlefish (~0.2 g) was 2.5-3x higher than that of 1- and 2-month-old
animals (~1-3 g). Protein synthesis incurs significant metabolic costs,
because it requires a series of energy-intensive processes, including
transcription, translation, and post-translational modifications, all of
which demand a substantial amount of cellular resources and ATP
equivalents. The rates of protein synthesis observed in the mantle of
1- and 2-month old animals are very similar to those observed in pre-
vious studies on animals of approximately the same size (Lamarre
et al., 2019) and on much larger animals (~50 g) (Lamarre et al., 2016).
The observed activity of CS, a qualitative indicator of mitochondrial
capacity, in animals up to 3 g is fivefold higher than that found in 44-g
cuttlefish (Speers-Roesch et al., 2016), consistent with the contention
that small animals have high rates of oxidative metabolism
(Speakman, 2005). This suggests that the first few weeks following
hatching is a period of high flux demand in the life history of the
organism. Moreover, low rates of HK activity, which is an index of glu-
cose metabolism (0.25 pmol-min~*-g~2) in mantle relative to rates of
oxygen consumption, reinforces a marked reliance on amino acid or
lipid oxidation, as previously established (Lee, 1995). This interpreta-
tion is supported by a lack of glucose uptake in isolated mantle prepa-
rations. Even if only 10% of the measured tissue oxygen consumption
rate was supported by glucose oxidation, glucose concentration in the
extracellular medium after 1 h of incubation should be 0.90 mmol/L,
easily detectable under the conditions tested. Low rates of glucose
metabolism are also the case in larger animals (44 g) displaying similar
rates of HK activity (0.1 pmol-min—t.g2) (Speers-Roesch et al., 2016).
Glucose uptake by mantle was not stimulated by taurine, as is the
case in systemic heart from larger animals (~300 g) (MacCormack
et al,, 2016), suggesting either tissue or size and age specific differ-
ences in the regulatory role of taurine. Although glucose oxidation in
mantle is not an important contributor to ATP production, a basal rate
of metabolism appears to be critical, because impairment of glucose
metabolism results in contractile failure, possibly related to disregu-
lated levels of Na* and Ca®* (Lamarre et al., 2019).

At high resting metabolic rates, additional activities, such as pre-

dation and predator avoidance, would exceed the animal's aerobic
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FIGURE 2 Mantle muscle enzyme activity in juvenile cuttlefish (Sepia officinalis). (A) Mantle octopine dehydrogenase (ODH) activity by
whole-body mass. (B) Mantle hexokinase (HK) activity by whole-body mass. (C) Mantle citrate synthase (CS) activity by whole-body mass.
(D) Mantle chymotrypsin-like 20S proteasome activity by whole-body mass. Regressions with slopes that significantly differed from zero are

presented.

capacity and require anaerobic outlay. In cuttlefish, periods of height-
ened activity appear to result in a high NADH:NAD™ ratio, which is
rebalanced using ODH during rest (Capaz et al., 2017; Lamarre
et al., 2019; Storey & Storey, 1979), and which would be in contrast
to animals with sufficient aerobic scope to avoid incurring a metabolic
debt. The activity of ODH reported here in cuttlefish <3 g body mass
is similar to that in 44-g cuttlefish (Speers-Roesch et al., 2016), sug-
gesting that anaerobic and aerobic metabolism do not scale in the
same fashion over this size range. This interpretation is supported by
findings that ODH activity in the mantle of squid, Dosidicus gigas,
remains constant at body masses up to ~50 g and decreases at larger
sizes (Trueblood & Seibel, 2014).

This high-flux metabolic physiology of juvenile cuttlefish may
impose performance limitations and therefore force adaptation of the
E-C coupling system that enables the mantle to function as a constant
ventilatory pump and to power both sustained and burst swimming
activity. These roles are in contrast to other aquatic species such as
most fish, which ventilate with buccal and opercular muscles, and use
red and white muscle for sustained aerobic and burst anaerobic swim-
ming, respectively. In the current study, mass-specific metabolic rate
decreased with animal mass (up to ~3 g), specific ODH activity
increased, and specific HK activity decreased (Figure 2). These find-
ings are consistent with the capacity of juvenile cuttlefish to rapidly
incur a metabolic debt (Capaz et al., 2017; Lamarre et al., 2019;
Storey & Storey, 1979). Correspondingly, mantle muscle preparations
demonstrated robust single contractions but were unable to maintain

baseline twitch stress in the subsequent contraction, let alone in a con-
tinued train (Figure 3). Indeed, behavioral studies have demonstrated
exhaustion in cuttlefish after 5-30 s of jetting and a requirement for
recovery periods lasting >1 h (Elder & Trueman, 1980). In mantle mus-
cle preparations, these recovery periods are accompanied by a 30%
increase in rates of tissue oxygen uptake (Lamarre et al., 2019), suggest-
ing repeated contractions are fueled anaerobically.

In examining the link between metabolism and excitation-
contraction coupling, we were unable to find ryanodine or nifedi-
pine sensitivity in individual contractions, suggesting minimal SR and
LTCC contributions to routine contractility. Tetanic contraction
experiments (Figure 4) identified that a small but detectable
nifedipine-sensitive LTCC current is present and that it is responsi-
ble for maintaining tetanus. However, the bulk of the tetanic stress,
as well as the unfused contractions that captured ~50% of impulses
at 50 Hz, was nifedipine-insensitive. Unfused contractions during
tetanus indicate that Ca®" cycling across the sarcolemmal or SR
membrane is maintained at this high stimulation frequency. High-
frequency, unfused contractions have been observed in prior studies
on funnel retractor muscle of long-finned squid (Doryteuthis pealeii)
(Rosenbluth et al., 2010) and S. officinalis (Lowy & Millman, 1962).
We examined cells under TEM and found that much of the SR pre-
sent in mantle myocytes was in the form of tubular aggregates.
Tubular aggregates have been associated with loss of SR function,
and their formation is generally attributed to oxidative stress
(Boncompagni et al., 2012; Brady et al., 2016; Salviati et al., 1985).
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FIGURE 3 Sustained twitch
endurance and contributors to Ca2™
flux in isometrically contracting
juvenile cuttlefish (Sepia officinalis)
mantle muscle preparations.

(A) Sample single stimulated (100 V,
0.2 Hz, 5 ms duration square waves)
contractions in DMSO- sham-,
ryanodine- (10 umol/L), and
nifedipine-treated (10 umol/L)
mantle preparations. (B) Relative
force-frequency relationship within
single preparations in resting (dotted,
blue) and net peak (solid, red)
tension, showing no summation
between impulses (n = 8).

(C) Absolute resting and peak stress
at 0.2 Hz in DMSO-treated
preparations (n = 27). (D) Time-
integrated stresses significantly
decrease in magnitude between the
first and second successive
contractions in the 6 x 0.2 Hz
stimulation train (n = 27). (E) Effect
of 10 umol/L ryanodine (E, G, |, K)
and 10 umol/L nifedipine (F, H, J, L)
on single mantle muscle stimulated
contractions. Contractile parameters
following a 10 min incubation period:
change in peak stress (E, F),
integrated contractile stress (G, H),
and times from resting to peak
tension (I, J) and from peak tension to
half relaxation (K, L). Metrics are
expressed as mean + SEM;
significance is indicated by * (p < .05).
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In our previous work in both cuttlefish and fish, we found evi-

dence that taurine regulates SL and SR Ca?* cycling in heart (Gates

et al,

2022;

Henry & MacCormack,

2017; MacCormack
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FIGURE 4 Analysis of isometric tetanic contractions in response to continuous stimulation (100 V, 50 Hz, 5 ms square wave pulses until 90%
of peak stress dissipated) in juvenile cuttlefish (Sepia officinalis) mantle preparations. (A) Representative tetanic contractions in DMSO-,
ryanodine- (10 umol/L), and nifedipine-treated (10 pmol/L) mantle preparations (n = 6). Inset: representative oscillating subcontractions during
50 Hz simulation-induced tetanus in the DMSO treatment at ~25 Hz; these were observed in all samples. The DMSO sham sample trace is
included in gray behind ryanodine- and nifedipine-treated sample traces. (B) Tetanus: twitch peak stress ratios between DMSO- and ryanodine-
treated preparations. (C) Tetanus: twitch peak stress ratios between DMSO- and nifedipine-treated preparations. (D) Time to peak tetanic stress
is not significantly different between paired DMSO- and ryanodine-treated samples. (E) Time from peak to half stress varies between DMSO- and
nifedipine-treated preparations exposed to a tetanic stimulation. Bar graphs presented as mean + SEM, significance is indicated by ** (p < .01).

et al., 2016). In the current model, no analogous sensitivity was
noted, which is consistent with the lack of functional LTCC and SR
under physiological conditions. The relative concentration of taurine
in young versus adult mantle muscle remains unknown; because
taurine is also known to support antioxidant function and regulation
of glucose consumption (MacCormack et al., 2016), it may provide a
means of regulating metabolic and contractile homeostasis as the
animal grows.

These results demonstrate a decreased contribution of LTCCs
to excitation-contraction coupling activity in juvenile Sepia, which is
critical to the Ca?*-dominated AP in adults as described previously
(Rogers et al., 1997). If LTCCs are not the chief contributor to Ca®*
current (lc.), and thus the AP in juvenile cuttlefish mantle muscle,
another voltage-gated Ca2?* channel would be the most obvious
candidate to assume an analogous function. It is likely that the uni-
dentified Ca?* channel that is prominent in juvenile mantle is the
source of the residual nifedipine-resistant Ca?" flux found by Rog-
ers et al. (1997). However, the route to positively identify the
channel(s) implicated is made less clear because of established dif-
ferences between invertebrate channel kinetics and their better
understood mammalian counterparts. For example, a high-
voltage-gated Ca®" channel identified in freshwater snail (Lymnaea

[= Limnaea] stagnalis) ganglia that shared mammalian N-type kinetics

was nevertheless insensitive to nifedipine as well as to w-conotoxin,
a selective N-type blocker in mammals (Spafford et al., 2003); this
activity was ablated with nonspecific Cd?* administration. Similarly,
low voltage-gated T-type channels have also been identified in
L. stagnalis (Senatore & Spafford, 2010), and these channels shared
more kinetic similarities with their mammalian analogs. The T-type
current serves as a fast-depolarizing initiator to mammalian cardiac
nodal APs, but is also known to drive Ic,-dominant APs in the phyla
Cnidaria, Mollusca, and Nematoda (reviewed by Smith et al., 2017).
Finally, juvenile cuttlefish mantle muscle cells typically measured
well under 5 um in cross-sectional width (Figure 6), which likely pre-
vents excessive Ca®* diffusion limitation from the sarcolemma, as
there is no evidence of a developed t-tubular system in squid stri-
ated muscle fibers of similar size (Kier, 1985). It is possible that the
unknown Ca?* channel provides the initial stimulus for the propaga-
tion of an AP (as in the T-type nodal role discussed above), which is
then taken up by higher voltage-gated L-type channels to enhance
the AP current and Ca®" flux. As LTCC are often associated with
t-tubules and potentially the peripheral coupling processes described
by Kier (1985), their expression may be limited when such struc-
tures are underdeveloped. Alternatively, a faster and lower thresh-
old current provided by a T-type channel or similar may prove

advantageous in the reliable coordinated activation of the smaller
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FIGURE 5 Twitch stress dependence on taurine in isometrically contracting juvenile cuttlefish (Sepia officinalis) mantle preparations.

(A) Representative single-twitch contractile force curves of isometrically contracting mantle muscle preparations treated with 100 mmol/L
sucrose or taurine. Treatments were compared for peak single twitch stress (B), pre- to post-10-min incubation time-integrated twitch stress (C),
maximum stress production rate (D), tetanus:twitch peak force ratio (E), and single-cell fluorescent Ca* transient magnitude (F). There was no
significant difference (p < .05) in any parameter assessed; n = 7 paired preparations; in panel F, cells from n = 3 animals per treatment were

analyzed.

muscle fibers; this coordination could become less effective as
larger fibers become predominant with animal size.

In young coleoids, high-frequency, high-volume, and low-
velocity jetting is the preferable means of transportation because of
the mechanical disadvantage of undulatory swimming at low to
intermediate Reynolds' numbers (Re) (Bartol et al., 2008, 2009). This
is reflected in the differential power curve and faster contraction-
relaxation kinetics in juvenile versus adult cuttlefish (Gladman &
Askew, 2022). Lower threshold Ca®* channels with faster
activation-deactivation kinetics would also provide an advantage

with respect to cycling frequency. However, the use of fast-cycling
channels may impose a physiological challenge in the form of accu-
mulating intracellular Ca?* (Ca®*;), which may both limit full contrac-
tility and impose cytotoxicity (Boncompagni et al, 2012). The
appearance of TAs may represent a physiological means of clearing
Ca?*; to maintain contractility and electrophysiological homeostasis.
As the animal grows, Re increases, and metabolic demands decrease;
we might expect to see a transition toward an adult phenotype in
E-C coupling, combined with a shift in SR and LTCC predominance.
It is conceivable that SR de-aggregation or cardiac remodeling could
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FIGURE 6 Cross-sectional TEM of circumferential mantle sections from juveniles of Sepia officinalis, oriented with circumferential fibers
emerging from the page (from n = 2 preparations). (A) Interface between orthogonal muscle fibers, separated by fascia (red arrowhead).
Peripheral and central sarcoplasmic reticulum (SR; yellow arrowhead) content is minimal. The longitudinal muscle fiber here is obliquely striated.
(B) Putative collagen bundle, oriented orthogonally to the circumferential fibers. (C, D) Circumferential, obliquely striated fiber bundles, with
myosin uniformly in-phase. Each cell tends to maintain mitochondria (blue arrowhead) solely in the center of the cell, with very little boundary or
central SR. (E-G) Extensive SR tubular aggregates (TAs) found in the center of different cells. (H) Fine detail of SR aggregate in G, showing less-
organized SR at the boundaries of the highly ordered aggregate. All scale bars = 500 nm.
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lead to an active SR contribution that may inversely mirror the
whole-animal decrease in MO, (Johansen et al, 1982; Lamarre
et al., 2019), as well as a switch to the LTCC-dominant AP demon-
strated by Rogers.

In conclusion, we describe the coordinated energetics enabling
E-C coupling in mantle muscle of juvenile cuttlefish during a period of
very high metabolic demand in the organism's life history. We demon-
strate exceptionally high rates of protein synthesis in the mantle of
animals <0.5 g along with minimal reliance on glucose oxidation. Man-
tle muscle from juvenile cuttlefish demonstrated minimal SR and
LTCC contributions to contractility, exhibiting SR in the form of tubu-
lar aggregates. In marked contrast to the systemic heart in adult cut-
tlefish, extracellular taurine did not influence either contractile
function or glucose utilization. We postulate that the energetics of
mantle muscle are well suited to the mechanical environment
of young animals, and correlate to the kinetics of the as-yet unidenti-

fied sarcolemmal Ca®* source.
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