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Cephalopods are highly evolved marine invertebrates that colonized almost all the
oceans of the world at all depths. This imposed the occurrence of several modifications
of their brain and body whose muscle component represents the major constituent.
Hence, studying their muscle physiology may give important hints in the context of
animal biology and environmental adaptability. One major pathway involved in muscle
metabolism in vertebrates is the evolutionary conserved mTOR-signaling cascade;
however, its role in cephalopods has never been elucidated. mTOR is regulating cell
growth and homeostasis in response to a wide range of cues such as nutrient availability,
body temperature and locomotion. It forms two functionally heteromeric complexes,
mTORC1 and mTORC2. mTORC1 regulates protein synthesis and degradation and,
in skeletal muscles, its activation upon exercise induces muscle growth. In this work,
we characterized Octopus vulgaris mTOR full sequence and functional domains; we
found a high level of homology with vertebrates’ mTOR and the conservation of Ser2448

phosphorylation site required for mTORC1 activation. We then designed and tested an
in vitro protocol of resistance exercise (RE) inducing fatigue in arm samples. We showed
that, upon the establishment of fatigue, a transient increase in mTORC1 phosphorylation
reaching a pick 30 min after exercise was induced. Our data indicate the activation
of mTORC1 pathway in exercise paradigm and possibly in the regulation of energy
homeostasis in octopus and suggest that mTORC1 activity can be used to monitor
animal response to changes in physiological and ecological conditions and, more in
general, the animal welfare.

Keywords: mTOR, cephalopods, muscle, metabolism, welfare, growth, exercise

INTRODUCTION

Cephalopods are an important component of marine ecosystems, they count around 800 living
marine species, and reached over time unprecedented environmental adaptability. They are not
only abundant but also ecologically and economically important (Boyle and Rodhouse, 2005). Their
incredible evolutionary success and high adaptability to extreme environments such as the polar
and tropical climates and even the deep ocean have been possible through modifications at several
levels of their biological organization, from genome to nervous system and body organization
(Garrett and Rosenthal, 2012; Nakajima et al., 2018). Nonetheless, a high degree of conservation
of regulatory genes has been recently assessed among cephalopods, vertebrates, insects, and other
marine invertebrates (Albertin et al., 2012).
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Cephalopods have large, well-developed brains, and
their brain-to-body-mass ratio exceeds that of all the other
invertebrates. Muscles represent their major body constituent
and, octopuses in particular, have a rapid growth rate reaching up
to 5% body weight per day and manifest a high feed conversion
rate, with 30–60% of ingested food being incorporated in their
own weight (Iglesias et al., 2000; Aguado and García García,
2002; García García and Cerezo Valverde, 2006). Based on
these aspects, studying muscle metabolism in this species can
answer important questions relative to the animal biology of
growth and welfare.

Several investigations have been carried out so far to elucidate
the bases of their muscle metabolism and energy consumption
and its relation to environmental condition (Seibel and Carlini,
2001; Villanueva et al., 2017). Yet, little is known about specific
metabolic pathways involved in processes such as growth, aging,
and environmental adaptability.

Similar to vertebrates, muscles of their body are typically
striated and for several functional aspects, they can be
assimilated to skeletal muscle fibers (Zullo et al., 2017).
In vertebrates, the skeletal muscle mass is regulated by a
fine equilibrium between anabolism and catabolism, which
determines the rate of protein synthesis and degradation
as well as muscle fiber size (Schiaffino et al., 2013). An
unbalance between anabolic and catabolic pathways leads
to atrophy of muscle fibers, when protein degradation
exceeds synthesis rate, and to hypertrophy when new protein
synthesis is induced.

Several signaling pathways, including the evolutionary
conserved mTOR signaling cascade, maintain this process.
mTOR is serine/threonine protein kinase that exists in two
functionally distinct protein complexes, the rapamycin-sensitive
mTOR complex 1 (mTORC1) and the rapamycin-insensitive
mTOR complex 2 (mTORC2), that are defined by the presence
of Raptor (regulatory protein associated with mTOR)
and Rictor (rapamycin-insensitive companion of mTOR)
(Saxton and Sabatini, 2017).

mTORC1 plays a critical role in muscle homeostasis
because it senses and integrates a broad range of cellular
signals from growth factors, hormones, cytokines, amino-acid
availability, cellular energy levels and muscle activity (Zoncu
et al., 2011). Genetic and pharmacological studies have shown
that mTORC1 is required to maintain muscle mass through
the regulation of protein translation and autophagy process
(Yoon, 2017).

A number of studies have also reported that resistance
exercise (RE)-mediated hypertrophy requires mTORC1
activation, mainly through the phosphorylation of mTOR
at serine 2448 (Ser2448) (Nave et al., 1999; Chiang and Abraham,
2005; Copp et al., 2009). The resulting increase in myofibrillar
protein synthesis and muscle mass takes place by the integration
of multiple signaling pathways that are able to control and
modulate transcription factors and in turn protein synthesis
and degradation.

In this work, for the first time in a cephalopod, we
investigated the conservation of mTOR and its role during
a particular class of training such as the RE inducing

muscle fatigue. Muscle fatigue is defined as the inability
of muscles to maintain the required power output. Upon
establishment of fatigue, muscle contractile force shows a rapid
decline reversible by rest. We tested samples of arm with a
specifically designed RE and showed the induction of a fatigue
state. We next assessed mTOR pathway following tetanization
and show a sharp increase in its activation state and its
time dependency.

We believe that studying mTOR pathway may be important
to understand the ability of muscles, over time, to adapt to
various physiological and ecological conditions such as exercise
response, metabolic stress and nutrient availability and may
prompt to the development of advanced methods for monitoring
cephalopod welfare.

MATERIALS AND METHODS

Animals Treatment
Specimens of O. vulgaris were collected from local anglers of
the Ligurian coast. Adult animals of both sexes (n = 9) ranging
between 150 and 250 g and not showing signs of damage
and/or regeneration of the arms employed (L2 or L3) were
selected for this study.

Following captures, the animals were placed in
80 × 50 × 45 cm marine aquarium tanks filled with
artificially prepared sea water (SW, Tropic Marine) and
kept at a temperature of ∼18◦C at 12 h light/dark cycle.
Octopus environment was enriched with sand substrate and
clay pot dens. Water cleaning and oxygenation were assured
by a pump-filter and aeration system which continuously
circulated the water through biological filters; all relevant
chemo/physical water parameters were checked daily to
prevent unhealthy or stressful conditions for the animals.
Animals were left to adapt to captivity for at least 10 days
before experimentation. Octopuses were inspected daily
and fed with shrimps 3 times per week. Particular attention
was paid to housing, animal care, and health monitoring.
All our research conformed to the ethical principles of
the three Rs (replacement, reduction and refinement) and
of minimizing animal suffering, following the Directive
2010/63/EU (Italian D. Lgs. n. 26/2014) and the guidelines from
Fiorito et al. (2015).

For molecular biology experiments, 3 animals were
anesthetized in ethanol 2% (v/v) in SW. Brain and arm
samples (from L2 or L3), devoid of skin and suckers,
were collected, frozen in liquid nitrogen and immediately
stored at −80◦C. Brain samples (from the supraoesophageal
mass) were employed as an additional control in western
blotting experiments.

For biomechanical experiments a total of 6 animals were
anesthetized in 3.5% MgCl2 in SW, since ethanol exposure
induced muscle stiffness. After anesthesia, a single segment
(∼4–5 cm) per animal was cut from the middle-end of
the L2 or L3 arm. Arm samples were moved to ∼18◦C
oxygenated artificial sea water (ASW) (pH 7.6) containing:
NaCl, 460 mM; KCl, l10 mM; MgCl2, 55 mM; CaCl2,
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11 mM; Hepes, 10 mM; glucose 10 mM. This temperature
was the same as that of the aquarium where the animals
were maintained and was within the temperature range of the
Mediterranean sea.

Given the large portion of arm excised and/or the dissection of
the brain, the animals underwent terminal anesthesia in order to
prevent animal suffering or distress and following the Guidelines
for the Care and Welfare of Cephalopods in Research published
by Fiorito et al. (Fiorito et al., 2014, 2015).

Ethics Statement
This study was carried out in accordance with the
recommendations of Fiorito et al. (Fiorito et al., 2014, 2015).
The protocol was approved by the Institutional Review
Board and by the Italian Ministry of Health (authorization
no. 465/2017-PR).

RNA Preparation and Sequencing
Total RNA has been extracted from octopus arm segments
(n = 3) using RNeasy Microarray Tissue Mini Kit (Qiagen)
and contaminating DNA has been degraded by treating each
sample with RNase-Free DNase Set (Qiagen). The purity of
total RNA extracted has been estimated measuring 260/280
and 260/230 absorbance ratios. For each sample, 1 µg of total
RNA extracted have been retrotranscribed with ImProm-
II(TM) Reverse Transcription System (Promega) following
the manufacturer’s instructions. mTOR gene has been divided
into small fragments up to 1.5 kb and the correspondent
primers were designed (Supplementary Table S1). 2 µL of
Octopus cDNA was used as a template for PCR. Fragments
obtained from PCR have been purified and sequenced
using the automated Sanger method (Applied Biosystems
3130 DNA Analyzer). The identity of segments has been
verified and analyzed by BLASTX and BLASTP programs.
Consensus sequences were obtained from fragment overlap.
Nucleotide and protein sequences were aligned with the human
mTOR using Clustal Omega and protein similarities have
been calculated using BLASTP at NCBI Genbank. Protein
domain annotation and conservation level were assessed by
NCBI Conserved Domain Database. Molecular weight was
predicted from the amino acid sequence using the ExPASy
Compute pI/Mw tool.

Resistance Exercise Protocol
Muscle fatigue was investigated in vitro on total arm segments
(n = 6) using a Dual-Mode Lever Arm System (Aurora
Scientific – 300C-LR) mounted on a muscle test chamber with
integrated stimulating electrodes (Aurora Scientific – 801C).
Field stimulation was delivered through a current-voltage bi-
phase stimulator (Aurora Scientific – 701B). Data were acquired
at a sampling frequency of 10 kHz, bandwidth filtered at 10 Hz
- 3.3 kHz and further analyzed with a LabVIEW based Data
Acquisition and Analysis System (Aurora Scientific – 604A
and 605A). Test chamber was bath filled with temperature-
regulated ASW continuously circulating at ∼18◦C. Arm samples
were placed in the chamber, tied tightly at the force transducer
system and allowed to rest for about 5 min before starting

the protocol. Recordings were made in isometric condition,
thus enabling measurements of the force developed over time
upon electrical stimulation of the sample. Muscle length was
adjusted such that a transient passive force could be visualized
(Milligan et al., 1997; Thompson et al., 2014). Samples were
tested for their response to a RE protocol consisting of three
tetanic stimulation (pulse width: 0.2 ms negative; pulse frequency:
100 Hz; train duration: 3 s) interspersed with 4 s rest each,
repeated 7 times with a rest of 120 s between each repetition.
After tetanization, samples were prepared for western blotting.
In details each sample, following removal of skin and sucker, was
cut in 4 equal segments and maintained in oxygenated ASW at
∼18◦C for four different time points (0, 30, 60, and 120 min).
A small arm sample, not undergoing RE, was also cut from
each arm and used as control (−/−) of western blotting. All
samples were then frozen in liquid nitrogen and immediately
stored at−80◦C.

Protein Extraction and Western Blotting
Analysis
To obtain total lysate, 10–20 mg of brain and arm tissue
(n = 4 for each experimental group), have been homogenized
with TissueLyser (Qiagen) in 600 µL of extraction buffer (1%
NP40 – 1% SDS – 50 mM Tris-HCl pH 7,6 – 150 mM
NaCl) with protease inhibitor (Complete EDTA-free protease
inhibitors, Roche) and phosphatase inhibitor cocktails (Sigma-
Aldrich). After incubation for 5 min at 100◦C, samples have been
sonicated and centrifuged at 4◦C for 15 min at 13000 × rpm
to remove cell debris. The soluble fraction was collected, and
protein concentration was determined using the bicinchoninic
acid (BCA) assay method (Thermo Scientific). For Western
blotting, 80 µg of tissue lysates were boiled in 5X sample
buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 25% glycerol,
0.05% bromophenol blue, 5% β-mercaptoethanol, deionized
water), resolved by SDS-polyacrylamide gels (SDS-PAGE) and
transferred onto nitrocellulose membranes (GE Healthcare
BioSciences; 0.20 µm pore size). Mouse gastrocnemius muscle
lysates were used as control samples (Rocchi et al., 2016).
The following antibodies were used: polyclonal β-actin (A2066,
Sigma-Aldrich – 1:50000) and phospho- Ser 2448-mTOR (2971,
Cell Signaling Technology – 1:5000). Antibodies were chosen
on the basis of the sequence similarity with respective rabbit
and human epitopes used to develop the antibodies. Incubation
in ECL substrate chemiluminescent detection reagent (GE
Healthcare BioSciences) was performed for 1 min at room
temperature. The chemiluminescent blots were imaged with the
ChemiDoc MP Imaging System (GE Healthcare BioSciences).
The Band Analysis tools of ImageLab software version 5.2.1 (Bio-
Rad) were used to select and determine the density of the bands
in all the blots.

Statistical Analysis
The software SigmaPlot 13.0 (Systat Software, Inc.) was used for
statistical analysis. Normality of the dataset was first assessed with
a normality test (Shapiro Wilk). All the dataset analyzed were not
normally distributed hence non-parametric test were employed
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in further analysis. In particular, non-parametric Mann-Whitney
Rank Sum Test was used to compare two data sets. Multiple
comparisons were performed with Kruskal-Wallis One Way
Analysis of Variance (Holm-Sidak correction). P-values <0.05
were considered significant.

RESULTS

Sequencing of Octopus vulgaris mTOR
We sequenced arm samples (n = 3) and obtained a single
O. vulgaris mTOR full-length cDNA sequence consisting of
7629 bp that includes 117 bp of the 5′UTR and an open
reading frame (ORF) of 7512 bp encoding 2503 amino
acid residues (Figure 1) with a predicted molecular weight
of 284.5 kDa. The sequence has been submitted to NCBI
under the GenBank Accession No. KY774846. mTOR analysis
revealed it as a large multidomain protein and a member of
the phosphatidylinositol kinase family. All vertebrate mTOR
domains were found to be conserved (Figure 1). HEAT domain
at the N-terminus, which mediates protein-protein interaction,
FAT domain that binds DEPTOR, an inhibitor of mTOR,
FKBP12-rapamycin binding (FRB) which is the target for
rapamycin, a macrolide that inhibits mTOR signaling pathway.
The catalytic function is mediated by PI3Kinase domain which
contains the phosphorylation sites that activate the protein
and FAT C-terminal (FATC) domain, at the COOH-terminus.
Protein BLAST revealed that S2448 and S2481 residues, whose
phosphorylation is respectively involved in mTORC1 and
mTORC2 activation (Chiang and Abraham, 2005; Copp et al.,
2009), are conserved. Note that S2448 position of human and
mouse correspond to S2386 residues in O. vulgaris mTOR
protein sequence.

Induction of Muscle Fatigue
Arm samples (n = 6) were tested for their ability to develop
peak tetanic tension under the designed RE protocol. As a

control, arms that did not undergo RE were also tested for their
ability to produce peak tetanic tension and no difference was
observed over the experimental time scale. Typical traces of
samples undergoing RE are shown in Figure 2A where a clear
reduction of the peak tetanic tension is observed already at the
third repetition of the protocol. Peak forces developed during
the first tetanic stimulation of each repetition were measured
and normalized to the maximum peak tetanic tension developed
by each sample. A gradual and significant decline from the
first to the last experimental session can be clearly noticed
(Kruskal-Wallis One Way Analysis of Variance, P < 0.05). In
details, the force was reduced by ∼50% at the third repetition
and by to ∼70% from the fourth repetition, maintaining a
plateau until last stimulation session (Figure 2). This decline
in peak isometric tetanic tension is a typical indication of the
establishment of muscle fatigue (Enoka and Duchateau, 2008;
Fitts, 2012).

Effect of Fatigue on mTOR
Phosphorylation
To assess the level of mTORC1 activation, we monitored
Ser2386 mTOR phosphorylation in control and tetanized arms
at different time points after the induction of fatigue (0, 30,
60, and 120 min). For Western blotting analysis, we used
a polyclonal antibody against residues surrounding Ser2448

of human mTOR protein. The antibody specificity for the
phosphorylated form of mTOR has been largely confirmed in
human, rat and mouse tissues. Based on the extent of protein
sequence similarity (see Figure 1), we expected significant cross-
reactivity with the homologous proteins in Octopus vulgaris.
Indeed, the phospho Ser2448 mTOR antibody strongly detected
a single band at ∼250 kDa in control samples from octopus
brain (supraoesophageal mass), octopus arm and mouse muscle
(Figure 3A) thus confirming the expression of mTOR in octopus
samples. We next performed western blotting analysis on control
and RE arm samples (Figure 3B).

FIGURE 1 | Octopus vulgaris mTOR domain architecture and protein alignment in the region of the conserved human and mouse phosphorylation site at Ser2448.
Octopus vulgaris mTOR full sequence contains about 2503 amino acids; the N-terminus comprises 9 HEAT repeat motifs (blue) followed by a FAT domain (orange).
Downstream, mTOR includes a FKPB12-rapamycin binding (FRB) domain (yellow). The C-terminal contains a catalytic domain PI3K (green), with the mTORC1
activation site at Ser2386 (conserved between octopus, human and mouse genomes), and a FATC domain (gray).
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FIGURE 2 | Muscle fatigue induction. (A) Resistance exercise (RE) protocol designed to induce muscle fatigue response consisting of three tetanic stimulation (pulse
width: 0.2 ms negative; pulse frequency: 100 Hz; train duration: 3 s), 4 s rest each, repeated 7 times with a rest of 120 s. Exemplary traces of force produced (in
blue) at the first (Rep 1) and third (Rep 3) stimulus (in red). Peak tetanic force has been analyzed for the first tetanus of each repetition (highlighted with gray bars).
(B) Peak tetanic force, normalized to the maximum peak tetanic force developed by each sample, recorded during the first tetanus of each repetition (Kruskal-Wallis
One Way Analysis of Variance, ∗P < 0.05; n = 6).

FIGURE 3 | Effect of muscle fatigue induction on mTOR activation. (A) pSer2448 mTOR and actin antibody validation. Resulting bands were obtained at 250 kDa for
pSer2448 mTOR and at 42 kDa for actin in lysates from octopus brain, octopus arm and mouse muscle. (B,C) Representative experiment (B) and quantification (C)
of western blotting analysis of pSer2448 mTOR expression in control and fatigued samples at different timing post RE. Note that the antibody against pSer2448 mTOR
recognize S2386 in octopus mTOR protein sequence. Data were expressed relative to the control and normalized to β-actin (Kruskal-Wallis One Way Analysis of
Variance, Holm-Sidak method, ∗P < 0.05 versus control; n = 4 for each experimental group).
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Quantification analysis revealed a gradual increase of
mTOR phosphorylation reaching a pick 30 minutes from
the end of the RE and returning to pre-fatigued values
within 60 min (Figure 3C; Mann-Whitney Rank Sum Test;
P < 0.05 versus control). These variations are the result of
a cumulative effect of fatigue in the entire sample composed
by muscle and nerve cord. A contribution of nerve cord
on the phosphorylation state of mTOR cannot be ruled out;
however, given the small volume occupied by the nerve cord
(and therefore its contribution to the total lysate), this is
considered to be minor.

DISCUSSION

Cephalopods range greatly in body size and morphology and
these differences are displayed in the environment they occupy
and in their behavioral pattern. Both habitats and phylogeny have
been demonstrated to affect also the metabolism of individual
species (Seibel and Carlini, 2001; Seibel, 2007). Moreover, a large
body of evidence shows that diet and feeding strategies changes
during development, growing, and senescence (Villanueva et al.,
2017) and, consequently, the metabolic requirements of a
cephalopod are finely regulated alongside each animal life stage
and in response to ecosystem fluctuations.

Given the great diversity of cephalopod species, the
identification of genes and molecular markers for health
and diseases is currently one of the targets of cephalopod
European aquaculture.

As muscles represent the major body constituent,
studying metabolic pathways may provide important
information on animal biology, environmental adaptability
and, consequently, on its welfare.

Cephalopod body muscles are mainly striated and composed
of uninucleated cells. Although presenting several features
typical of cardiac muscles they can be functionally compared
to vertebrate skeletal muscles (Zullo et al., 2017) Skeletal
muscles play a central role in the maintenance of the body
function and integrity, including the generation of movements
and the regulation whole-body metabolism (Leone et al., 2005;
Izumiya et al., 2008). The control of muscle mass is crucial
for mobility, disease resistance, and more in general for the
animal wellness. Skeletal muscles have intrinsic adaptability
to a wide range of ecological and physiological stimuli such
as acute and chronic exercise paradigms (Tsika, 2012). This
plasticity is dependent on the ability of muscles to quickly
react to external cues, including nutrients, neural activity,
growth factors, hormones, and mechanical loading (Bodine,
2006; Frost and Lang, 2007; Sandri, 2008). Indeed, animals
commonly experience throughout their life profound changes
in muscle metabolism that can bring to muscle hypertrophy
(an increase in the size of muscle cells manifested during
growing and exercise) or conversely to atrophy (a general
decrease in muscle size occurring during aging, systemic disease
or injury) (Adams and Bamman, 2012). Cephalopods are
similar in those aspects and, furthermore, they manifest two

interesting phenomena, namely regeneration and senescence,
where relatively rapid but profound modifications of their body
occur (Nodl et al., 2015; Imperadore and Fiorito, 2018; Zullo
et al., 2018, 2019; Roumbedakis and Guerra, 2019). Therefore, the
comprehension of the molecular pathways responsible for muscle
mass regulation in this species is strictly important.

The evolutionary conserved mTOR signaling cascade is one
major pathway involved in muscle metabolism in vertebrates.
mTOR is a highly conserved protein sensing cellular nutrition
and energy status and its molecular pathway is related to the
muscle resting/stress/exercise state. A number of studies have
reported that acute and chronic mechanical loading is sufficient
to promote mTORC1 activation, thus regulating skeletal muscle
mass. In addition, mTORC1 kinase activity is required for muscle
fiber hypertrophy program (Bodine et al., 2001; Rommel et al.,
2001; Frost and Lang, 2007; Bentzinger et al., 2008; Sandri,
2008; Risson et al., 2009). mTORC1 has been identified as a
master regulator of mRNA translation and protein synthesis and
its activation through phosphorylation leads to the inhibition
of autophagy-mediated protein degradation (Kim et al., 2011;
Sandri, 2013).

Several lines of evidence have shown that mTORC1 signaling
have also important functions, both adaptive and maladaptive,
in cardiac cells in response to upstream signals, such as IGF-1
cascade, pressure overload and β-adrenergic stimulation.

mTOR expression is required for a correct development of
the cardiovascular system in embryo and postnatal life and in
the adaptation to stress conditions as shown in animal models
of systemic or cardiomyocyte-specific inactivation of mTORC1
(Zhang et al., 2010; Shende et al., 2011).

As said above, octopus muscle cells shared properties
typical of cardiac mammalian cells, thus making the octopus
arm also extremely interesting in a comparative perspective
with cardiac cells.

In fact, it is known that both mechanical stress and
workload greatly affects mammalian heart function and
efficiency. mTORC1 activation in the heart during chronic
stress has also been shown to have detrimental effects,
including the induction of pathological hypertrophy and
oxidative stress. This is induced by the activation of
several hypertrophic signaling cascades and determine an
increase in protein synthesis eventually leading to cardiac
hypertrophy (Frey et al., 2004). Accordingly, regulated
inhibition of mTORC1 activity was shown to reduce
cardiovascular damage in response to pressure overload,
metabolic cardiomyopathies and aging (Flynn et al., 2013;
Wu et al., 2013).

Mechanotransduction is known to be also a mechanism
associated with cardiomyopathy through the involvement
of sarcomeric Z-disc proteins such as the MLP Family
(Frey et al., 2004).

Interestingly, the uninucleated octopus arm muscles are
associated with the extracellular membrane through dense body
know as peripheral couplings. These are located at the level
of the Z line at corresponding locations in adjacent muscle
cells and in association with the subsarcolemma cisternae (the
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octopus muscle sarcoplasmic reticulum) (reviewed in Zullo
et al., 2017). Peripheral couplings appears as finger-like
processes connecting muscle cells to a collagen matrix
(Feinstein et al., 2011).

The nature and function of this structure has not yet been
clarified but it seems possible that they participate in muscle
coordination and in mechanisms of cell signaling and stretch
sensing (Zullo et al., 2017) similarly to what proposed for
vertebrates sarcomeres (Luther, 2009).

In addition, vertebrate cardiac and cephalopod striated muscle
cells share some physiological properties with cardiac cells
(as the presence of Ca2+ currents are at the base of spike
generation) and few of the genes involved in muscle formation
such as NK4, a gene essential for cardiac muscle formation in a
number of metazoans, were found to be expressed in cephalopod
locomotory muscles (e.g., arm, funnel, mantle; Navet et al., 2008;
Bonnaud-Ponticelli and Bassaglia, 2014). Hence, the possibility of
comparing both functional and molecular events occurring at the
level of single muscle cells in octopus muscles and cardiac cells is
of a great advantage.

In this study, we recognized Octopus vulgaris mTOR as a
member of the phosphatidylinositol kinase family, present in
both the brain and muscles as a large multidomain protein. We
show that all vertebrate mTOR domains important for the protein
activation and function were maintained (for domain annotation
analysis see Figure 1). Several conserved phosphorylation sites
had been identified in vertebrates: Ser2448, Ser2481, Thr2446,
Ser1261 (Nave et al., 1999; Peterson et al., 2000; Cheng et al.,
2004; Acosta-Jaquez et al., 2009). Among them, Ser2448 is
specifically involved in the activation of the mTORC1 (Chiang
and Abraham, 2005; Copp et al., 2009) whose catalytic function is
mediated by the PI3Kinase domain. Interestingly, octopus Ser2386

mTOR (corresponding to human and mouse Ser2448 mTOR)
was found at a conserved location close to the catalytic domain
PI3K and FAT C-terminal (FATC) domain, at the COOH-
terminus thus suggesting a possible conservation of function
of octopus mTORC1 in the control of muscle response to
mechanical loading.

To further assess this point we tested a RE protocol on
samples of octopus arms and studied the response in term of
fatigue induction and phosphorylation at Ser2386 mTOR. Octopus
arms are mostly muscular and present a peripheral nervous
system running in a central position controlling the simultaneous
contraction of a relatively large group of muscles (Fossati et al.,
2011; Zullo et al., 2011, 2019). We showed that arms undergoing
RE rapidly reach and maintain a fatigue state manifested by a
reduction of their force at maximal isometric contraction up
to ∼70%. Muscle fatigue was accompanied by a gradual, but
transient, increase of mTOR phosphorylation reaching a pick
30 min after fatigue induction.

It is conceivable to think that the activation of the
mTORC1 pathway here observed is upstream to a cascade
of events that may further induce muscle mass increase.
Indeed, acute mechanical loading is known to be a major
regulator of skeletal muscle mass through mTORC1
signaling cascade, with an increase in mechanical loading

resulting in muscle hypertrophy and a decrease resulting
in muscle atrophy.

In vertebrates, both skeletal and cardiac muscle are able
to adapt to work loads (Russell et al., 2000). Skeletal muscle
cells substantially differ in many aspects such as their speed of
contraction, intracellular calcium handling, fatigue resistance,
as many others. These differences often account for their
classification as fast and slow fibers. Relevant to fatigue, this
characteristic is known to be greater in fast compared to slow
muscles due to factors intrinsic to the motor unit including
the pattern of innervation and the set of metabolic changes
occurring in the muscle fibers (Allen et al., 2008). Octopus
arms are composed by three main muscle types (longitudinal,
transverse and oblique muscles) differently arranged within the
arm bulk. A detailed study on the fiber identity of each muscle
type is not yet available but, based on the current knowledge,
cephalopod body muscles seems not to functionally differentiate
in slow and fast type as they all express the same types of
myosin heavy chains (MHC) (Shaffer and Kier, 2016). Moreover,
in the present study all arm muscles were simultaneously
stimulated during RE thus all contributing to force and fatigue
to various extents. Thus, no direct comparison can be made
between the fatigue induction typical of slow and fast mammalian
skeletal fibers.

In addition to its involvement during muscle exercise,
mTORC1 has also been recently shown to be a key component
in the regulation of muscle development and contributes to the
formation of new individual muscle cells, a process referred to as
hyperplasia (Rion et al., 2019).

This aspect is particularly relevant for the following
three considerations: (1) muscle cells in cephalopod body
mass are uninucleated, (2) cephalopods have a virtually
indeterminate growth, and (3) they manifest high regeneration
abilities (Zullo et al., 2017, 2019; Imperadore and Fiorito,
2018). Any increase in body mass may therefore be due
to a combination of hypertrophy and hyperplasia, both
controlled by mTORC1 signaling pathway. It is noteworthy
that cephalopod lifelong increase in body mass cease upon
the first mating event. This is accompanied, in both sexes,
by the onset of senescence, a short stage of the animal
life soon followed by its death (Anderson et al., 2002;
Roumbedakis and Guerra, 2019). Hence, we can further
suggest mTOR as an indicator of age-related events likewise the
occurrence of senescence.

In conclusion, we believe that mTOR can become a versatile
tool for measuring the animal health and predictive of diseases
in both wild and captive animals. Its use as a marker of
wellness may further provide hints for the improvement
of animal maintenance procedures of both aquaculture and
experimental animals.
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