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The muscular-hydrostat configuration of octopus arms allows high man-
oeuvrability together with the efficient motor performance necessary for its
multitasking abilities. To control this flexible and hyper-redundant system
the octopus has evolved unique strategies at the various levels of its brain-
to-body organization. We focus here on the arm neuromuscular junction
(NMJ) and excitation–contraction (E-C) properties of the arm muscle cells.
We show that muscle cells are cholinergically innervated at single eye-
shaped locations where acetylcholine receptors (AChR) are concentrated,
resembling the vertebrate neuromuscular endplates. Na+ and K+ contribute
nearly equally to the ACh-activated synaptic current mediating membrane
depolarization, thereby activating voltage-dependent L-type Ca2+ channels.
We show that cell contraction can be mediated directly by the inward Ca2+

current and also indirectly by calcium-induced calcium release (CICR) from
internal stores. Indeed, caffeine-induced cell contraction and immuno-
histochemical staining revealed the presence and close association of
dihydropyridine (DHPR) and ryanodine (RyR) receptor complexes, which
probably mediate the CICR. We suggest that the dynamics of octopus arm
contraction can be controlled in two ways; motoneurons with large synaptic
inputs activate vigorous contraction via activation of the two routs of Ca2+

induced contraction, while motoneurons with lower-amplitude inputs may
regulate a graded contraction through frequency-dependent summation of
EPSP trains that recruit the CICR. Our results thus suggest that these moto-
neuronal pools are likely to be involved in the activation of different E-C
coupling modes, thus enabling a dynamics of muscles activation appropriate
for various tasks such as stiffening versus motion generation.
1. Introduction
The body of Octopus vulgaris lacks a rigid skeleton, posing two main problems
for its motor control. (i) How is movement created in a structure without a rigid
skeleton? And (ii) considering that the flexible arm has infinite degrees of freedom
(DOFs), how is movement planned and controlled in space and time?

Octopus arms are composed mainly of muscle cells intermingled with a
complex matrix of connective tissue. Together they form a flexible and incom-
pressible organ working as a ‘muscular-hydrostat’ [1] (figure 1). The arm’s
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Figure 1. Transverse section of an octopus arm (modified from [2]) with the
ventral (V), dorsal (D), and lateral (LT) aspects of the arm marked. The l axial
nerve cord (N) runs along the longitudinal axis of each arm and is surrounded
by transverse muscles (T). Oblique muscles (O) are arranged in thin external
layers. Longitudinal muscles (L) are organized in four groups located at each
side of the arm. The trabecula (TR) are small transverse muscle strips located
within the longitudinal muscles.
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intrinsic musculature is organized very compactly: thin
external oblique muscle strips (O) enclose four groups of
longitudinal muscles (L) running along the arm, and a central
core of transverse muscles (T) encircling the arm’s axial nerve
cord (N). Thinly spaced muscle strips with transverse
orientation (trabeculae, TR) are interlaced with each bulk of
longitudinal muscles [3].

The principle of movement generation in muscular hydro-
stats is the ‘constant volume’ constraint, which provides the
essential antagonistic relationship among the muscle groups
organized in different orientations—the constant volume of
the arm means that any contraction in one orientation affects
the length of other muscle groups. Functionally, a muscular
hydrostatic organization can offer both ‘skeletal-like’ support
by stiffening, as well as forces to produce actuation that gen-
erates movement [4–8]. Muscle stiffening is the main
mechanism used to create quasi-articulated structures in
stereotypical arm movements like fetching, reaching and
walking [9,10]. The combination of contractions of any of
these muscle groups at different locations along the arm
results in various arm deformations and allows the animal
to produce complex movements [8]. Octopuses can, for
example, grasp objects, probe surfaces, perform reaching
and fetching tasks, and pass their arms and bodies through
small holes, burrows, tunnels and cracks [11–13]. Controlling
this soft body and flexible arms requires a highly sophisticated
nervous and neuromuscular system, which in the octopus has
been shown to have evolved a unique organization [14–21].

The octopus arm consists mainly of obliquely striated,
long (approx. 0.9 mm) and narrow (5–10 µm) muscle cells,
ending with a spindle-like shape [2]. Previous studies have
shown that these cells have unique neuromuscular proper-
ties, as follows. (i) The muscle cells are electrotonically
compact or iso-potential (i.e. electrical signals do not decre-
ment along the cell). (ii) They lack Na+ action potentials
and when stimulated generate a fast calcium action potential
(AP) [7,22]. (iii) Each of the arm muscle cells receives three
types of discrete motoneuronal synaptic inputs; two with
low quantal amplitude and slow rise times and one with an
unprecedented large quantal amplitude (approx. 25 mV) and
fast rise time [7,22]. (iv) No clear differences were found in
these properties among cells located in different muscle
groups [10].

The aim of the work here was to elucidate the structure
of the neuromuscular junction (NMJ) and the excitation–
contraction (E-C) coupling properties of the arm muscle
cells and the role of Ca2+ in order to deduce the modulation
of muscle cell response to synaptic inputs. This characteriz-
ation is important for understanding the transformation of
neural signals into motor action in this unique neuromuscu-
lar system and how this is used to achieve the highly
coordinated motor actions of the flexible hyper-redundant
octopus arms.
2. Methods
(a) Animal maintenance and care
Specimens of Octopus vulgaris were collected during spring and
summer by local anglers from the Mediterranean Sea. The octo-
puses were housed individually in 50 × 50 × 80 cm glass aquaria
containing artificial seawater prepared with synthetic marine salt
(Red Sea salt). The water was continuously circulated in a closed
system and filtered through coral dust and active charcoal. Aqua-
ria were regulated to 17°C, a 12/12 h light/dark cycle, and the
octopuses were fed with fish meat every other day. Animals
were left to adapt to captivity for at least 10 days before use.

Particular attention was paid to housing, animal care, and
health monitoring. The quality of the water was checked routi-
nely for all relevant chemical/physical water parameters to
prevent unhealthy or stressful conditions for the animals. The
Guidelines for the Care and Welfare of Cephalopods in Research
published by Fiorito et al. [23,24] were followed.

(b) Cell isolation and length measurements
Animals were anaesthetized in cold seawater containing 2%
ethanol. A segment (not exceeding 1/3 of the total arm length)
of one arm was amputated. The arm was cut transversely at
designated locations to obtain several segments approximately
0.5 cm thick. Small pieces of arm transverse or longitudinal
intrinsic musculature were dissected out (figure 1) under a dis-
secting microscope. The tissue was incubated at 25–30°C for
4–6 h in 0.2% collagenase (Sigma type I) dissolved in L15 culture
medium (Biological Industries, Bet Ha’emek, Israel) and adjusted
to the concentration of salt in seawater. The enzymatic treatment
was terminated by rinsing with fresh L15. The tissue was then
manually triturated until an appreciable concentration of disso-
ciated cells could be detected in the supernatant. These cells
were kept at 17°C and an aliquot of the cells was transferred to
a plastic Petri dish mounted on an inverted microscope. The
cells settled on the bottom of the dish within a few minutes
and were subsequently video recorded using a phase-contrast
optics microscope (Eclipse Ti-S Inverted Research Microscope,
Nikons) and measured with ImageJ software.

(c) Electrophysiological measurements
All the electrophysiological measurements were performed with
an Axoclamp 2B (Axon Instruments) amplifier in whole-cell
single-patch-electrode configuration. Recordings were sampled at
20 kHz, digitally stored and analysed with LabVIEW software.



royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

286:20191278

3
During the experiments, cells were continuously superfused with
oxygenated normal artificial seawater (ASW) at room temperature.
An additional system allowed the rapid application of drugs
in close proximity to the cells. Glass pipettes were pulled on a
pp-830 puller (Narishige) using a two-step procedure. The resist-
ance of the pipettes was between 2 and 4 MΩ. The occurrence of
contraction in the patched muscle cell was visually inspected.

(i) Current clamp
Themembrane potential of isolated armmuscle cellswasmeasured
in a whole-cell current clamp in the single-patch-electrode bridge
mode. After establishing the whole-cell configuration, the cell
membrane potential was held at −80 to 90 mV bymanually adjust-
ing the DC current. Muscle cell responses were then induced by
puffing ACh (10 mM, 5–10 nl/s) through a glass micropipette
mounted on a micromanipulator. This allowed the pipette to be
placed in specific positions along the cell. The puffing pressure
was manually adjusted and the time and duration of the puff
were set with an electronic valve.

(ii) Voltage clamp
The electrical properties of the isolated muscle cells were investi-
gated in a whole-cell voltage-clamp in single-patch-electrode
discontinuous mode. The rate of the discontinuous voltage
clamp was adjusted to between 5 and 10 kHz. A discrepancy
of less than or equal to 10% between the command potential
and the measured potential was allowed.

(iii) Solutions and drugs
The superfusion solution (ASW) contained (in mM) 460 NaCl, 10
KCl, 55 MgCl2, 11 CaCl2, 10 glucose, and 10 HEPES, pH 7.6
(adjusted with NaOH) and was delivered through a peristaltic
pump system allowing a replacement of the bath volume in
approximately 30 s.

The patch pipettes were filled with the following internal
solution (in mM): 475 K-gluconate, 2 MgCl2, 1 CaCl2, 5
Na2ATP, 0.5 Na2GTP, and 50 HEPES, buffered to pH 7.2
with KOH. The Ca2+-free solutions contained (in mM): 460
NaCl, 10 KCl, 57 MgCl2, 1 EGTA, 8 CoCl2, 10 glucose, and
10 HEPES, pH 7.6 (adjusted with NaOH). In Ca2+-free exper-
iments the patch pipettes were filled with the following
internal solution (in mM): 475 K-gluconate, 3 MgCl2, 5 Na2ATP,
0.5 Na2GTP, and 50 HEPES, buffered to pH 7.2 with KOH.
Na+-free solution was prepared by replacing NaCl with the
osmotically equivalent amount of Tris-Cl.

(d) Gene identification
Octopus bimaculoides DHPR alpha1 and RyR genes were retrieved
from the Metazome v. 3.2 database from the University of Cali-
fornia, and conserved protein domains were assessed using the
NCBI Conserved Domain Database. DHPR alpha1 and RyR
protein sequences were aligned with the human sequences
using ClustalW and similarities were calculated using BLASTP
at NCBI GenBank.

(e) Immunohistochemistry
Live dissociated muscle cells (see protocol above) were incubated
in blocking solution (ASW-1% BSA) for 1 h and then suspended
with 1 nM tetramethylrhodamine-α-bungarotoxin (Sigma) in
blocking solution for 1 h. After the incubation, cells were washed
6 times × 5 min with ASW, centrifuged for 10 min at 500 RPM
and re-suspended in ASW. The cells were then imaged with
confocal microscopy (Fluoview 1000, Olympus, Tokyo, Japan).

AChR localization in arm tissue was visualized as follows.
Transverse sections of arms approximately 100 µm thick were
cut with a vibratome and incubated with 5 nM α-bungarotoxin
ATTO-633 (Alomone labs) in blocking solution (PBS + 0.1%
Triton X-100 (PBS-T) + 10% goat serum) for 2 h in the dark. Tis-
sues were rinsed several times with PBS-T, post-fixed with 4%
ASW and mounted with ProLong Gold antifade reagent (Life
Technologies, Milan, Italy) for investigation.

To visualize the position of the AChR relative to the cell axis,
a double staining was performed by incubating 100 µm frozen
arm sections for 2 h in the dark with: Alexa Fluor 488 α-bungar-
otoxin (Thermo Fisher Scientific) diluted 1 : 700 in blocking
solution +Alexa Fluor™ 647 Phalloidin (F-actin; Life Technol-
ogies, Milan, Italy) diluted 1 : 200 in blocking solution. Nuclei
were then counterstained, incubating sections for 2 h at RT
with Hoechst (nuclei; 1 : 1000).

DHPR and RYR labellings were performed on arm slices;
20 µm frozen sections were rinsed in 1× PBS, permeabilized in
PBS-T two times × 5 min at RT and incubated in blocking sol-
ution (PBS-T + 10% goat serum) for 1 h at RT. Mouse DHPR
alpha1 (1 : 200, Thermo Fisher Scientific) and rabbit RyR3
(1 : 1000, Millipore) primary antibodies were diluted in blocking
solution and applied overnight at 4°C. After several PBS-T
washes, sections were incubated respectively in Alexa-488 anti-
mouse and Alexa-568 anti-rabbit secondary antibodies (1 : 1000
in blocking solution) and Hoechst (nuclei; 1 : 1000) for 2 h at RT.
Tissues were rinsed several times and mounted in ProLong Gold
antifade reagent (Life Technologies, Milan, Italy) for analysis.

Arm slices were imaged using an inverted confocal laser
microscope (SP8, Leica Microsystems GmbH, Wetzlar, Germany),
and three-dimensional reconstructions were generated using
Leica Application Suite X software (LAS-X). Measurements of
AChR dimensions were performed using ImageJ.

( f ) Statistical analysis
Statistical analyses were performed using SigmaPlot 13.0 (Systat
Software, Inc.). Normality of the dataset was first assessed with a
normality test (Shapiro Wilk). t-Test and Kruskal–Wallis One
Way Analysis of Variance on Ranks were used to assess discre-
pancy among experimental groups. p-Value < 0.05 were
considered significant (*p < 0.05, ***p < 0.001). Data in histograms
are reported as means ± s.e.m.
3. Results and discussion
(a) Functional organization of the AChR at the NMJ
The octopus arm is composed almost entirely of spindle-
shaped muscle cells tapering sharply to a point; cell lengths
are non-normally distributed with a peak at approximately
700–900 µm (electronic supplementary material, figure S1).
The localization and distribution of ACh receptors (AChR)
were first characterized by labelling the nicotinic AChR in
arm samples and in isolated muscle fibres. In both the longi-
tudinal (L) muscles and trabeculae of the transverse muscle
(T), AChR were oriented along the main muscle cell axis in
an area surrounding the centre of the cells (figure 2—cf. con-
focal 3D projections in a (0°), b (90°x), c (90°y); figure 2d ). This
result was confirmed in isolated muscle fibres; AChR were
concentrated in a single eye-shaped area at the centre of the
cell where they overlapped with membrane invaginations,
likely reflecting a postsynaptic junction structure (figure 2e).
There was no significant difference in the length of the recep-
tor sites between L and T, its mean length being
approximately 16 µm (figure 2f; n = 37 in longitudinal and
n = 31 in transverse muscles; t-test, p = 0.42). That is, the
receptors site showed a similar arrangement irrespective of
the muscle group.
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Figure 2. Localization of AChR in the octopus arm muscle. (a,b,c) Confocal 3D projections of an arm transverse section at 0°, 90°x and 90°y, respectively. Both L and
T (trabeculae) muscles are visible and show the same longitudinal arrangement of the AChR (fluorescently labelled with α-bungarotoxin ATTO-633). (d ) Confocal
image of arm transverse section (T muscles) showing single muscle cells in red (F-actin labelled with phalloidin), AChR in green (fluorescently labelled with Alexa
Fluor 488 α-bungarotoxin) and nuclei in blue (DAPI). The localization of the AChR in a central area around the nucleus is highlighted by a yellow ellipse.
(e) Tetramethylrhodamine-α-bungarotoxin labelling of AChR in an isolated muscle cell as seen under a confocal microscope. AChR are concentrated in an eye-
shaped structure at a single site forming hill-like structures in a central area around the nucleus. ( f ) Length of the AChR in longitudinal (L) and transverse
(T) muscles show no significant differences (t-test, p = 0.42). Scale bars: (d ) 25 µm; (e) 5 µm.
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The presence of AChR was functionally assessed through
the application of 1 mM ACh puffed by air pressure through
a micropipette close to isolated muscle cells during whole-
cell patch-clamp recording. This treatment evoked membrane
depolarization that, if strong enough, could trigger typical
fast action potentials (figure 3a). The micropipette was
moved and ACh was puffed at different locations along the
cell. This revealed characteristic depolarizing responses increas-
ing in amplitude in a distance-dependent manner towards the
centre of the cell (figure 3b,c, n = 10), while the response delay,
quantitatively depicted in figure 3c, decreased towards the cell
centre. Hence, the magnitude of the depolarization and speed
of response are negatively correlated with the distance of the
ACh application from the cell centre. This spatial and temporal
response pattern fits the immunohistochemistry evidence of
AChR localization at the cell centre (figure 2d,e).

(b) The electrophysiological properties of the NMJ
The AChR ionic current properties were characterized by vol-
tage clamping. As shown in figure 4a,b the current/voltage
relationship (IV curve) revealed a linear relationship between
the amplitude of ACh-dependent current and membrane
potential, with a reversal potential at around −10 mV. This
suggests a close to equal contribution of Na+ and K+ currents,
similar to the vertebrate NMJ [23]. To confirm this, we applied
ACh in close proximity to the cell centre under three different
conditions: Na+ free (n = 6), low Na+ (approx. 10% of the
normal ASW (n = 5)) and normal ASW ((normal Na+, 460 mM)
(n = 34)). As depicted in figure 4c,d theACh-dependent variation
of membrane potential showed a statistically significant differ-
ence among the three conditions (Kruskal–Wallis one-way
analysis of variance on ranks, **p < 0.001).

We then tested the desensitization characteristic of the
octopus AChR. The ACh-dependent response did not decline
during at least 2 s of ACh application (figure 5a) or following
repetitive ACh applications (figure 5b; n = 19), indicating that
in contrast to other NMJ [24,25] this AChR lacks significant
desensitization.

(c) Characterization of muscle excitation–contraction
coupling

The octopus muscle action potential (AP) is primarily
mediated by a calcium current through L-type voltage-gated
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channels [22]. Because the muscle cells are electrically com-
pact, the AP is likely not required for propagating the
electrical signals along the muscle cell as is the case in ver-
tebrate muscle cells. That the AP of the octopus muscle cells
is mediated by Ca2+, rather than Na+, suggests that these
APs play a direct role in activating the contractile machinery.

To further investigate this point, muscle cells were stimu-
lated by current injection in Ca2+ free ASW (n = 16), and
membrane potential and contraction response were moni-
tored. Figure 6a shows that replacing the normal ASW with
Ca2+ free ASW eliminated the AP, and muscle contractions
could no longer be induced. A similar response was obtained
from applying ACh close to the cell centre in the same Ca2+

free condition (electronic supplementary material, figure
S2). External Ca2+ is thus necessary for both the generation
of the AP and contraction.

A transient increase in cytosolic Ca2+ concentration
may also be mediated by Ca2+ release from internal Ca2+

stores. The octopus muscle cells lack the typical sarcoplasmic
reticulum but present similar submembrane structures,
defined as subsarcolemmal cisternae (or terminal cisternae),
that may function as intracellular Ca2+ stores [1]. We, there-
fore, tested the possibility that internal Ca2+ stores are
involved in muscle contraction [26–28]. Muscle cells were
suspended in Ca2+-free ASW and 10 mM of caffeine was
applied with no additional stimulation. This caused a
slow transient membrane depolarization accompanied by
cell contraction (figure 6b). As the Ca2+-free external ASW
also contained EGTA, the contraction was likely due to
caffeine-induced Ca2+ release from internal stores [27,28].
Membrane depolarization could be explained by calcium
removal from the cytosol by the electrogenic Na+/Ca2+

exchanger or through Ca2+ activated nonselective cation
current [29–33]. However, the exact mechanism of this
depolarization in octopus muscle cells requires further
investigation, since the role of Ca2+-dependent membrane
currents varies among animals and in different tissues [34].
This set of experiments suggests that both internal and
external sources of calcium ions can contribute to muscle con-
traction and that the release of Ca2+ from intracellular stores
(such as the terminal cisternae) is induced by an inrush of
external Ca2+ rather than by voltage as in vertebrate skeletal
muscles [35].

To reveal the relative roles of external and internal Ca2+

in the development of cell contraction we perfused muscle
cells with normal ASW and stimulated them through the
patch pipette by raising the injected current in steps every
20 s until an action potential and cell contraction were
observed (figure 7; electronic supplementary material,
movie S3). The lowest stimulus inducing contraction was
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defined as the ‘control’ stimulation value (figure 7a). We then
applied 10 mM of caffeine through the perfusion system to
induce depletion of the Ca2+ from internal stores. After the
initial caffeine-dependent depolarization and contraction (as
in figure 6b) cells relaxed and the stimulation procedure
was then repeated in the presence of caffeine. Here, although
APs were evoked, no contraction was observed (figure 7b,c)
until stimulation values (current amplitude × stimulus dur-
ation) reached approximately 400% (401.4 ± 55.86% (n = 3))
of the control stimulation (figure 7d ). Thus, during caffeine-



–80

m
em

br
an

e 
po

te
nt

ia
l (

m
V

)
m

em
br

an
e 

po
te

nt
ia

l (
m

V
)

m
em

br
an

e 
po

te
nt

ia
l (

m
V

)
m

em
br

an
e 

po
te

nt
ia

l (
m

V
)

0 200 400 600
time (mS)

800 0 200 400 600
time (mS)

800

0 200 400 600
time (mS)

800 0 200 400 600
time (mS)

800

–60

–40

–20

0

20
normal ASW

0.25 nA 250 ms
contraction

caffeine
0.25 nA 250 ms
no contraction

caffeine
0.8 nA 500 ms

contraction

caffeine
0.5 nA 500 ms
no contraction

–80

–60

–40

–20

0

20

–80

–60

–40

–20

0

20

–80

–60

–40

–20

0

20

(b)(a)

(c) (d )

Figure 7. The effect of caffeine on muscle cell contraction. (a) A muscle cell in normal ASW responded to 0.25 nA stimulation with APs and contraction.
(b,c) Following caffeine-induced depletion of internal Ca2+ stores (indicated by cell relaxation and membrane repolarization). (b) The cell responded with APs
but no contraction was observed even at strong stimulation higher than in control (compare a with b,c). (d ) Contraction responses were obtained in the presence
of caffeine only after strong stimulation (approximately 400% of that in (a)).

–100
0 100 200 300

time (ms)

m
em

br
an

e 
po

te
nt

ia
l (

m
V

)

m
em

br
an

e 
po

te
nt

ia
l (

m
V

)

contraction

caffeine

time (ms)
400 500 0 1000 2000 3000 4000

–80

–60

–40

–20

0

20

40
no AP and no contraction

AP and contraction

no Ca2+

with Ca2+

–100

–80

–60

–40

–20
(b)(a)

Figure 6. The role of Ca2+ in octopus muscle cell contraction. (a) Isolated muscle cells in ASW responded to current injection with an APs and contraction. Neither
AP nor contractions were observed in response to current injection after replacement of normal ASW with Ca2+-free ASW. (b) Application of 10 mM of caffeine
evoked membrane depolarization and muscle cell contraction in cells suspended in Ca2+-free EGTA ASW. (Online version in colour.)

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

286:20191278

7

induced depletion of the internal store, the action potential
was still able to evoke contraction but this happened only
at a higher threshold.

The difference in E-C characteristics revealed with caf-
feine (figure 7) suggests that Ca2+-dependent Ca2+ release
(CICR) from intracellular stores contributes to cell contrac-
tion. This mechanism is likely to be driven by Ca2+ entering
via voltage-dependent Ca2+ channels as depolarization in
Ca2+-free external solution did not trigger contraction and
depolarization alone is insufficient for activating calcium
release from intracellular stores (figure 6a). Thus, calcium
release from intracellular stores appears to be voltage-
independent and to play a fundamental role in muscle
contraction. Yet, the finding that contraction can be induced
after depletion of the internal Ca2+ stores suggests that
Ca2+ entering through Ca2+ channels may also contribute
directly to muscle contraction, especially during vigorous
activation of the muscle cells. These results suggest that octo-
pus muscle cells possess a unique E-C mechanism that
governs cell contraction both directly through external Ca2+

current during the action potential and indirectly through a
CICR mechanism.



(b)

(a)

Figure 8. Octopus bimaculoides DHPR alpha1 subunit (a) and RyR (b) conserved domains. (a) Note the conservation of the four homologous repeats of transmem-
brane helices (Ion_trans) that constitute the pore and the voltage-gated calcium channel IQ domain (Ca_chan_IQ,) regulating cellular calcium flux. (b) In the RyR
sequence, we could identify three SPRY domains, important for protein–protein interaction that may represent docking sites for DHPR, EF-hands and Ca2+ binding
sites at the C terminal domain. (Online version in colour.)
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Figure 9. Immunofluorescence localization of DHPR alpha1 (a) and RyR3 (b) on a section of longitudinal arm muscle fibres (Alexa-488 anti-mouse and Alexa-568
anti-rabbit secondary antibodies respectively). These proteins are distributed along muscle cells and localized in close proximity at specific points (c), (see also insets
in c); (DHPR: green; RyR3: red; nucleus: blue (DAPI)). Scale bar (c): 10 µm.
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(d) Identification of RYRs and DHPRs in the muscle
support CICR mechanism

The canonical mechanism involved in CICR from internal
stores requires the existence and function of proteins such
as the DHPR–RyR complex on the sarcoplasmic reticulum
[36]. To test for the CICR mechanism in the octopus muscle
cells we used genomic informatics and immunohistoche-
mistry labelling to identify the presence and arrangement
of proteins such as the DHPR–RyR complex on the subsarco-
lemmal cisternae (the octopus analogous of the sarcoplasmic
reticulum). We searched particularly for dihydropyridine
receptors (DHPR), which belongs to the high-voltage-
activated family of voltage-gated calcium channels like the
L-type Ca2+ channel that probably mediates the Ca2+ current
identified in octopus muscle cells [22]. We also investiga-
ted the presence of ryanodine receptor families (RyRs) that
mediates Ca2+ release from internal stores. These channels
play a major role in the E-C coupling of striated and cardiac
muscles [37].

The bioinformatics analysis identified the predicted
DHPR alpha1 subunit and RyR in the sequenced genome
of the closely related Octopus bimaculoides [38]. We found
that octopus DHPR alpha1 subunit (2190 amino acidic resi-
dues) shares 62% of amino acids identity and has a 75%
similarity with the human alpha1 subunits of the L-type
voltage-dependent calcium channel. The main sites involved
in the channel functions are well conserved (figure 8a). They
include four homologous repeats of transmembrane helices
(Ion_trans) that constitute the pore, the voltage-gated calcium
channel IQ domain (Ca_chan_IQ) that regulates cellular cal-
cium flux and a GPHH motif closely associated with IQ
and found in voltage-dependent L-type calcium channel pro-
teins in eukaryotes. Octopus RyR shared 50% identity of
amino acids with the human voltage-independent RyR
type3, which control the resting calcium ion concentration
in skeletal muscles. Main domains involved in the channel
functions are conserved; among these, three SPRY domains,
important for protein–protein interaction and representing
docking sites for DHPR, EF-hands, and Ca2+ binding sites
at the C terminal domain [39] have been identified (figure 8b).

DHPR and RyR were detected on octopus muscle fibres
using human monoclonal and polyclonal antibodies, respect-
ively; both receptors were found to be scattered along the
cells (figure 9a,b). The confocal images in figure 9c show a
detailed co-distribution analysis and 3D reconstruction of
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the double-labelled samples, where the two proteins are
frequently visible in close proximity at specific locations
across the sarcolemma (figure 9c, insets). These locations
may correspond to the presence of subsarcolemmal cisternae.

DHPR and RyR are known to be important for linking
cell membrane events to intracellular compartments such as
the sarcoplasmic reticulum. Consequently, the rise of cyto-
plasmic calcium induced by extracellular Ca2+ influx
through L-type calcium channels (DHPR receptors) will acti-
vate the RyRs that mediate Ca2+ release from internal stores
(in the octopus, the subsarcolemmal or terminal cisternae)
[35,40]. It is, therefore, reasonable to assume that this topolo-
gical organization represents the functional link between
sarcolemmal events and the voltage-independent release of
calcium from intracellular stores. We identified RyR type3.
These receptors are voltage-independent and are possibly
activated through a CICR process [36]. This further supports
the suggestion that the rise in cytosolic calcium is responsible
for muscle contraction mediated by a voltage-independent
CICR process.

(e) A comparative overview: the octopus neuromuscular
system is unique

We have shown that the octopus muscle cells respond to
ACh in a restricted area lying around the centre of the cell
close to the cell nucleus and where AChR are concentrated.
This region has an eye-shaped hill-like structure and was
heavily stained for AChR in dissociated muscle cells and arm
musculature preparations (figure 2). All muscle cells, irrespec-
tive of which muscle group they belong to (longitudinal or
transverse), showed a similar pattern of AChR clustering.
This fits with previous findings that the muscle cells in the
different orientation groups are comprised of similar morpho-
logical and physiological units [2,7]. This feature is likely to
simplify motor control because it implies that the relationship
between motoneuronal activity and muscle mechanical
output is constant in all muscle groups and, therefore, the ana-
tomical organization of the muscles in the arm is an important
factor in constraining the arm motor output.

The neuromuscular system of molluscs is highly diversi-
fied. For example in molluscs, excitatory nerves can activate
brief phasic responses or prolonged tonic contractions,
responsible for the passive catch state, depending on the
specific properties of muscles and their innervating neurons.
Individual muscle fibres may be innervated by a single or
poly excitatory neurons (which can be either cholinergic or
glutamatergic) or by dual, inhibitory and excitatory neurons
[41]. This variability in molluscs neuromuscular configur-
ation is probably due to the functional diversity of the
different muscular systems and therefore our findings here
likely represent an evolutionary adaptation of a molluscan
neuromuscular system to achieve an efficient motor control
of long and flexible hydrostatic arms (see [21]).

To better understand the functional implications of our
findings, it is useful to compare the organization of the octo-
pus arm NMJ with those typical of striated muscles in
appendages of both vertebrates and invertebrates (electronic
supplementary material, figure S4).

The octopus arm NMJ maintains the polyneuronal
pattern of innervation typical for invertebrates, but the NMJ
of each of the motoneurons with the postsynaptic AChR
occur at a single postsynaptic site (endplate) as in vertebrate
skeletal muscles (uniterminal innervation). This is an unusual
innervation pattern for invertebrates, especially compared to
arthropods, where the motoneuron axon terminals form
many synaptic junctions (multiterminal innervation) along
the entire length of muscle cells (electronic supplementary
material, figure S4). These differences can, at least partly, be
attributed to the very large and long dimension of the arthro-
pods muscle cells relative to the small and electrotonically
compact muscle cells of the octopus arm [2,7].

This phylogenetic comparative anatomical assessment of
the octopus arm neuromuscular system agrees strikingly
with the dimensions and the excitable properties of striated
muscle cells in vertebrate and arthropods. In vertebrate
skeletal muscles, the EPSPs at the localized NMJ (endplate)
evoke a fast Na+ action potential that propagates along
the long muscle fibre, activating the voltage-dependent con-
tractile machinery. The arthropod muscle cells are usually
unexcitable and contraction is regulated through a uniform
depolarization of the entire cell induced by the multiterminal
innervation along the cell. In sharp contrast, the octopus
muscle cells are small and electrically compact [7], meaning
that EPSPs at the centre of the cell control the membrane
potential of the entire cell, eliminating the need for multi-
spatial innervation or for action potentials propagation
along the muscle cell (electronic supplementary material,
figure S4). It is, therefore, conceivable that the voltage-gated
Ca2+ channels can mediate both subthreshold Ca2+ entry
along the entire cell and action potential-driven massive
entry of extracellular calcium, activating vigorous contrac-
tion. This spiking activity, which is rare in molluscan
muscle cells, is similar to that recorded in the special molluscan
catch muscles [42].
4. Conclusion
Based on the E-C properties of octopus arm muscle cells, it is
tempting to speculate that these cells rely on two different
activation modalities. In the first mode, a low stimulus inten-
sity generates a small Ca2+ influx through the voltage-gated
Ca2+ channels, which activates CICR from the internal
stores and may induce a graded range of contractions. The
second mode is activated by stronger stimuli causing a
robust Ca2+ influx to the cytosol through the voltage-gated
Ca2+ channels. This, in addition to the induction of a robust
Ca2+ release from internal stores, can also directly activate
the contractile machinery leading to a vigorous contraction.
Moreover, this current may maintain a high cytosolic Ca2+

level that leads to a stronger and longer contraction, even
after the total release of Ca2+ from the internal stores and
the [Ca2+]i-dependent inactivation process of the RYRs, as
reported in other systems [37,43]. The electrical compactness
of the muscle cells ensures that all these events effectively
activate the contraction mechanism over the entire cell.

That muscle activation involves several activation modes
conforms well to the unique polyneuronal innervation pre-
viously reported [7,44] and the properties of the NMJ and
AChR revealed here. Each muscle cell is innervated by
three distinct cholinergic inputs, each with a distinct post-
synaptic response [7,44], indicating that each motoneuron
may be engaged in mediating different modes of activation.
The large synaptic inputs may activate what we described
above as the vigorous activation mode, reaching the high
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threshold for activation of Ca2+ spikes, while those with
lower amplitudes may regulate the graded contraction
through frequency-dependent summation of EPSP trains.
These AChR lack desensitization properties, differing from
the nicotinic AChR in vertebrates NMJ [25,45]. This suggests
that this non-desensitizing property is especially suitable for
a continuous membrane depolarization by a barrage of EPSPs
bombarding a single junctional postsynaptic site. This may be
important, for example, for the motoneurons with small
EPSPs in tonically controlling steady muscle tension. Desen-
sitization of the postsynaptic receptors would impair such a
tonic modulation. In this scenario, the motoneurons with
exceptionally large EPSPs are perfect for bringing the mem-
brane potential into high voltage ranges, leading to a
vigorous contraction mode that would trigger phasic actions
and strong contraction or stiffening of muscles. It is very
likely that this polyneuronal innervation of the muscular
system is implemented for example, in the independent neur-
onal control of muscle stiffness (tonic control) and the
contraction/actuation dynamics (phasic control).

Our results, therefore, suggest that in the octopus the differ-
ent motoneuronal pools innervating each muscle cell in the
arm are likely involved in activation of different E-C coupling
modes, thus enabling the control system to recruit the appro-
priate dynamics of muscles activation. Possibly this mode of
control has evolved for allowing efficient switching between
functioning as a dynamical skeletal element, formed by stiffen-
ing, or as an actuator for motion generation.
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