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needed to define the task, posing a great load on any motor
control system. It is therefore a major challenge to understand movement control in such systems, be they robotic or
biological (Chirikjian and Burdick, 1990; Hollerbach, 1990;
Colbaugh and Glass, 1992; Bizzi, 1993; Walker, 2000;
Flash and Hochner, 2005; Walker et al., 2005). An extreme
example of a redundant biological movement system is the
octopus arm. The arm can bend at any point and in any
direction and can elongate, shorten, and twist. Its extraordinary motor capabilities are achieved through the absence
of a skeleton and its being composed almost entirely of
muscle fibers (such a structure is called a muscular-hydrostat, Kier and Smith, 1985). The arm’s capabilities and the
variety and precision of its movements make it an ideal
biological model system for studying the control of kinematically redundant movements (Gutfreund et al., 1996;
Sumbre et al., 2005, 2006).
The octopus nervous system is divided into a central and
a peripheral nervous system. The central nervous system
contains the brain and the two optic lobes, while the peripheral nervous system includes the ganglia of the body and
arms, the latter arranged as axial nerve cords projecting
from the brain along the center of each arm (Young, 1963,
1971). Most of the peripheral neurons are located in the
axial nerve cords, which are organized into an extensive
nervous system comprising both sensory and motor circuits
(Young, 1963; Rowell, 1966; Graziadei, 1971). Behavioral
studies suggest that many of the complex actions performed
by octopus arms are organized at the level of the peripheral
nerve cord (Altman, 1971; Wells, 1978; Sumbre et al.,
2001, 2005, 2006). The nerve cord circuitry is thus not a
simple relay station to and from the brain but plays a major
role in the control of arm behavior.

Abstract. The extremely flexible octopus arm provides a
unique opportunity for studying movement control in a
highly redundant motor system. We describe a novel preparation that allows analysis of the peripheral nervous system
of the octopus arm and its interaction with the muscular and
mechanosensory elements of the arm’s intrinsic muscular
system. First we examined the synaptic responses in muscle
fibers to identify the motor pathways from the axial nerve
cord of the arm to the surrounding musculature. We show
that the motor axons project to the muscles via nerve roots
originating laterally from the arm nerve cord. The motor
field of each nerve is limited to the region where the nerve
enters the arm musculature. The same roots also carry
afferent mechanosensory information from the intrinsic
muscle to the axial nerve cord. Next, we characterized the
pattern of activity generated in the dorsal roots by electrically stimulating the axial nerve cord. The evoked activity,
although far reaching and long lasting, cannot alone account
for the arm extension movements generated by similar
electrical stimulation. The mismatch between patterns of
activity in the isolated cord and in an intact arm may stem
from the involvement of mechanosensory feedback in natural arm extension.
Introduction
In redundant systems, the number of degrees of freedom
involved in movement generation is far greater than those
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The actions of reaching toward a target or extending an
arm are created by a stereotypical wave-like forward propagation of a bend along the arm (Gutfreund et al., 1996).
Bend propagation is accompanied by a wave of muscle
activity traveling down the arm (Gutfreund et al., 1998).
Unique to the octopus arm, stereotypical bend propagation
can be evoked in an isolated arm by electrically stimulating
the axonal tract of the arm nerve cord or by applying tactile
stimulation to the skin or suckers. Thus, the basic motor
program for arm extension is embedded within the neuromuscular system of the arm itself (Sumbre et al., 2001). The
brain appears to activate and scale the output of a peripherally distributed control system, possibly demonstrating
the importance of hierarchical organization in redundant
motor systems.
To investigate this unique peripheral nervous system, we
have developed an in vitro preparation of an isolated axial
nerve cord. We physiologically identified the numerous
nerve roots that arise laterally from the nerve cord as carrying both motor and sensory axons. Anatomical and lesion
studies indicate that each root enervates muscle fibers
within its vicinity (Martoja and May, 1956; Rowell, 1963).
Identifying these roots as motor nerves to the intrinsic
muscles of the arm allowed us to analyze patterns of activity
generated by the isolated axial nerve cord and nerve roots
after electrical stimulation of the axonal tract. We could
then compare these outputs with the movements generated
by such stimulation in isolated arms.
Materials and Methods
Experimental animals and physiological solution
Specimens of Octopus vulgaris were either collected
from the Mediterranean shore by local fishermen or supplied by the Zoological Station in Naples, Italy. The animals
were maintained in glass tanks, dimensions 50 ⫻ 50 ⫻ 40
cm, containing seawater at 17°C, and were kept on a 12-h
light/dark cycle. The water, prepared from synthetic sea salt
(Instant Ocean, Aquarium Systems), was continuously circulated in a closed system and filtered through coral dust
and active charcoal. Artificial seawater (ASW) was used as
the normal physiological solution during preparation and
experiments. It contained (in mmol/l): NaCl, 460; KCl, 10;
MgCl2, 55; CaCl2, 11; Hepes, 10; glucose, 10; pH 7.6.
Electrophysiological recordings
The octopuses were anesthetized in a 1:1 solution of 7.5%
(weight/volume) MgCl2 and seawater (Messenger et al.,
1985). Following anesthesia, a segment of an arm was
quickly removed and placed in oxygenated ice-cooled seawater for up to 5 min. The length of the segment removed
depended on the size of the octopus and the experiment to
be performed. The arms from which the tip had been re-

moved started regenerating a few days after lesion. We
observed no visible effect of amputation on the octopus’
feeding and foraging behavior and saw no changes in its
food consumption, so the same octopus was used for several
experiments.
The removed segment of the arm was pinned dorsal side
up on a Sylgard-coated dish filled with cold ASW. A dorsal
incision along the arm exposed the axial nerve cord, 2–3 cm
of which was dissected away from the surrounding tissue
and pinned lateral side up (Fig. 1A). Loose connective
tissue was removed with fine forceps, and the clean isolated
nerve cord was placed in the recording chamber and continuously perfused with oxygenated ASW at room temperature (flow rate ⬃3.5 ml/min ⬃ 0.5 bath volume/min). Glass
suction electrodes with an opening of 50 –150 m were
used for recording extracellularly from specific locations
along the nerve cord, either by drawing a nerve root into the
pipette or by placing the electrode over an axonal tract. A
silver wire wrapped around the outside of the pipette served
as a reference electrode. All recordings were amplified with
a differential AC amplifier (Warner Instrument Corp. DP304), filtered (300 Hz–10 KHz), and saved on a video-based
system (Neurodata). Electrical stimulation consisted of 0.1-ms
negative current pulses passed through similar glass suction
electrodes or with bipolar silver electrodes. Stimulus intensity was generally set slightly above response threshold.
A similar preparation was used for intracellular recording
from muscle fibers (for details, see Matzner et al., 2000).
After the suckers and skin were removed, a strand of longitudinal and transverse muscles from the lateral aspect of
the arm was dissected out together with the axial nerve cord
(about 20 mm long and 1 mm thick). Care was taken to keep
the nerves between the axial nerve cord and the muscle
strand intact. The preparation was pinned down on a Sylgard-coated dish and perfused with oxygenated seawater at
room temperature. Intracellular recordings from muscle fibers were made with sharp glass microelectrodes (25– 40
M⍀ when filled with 3 mol/l K-acetate and 0.1 mol/l KCl)
using the Axoclamp 2B in bridge mode. The nerves were
stimulated with fine (75-m) bipolar stainless steel electrodes. This preparation also served for identifying motor
activity in the nerves by recording en passant from the
nerve with a suction electrode while simultaneously intracellularly recording muscle cell postsynaptic potentials
(PSPs). A similar preparation was used for identifying afferent mechanosensory activity in the dorsal roots. Here the
muscles were stimulated mechanically with a fine rod
driven either manually or with a loudspeaker activated by
pulse generator (Master-8, AMPI).
Results
The anatomy of the nervous system of the octopus arm
was first described by Martoja and May (1956) and Rossi
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Figure 1. The in vitro preparation of the axial nerve cord. (A) A lateral view of the isolated nerve cord
(dorsal side up). Each swelling is a single brachial ganglion. The numerous ventral roots are clearly seen
projecting from each ganglion (arrows). (B) Dorsal roots originate from the borderline of the axonal tract (some
marked by arrowheads). (C) Unstained transverse section of the axial nerve cord at the level of a brachial
ganglion, showing the two dorsally located bundles of the axonal tract (AT), the cell body or perikaryal layer
(NCL), and the internal neuropil (NP) of the ganglion.

and Graziadei (1954, 1956, 1958, summarized in Graziadei,
1971). The axial nerve cord, running along the center of
each arm, consists of a chain of ventral ganglia and two
dorsal axonal tracts (the cerebrobrachial tracts, AT in Fig.
1C). This division into the dorsal axonal tracts and ventral
brachial ganglionic chain is clearly visible in the isolated
axial nerve cord preparation (Fig. 1A, B). The axonal tracts
form a more transparent band, contrasting with the opaque
ganglionic chain. The latter consists of closely spaced ganglia, each of which can be seen as a swelling in the isolated
preparation (Fig. 1A). Each ganglion is located opposite the
alternating member of a pair of suckers of which about 300
are organized in two parallel rows along the ventral surface
of the arm (Graziadei, 1954; Martoja and May, 1956). The
brachial ganglia exhibit typical invertebrate organization
(Fig. 1C), with an outer layer of cell bodies (perikaryal
layer) enveloping an internal neuropil (Graziadei, 1971).

Many nerves project from each ganglion in different
directions. Graziadei (1971) divided them into two groups:
the nerves of the suckers (about 20 per ganglia) and the
nerves of the intrinsic musculature. The nerves of the suckers arise ventrally (i.e., oral side) from the ganglia and pass
through the intrinsic musculature to innervate the suckers
(Martoja and May, 1956; Graziadei, 1971). These relatively
long and thick roots can be clearly seen in the ventral part
of the preparation (Fig. 1A, B, arrows in A). We termed
these the ventral roots. The nerves of the intrinsic musculature, which arise laterally from the ganglia, are thought to
carry motor fibers to the intrinsic musculature and to the
chromatophores, and sensory fibers from the arm periphery
(Martoja and May, 1956; Graziadei, 1971). These nerves,
which we term dorsal (i.e., aboral) roots, mostly originate at
the borderline between the axonal tract and the ganglionic
chain (arrowheads in Fig. 1B). In the isolated preparation,
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this latter group of nerves appears smaller and less regular
than the ventral roots. In some areas they could not be
observed at all, probably because they are embedded in the
connective and muscle tissue and are frequently damaged
during the isolation procedure.
Intracellular recordings from muscle fibers
To identify motor signals in the dorsal root activity, a
suction electrode attached en passant recorded extracellular
activity in the dorsal root, while the postsynaptic responses
were recorded intracellularly from muscle fibers of the
intrinsic musculature. Efferent activity was induced by a
stimulus train (10 –100 Hz) to the axonal tract. The activity
of some of the neurons in the nerve root correlated with
muscle excitatory postsynaptic potentials (EPSPs). Figure
2A shows a single large action potential preceding the
internally recorded EPSP by a fixed delay (2.8 ms). Figure
2B shows the typical large triphasic (positive-negative-positive) waveform of a propagating action potential appearing
3.0 ms before the onset of a muscle EPSP. Figure 2C shows
a train of action potentials corresponding one-to-one with
the muscle EPSPs (the last EPSP in the train induced muscle
contraction). These experiments confirmed that extracellular
recording can detect motor activity in the dorsal nerve roots
and that efferent activity from dorsal roots reflects at least
part of the motor commands to the intrinsic musculature.
We next studied the spatial distribution of muscle innervation by dorsal roots. We stimulated single dorsal roots and
recorded the responses evoked in muscle fibers located
either adjacent to the stimulated root or adjacent to the next
ganglion. In Figure 3A, six examples for muscle EPSPs
recorded from a fiber in the vicinity of the stimulated root
show a variety of rise times and amplitudes, allowing classification into three EPSP clusters (Fig. 3C) as found by
Matzner et al. (2000). The probability of recording evoked
EPSPs in muscle cells adjacent to the stimulated nerve were
much higher (58%, n ⫽ 45) than from muscle cells adjacent
to the next proximal or distal ganglia (7%, n ⫽ 124). In
addition, as seen in Figure 3B, D, successful recording in
the muscle adjacent to the next ganglion revealed fewer
types of PSPs. These results suggest that the motor fields of
the dorsal nerve roots are longitudinally restricted, each root
mainly innervating the muscle area surrounding its ganglion.
Recordings of mechanosensory signals
Graziadei (1965) identified elements with morphological
characteristics typical of stretch receptors in the intrinsic
muscle of the octopus arms. To physiologically identify
possible pathways for feedback signals to the axial nerve
cord, we used the nerve cord–muscle preparation described
above. The muscles were stimulated mechanically with a
glass rod driven by a loudspeaker while extracellular neural
activity was recorded from the dorsal roots.

Figure 2. The dorsal nerve roots contain motor axons innervating the
arm muscle fibers. (A–C) Three examples of EPSPs recorded intracellularly in the muscle that correspond with dorsal root activity recorded
extracellularly by an en passant suction electrode. The EPSPs were recorded from a muscle fiber opposite the dorsal nerve root. (A) The traces
are aligned according to the EPSP onset. A single unit (arrow) in the bursts
evoked by axonal tract stimulation precedes the EPSP by a constant
interval (2.8 ms). (B) The traces were aligned by the peak negativity of the
root’s action potentials. (C) The EPSPs in the muscle (upper trace) correspond with a spontaneous burst of action potentials in the root (lower
trace). Calibrations: A, 20 mV/2 ms; B, 40 mV/4 ms; C, 10 mV/20 ms.

Figure 4 gives two examples of single units that were
clearly responsive to the mechanical stimulation—a purely
phasic ON-OFF response to the mechanical stimulation
(4A), and mainly ON responses (4B). The spatial sensitivity
of the mechanoreceptors was tested by using a micromanipulator to position the rod (Fig. 4). In the experiment in
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Figure 3. Motor neurons in the dorsal root innervate muscle fibers only in the close vicinity of the root. (A)
Postsynaptic responses evoked by stimulating a dorsal root ipsilateral to the recorded muscle fiber. Three types
of responses are recruited as stimulation strength increases from the lower to the upper traces. (B) Example of
the one type of EPSP in a muscle fiber adjacent to the next ganglion evoked by the same stimulation as in A.
(C) Plot of amplitude vs. rise-time of the EPSPs in A. Three distinct clusters, representing three types of neuronal
inputs, can be recognized (marked by closed lines). (D) Amplitude vs. rise-time distribution of the EPSPs
recorded in the muscle adjacent to the next ganglion shown in B. Only one class of PSPs can be distinguished.

Figure 4B, the intensity/response relationship was quantitatively measured. The lowest threshold intensity was obtained in the area marked 1, corresponding to the external
oblique muscle group ipsilateral to the recorded root. We
mapped spatial sensitivity in six preparations; the most
sensitive area was always in the external margin of the arm
musculature near the recorded root. Only single or very few
units were ever activated by the mechanical stimulation
(Fig. 4). In addition, afferent activity could be recorded in

only about 1 out of 4 dorsal roots. These findings suggest
that the mechanosensory system is sparsely distributed
along the outer margin of the arm musculature.
Extracellular recordings in the isolated nerve preparation
Activity in the nerve roots of the isolated nerve cord
could be maintained for 4 – 6 h, while action potentials in
the axonal tract could be evoked up to 30 h after isolation of
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Figure 4. Mechanical stimulation of the muscles generates afferent activity in the dorsal nerve roots,
recorded by a suction electrode (insets). (A) The spatial sensitivity was mapped with stimulus of constant force
to the outer muscle groups. The highest response was obtained ipsilateral to the dorsal root. The circled numbers
schematically show the locations and the corresponding responses. (B) An additional example of threshold
mapping of the spatial sensitivity. In each site, responses to three different stimulus intensities are shown. The
intensity of the mechanical stimulation is arbitrarily relative to the loudspeaker input voltage (lower traces). The
circled numbers schematically show the locations and the corresponding responses. Note the lowest threshold at
the outer ipsilateral side of the muscle (labeled 1). The dotted area shows schematically the area innervated by
the ipsilateral root.
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the cord. This allowed us to study the functional circuitry of
the axial nerve cord in vitro. We focused on neural activity
evoked in the dorsal roots that carry the motor axons to the
intrinsic arm muscles (see above).

Activity generated by stimulating the ventral roots
Stimulation of ventral roots induced bursts of activity in
nearby dorsal roots (Fig. 5). These bursts appeared to depend on synaptic transmission because they disappeared in
low Ca⫹⫹ ASW and showed a robust depression with
repeated stimulation at rates higher than 1/min (not shown).
To ascertain whether there was some coordinated pattern
among the different ganglia, we recorded simultaneously
from two to three nerve roots at different locations along the
nerve cord (Fig. 5A). The upper trace in Figure 5A shows
the activity in the most proximal electrode; the lower trace
shows the recording from the most distal electrode. The
stimulus (10 pulses at 100 Hz) was applied through a fourth
pipette to a more proximal ventral root. The neuronal response can be seen as a wave of activity propagating from
the most proximal electrode to the most distal, with the
number and frequency of spikes decreasing as it travels. The
increase in delay and decrease of burst robustness with
increasing distance between stimulating and recording electrodes was seen in most of the experiments (see Fig. 6).
To explore whether there is a preferred direction of
propagation for this wave of activity, we stimulated a ventral root near the proximal end of the preparation and
afterwards one near the distal end (schematically shown in
the insets in Fig. 5). The recording electrodes were attached
either to dorsal roots (Fig. 5B, D) or to ventral roots (Fig.
5C, E). In both cases, proximal stimulation caused the
activity to appear first in the proximal electrode and later in
the distal electrode. Distal stimulation reversed this order.
No consistent difference was found between the velocities
of propagation in the two directions. This shows that neuronal activity propagates away from the stimulus site
equally in both directions.
We compared the speed at which the neuronal activity
propagated from ganglion to ganglion to compare with the
propagation velocities of electromyogram waves and with
movement velocities measured in intact behaving animals
(Gutfreund et al., 1998, Sumbre et al., 2001). To estimate
propagation time, we used the lag of the peak in the crosscorrelation function. The signals recorded simultaneously
from two different nerve roots were rectified, shifted to
zero, and cross-correlated. The period containing the stimulus artifacts was not included. Figure 6A shows the potential recorded from two dorsal roots 2 cm apart (inset Fig. 6).
The stimulus was applied to a more proximal ventral root (5
pulses at 100 Hz). The cross-correlation function of these
signals given in Figure 6B shows a phase lag of 26 ms

between the two signals, giving a propagation velocity of 77
cm/s.
The same procedure was applied to 46 pairs of dorsal root
recordings in different preparations. The histogram in Figure 6C summarizes the results, revealing a broad range of
velocities, most of which lie within the range of velocities
found in arm extensions (6 – 60 cm/s) in behaving animals
(Gutfreund et al., 1996) and in isolated arms (Sumbre et al.,
2001). Other velocities correspond either to very high
speeds (small lag shifts in the cross-correlograms, n ⫽ 12,
gray bar in Fig. 6C) or to bursts propagating back in the
opposite direction (i.e., negative lags, n ⫽ 4, empty bars in
Fig. 6C). Note that propagation velocity can only be roughly
estimated because of the burst variability (duration, frequency, envelope, etc.).
Activity generated by stimulating the axonal tracts
We next stimulated the axonal tracts with the protocol
that successfully initiated arm extensions in isolated or
amputated arms (Sumbre et al., 2001) and recorded the
evoked activity in the dorsal roots at two locations along the
isolated nerve cord. In the examples in Figures 7A, B and
7C, D, the stimulus train triggered robust activity in the two
dorsal roots, which declined gradually over several seconds.
Cross-correlating the activities of the distal and proximal
electrodes over a time span of 300 ms (bars) revealed a
symmetrical distribution around zero delay, with no clear
indication for a lag shift. In contrast to ventral root stimulation, axonal tract stimulation did not evoke propagating
bursts in any of the 12 experiments.
Analysis of the activity generated by the first pulse in
the train (Fig. 7B) revealed a positive phase shift of about
6 ms, corresponding to a propagation velocity of about
300 cm/s. This velocity reflects conduction in the axons of
the axonal tract.
Detailed inspection of single units in the evoked activity
revealed some correlations between neurons recorded at the
two roots; for example, the evoked burst in Figure 7C
contained a unit that appeared in the two roots at a fixed
time interval of about 3 ms (Fig. 7D). This suggests that
some neurons may have a bifurcating axon projecting in
several roots.
Discussion
The experiments reported here are part of a long-term
study of the unique, highly redundant motor system of the
octopus arm. We have analyzed reaching and fetching
movements, their dynamics and kinematics, and the underlying muscular activities. We are also examining the neuronal basis of the motor program for arm extension (Gutfreund et al., 1996, 1998; Matzner et al., 2000; Sumbre et
al., 2001; Rokni and Hochner, 2002), fetching (Sumbre et
al., 2005, 2006), and other stereotypical movements. The
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Figure 5. Simultaneous recordings from nerve roots distributed along the axial nerve cord. (A) Simultaneous recordings from three dorsal roots from proximal (upper trace) to distal (lower trace). The middle and
distal electrodes were 5 and 11 mm from the most proximal electrode. A train of 10 pulses at 100 Hz was applied
to a more proximal ventral root. The delay to the onset of activity increased and the strength of the burst
decreased with distance from the site of stimulation. (B–E) There is no preferred direction of activity
propagation. A stimulus applied to the proximal end of the preparation evoked activity in both dorsal (B) and
ventral roots (C), which appeared first in the more proximal and later in the more distal electrode. Stimulation
of the distal end of the preparation (D and E) reversed the order, so that activity appeared first in the distal and
then in the proximal electrode.

newly developed in vitro preparations now allow us to
probe the functional organization of the axial nerve cord in
the octopus arm.
Intracellular EPSPs from longitudinal and transverse
muscle fibers in the octopus arm were correlated with relatively large single units in the dorsal nerve roots of the
axial nerve cord. We could thus confirm that the axons of
the motor neurons to the arm muscles leave the axial nerve
cord via its dorsal roots, with the field of innervation of each
nerve restricted to an ipsilateral area near the ganglion.
These findings agree with anatomical descriptions of radial
connections from the axial nerve cord to the surrounding
intrinsic musculature via the lateral and dorsal nerve roots
(Martoja and May, 1956; Graziadei, 1971). In addition, we
show that the dorsal roots also contain sensory afferents
from mechanosensory elements in the intrinsic muscles of
the arm.
We have previously reported three types of synaptic
responses in octopus arm muscles, indicative of differential
slow and fast motor innervation (Matzner et al., 2000). Here

we found that the core of both slow and fast muscle activation is limited to the region where the dorsal nerve root
enters the muscles. The large number and close distribution
of dorsal roots, all lying only about 0.2 mm apart, suggests
that the motor innervation provides a local and continuous
control of muscle contraction. Since some slow EPSP responses were observed farther from the site of stimulation,
some slow motor neurons may have somewhat longer axons
extending not only radially but also longitudinally. The
function of these different motor neuron types is yet to be
explored.
Octopus arm muscle fibers are only about 1 mm long, and
they are also compact electrotonically. No significant electrical coupling between muscle cells has been revealed
(Matzner et al., 2000; Rokni and Hochner, 2002). Because
of this, and as each motor nerve innervates only a small
region, we would expect spatiotemporal patterns of muscle
activation to be accompanied by similar patterns of activity
in the motor neurons in the axial nerve cord; that is, the
propagating wave of muscle activity observed during arm
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Figure 6. Estimation of propagation delay. (A) Simultaneous recordings from two dorsal roots 2 cm apart.
A stimulus of 5 pulses at 100 Hz was applied to a ventral root located more proximally. (B) The cross-correlation
function between the rectified signals in A over a span of 0.5 s. The axes intersect at zero phase lag. (C) Summary
histogram of 46 experiments as in A. The bins represent the phase lags of the cross correlations (gray bar, less
then 5 ms phase lag; black bars, positive delays; empty bars, negative delays).

extension (Gutfreund et al., 1998; Sumbre et al., 2001)
should be accompanied by a wave of neuronal activity
propagating along the axial nerve cord.
The extraordinary mobility of amputated octopus arms
(Wells and Wells; 1957; Rowell, 1963; Wells, 1978; Altman, 1971; Sumbre et al., 2001) indicates the extensive role
of the axial nerve cord circuitry in controlling arm movements. We have shown here that the axial nerve cord
contains networks that can generate a phase lag between the
activity in adjacent ventral and dorsal nerve roots without
requiring feedback (Figs. 5, 6). Stimuli delivered to the
ventral root of the isolated nerve cord can evoke longlasting neuronal discharges, which are synaptically mediated. However, the activity recorded in the isolated nerve
cord was not sufficient to account for a complete whole-arm
behavior such as arm extension: (1) the bursts generated
by electrical stimulation tended to decrease as they traveled down the exposed nerve cord (Fig. 5); (2) in contrast
to the very typical forward propagation in natural movements, the electrical activity did not show any clear
directional preference (Fig. 5); and (3) it was impossible
to distinguish between distal and proximal ends of the

cord on the basis of the electrical response of nerve roots
or axons.
Instead, this activity could be associated with the local
reflexes. A common reflex of the octopus arm is the grip
reflex (Rowell, 1963; Wells, 1978; Altman, 1971); sufficiently strong mechanical or chemical stimulation of a
sucker causes the arm to bend and adjacent suckers (both
distal and proximal) to serially protract toward the stimulus. Since ventral roots project directly to the sucker
apparatus, stimulating a ventral root may mimic the sensory signal (mechanical and chemical) from a single
sucker, and the burst of activity in ventral roots from
neighboring ganglia may reflect the motor output to
neighboring suckers. Activity in dorsal roots may reflect
the motor signal to the intrinsic musculature for progressively bending the arm.
We were unable to initiate a propagating pattern of activity in the nerve roots by stimulating axonal tracts (Fig. 7)
using the stimulation paradigm that evoked stereotypical
arm extension in amputated or isolated arms (Sumbre et al.,
2001). Unlike the fictive rhythmical movements generated
by central pattern generators in the spinal cord (see review
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Figure 7. Two examples (A, C) of cross-correlation analysis of the
activity in two dorsal nerve roots evoked by axonal tract stimulation
(shown schematically). Cross-correlation functions between the activities
of the proximal (black) and distal (gray) electrodes. No increase in correlation was seen within the range of time lags corresponding to the range of
natural speeds of bend propagation (broken line below the correlogram).
(B) The phase shift of the onset of activity evoked by the first stimulus in
the train corresponds to a propagation velocity of about 300 cm/s. (D) In
the example shown in C, there was a fixed delay of ⬃3 ms between units
in the two roots.

by Grillner and Wallen, 2004), the axial nerve cord of the
octopus arm cannot support such fictive arm extension. It
therefore appears likely that feedback from muscles, for
example from stretch receptors that we report here, is part of
the feed-forward circuitry controlling arm extension.
Sensory feedback is important for the propagation of
oscillatory activity in several systems generating rhythmic
behavior, such as swimming in leech and lamprey (for
review, see Hill et al., 2003). Sensory feedback is especially
important for coordination of the phase coupling along the
body segments. In leeches, intersegmental coordination is

maintained with severed nerve cords (Yu et al., 1999),
because feedback from stretch receptors in the body wall
controls the segmental central pattern generators that produce the undulation rhythm (see Friesen and Cang, 2001).
We suggest that some kind of feedback from the octopus
arm musculature, skin, or suckers (or some combination of
these) is similarly important for controlling the propagation
of the activation wave during arm extension. Morphological
studies (Graziadei, 1965) and the evoked responses to mechanical stimulation of the muscles (Fig. 4) suggest the
presence of such a feedback system.
In addition to the axial nerve cord, four other, much
smaller, nerve cords have been identified in the arms. These
intramuscular nerve cords run along the periphery of the
intrinsic musculature, connecting with the main axial nerve
cord at regular intervals. Some neurons in these cords innervate local muscle fibers. However, more prominently,
small multipolar nerves in the musculature, which may
serve as stretch receptors, project to these nerve cords
(Graziadei, 1965). Our finding that muscle mechanoreception is most sensitive in peripheral muscle fibers agrees with
Graziadei’s anatomical description. Moreover, it suggests
an interesting organization in the context of the mechanics
of the arm. The mechanosensory system of the intrinsic
musculature is preferentially located in the periphery where
muscle strain is expected to be stronger during bending of
the arm. The peripheral location and the apparently serial
local sensory organization make this afferent system ideally
suited for sensing bending of the main arm trunk, in terms
of bend position and direction (cf. Grillner et al., 1984, for
the lamprey). We suggest that this sensory information is
crucial for organizing and executing the motor activity
underlying bend propagation in arm extension and reaching
movements, a hypothesis that requires further experimental
testing.
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