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Abstract
Cephalopods have arguably the largest and most com-
plex nervous systems amongst the invertebrates; but
despite the squid giant axon being one of the best stud-
ied nerve cells in neuroscience, and the availability of
superb information on the morphology of some cephalo-
pod brains, there is surprisingly little known about the
operation of the neural networks that underlie the so-
phisticated range of behaviour these animals display.
This review focuses on a few of the best studied neural
networks: the giant fiber system, the chromatophore sys-
tem, the statocyst system, the visual system and the
learning and memory system, with a view to summariz-
ing our current knowledge and stimulating new studies,
particularly on the activities of identified central neurons,
to provide a more complete understanding of networks
within the cephalopod nervous system.

Copyright © 2004 S. Karger AG, Basel

Introduction

The coleoid cephalopods, comprising the squid, octo-
pus and cuttlefish, have arguably the most advanced ner-
vous systems amongst the invertebrates and certainly the

most sophisticated systems within the phylum Mollusca
[1–5, for reviews]. The only other extant group within the
class Cephalopoda is the Nautiloids, which consist of 5
species that have retained the heavy external protective
shell but have relatively simple nervous systems that pre-
sumably reflect the ancestral, more primitive form [6].
Although the nervous systems of the coleoid cephalopods
are large and complex, containing up to 108 neurons [7],
the primal organization of the nervous system, with dis-
tributed ganglia, can still be discerned in the large brain in
that it is divided into distinct lobes connected by neural
tracts and connectives. This can be clearly seen in sections
of the squid brain (fig. 1), where the lobes of the dorsal
part of the brain are partially separated from those in the
ventral part of the brain by the oesophagus, which passes
through the brain centre.

Although the anatomy of the cephalopod nervous sys-
tem (CNS) has been well described for a few species, e.g.
Sepia officinalis [8], Octopus vulgaris [9], Loligo vulgaris
[10, 11], and the giant axons of the squid are perhaps the
most intensively studied and modelled neurons in the
whole of neuroscience, there is much less information
available on the physiological activity and connections
within the cephalopod CNS. This review focuses on a few
of the systems where such information is available but the
need for further investigations and more detailed infor-
mation, particularly physiological activity data, will be
apparent throughout.
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Fig. 1. Sagittal histological section through the brain of the squid,
Alloteuthis subulata, showing some of the major lobes within the
brain. Anterior chromatophore lobe (ACL), basal lobe (Bas.), superi-
or frontal lobe (Fr.S.), magnocellular lobe (Mag.), oesophagus (Oes.),
posterior chromatophore lobe (PCL), palliovisceral lobe (PV), and
vertical lobe (Vert.).

The Giant Fiber Network

The giant fiber system is perhaps the most famous neu-
ral network system in cephalopods and comprises a chain
of 3 interconnected giant nerve cells on each side of the
animal. The system is present in most squid and cuttle-
fish, but rarely in octopuses, and is used in the jet-pro-
pelled escape response where sensory input, mainly from
the eyes, results in a rapid contraction of specific muscles
in the body mantle; this explosively expels water through
the animal’s funnel and produces a rapid backward es-
cape movement of the animal. There are obvious parallels
here with the C-start, escape response seen in some fish,
driven through the Mauthner cell system [12], and the
tail-flip escape response seen in some crustaceans [13].

The squid giant fiber system starts with the first order
giant cell (soma up to 150 Ìm in diameter) lying within
the ventral magnocellular lobe of the brain (fig. 1, 2).

Information obtained from electrophysiological record-
ings from this cell [14], and from its morphology, position
within the brain relative to other neuronal groups and the
behavioural data showing how the system can be acti-
vated [15, 16], indicate that it receives major inputs from
the visual and vestibular systems. Thus a perceived visu-
al threat, or perhaps patterns of water borne vibrations
detected by the statocyst or lateral line system, will pro-
vide sufficient excitation to trigger activity in the axon of
the first-order giant fiber. The axon from this cell runs to
the palliovisceral lobe where it crosses to the contralateral
side and makes contact with its contralateral equivalent
and then goes on to make synaptic contact with several
second-order giant neurons (fig. 2) within the pallioviscer-
al lobe [17, 18]. The contact between the two first-order
giants is very strong and ranges from membrane fusion in
the squid, to a large, presumed electrical synapse, in the
cuttlefish. This arrangement ensures that both sides of the
descending giant fiber system are activated simultaneous-
ly during any escape-type response. Some of the second-
order giant fibers innervate the retractor muscles of the
head and funnel but in squid a single large axon exits the
brain in the pallial nerve and runs to the stellate ganglion
in the mantle body, where it connects, via a ‘giant syn-
apse’, to the third-order giant cells. The third-order giant
cells innervate the mantle musculature via axons in the
stellar nerves, the most posterior of which is generally
known as ‘the squid giant axon’ and has been the subject
of detailed physiological investigations since its descrip-
tion by Young [19, 17]. The third order giant fibers are
syncytial in that each axon is supported by up to 100 cell
somata [20] and the resulting giant axon can be up to
1,500 Ìm in diameter [21]. Direct electrical stimulation of
the first-order giant cell, via an electrode in the magnocel-
lular lobe [22], results in a short latency action potential in
the pallial nerve (second-order cell active), followed by a
spike in an ipsilateral stellar nerve (third-order cell ac-
tive). The synaptic connection between the second- and
third-order cells in the stellate ganglion is sometimes
known as the squid giant synapse and its morphology
[23], physiology and pharmacology [24, 25] have been
well studied, particularly since it is feasible to place intra-
cellular electrodes simultaneously in both the pre- and
post-synaptic cells, as well as use imaging techniques to
monitor changes in the concentrations of intracellular
ionic species, such as calcium [26, 27]. Despite the con-
certed interest in this synapse, it is only recently that glu-
tamate has been tentatively confirmed as the principal
neurotransmitter, which perhaps serves as a useful re-
minder of how difficult it can be to firmly identify central
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neurotransmitters in invertebrates. The results of much of
the work on the giant synapse have recently been re-
viewed by Llinas [25] and clearly show the value and
promise of this network as a model system for investigat-
ing the fundamental mechanisms involved in synaptic
transmission.

The giant fiber system described here is of course a
simplified version of the larger neural network that con-
trols swim-jetting behaviour in squid and cuttlefish and
even many of the escape-type responses often involve
non-giant fiber activity that introduces more flexibility
into the behaviour and may also act to compensate for
fatigue when the system is repeatedly activated [16].

The Chromatophore System Control Network

Cephalopods can very rapidly change the colour and
patterning of their skin through direct neural control of
skin chromatophore organs [28]. They use these skin
colour changes for both inter- and intra-specific signaling
and for crypsis and camouflage [29]. The system is based
upon thousands of elastic sacs embedded in the skin, each
filled with a choice of coloured pigments [30] and each
surrounded by a set of radial muscles which when active
expand the sac to display the colour within, but when
inactive permit the elastic sacs to contract to a small, near
invisible, specks of colour. Thus, whole areas of the skin
can change colour almost instantaneously, and static or
active patterns can be displayed by activation and inacti-
vation of groups of chromatophores. Note that this cepha-
lopod skin colour system differs from those found in some
fish, amphibians, reptiles or crustaceans in that it is not
controlled through the endocrine system but directly con-
trolled by muscles that are innervated from neurons
whose soma are located in the brain.

The skin patterns produced by the cephalopod chro-
matophore system are strongly influenced by the visual
environment of the animal; thus different signaling pat-
terns can be produced in the presence of prey, predators,
potential mates or rivals, as well as when matching the
background or substrate with appropriate skin camou-
flage patterns [29]. The importance of the visual input
seems to be reflected in the central nervous control system
for it appears to be organized in a strictly hierarchical
fashion (fig. 3), with the highest level of control located in
the optic lobes, which are also largely concerned with pro-
cessing the visual input from the eyes. From the optic
lobes there are projections to the intermediate control
centers in the lateral basal lobes (BL) of the brain, lying on

Fig. 2. Schematic representation of the giant fiber network in the
squid. Right and left: first-order giant fibers have their cell bodies in
the magnocellular lobe of the brain but, as their axons cross over to
make synaptic contact with the second-order giant cells in the oppo-
site side of the palliovisceral lobe, they fuse briefly together in a chias-
ma. The second-order giant cells send an axon out of the brain in the
pallial nerve to make contact with the third-order giant neurons with-
in the stellate ganglion. Note that the third-order giant cells are sup-
ported in a syncytial arrangement, with multiple cell bodies.
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the right and left posterior side of the supra-esophageal
lobe, and from here there are large fiber tracts connecting
to the anterior and posterior chromatophore lobes (ACL
and PCL, respectively) where the majority of the chro-
matophore neuronal somata are located (fig. 3). There are
numerous additional tracts and interconnections to other
brain regions that make up this chromatophore control
network, including projections back to the optic lobes [9]
and peduncle lobes (Ped.) [28]. The importance and ve-
racity of these descending pathways in the control net-
work have been elucidated from anatomical tracings [9–
11, 31–34], ablation experiments [35–38], electrophysio-
logical recordings [39, 40], and focal electrical stimulation
[31, 41, 42]. Thus, electrical stimulation of areas within
the optic lobes has been shown to evoke complete and
recognizable skin patterns, whereas stimulation of the
lower motor centers containing either the chromatophore
neuron somata, or the intermediate brain nuclei that
innervate the ACL and PCL, evokes only localized skin
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Fig. 3. Schematic representation showing the interconnections be-
tween the optic lobe, peduncle lobe (Ped.), lateral basal lobe (B.L.),
and anterior and posterior chromatophore lobes (A.C.L. and P.C.L.,
respectively). The visual input from the eyes is processed within the
optic lobes and this influences the selection of skin pattern that is
then orchestrated through the peduncle and lateral basal lobes, before
being activated from the motoneurons in the anterior and posterior
chromatophore lobes.

colour changes or incomplete skin patterns. Although
neurons within the ACL generally innervate chromato-
phores on the head and arms, whereas neurons in the PCL
generally innervate chromatophores on the mantle, there
is no clear evidence for a more detailed topographical
matching of neuronal cell body location within the lobe
and chromatophore location on the body [31, 43]. There
is evidence however, from focal electrical stimulation of
PCL motoneurons, that the chromatophores are orga-
nized into motor units of between 6 and 60 chromato-
phores and that individual chromatophore muscles are
innervated by more than one motoneuron [44]; thus some
basic skin patterns could be ‘hard-wired’ within the PCL
or ACL and selected or mixed by the activation of specific
motor units. However, more recent work [40] has shown
that many PCL neurons are dye-coupled, a common indi-
cation of electrical coupling, and this could undermine the
finding of Dubas et al. [43]. Finally, it should be noted
that there is no known feedback from the chromatophore
units to the CNS, other than through visual monitoring,

and of course, not all chromatophores are visible to the
animal itself. This, therefore, is an example of a complex
and dynamic motor output that appears to have a limited
or incomplete feedback system.

The Statocyst Network

The cephalopod statocysts are the principal sense or-
gans detecting body orientation with respect to gravity
and movements in space; they operate and perform in a
manner, and at a level of sophistication, that is similar
to that of the vertebrate vestibular system [45–48]. The
coleoid cephalopods have two bilaterally symmetric stato-
cysts located just ventral to the brain, and embedded in
the cranial cartilage. Each of these right and left statocysts
has two separate receptor systems: one which detects the
linear accelerations including gravity, the macula/stato-
liths system, and the other which detects angular accelera-
tions, the crista/cupula system. A significant body of mor-
phological and electrophysiological data has been ob-
tained from the crista/cupula and macula/statolith sys-
tems showing how they are constructed, their response
characteristics and the network of interconnections that
modulates and controls their operation. The angular ac-
celeration receptor system consists of thin strips (cristae)
of sensory hair cells and associated neurons which run
around the inside of the statocyst approximately in the
three orthogonal planes of the animal. In decapods such as
squid and cuttlefish, the crista is subdivided into four seg-
ments, while in octopus, into nine segments. Each one of
these crista segments (fig. 4a) carries an overlying gelati-
nous cupula which is attached to the tips of the mechano-
sensory hair cells and moves like a sail as the endolymph
fluid within the statocyst cavity shifts during a head
movement and thus stimulates the underlying sensory
hair cells [47–49]. The sensory epithelia of the crista seg-
ments (fig. 4a) contain three main cellular elements:
(1) sensory hair cells arranged in up to eight rows, and
subdivided into two main types: the primary hair cells
(with an axon passing towards the brain) and large and
small secondary hair cells (without an axon but making
synaptic contact with afferent neurons); (2) first-order
afferent neurons lying close to the sensory hair cells and
also comprising two sub-types, i.e. large and small prima-
ry afferent neurons, and finally (3) efferent cell inputs
from the brain that innervate the sensory hair cells as well
as the first-order afferent neurons [50]. Electrophysiologi-
cal recordings from the statocyst have shown that the
macula/statolith system responds to gravity but also to
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Fig. 4. a Schematic representation of a
cross-section through the crista epithelium
of the squid statocyst showing the overlying
cupula, the secondary mechanosensory hair
cells (dark stippled), the primary mechano-
sensory hair cells (light stippled), and the
large and small afferent neurons (unstip-
pled). The large efferent input to the system
is not shown. b Block diagram showing the
main output and input connections between
the statocyst and brain in Octopus. The con-
nections were revealed by dye tracings of the
Octopus posterior crista nerve [after 67].
The arrowheads indicate afferent projec-
tions from the statocyst, whereas the filled
circles indicate the sites of efferent cell
bodies. Anterior basal lobe (B.A.), median
basal lobe (B.Med.), dorsal magnocellular
lobe (Mag.D.), ventral magnocellular lobe
(Mag.V.), peduncle lobe (Ped.), anterior
pedal lobe (Pe.A.), posterior pedal lobe
(Pe.P.), anterior lateral pedal lobe (Pe.L.A.),
posterior lateral pedal lobe (Pe.L.P.) and
palliovisceral lobe (P.V.).

vibrations in the surrounding fluid [51] whereas the cris-
ta/cupula system acts as an angular velocity detector and
has functional response characteristics similar to those of
the vertebrate semicircular canal system [52]. The cellular
elements within the crista epithelia, and presumably also
within the sensory epithelia of the maculae, are linked by
a network of synaptic interconnections and receive a very
powerful efferent input from the brain; both of these oper-
ate to modulate and control the afferent information to
the brain.

Synaptic Interaction between Mechanosensory Hair
Cells
Paired intracellular recording from neighboring prima-

ry sensory cells revealed that action potentials in one pri-
mary hair cell resulted in a one-for-one transmission to
the other cell and this appeared either as a post-synaptic
potential or as an action potential [53]. Furthermore,
injection of depolarizing or hyperpolarizing currents into
a primary hair cell resulted in a depolarization or hyper-
polarization of the respective neighbour, demonstrating
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that they are electrically coupled and with coupling coeffi-
cients of ^0.4 for the primary sensory hair cells [53, 54].
The secondary sensory hair cells, which are located on the
outermost ventral side of the horizontal crista segments,
were also shown to be coupled electrically with higher cou-
pling coefficients of ̂ 0.6 [55]. There was no electrical cou-
pling found between the primary and secondary, but this
was expected as these hair cells are known to be functional-
ly polarized in the opposite directions [49, 56, 57] and so
such coupling would act to cancel out their responses. The
advantage of electrical coupling between the sensory hair
cells may be that it acts to improve the signal to noise ratio
of the system, at the expense of reducing the high-frequen-
cy response, and thus improves the overall sensitivity.

Efferent System
The statocyst efferent cells make up a major propor-

tion of the axons within the statocyst nerves with, on aver-
age, 75% of the axons considered to be efferent fibers [50,
57]. Individual sensory hair cells and first-order afferent
neurons receive more than 15–30 efferent endings, re-
spectively [50, 59] and these efferent inputs can have very
powerful effects on the afferent responses. Recordings
from crista cells have shown that the majority of the effer-
ent innervation onto the hair cells and the first-order neu-
rons is inhibitory but excitatory and mixed effects are also
present [53, 56]. Although electrical, efferent synaptic
connections cannot be ruled out, many of the efferent con-
tacts onto the sensory hair cells or the afferent neurons
have been shown to be chemically mediated [53, 54] with
morphological and histochemical evidence for the pres-
ence of two types of efferent populations with two differ-
ent neurotransmitters [50, 61, 62]. By direct electrical
stimulation of the efferents [63, 64], while recording the
afferent output from the statocyst [51], or by pharmaco-
logical application of acetylcholine to mimic inhibitory
efferent action and catecholamines to mimic excitatory
efferent actions [60], it has been shown that the efferents
have very powerful, but selective actions on the statocyst
sensory epithelium. A further complication to the control
and activity within this network is that there is evidence
that the strength of the electrical coupling between the
hair cells and afferent neurons may be modulated by the
efferent innervation [65, unpublished data].

Interactions between Hair Cells and First-Order
Afferent Neurons
Using light- and electron-microscopic studies of Octo-

pus vulgaris, Budelmann et al. [57] demonstrated that
there are two types of first-order afferent neurons, those

with large somata (diameters between 20 and 35 Ìm) and
those with small somata (diameters 5–15 Ìm). They also
demonstrated that the large afferent neurons probably
receive much of their input from the large second-order
mechanosensory hair cells while the smaller afferent neu-
rons receive their input from the smaller second-order
hair cells. However, there is a clear difference in the rela-
tionships between these two pathways in that there are
roughly 4 large hair cells to each large afferent neuron,
indicating a convergence of information flow, whereas
there are roughly twice as many small afferent neurons
compared to the number of small second-order hair cells,
indicating a divergence of flow. Although the synaptic
connections between the second-order sensory hair cells
and the first-order neurons appear chemical, on the basis
of ultrastructural data and some physiological evidence
[46, 56, 66], recent results have indicated that there may
also be some electrical coupling between these cell groups
[53].

Central and Efferent Projection of the Statocyst Nerves
Dye fills of the nerves from the statocysts [67] in octo-

pus show that the axons from the primary afferent neu-
rons and primary sensory hair cells from the cristae and
maculae epithelia project directly and indirectly to nu-
merous centers within the brain (fig. 4b) with the main
areas being (1) the ipsilateral, and lateral parts of the con-
tralateral, anterior pedal lobes, (2) the ipsilateral, and the
contralateral, posterior pedal lobes, and (3) the ventral
brachial and ventral magnocellular lobes. Further dye
injections into the octopus brain [67] showed that the per-
ikarya of the maculae and cristae efferents were located
dorsally and ventrally in the lateral parts of the anterior
palliovisceral lobe and posterolaterally in the posterior
pedal lobes (fig. 4b). Some perikarya were also seen in the
anterior lateral pedal lobe.

Thus the cephalopod statocyst is a sophisticated sense
organ that rivals the vertebrate vestibular system in its
functional characteristics and contains an intricate net-
work of neural connections that acts to modulate and con-
trol its operation and output. In terms of investigating
how such complex networks operate, the cephalopod ves-
tibular system offers significant advantages for the experi-
menter over the analogous vertebrate system in that it is
accessible, embedded in soft cartilage instead of bone, the
afferent neurons have their somata in the periphery and
hence paired recordings can be made from hair cells and
their afferents, and there is a very large efferent innerva-
tion (70% of the fibers in the nerve compared with 8–18%
in vertebrates) with powerful and diverse effects.
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The Visual System

Cephalopods are highly visual predators utilizing a
pair of large, elaborate eyes that are often cited as a text-
book case of convergent evolution because of their close
parallels with vertebrate eyes [2]. Both groups have single
chamber, camera type eyes, with focusing lenses, variable
sized pupils, large retina with foveal areas where the
receptor cells are more densely packed to increase acuity,
and a screening pigment that migrates outwards under
high light intensities [7, 68–71]. There are nevertheless
distinct differences in the cephalopod system in that:
(1) the photoreceptors are of the invertebrate, rhabdomer-
ic type [70], with each photoreceptor having an axon that
exits at the back of the retina and so there is no blind spot
in the cephalopod retina; (2) only rod-like photoreceptors
are present in the cephalopod retina and these appear sen-
sitive to a narrow range of light wavelengths and so vision
is almost exclusively monochromatic [but see 72];
(3) polarized vision is common in cephalopods [73, 74];
(4) the retina contains only the photoreceptors and the ter-
minals of an efferent projection and so visual processing,
as found in the vertebrate retina, is most likely relocated
to the optic lobe region of the brain [75, 76].

The cephalopod optic lobes are large CNS areas, lying
just behind the eyes, which receive the photoreceptor
axons from the eyes and are connected to the rest of the
brain and motor centers through large optic tracts. It is
within these optic lobes that the major processing of
visual information is believed to occur [e.g. 9, 77–79].
Each of the paired optic lobes has two anatomically dis-
tinct areas; an outer cortex and a central medulla [e.g. 9,
31, 80, 81]. The outer cortex, also called the ‘retina pro-
funda’ or ‘deep retina’ [8] due to its similarity with the
ganglionic layer of the vertebrate retina, is where most of
the processing and classification of the visual inputs from
the retina is thought to occur [81]. This cortex is mainly
composed of two layers of cell somata; the outer and inner
granule cell layers that are separated by a complex neuro-
pil zone, the plexiform zone [10, 31]. In octopus, the outer
granule layer comprises mainly amacrine neurons lacking
axons, but in decapods, cells with axons running towards
the medulla have also been reported [10, 82]. By contrast,
the inner granule cell layer in both octopods and decapods
has a more varied cellular composition, containing four
main cell types: reverse amacrines and centrifugal cells as
well as the more centrally occurring centripetal and multi-
polar neurons [9, 10, 81, 82].

The much larger central medulla area is considered as
a visuomotor region which also serves as a memory centre

[45, 82]. The medulla consists of numerous clusters of cell
bodies (or cell islands) separated by tracts of fibers (neuro-
pil), containing both axons and dendrites. The cell islands
contain many large unipolar cells that branch into numer-
ous, presumably dendritic, branches, one of which forms
an axon which passes towards the optic tract. This tract
provides the communication between the optic lobe and
other areas of the CNS [9, 10, 83].

Synaptic Interactions within the Visual System of
Cephalopods
Although the cephalopod retina contains only photore-

ceptors and supporting cells, the photoreceptors have bas-
al processes that could permit interactions between pho-
toreceptors [75, 76]. This view is supported by single unit,
extracellular recordings from the photoreceptor axons
that indicate that the retinal outputs are already organized
into ‘on-off’ receptive fields [84], presumably through a
network of direct photoreceptor to photoreceptor interac-
tions. In addition, the efferent input to the retina from the
brain has been shown to modify the retinal responses,
again presumably through synaptic connections with the
photoreceptors within the retina [76].

Within the optic lobe, the retinal photoreceptors termi-
nate mainly in the plexiform zone of the outer cortex [9,
10] and are retinotopically mapped onto the lobe [85].
Morphological studies indicate that the photoreceptors
make synaptic contact with the amacrine neurons located
in the outer and inner granule cell layers [86] and this is
supported by field potential recordings showing synaptic
responses within the plexiform zone 2–6 ms after optic
nerve stimulation [87]. The neurotransmitter employed
by the photoreceptors is likely to be acetylcholine [88, 89].
Using a brain slice preparation, Chrachri and Williamson
[90] have recently shown that stimulation of an optic
nerve bundle in cuttlefish evokes excitatory postsynaptic
currents in amacrine neurons located in the inner granule
cell layer, supporting the view that these neurons are in
direct synaptic contact with the retinal photoreceptors. A
class of centripetally running neurons, with somata in the
inner granule cell layer, has their dendritic fields orga-
nized in specific planes and directions within the plexi-
form zone such that they could extract orientation infor-
mation from the visual field [9, 10, 81]. The axons of these
centripetal neurons pass into the medulla and physiologi-
cal recordings of their activity [91] support the view that
these are second order visual neurons. Within the medul-
la, Young [9] identified radial columns of cells that make
lateral interactions as they proceed deeper into the medul-
la and he proposed that these make contact with feature-
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Fig. 5. Block diagram showing the main output and input connec-
tions between the optic lobes and other brain regions in Octopus. The
connections were revealed by dye injections and tracings from the
optic lobes [after 67, 83]. The arrowheads indicate afferent projec-
tions from the optic lobe, whereas the filled circles indicate the sites
of efferent cell bodies. Anterior basal lobe (B.A.), anterior dorsal bas-
al lobe (B.D.A.), posterior dorsal basal lobe (B.D.P.), interbasal lobe
(B.Int.), lateral basal lobe (B.L.), median basal lobe (B.Med.), bra-
chial lobe (Br.), prebrachial lobe (Br.Pr.), lateral inferior frontal lobe
(Fr.I.L.), lateral superior frontal lobe (Fr.S.L.), median superior fron-
tal lobe (Fr.S.Med.), dorsal magnocellular lobe (Mag.D.), ventral
magnocellular lobe (Mag.V.), olfactory lobe (Olf.), peduncle lobe
(Ped.), posterior lateral pedal lobe (Pe.L.P.), precommissural lobe
(Prec.) and subvertical lobe (Sub.V).
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detecting neurons. As yet there is no physiological evi-
dence to support this hypothesis although Chrachri and
Williamson [unpubl.] have recorded from neurons within
the medulla that responded with volleys of EPSCs to stim-
ulation of the optic nerve photoreceptor axons.

The efferent neurons that innervate the retina have
their somata in the inner granule cell layer of the optic
lobe and could modify the photoreceptor responses
through action on the cell membrane potentials, the elec-

trical coupling between cells, and through changes in the
screening pigment location [71, 92]. Intracellular record-
ings from these efferent neurons show that they receive
short latency inputs immediately after stimulation of the
photoreceptor axon bundles, implying that there are di-
rect connections between the afferent and efferent net-
works [93; Chrachri and Williamson, unpubl.].

Central Connections of the Optic Lobes
The output and input pathways between the optic

lobes and the rest of the brain have been studied by a vari-
ety of histological and dye tracing techniques [9, 67, 83]
and a large number of both direct and indirect projections
were identified. A summary of the direct, ipsilateral path-
ways from the octopus optic lobe to the central brain is
shown in figure 5. In the main, the optic lobe output fibers
project to various divisions of the prebrachial, brachial,
pedal, magnocellular, basal, subvertical, peduncle, olfac-
tory and contralateral optic lobes. Additional smaller pro-
jections have also been observed, as well as numerous pos-
sible indirect projections. However, without supporting
evidence, such as physiological recording or stimulation
data, these are difficult to interpret. Inputs to the optic
lobes from the central brain arise from many of the main
output areas identified above (fig. 5) as well as from the
frontal and inferior frontal lobes. The peduncle and olfac-
tory lobes located on the optic tract [94], the former some-
times known as the cephalopod cerebellum [95], seem
particularly well situated to play a major role in the pro-
cessing of visual information. Similarly, the magnocellu-
lar lobe, which is involved in the escape behaviour, and
the vertical lobe, which has been shown to be involved
with both visual and tactile memory [9], both appear
strong candidates for further physiological studies of
visual evoked activity.

Networks Involved in Learning and Memory

Learning and memory capabilities are well developed
in cephalopods and there is a substantial body of work
describing their performance in various forms of short-
and long-term memory tasks [e.g. 28, 96–99] as well as in
tests of habituation, conditioning, associative learning,
discrimination learning, and even social learning [e.g. 9,
15, 100–103]. These reports show that cephalopods can
rival the accomplishments of many vertebrates in such
tasks [e.g. 104]. However, in experiments testing sensory
discrimination, where partial brain ablations were also
performed, it was found that there appear to be two quite
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distinct central memory systems present, one for visual
tasks and another for tactile/taste tasks [105–107] and
that: (1) tactile learning is mostly associated with the sub-
frontal lobes; (2) visual learning is associated with the
optic lobes; (3) damage to the vertical and sub-frontal
lobes does not affect movement nor posture, but is specifi-
cally disruptive to learning, and finally (4) lesions to the
vertical lobe affect both visual and tactile learning sys-
tems [for reviews, see 9, 11, 32, 108, 109].

The Visual Memory System
The store for visual memory appears to be associated

with the optic lobes, but there is an important ancillary
circuit involving the median superior frontal lobes and
the vertical lobe [99, 110–113]. Experimental evidence
indicates that visual memories are laid down bilaterally,
although normally an octopus attacks with the prey image
in the visual field of a single eye, implying that the memo-
ry established in one optic lobe must be transferred to the
contralateral optic lobe via the central, large commissure.
Interruption of this commissure prior to training abol-
ishes transfer while section afterwards does not [114].

The discrimination of the visual image is thought to
take place in the optic lobe cortex via the pathway
described above; i.e. the photoreceptor cells synapse with
second-order neurons in the cortex of the optic lobe [9]
and these second-order neurons (the amacrine and centri-
petal neurons) have dendritic fields [10] arranged to best
extract particular aspects of the visual input (such as
object orientation) and match this information with re-
spect to body orientation, as given by the gravity detecting
system in the statocysts. Axons from the second order
neurons pass to the central medulla of the optic lobe
where they combine with the inputs from other neurons in
the visual pathway to form ‘classifying cells’; this informa-
tion is then transferred to other CNS areas where an
appropriate response to the visual cue is elicited [99]. It
has been postulated that visual inputs related to a poten-
tial predator, and thus likely to evoke an escape response,
are communicated via identified pathways to the magno-
cellular lobes, for these are involved in direct motor
responses, whereas visual inputs related to potential prey
items, and thus likely to evoke an attack sequence, are
communicated via separate pathways to the peduncle and
basal lobes, which are involved in orchestrating more
complex motor sequences [99].

Numerous other experiments have confirmed that vi-
sual discrimination tasks are impaired by lesions in the
vertical lobe system [113, 115] and that if part of this lobe
is removed, then the accuracy of the memory is propor-

tionately reduced. Similar results have also been obtained
after manipulations of the optic lobes [111]; however, ani-
mals without a peduncle lobe are still capable of learning
visual discrimination tasks, but the execution of the
responses is impaired [94]. Impairment of visual discrim-
ination tasks can also be achieved through biochemical
disruption for Robertson et al. [116] have shown that
inhibition of the nitric-oxide synthase system blocks vi-
sual learning.

The Tactile Memory System
Cephalopods possess a separate memory system for

touch learning [117]. This system takes information from
the arms and numerous sensory receptors associated with
the arm suckers [e.g. 118] and ensures that the arms draw
food objects towards the mouth and reject non-food
objects [119]. A clear example of this second system is the
ability to learn to discriminate between rough and smooth
objects; this is not a visual task, for the test objects used in
these experiments could not be visually discriminated,
and the task could be learned in the absence of the optic
lobes (a necessary lobe for visual task learning), but could
not be learned in the absence of the sub-frontal lobes
[117]. Although this sub-frontal lobe contains the major
tactile memory, the vertical lobe has also been shown to
be involved in tactile learning [99, 117, 120]. As with the
visual system, the brain systems involved in tactile learn-
ing can be disrupted by the administration of blockers of
protein synthesis or nitric oxide synthase activity [116,
121].

Since the vertical lobe participates in both types of
learning, it would be of considerable interest to see wheth-
er the same populations of neurons are involved in both,
or whether there are separate pools for each. Physiological
experiments in progress indicate that the octopus vertical
lobe can exhibit long-term potentiation (LTP), a phenom-
enon closely associated with vertebrate memory, and it
may be that the early analogies drawn between the verte-
brate hippocampus and the cephalopod vertical lobe on
the basis of structural similarities [e.g. 95] can be con-
firmed by physiological and behavioural experiments.

With regard to the neurotransmitters implicated in
learning and memory, there is already substantial evi-
dence for the involvement of cholinergic system in both
vertebrates [122–124] and invertebrates [125–127]. Simi-
larly, within the cephalopods, there is biochemical and
pharmacological information on the distribution of ace-
tylcholine within the CNS [128, 129] and clear evidence
that disruption of the cholinergic systems in the higher
CNS centers, such as in the vertical and frontal lobes,
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interferes with both learned behaviours [130] and memo-
ry recall [131]. There is of course extensive evidence for
the presence of almost all of the other major neurotrans-
mitters and neuromodulators within the cephalopods
CNS [for reviews see 31, 128], but apart from acetylcho-
line and nitric oxide there is little published work linking
these specifically to memory and learning.

Conclusion

This short review of neural networks within the cepha-
lopods has focused on just a few of the systems where
there is complementary morphological, physiological and

behavioural data that provide a basis for understanding
the function and operation of the networks. There are a
whole variety of other cephalopod systems, such as the
control of the arms [132], the olfactory system [133], the
oculomotor system [134], where there is already a consid-
erable body of knowledge that will soon enable us to estab-
lish more completely how these systems operate and inte-
grate into the overall behaviour of the animal. The cepha-
lopods are a fascinating group of animals, capable of pro-
ducing a wide repertoire of behaviour and, as this review
has indicated, they provide excellent invertebrate models
for the goal of understanding behaviour in terms of the
operations of the underlying neural substrate.
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