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CEPHALOPOD SENSE ORGANS, NERVES AND
THE BRAIN: ADAPTATIONS FOR HIGH
PERFORMANCE AND LIFE STYLE

B. U. BUDELMANN"®

The Marine Biomedical Institute, and Department of Owolaryngology, University of
Texas Medical Branch, Galveston, Texas 775550863, USA

The morphological and physiological adaptations that the cephalopod sensory organs and nervous
system underwent during the course of evolution are brefly summarized. Special emphasis is paid (1) to
the vertebrate-like lens eyes with their complex extraccular eye muscle system, (i) 1o the vestibular
analogue statocysts with hair cell receptor systems for linear and angular accelerations and an elaborate
afferent and efferent nerve supply, (i) to the epidermal head and arm lines which are analogous to,
and as sensitive as, the lateral lines of fishes and aquatic amphibians, (iv) to the giant fibre system for
escape jetting, and (v) to the highly centralized brain which is capable of different forms of learing and
memory

KEY WORDS: Eye, statocyst, oculomolor system, giant axon, learning, memory

INTRODUCTION

Cephalopods, with about 700 species, exhibit a large variety of forms. They range
in size from approximately 1.5 em (/diosepius) to 18 m (Architeuthis) and inhabit
every part of the ocean, from shallow waters to a depth of more than 7000 meters
(Nesis, 1987: Roper and Ross, 1982; Aldred e al.. 1983). Different from all other
marine invertebrates. and with only a few exceptions (e.g., Nautilus), they are highly
mobile, fast-moving predators which feed on a variety of organisms, Such a lifestyle
requires sophisticated and very effective sense organs and an claborate nervous
system. No wonder. then, that during the course of evolution cephalopods - though
confined to their molluscan design - developed a nervous system and sense organs
that are certainly the most sophisticated of all the invertebrates (Packard, 1972;
Young, 1977a, 1989a); some ¢ven rival the equivalent vertebrate systems in
sophistication. This paper will briefly highlight the sensory and nervous systems for
which cephalopods are famous and which are fundamental for their high performance
and lifestyle.

EYES AND VISION

For more than 2000 years cephalopods have been known for their well developed
eyes and complex visual behavior, and fairly accurate descriptions of the eyes and

“This paper is dedicated 1o Professor Dietrich Burkhardt, Regensburg, on the occasion of his 65th
birthday
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Figure 1 A: Transverse section of the eye of Ocropus. AL, anterior part of eye Jens: CM, ciliary muscle;
IR, iris: LI, eyelid: PL, postenior part of eve lens; RET, retina: WB. white body. Borax Carmine stain,
Scile bar is | mm. B: Block diagram of the retina of Octopus vwlgaris. Arrow indicates direction of light,
B, basal membrane; BS, basal segment of the visual cell filled with pigment granules; C, blood capillary;
D, distal segment of the visual cell with lateral microvilli that form rhabdomeres; N, nucleus of visual
cell: PL, plexiform layer of the retina; PS, tip process of supporting cell; PV, proximal segment of the
visual cell: S, supporting cell. Inset upper right: Diagram of the orthogonal onentation of microvill in
neighboring visual cells. (A, courtesy of J. Z. Young: B, from Yamamoto et al.. 1965 Reproduced from
the Jownal of Cell Biology, 19635, Volume 25: 345 159, by copyright permission of the Rockefeller
University Press. B (inset), from Saibil and Hewat, 1987) Jownal of Cell Biology. 1987. Volume 105
19-28, by copyright permission of the Rockefelles University Presy,



B
i .

40, v
4 \
T 4 l l. o
o 04 ’ &=\ E
: : o
= " :
- 4 . | £
- 9
| : ’ =
4 \l /I >
i " |\; & »ocai
; ) 3
a 19 l .-" 2
o ‘ '0 o‘ .
"‘ : b-.,o..'O---O' !
03 e p———— ~Q
0 00 220

Fraquancy M3}

Figure 4 A: Epidermal lines (lateral line analogue) on the head of a 14-days old Sepia officinalis. Oblique
lateral view 1o show the four lines (L1-L4) that run in anterior/posterior direction. Some lines continue
onto an arm (A). E, eve, M, anterior edge of mantle. Scale bar is 0.5 mm. B: Thresholds of the dorsal
head lines of Sepia officinalis to local water movements. The peak-to-peak water displacement (closed
circles, solid line, left ordinate) and velocity (open arcles, dashed line, nght ordinate) are shown as a
function of stimulus freguency (abscissa). (A, Budelmann and Fertl, unpublished; B, from Budelmann
and Bleckmann. 1988;) Reproduced from the Jowrnal aof Comparative Physiology A, 1988, Volume 164:
1-5, by copyright permission of Springer Verlag
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Figure 5 A: Cut-open cavity of the statocyst of Nautilies (s
ke bar s 0.3 mm. B: The octopod-type of

statoconia s removed. K of Kolliker's cunal. Scake b
statocyst of view of the left statocyst sac with the
macula’s
are not seen in this and the next figure. S, si

The decapod-t affivie

Octopus vi

sms). Note that the cupulae

tolith; 1-9, cnsta seg Scale bar is 0.5 mm. (

s (photommograph), The two SLALOCYSL CHVILIS dre cut
open by a transverse vertical cut. To the left: Anterior view, showing the three maculasstatolith (statoconia)
svstems in each covity and two of the four cns

c of statocyst of Sepia

s segments, To the nght: Postenior view. showing the

remaiming two crista seg

been removed to show the course of the crsta seements. | 2:

ayer of macula ne
cula neglecta superior

longitudinalis; 3. crista transversalis posterior; 4, ¢rista vertics

nferior; P. statolith of maculs statica princeps: S, statoconial layer
bar s I mm. (A, Budelmann. unpublished: B, from Budelmann ¢ fal., C, from Budelmann, 1976
Reproduced from the Philosophical Tr ] the Roval Socier f Lot 1987, Volume 115
305343, by copyright permission of The Royal Society, Reproduced from tl el Function
of Proprioceptars in the Invertebrates (Mill. P. 3., ed.), 1976, pp. 529-566, by copyright permission ol

Chapman and Hall

fures

Figure 6 Du

Octopuy vulga

gram ol the cellular, neuronal and synaptic organization of the macula of the statocyst of
. The secondary sensory hair cells (HC) are in afferent synaptic contact with two types
of first-order afferent neurons (AN, intramacullar afferent neurons: PAN. perimacular afferent neurons).
Hair cells and neurons receive many clferent endings (E). (From Colmers, 1981). Reproduced from the
Jowrna! Comparanive Newri 1981, Volume 197: 385-394. by copynight permission of Alan R, Liss In¢
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Figure 8 Brain pathways of the oculomotor control system in cephalopods and vertebrates. Simplified
diagrams to show the direct and indirect pathways from the equilibrium receptor organs to the motoneurons
of the eyes in the statocyst-oculomotor reflex of Ocropus (top) and the vestibulo-ocular reflex (VOR) of
vertebrates (bottom). ab., anterior basal lobe; ¢.f,, chmbing fibres; gr., granule cells; m.b., median basal

Volume 306: 159189, by copyright permission of The Royal Socicety.

lobe: m.c.. magnocellular lobe; m.f., mossy fibres, pe., peduncle lobe; Pu., Purkinje cell. (From Budelmunn FT"“" 9. "\:.l.) v A ",r o o o w ke By " "Uh-w."fhowmg !.h': nc.'",mm p;-"hwf"\'s 2 ‘.hf ,SI'TW
and Young, 1984). Reproduced fi he Phil ) - ey (S: top) and fast (F: bottom) circular muscle system. AG, accessory giant cell: M, circular muscles; G,
é ung, 1964). Reproduced from 1 ilasophical Transactions of the Royal Sociery of London, 1984, first-order giant cell; G2, second-order giant cell: G3, third-order giant cell; RM head retructor muscle.

B: Cross section of the third-order giant fibre of Lolliguncula brevis, Scale bar is 100 um. (A, from Mackie,
1990, based on Young. 1936: B. courtesy of K. Cooper.) Reproduced from the Canadian Jowrnal of
Zoology, 1990, Volume 68 799-805, by copyright permission of National Research Council of Canada,




Figure 10 A, B: Diagrammatic anterior views of the central nervous systems of Nawtifus (A) and Octopus
(B). demonstrating the degree of centralization of the central nervous system around the ocsophagus
(o<} and the size relation between the central briin (stippled) and the oplic Jobes (ol). C: Sagittal section
of the central nervous system of Octopus vulgaris, showing the various lobes in the supra- and
suboesophageal masses of the brain. ba, anterior basal lobe; bd, dorsal busal lobe: bm, median basal
lobe; br, brachial lobe; bus, superior buccal lobe; cp, posterior chromatophore lobe; fi, infertor frontal
lobe; fs. superior frontal lobe: pe, anterior and posterior pedal lobes: py, palliovisceral lobe; st. statocyst
cavity; sv, subvertical lobe: v, vertical lobe. Scale bar is | mm (A hased an Young, 1965; C:, courtesy
of J. Z. Young.)
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Diagram of the connections of the tactile memory system of Ocropus The successive matrices

are Inbelled 1-8 (From Young, 1991h) Reproduced from the Biological Bulletin, 1991, Volume 180
200-208, by copyright permission of Marine Biology Laboratory.
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Figure 3 A) 17 zdopho; ‘es and chi omafophoz ‘es on skm of Sepzoteuﬂns sepzozdea (CephBase image No. 287

by Roger T. Hanlon) . B) Red and green iridophores visible on head of cuttlefish, sepia officinalis
(CephBase image No. 1378 by James B. Wood).




Fzgme 4 A) Leucophores (W hzre areas) visible on skin of Ocropus bzmw (C‘ephBase image No. 294 by

Roger T. Hanlon). B) Octopus burryi showing white spots due to leucophores (CephBase image No. 42 by
Martin A. Wolterding).

Figure 5. Histioteuthis sp. (CephBase image No. 577 unknown photographer) with numerous photophores.



Shigeno S. and _

YamamOtO M. 2002 D-rganization of the nervous system in the pygmy cuttlefish,
Organization Of the Idiosepius paradoxus ortmann (Idiosepiidae, cephalopoda)
NeI'VOU_S SyStem in the First published: 31 July 2002 | https:/doi.org/10.1002/jmor. 10020 ::ic::|j_,—31*\ -
Pygmy Cuttlefish,

Idiosepius paradoxus Abstract

The idiosepiid cuttlefish is a suitable organism for behavioral, genetic, and developmental

Ortmann (Idlo Seplldae, studies. As morphelegical bases for these studies, organization of the nervous system

was examined in ldiosepius paradoxus Ortmann, 1881, using Cajal's silver technigue and
C h 1 d immunohistochemical staining with anti-acetylated a-tubulin antibody. The nervous
ep a- Opo a-) architecture is generally identical to that described in Sepio and Loligo, but some features
characterize the idiosepiid nervous system. The olfactory system is highly developed in
the optic tract region. The dorsolateral lobes show large neuropils, connected with each

other by a novel well-fasciculated commissure. Each olfactory lobe is subdivided into two
lobules. The neuraopils of the anterior and the posterior chromatophaore lobes are very

]ournal Of MOTphOlOgy 254(1)65_80 poorly developed. Neurcnal gigantism is not extensive in the brain; enlarged neuronal

. cells are visible only in the perikaryal layer of the posterior subesophageal mass. The
DOL 101002/]1’1’101‘10020 giant nerve fiber system is of the 5epig type; the axons are not markedly thick and the

first-order giant fibers do not fuse with each other at the chiasma. Three-dimensiona
images by whole-mount immunaostaining clarified the innervation pattern in the
peripheral nervous system in detail. Twe commissural fibers link the left and right
posterior funnel nerves ventrally and dorsally. The stellate commissure, which is absent
in Sepio and Sepiolo, connects the stellate ganglia with each other. A branch of the
visceral nerve innervating the median pallial adductor muscle is characteristically thick.
Tubulinergic reactivity of the cilia and axons reveals the presence of many ciliated cells
giving off an axon toward brain nerves in the surface of the funnel, head integument,

HETqueHKO PoMal arm tips, and epidermal lines. Some of these features seem to reflect the inactive nekto-
benthic life of the idiosepiid cuttlefish in the eelgrass bed. J. Morphol. 254:65-80, 2002. ©
2002 Wiley-Liss, Inc.

Citing Literature v
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is due to the cephalopods’ very active, fast-moving, predatory life style, and their complex

behavior and extreme fiexibility of response to different environmental situations, Mevertheless,

< the basic morphological plan of the cephalopod nervous system is still of the ganglionated
eSIgn “molluscan™ design. During the course of evolution some of the ganglia became increasingly
complex and subdivided into lobes; also, new ganglia were added. This chapter describes the

basic morphological plan of the cephalopod nervous system and outlines some species-specific

differences that developed as adaptations to different life styles. Special emphasis will be given

to those features of the cephalopod nervous system that, within the invertebrates, are unusual

or even unique, often rivaling the equivalent parts of the vertebrate nervous system in

In: Breidbach O., Kutsch W. (eds) The Nervous sophistication; some of these features may characterize higher brain and nervous system function.
Systems of Invertebrates: An Evolutionary and

Comparative Approach. Experientia Supplementum, Introduction

vol. 72, PP 115-138 The molluscan nervous system shows an extreme diversity. It ranges

from systems almost as simple as those of flatworms, e.g., in amphineu-
rans (such as Chiton) and monoplacophorans (such as Neopilina), to
systems in cephalopods (such as octopuses, cuttlefishes, and squids)
which are as complex as those of lower vertebrates. Despite their
complexity, however, the cephalopod nervous systems still show a
molluscan design (“Bauplan™) (see Bullock and Horridge, 1965).

The basic design that is common to all mollusc nervous systems is a
set of (five to) six pairs of ganglia: the cerebral, buccal, pedal, pleural,
parietal, and visceral ganglia. The left and right of each pair is linked by
a commissure, whereas conmectives tun in anterior/posterior direction
between the ganglia on one side. Depending upon the mollusc species,
this basic design can be modified in various ways,

This paper (1) summarizes the complexity of the cephalopod nervous
system and outlines the changes that occurred during the course of
evolution, as compared to the basic molluscan design, (2) describes the
variahility in design of the cephalopod nervous system, (3) highlights
the features that are special to the cephalopod nervous system, or are
even unique within all the invertebrates, and (4) outlines for what
cephalopeds use such a complex nervous system.

Kosanenko Mapns
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Fnasuoe r6nokxo

HEDEbI, HAYLWME K WyNansilam

onn n nx pyHKUnM

3ourensHaa gonA Hepek!, naywive « 3aaHen 4acTn 1ena

3puTensheie Hepesi
(nepepezanp}

Cratouwct nesoil ctoporbs

Wells, 1968

25 OCHOBHbIX [0/€el, cpean KOTOPbIX HEKOoTopble
noAapa3aenatoTca BTOPUYHO - TaK, YNCA0 AONEN MOXKET
poxoantb Ao 38!

3a aHanuM3  TaKTUAbHbIX  OLWYLEHUN, obyyeHue,
KPaTKOCPOYHYIO 7 [ONTOCPOYHYIO namaTb
oTBeTcTBeHHbl vertical, subvertical, subpedunculate,
precommissural superior frontal, inferior frontal, sub-
frontal, yacTtb posterior buccal lobes u optic lobes.
Bbiclune MOTOpHble LEHTPbl pacrnonoXeHbl B dorsal,
median, anterior, lateral, and inter-basal n peduncle
[ONSAX.

Median basal gona otseyaeT 3a AbixaHWe N ABUXKEHMA NPU NNABAHUMN.

Lateral basal pona — 3a xpomatodopbl U MblLLLLbI KOXKM

Superior buccal gona - 3a moTopHble GyHKUMM NPU NUTAHUU

Magnocellular gons — 3a npomeXXyTouYHbI MOTOPHbIN LEHTP + MOJIHUEHOCHAA 3alUTa UK
yNAblBaHWE W NPU HanageHuu
Sub-esophageal ponn — moTtopHble ueHTpbl (brachial pgonn — npomexKyTouHble,
chromatophore un funnel ponwu
KpoBoobpauweHue, anterior lateral pedal gons — rnasoasuratenbHas, pedal u palliovisceral
A0/TN — NPOMENKYTOUYHbIE N HUXKHME MOTOPHbIE LLEHTPbI

HUXKHME MOTOpPHbIE LEHTpPbl, vasomotor pona -



3puTenbHaa 4oNA

15% vy Cirrothauma “pamb60o” murrayi

700% y Grimalditeuthis bonplandi




BepTuKanbHaA AonAa

(4yBCTBUTENBHOCTb U NAMATD)

3%y Cirrothauma murrayi

28% y AacKoro Bamnumpa

Vampyroteuthis infernalis



[lneyeBble AoONU

(NpomeXKyTOUYHble MOTOPHbIE LLEEHTPbI)

30% y Architeuthis

5% y Sepioteuthis




LleHTpannsauua/Ledpannsaums

CywiectByeT TPW T[NaBHbIX TUMNa MO3ra
ro10BOHOIMNX: Ommastrephes

NPUMUTUBHbIN HAYTUAOUAHbIN TUN % .

Tvn, NPUCYLWNIA AECATUPYKMM FONOBOHOMMM o LA
(decapoda) — aTo KapakaTuubl, 6&€N1EeMHUTBI,
Ka/ibMapbl.

TN, NPUCYLWMA BOCbMUPYKMM FONOBOHOMMM E
(octopoda) — 3To oCcbMMHOIM 1 BamMnupbl. Sepia

Octopus

MmeHHO B TaKkom nopAaaxke naet yseandyeHume
«UeHTpanm3aumnm» mos3ra

KcTatu, HepBHan cuctema ronoBOHOMMX ABNAETCA CAMOW
LLeHTPaNM30BaHHOM Cpeaun BCEX MOJIJTIOCKOB U (B BMeCTe C
HAaCeKoMbIMM) cpeam Bcex 6€Ccno3BOHOYHbIX



Ommastrephes

Sepiola

Sepla
Octopus



Mo3r

A cer.cor.lam. . cer.cor.plex.

HayTuayca u
OKTanoApbl

Emy He XxBaTaeT CTPYKTyp mo3ra ans
NPOAYMaHHOIro MOTOPHOIO KOHTPOAA
HaA Wwynanbuammn, BbICLUMX LEHTPOB
MO3ra Aana oby4yeHus n namaTu.
OnTuUyeckue A0 HAMHOIO MEHbLLE.

cer.cor.cen.
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Pasnnuma mo3ra Decapoda(a)
n Octapoda(b)

Mo3r oktanog 6onee uUeHTPaaU30BaH, YeM MO3T
AeKanoaa. Y OKTanoA, njedyeBble, a TaKxKe
neaasbHble NENECTKU U HUMKHAA cucTema A0NeNn
6onblle, Yyem y AeKanos n3-3a

6onee C/NOXKHOINoO MCNO/b30BaHUA UX PYK M UX
CNOCOOHOCTU K TaKTUNbHOMY 0BYyYeHMUI0.

Y Agekanop, HanpoTuB, ecTb bonblune onTUyeckue
nonactun, 6onee KpynHole 6a3anbHble A0NbKN U
60/1bllan, HO pa3BepHYTaA BepTMKaibHaA A0NA; UX
HUXHAA CUCTEMA A0/1eM MHOTO

YnpoweHa, WM Yy HUX HeT HaArMa3HUYHOM
Komuccypeol. B otanume ot

OCbMWHOTOB, OHU NMetoT BEHTPaIbHYIO
MarHoUenoNAPHYIO KomMmuceypy. YT106bI
KOHTPONMPOBaTb

ABUTATEeNIbHYIO aKTUBHOCTb NJIAaBHMKOB, AeKanogbl
NOAYYNUIN OONONHUTENbHYIO MIABHUKOBYHO A0/H0
M nepudepumHyo  TUFAHTCKYIO  BOJOKOHHYIO
cucTemy

ANA  BbICOKOMPOM3BOAMUTENbHOrO MNAABaHMA C
PEaKTMBHbIM ABUKEHMEM
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Ficure 4. Reconstruction of central nervous system from tracings of serial transverse sections.
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