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The numbers of nerve cells of various sizes have been estimated in the different ganglia 
and lobes of the brain of Octopus vulgaris. There are about 500 million nerve cells 
altogether, of which 300 million are in the ganglia within the arms. The main motor 
centres of the brain are composed almost entirely of large neurons. Cells of intermediate 
size are found in the basal lobes of the supraoesophageal ganglia. The smallest neurons 
are minute amacrine cells, abundant in parts of the optic and in the subfrontal and 
vertical lobes, perhaps having inhibitory actions. 
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INTRODUCTION 

The numbers and sizes of the nerve cells in any part of the brain provide 
valuable information about its functioning. Little is known of the develop- 
mental factors that influence nerve cell size, but it is clear that, in the adult, 
parts of the brain with differing functions each have cells of characteristic 
size as well as shape. The cells are mostly large in (‘ lower ” nervous centres, 
which perform in the main reflex actions, and are organized by inherited 
instructions. Centres that are able themselves to store information on the 
other hand often, perhaps always, contain large numbers of small cells. The 
(‘ higher motor centres ” lie between these two extremes. 

When trying to analyse the function of a part of the nervous system there 
is almost no limit to the items of information that one would like to know. 
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How many cells there are in it, their sizes, how many branches each gives and 
where they go ; how many synapses they receive and where from, and so on. 
There is much to be said for providing as wide a range of data as possible 
about particular centres. The present study can make no claim to such 
completeness. It deals only with the numbers and sizes of the cells in the 
central nervous system of one species. 

Such a study is complicated in a cephalopod by the fact that the system 
is less centralized than in a vertebrate. Outside the brain and optic lobes 
there are massive ganglia in the arms and some other peripheral ganglia, such 
as the stellate and inferior buccal, in which the details of reflex control are 
mediated. Estimates of the cell composition of some of these have also been 
obtained. 

METHODS 

The nervous system of cephalopods does not consist of homogeneous 
masses of cells of which sample sections can be studied. All parts of it are 
based on the plan of an outer cortex of unipolar nerve cells, each sending a 
main trunk into a neuropil at the centre. This is true even of massive structures 
such as the optic lobes, which consist of islands of cells and neuropil, but 
these are produced by a modification of the same plan. Bipolar cells may 
occur, for example in certain parts of the optic lobes (Young, 1962 a). 

The nervous system is divided into more or less distinct lobes, although 
the neuropil of two neighbours may be broadly united. Boycott and I have 
produced a nomenclature, based upon that of Diet1 (1878), by which every 
part is included in one of the forty-one named lobes, some paired, some in 
midline. Each of these is, so far as we can determine, a structurally and 
functionally homogeneous entity and therefore the wall of cells around it is 
everywhere approximately the same. Where the wall changes markedly in 
structure we have usually subdivided the lobe and provided suitable names. 

The task of counting and measuring the cells in the brain thus becomes 
that of estimating the area of the cortex surrounding each of the lobes and 
measuring and counting the cells in a sample of the wall. There are, of course, 
many difficulties in this procedure. The lobes are sometimes geometrically 
complex and their walls are not of uniform thickness. It will be necessary, 
therefore, to explain for each lobe how the measurement was made. 

The limits of the lobes, as well as details of their structure and function, 
will be discussed in the book that we hope to publish shortly on the Brain and 
Behaviour of Octopus (Boycott & Young, 1963). The functioning of various 
parts of the brain of Sepia is discussed by Boycott (1961). 

Histological methods 
The majority of the counts given were taken from a single, especially 

well-stained series of sections. This was from a brain fixed in 10 per cent 
formaldehyde in sea water and stained with Cajal’s method (Young, 1939). 
It was embedded in celloidin and cut transversely at  15p. This is too thick 
for counting the smaller cells accurately, but it is a useful compromise for all 
the lobes. 
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Unfortunately, the size of the individual from which the series was taken 
is not exactly known. By comparison of the size of the vertical lobe with that 
of animals of known size it can however be estimated to be a young adult of 
400-500 g. The series is nearly perfect and the brain appears normal except 
for a curious defect in the medial basal lobes. Here, immediately above the 
oesophagus, there is a piece of foreign material embedded in the brain. This 
has all the appearance of a portion of a crustacean limb, which has presumably 
entered the brain from the oesophagus (Plate 4, fig. 25). 

Nethods of measurement 

The areas of the surfaces of the lobes were estimated on photographs taken 
at x 2 5 .  The circumference of the lobe was outlined on tracing paper. Many 
of the lobes are approximately cylinders with rounded ends, which are assumed 
to be spherical. If the form is not cylindrical and the outlines increase 
irregularly then the area of the surface of each set of, say, ten sections, can be 
estimated separately by measuring the circumference at intervals and 
multiplying by the thickness of the interval. All the sets can then be added 
together. By this means allowance can be made for regions where the surface 
of a lobe carries no cells. Special methods were adopted for the optic and 
dorsal basal lobes, composed largely of islands of cells 

No doubt these methods introduce inaccuracies. It has not been possible 
to check the estimates of area systematically on several specimens for all the 
lobes. However, for the vertical and optic lobes further estimates on other 
series of sections made by T. Wyatt (unpublished) gave cortical areas similar 
to those estimated for the octopus used for most of the measurements 
(pp. 244-219). Comparisons will only be meaningful when something is known 
of the rate of growth of the brain. Preliminary studies by Wyatt show 
differences in growth rates, the optic and vertical lobes growing more slowly 
than the suboesophageal ganglia. The relation between number and sizes of 
cells and weight is not known. Wyatt’s data seem to show that the number 
in the vertical lobes increases little above 300 g, whereas in the optic lobes 
the increase continues longer. 

Counting and measuring were all done on the nuclei, which are well stained 
in the sections. Photographs at :.:500 were used and ruled out into areas 
10 :: 10 em. Each nucleus was tested with a pair of dividers adjusted to measure 
5 p  and every nucleus of this diameter or less was counted off by pricking with 
the needle of an automatic registering device. The dividers were then opened 
to represent 10p and the process repeated and so on up to the largest class 
(25p) .  Five or more areas, 10 k: 10 em were counted in this way and the mean 
number recorded for each size class taken. No systematic measures of variation 
were made. Using the method suggested by Abercrombie (1946) numbers were 
corrected to allow for the fact that some nuclei will be seen at  less than their 
maximum diameter. 

Probably the most serious source of error is that many nuclei are not 
sharply in focus in the photographs. Special corrections have been introduced 
for this where there were numerous small nuclei lying over each other in the 
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sections (p. 242). Estimates by the same methods by another worker have 
given comparable figures for the optic and vertical lobes (pp. 244-249). 

A difficulty in evaluating the figures for the smallest size class is that they 
include the nuclei of glia as well as small neurons. In the suboesophageal 
lobes the very small nuclei probably all consist of glia (except in the anterior 
suboesophageal mass. In  such higher centres as the vertical and optic lobes 
the greater proportion of the small cells are neurons. 

SUBOESOPHAGEAL LOBES 

The question of the homologies of these lobes is still undecided and we have 
found it convenient to recognize three main parts, anterior, middle and 
posterior suboesophageal masses (Pl. 1, fig. 1). The anterior corresponds to 
the " brachial lobe " and we divide it into two parts : pre- and post-brachial. 

The middle suboesophageal mass is the " pedal lobe " and within it we 
recognize in the midline an anterior pedal part, concerned with the arms, and 
a posterior pedal concerned with the funnel and head retraction. At  the sides 
in front are the anterior chromatophore lobes (Boycott, 1953) and behind these 
the lateral pedal lobes, probably concerned with steering movements of the 
arms and control of the eyes. 

The posterior suboesophageal mass contains a central palliovisceral lobe 
with, at the sides, the posterior chromatophore lobes. At its hind end it 
carries a complex of vasomotor lobes. 

The magnocellular lobe is perioesophageal rather than suboesophageal. 
It extends from connections with the median basal and optic lobes above the 
oesophagus, down on each side of the posterior pedal and palliovisceral lobes 
to join its fellow through a large commissure at the back of the posterior 
suboesophageal mass. 

( a )  Anterior suboesophageal mass 

The prebrachial lobes were considered as a pair of cylinders with back 
but no front face, giving a total surface area of 22.50 mm2. These large lobes 
contain some 260,000 cells, approaching half of all those in the suboesophageal 
masses (excluding the small-celled chromatophore and vasomotor lobes). 
Nearly a third of the cells of the prebrachial lobes have nuclei less than 5 p  
(Plate 2, fig. 2). Many of these are no doubt glia, but there are certainly 
more small neurons here than, for example, in the central part of the 
palliovisceral lobes. These small cells are presumably concerned with the 
coding of chemotactile information from the arms. There are some 190,000 
nuclei more than 5 p ,  the larger ones lying ventrally. 

The postbrachial lobe was treated as a single cylinder with an area of 
8.37 mm2. This may be an underestimate, but this region is certainly smaller 
than the prebrachial, which, however, it  resembles in cell composition. There 
are a further 59,000 nuclei over 5 p ,  making 249,000 for the two lobes 
together, say 30,000 for each arm. It is not certain how the anterior and middle 
suboesophageal masses collaborate in the control of the arms, but probably 
the detailed movements of individual arms are operated by the anterior mass, 
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Table 1-Suboesophageal centres. 
various diameters. 
nuclei. 

Numbers ( x los), and percentages, of cells with nuclei of 
(Numbers given to nearest thousand, except for the two groups of largest 

In additions 0.5: 1 .O.) 

Lobe 

Prebrachial 

Postbrachial 

Anterior pedal 
dorsal 

Anterior pedal 
ventral 

Posterior pedal 

Lateral pedal 
anterior 

Lateral pedal 
posterior 

Palliovisceral 
central 

Palliovisceral 
dorso-lateral 

Total. Lower 
motor centres 

Area 
mm2 

22.50 

8.37 

3.00 

5.40 

5.58 

2.40 

0.86 

11.04 

1.20 

Total 
nuclei 

261 

80 

30 

105 

72 

18 

18 

71  

37 

692 

< 5 Y  

70 
26.80,' / O  

21 
26.90) - / o  

12 
40.00,0 

15 
14.3% 

25 
34.7% 

4 
22.296 

12 
66.696 

10 
14.1% 

14 
37.8q6 

183 
26.4% 

5-10 p 

125 
47.976 

33 
41.296 

11 
36.776 

55 
52.4% 

28 
38.99; 

9 
50.00; 

4 
22.20/ 

34 
33.876 

13 
35.176 

/ O  

302 
43.6% 

10-15 p 
:I( 103 

5 8 
22,2y0 

19 
23.7% 

5 
16.7% 

32 
30.5% 

13 
1s.0yo 

3 
16.7% 

1 
5.6% 

24 
33.8% 

9 
24.3% 

164 
23.7y0 

15-20 p 

7.0 
2.7% 

6.0 
7.5% 

1 .o 
3.3% 

3.0 
2.976 

5.0 
6.9% 

2.0 
ll.lyo 

0.5 
2.80/ 

/ O  

11.0 
15.5% 

0.5 
1.3y0 

37.0 
5.3% 

20-25 [L 

0.5 
0.2% 

1.2% 
1 .o 

0.5 
1.7% 

- 

0.5 
0.7% 

- 

- 

2.0 
2.8% 

- 

6.0 
0.9% 

- - Vasomotor 11.23 689 41 627 21 
median 5.9'3, 91.17; 3.076 

- - Vasomotor 19.20 618 192 341 85 
lateral 31.07; 55.1% 13.7% 

- Vasomotor 
total 

- 1307 233 968 106 
17.Syo 74.0% S.lO,/, 

- Chromatophore 8.76 217 30 142 38 7 
anterior 13.8% 65.406 17.5% 3.2% 

- Chromatophore 20.02 309 68 130 102 9 
posterior 22.0'3/, 42.0y0 33.0:& 2.9% 

Chromatophore 
total 
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whereas the middle mass controls them when they all work together, as in 
swimming. 

There is a wide spread of cell sizes in the pre- and postbrachial lobes, with 
some very large ones, perhaps those that control the more distal parts of the 
arms Z 

(b)  Middle suboesophageal mass 
Anterior pedal lobe 

The cells of this lobe lie exclusively along its dorsal and ventral surfaces, 
the lateral parts being occupied by the lateral pedal and chromatophore lobes. 
The anterior pedal cells have therefore been considered as occupying two sheets, 
the ventral one somewhat complicated by the brachio-palliovisceral connective 
which runs through it. The area of the two parts was estimated as 3.00 mm2 
for the dorsal and 5.40 mm2 for the ventral. The cell composition is similar 
to that of the anterior suboesophageal mass. There are 135,000 cells in the 
lobe altogether and of these 108,000 are over 5p.  There are some 500 cells 
with nuclei over 20p in the dorsal part of the lobe. The small cells are 
relatively more numerous in the dorsal part (40 per cent under 5 p). Besides 
operating the movements of the arms mentioned already these regions also 
include cells for the nerves that operate the muscles at  the base of the arms, 
attaching them to the rest of the body, and for the web. 

Posterior pedal lobe 
The front part of this lobe forms a cylinder in the midline, but more 

posteriorly it is paired. It is sharply marked off from the palliovisceral lobe 
by the cephalic aorta, which runs vertically through the brain at this level. 
The posterior pedal seems to have a similar composition throughout and its 
area is estimated a t  5.58 mm2. I ts  composition is much like that of the 
anterior pedal lobes, with a total of 72,000 cells, about one-third of them 
under 5 p, perhaps mainly glia. There are some 47,000 cells over 5 p ,  
concerned with control of the funnel and of the retractors of the head, 
perhaps operating the steering mechanism during swimming. 

Lateral pedal lobes 
These are the regions where the supra- and suboesophageal masses join. 

They receive many fibres from higher motor centres and themselves give rise 
to the nerves that control the eye muscles. They also send a conspicuous set 
of fibres to  the anterior pedal lobes and through these and the eye muscles 
the lateral pedal lobes perhaps control the direction of attacks. 

The cells of the lobe form sheets a t  the sides and have been divided into 
anterior and posterior parts. The former is a strip 2.0 mm x 0.6 mm, giving 
rise mainly to the eye muscle nerves and the two sides together have a total 
of 18,000 cells, 14,000 cells larger than 15 p, but none over 20 p. The posterior 
lateral pedal is a strip 1.2 mm long and 0.  36 mm broad. It has an unusual 
cell composition, with a total of 18,000 cells, two-thirds of them less than 5 p, 
mostly lying dorsally. These are certainly not all glia cells and are presumably 
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concerned with the important steering functions of the lobe. The cells that 
actually exercise this control form a conspicuous row of some 2,500 large 
cells in the ventral part of the lobe on each side (Plate 2 ,  fig. 3). These give 
rise to the fibres that cross in the middle pedal commissure to end in the 
anterior pedal lobes. They may also run to other destinations and are probably 
the pathway by which the direction of movement is controlled by the anterior 
basal and other lobes. The cells increase in size, passing ventrally, and the 
h s t  of them, the largest, probably corresponds to the giant cell of decapods, 
in which this lobe is joined to the magnocellular lobe (Young, 1939). 

( c )  Posterior suboesophageal mass 
Many functions are controlled by this region. The neurons for the 

chromatophores of the mantle and for the blood vessels are segregated into 
distinct lobes, but the cells for the control of the mantle and the viscera are 
all together in the central palliovisceral lobe. The walls of this central area 
are not easy to measure, being broken up by the other lobules. They were 
estimated as a series of strips, giving a total area of 11.04 mm2 and a total 
of 71,000 cells. The cells are characteristically very large. Probably nearly 
all the 10,000 nuclei under 5 p belong to glia. There are thus 61,000 cells over 
5 p and 36,000, nearly half the total of the lobe, are over 10 p, 2,000 (nearly 
3 per cent) are over 2Op (Plate 2,  fig. 4). The lobe thus contains more large 
and fewer small cells than any other in the brain, though of course some 
equally large cells are found in other lobes. This is, therefore, more clearly 
than any other a lobe with a structure suggesting reflex functions. It is from 
here that the respiratory and swimming reflexes of the mantle are controlled, 
though they are influenced by supraoesophageal centres (e.g. the medial basal 
lobe). It is significant that all of the actions controlled from this lobe involve 
midline structures, or others that act in unison (mantle, ink sac, ctenidia). 
No operations of steering are controlled here. 

The small dorso-lateral lobule of the palliovisceral lobe lies behind the 
chromatophore lobe and has been estimated separately, because it has a very 
different structure from the rest, with numerous small cells. I ts  connections 
and significance are not known. It might be compared with the lobe that 
controls the fin in decapods, but there is, of course, no trace of a fin nerve in 
Octopus. 

( d )  Vasomotor lobes 
These are a remarkable collection of six lobules, containing numerous small 

cells, placed over the back of the posterior suboesophageal mass of octopods. 
They are present in a much less differentiated form in decapods and their 
great development in Octopus is a sign of the elaborate control mechanism 
that ensures efficient distribution of the blood (Mislin, 1955). 

There are dorsal and ventral lobes in the midline and two pairs at  the sides. 
The median ones were considered as cylinders, each of circumference 5.20 mm 
and of length totalling 2.16mm, giving an area of 11.23mm2, neglecting 
the ends. The lateral lobes similarly were considered to be cylinders, each of 
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4.0 mm circumference and 1.2 mm length, giving a total of 19-2 mnP for all 
four together. 

The walls of these lobes are composed of dense layers of small cells, making 
altogether 1.3 millions, that is twice as many as in all the rest of the sub- 
oesophageal lobes together. The cells are of very uniform size, especially in 
the median lobes (Plate 2, fig. 5)) where they are larger than in the lateral 
(Plate 2, fig. 6)) over 90 per cent of them lying in the 5- lop group. It is not 
known whether there are differences in distribution of the axons of the lobes. 

( e )  Chromatophore lobes 

A further sign of the high level of differentiation in the octopus brain is 
the segregation of the cells for the chromatophores into well-marked anterior 
and posterior chromatophore lobes (Boycott, 1953). The posterior lobes 
alone are well-marked in decapods, where presumably the play of colour on 
the arms is less complex. The lobes are under the control of higher motor 
centres in the lateral basal lobes (p. 340). 

The anterior chromatophore lobe forms a projection on the dorso-lateral 
side of the front of the middle suboesophageal mass. It has a somewhat 
irregular shape and the area of its cell layers has been estimated by considering 
it as made up of a series of strips, each twenty-five sections broad and 1 5 p  
thick. The 
posterior chromatophore lobes can be considered as spheres and together give 
an area of 20.2 mm2 for the cell-bearing surfaces. 

The chromatophore lobes, like the vasomotor lobes, contain very numerous 
cells (Plate 2, fig. 7) ,  presumably representing in this case the capacity to 
produce elaborate patterns by the action of small groups of chromatophores 
in different combinations. 

The posterior 
contain the greater number, and a greater proportion of large ones. In the 
anterior lobes 65 per cent lie in the 5-lop group. This is strange when one 
considers that these lobes innervate skin up to the tips of the arms, that is 
at a wide variety of distances. Probably these more distant points are dealt 
with by the relatively few large cells, the numerous small ones operating the 
elaborate patterns that appear around the head and eyes. Presumably each 
fibre issuing from these lobes innervates relatively few chromatophore muscle 
fibres. If this is so the wide differences in diameter must be connected with 
the different lengths, which would be an interesting subject for further 
investigation. 

This gave a total area of 8.76 mm2 for the two sides together. 

There are altogether over half a million cells in the lobes. 

HIGHER MOTOR CENTRES 

The lower part of the supraoesophageal lobes is occupied by a series of 
centres that when electrically stimulated initiate complicated patterns of 
activity (Boycott & Young, 1950). With these we may also include the 
magnocellular lobes, lying at the sides of the brain. These higher motor 
centres neither receive afferents directly from the periphery nor send fibres 
to motor nerves. They lie between the main receptor analysers, from which 
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they receive fibres, and the intermediate and lower motor centres t o  which 
they send them. 

All of these lobes have somewhat similar cell composition and arrangement 
of neuropil. They contain relatively few cells with nuclei of less than 5 p ,  
numerous cells of between 5 and lop  and few or none larger. PresumabIy 
their many medium-sized neurons serve to provide organized patterns of 
stimulation of the lower centres to which their fibres run. 

Table 2-Higher motor centres. Numbers ( x lo3) and percentages of cells with nuclei of various 
diameters. 

Lobe 

Magnocellularis (both sides) 
dorsalis 

ventrali s 

Total 

Superior buccal 

Anterior basal dorsal 

ventral 

medial 

Total 

Interbasal (both sides) 

Medial basal dorsal 

main 

Total 

Lateral basal (both sides) 

Total for higher motor centres 

Area 
mm2 

9.89 

9.72 

6.90 

5.90 

4.90 

1 .80 

2.97 

1.61 

6.96 

3.15 

Total 

342 

239 

58 1 

150 

251 

88 

41 

380 

57 

105 

140 

245 

127 

1540 

< 5 Y  

140 

116 

256 

40.9% 

48.5% 

44.1% 

35 
23.3% 

67 
26.7% 
33 

5 

105 

37.5% 

12.2% 

27.6% 

9 
15.8% 
49 
46.8% 
39 
27.9% 
88 
36.7% 

55 
43.3% 

548 
35.6% 

( a )  Magnocellular lobes 

5 - l o p  10-15p 
x 103 

200 2 

112 8 

312 10 

58.5% 0.6% 

46.8% 3.3% 

53.7% 1.7% 

80 33 
53.3% 21.4% 

184 - 

73.3% - 
51 4 
57.9% 4.5% 
33 3 
80.4% 7.3% 
26.8 7 
70.5% 1.8% 

44 4 
77.2% 7.0% 
55 1 

82 19 
58.5% 13.6% 

137 20 
55.9% 8.2% 

52.5% 0.9% 

69 3 
54.3% 2.4% 

7 7  910 
59.1% 5.0% 

These form a pair of swellings on either side of the oesophagus, beginning 
dorsally at  the sides of the posterior basal lobes and passing along at the sides 
of the palliovisceral lobes. They receive many fibres from the supra- 
oesophageal and optic lobes and presumably act by fibres passing to the 
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palliovisceral (and other 2 )  lobes. No peripheral nerves arise from them. 
In decapods they join below the pedal lobes and here, where they also join 
the lateral pedal lobes, lie the first-order giant cells (Young, 1939). In  octopods, 
where there are no giant cells, the function of the magnocellular lobes seems 
to be to set in action the dymantic reaction and possibly other forms of 
defensive action. 

The lobes can be divided into dorsal and ventral portions: with only slightly 
differing cell compositions. Both parts have been measured by tracing the 
outlines of their circumferences at  a series of points along their length. The 
medial surfaces, of course, carry no cells, being here in continuity with the 
neuropil of other bodies. 

The area of the dorsal portions of the two sides together was estimated 
as 9.89 mm2 and the ventral parts as 9.72 mm2. The lobes contain numerous 
cells, over half a million in all, and nearly one-half of these are less than 5 p  
in diameter (Plate 2 ,  fig. 9). The remainder are nearly all between 5 and 
lop. This lobe thus contrasts sharply with the suboesophageal lobes, all of 
which have some cells with nuclei larger than lop. This difference no doubt 
reflects the fact that no peripheral nerves arise from the magnocellular lobes. 
It remains to be discovered how their numerous cells operate ; presumably 
they serve t o  call into play appropriate combinations of the lower motor cells 
for the performance of actions of avoidance. The lobe contains a greater 
proportion of small cells than in most of the higher motor centres that lie 
within the supraoesophageal lobes. 

( b )  Superior buccal lobe 
This has an anomalous position among the supraoesophageal lobes since 

it is both an analysing system for afferent impulses in the gustatory fibres of 
the buccal nerves and a motor centre for the control of the beak and other 
parts of the feeding apparatus. In  these latter operations it acts partly 
through the inferior buccal lobe. A further complication is that the whole 
inferior frontal-subfrontal system is really a part of the superior buccal 
lobe and is separated off only in octopods. In  decapods there is a single lobe 
in this position, probably representing both the superior buccal and the inferior 
frontal and subfrontal of octopods. The lateral part of the inferior frontal is 
particularly difficult to separate from the superior buccal. The separation is 
made arbitrarily at  the level at  which the lobe becomes paired. 

With this limitation the extent of the cell wall of the superior buccal lobe 
is easy to measure as a series of strips of increasing circumference to which a 
front face is added, giving a total area of 6.90 mm2. There are 150,000 cells 
in the lobe and about half of them lie in the 5-lop group (Plate 2,  fig. 8). 
The peculiarity of this among the supraoesophageal lobes is that there are 
some 35,000 cells of more than lop,  some reaching 2Op in nuclear diameter. 
These are presumably the motor cells for the buccal apparatus. 

( c )  Anterior basal lobe 
This is a typical higher motor centre in its structure and functioning. 

Electrical stimulation produces walking movements and turning of the head. 
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There is no doubt that the lobe plays a large part in the control of movements, 
probably especially those of attack (Boycott & Young, 1950). It receives 
large tracts from the optic lobes and sends fibres down to the lateral pedal 
and other suboesophageal centres. 

The lobe is a cylinder, lying immediately above the oesophagus, behind the 
superior buccal lobes and below and behind the inferior frontal. It also extends 
down at  the sides to join the middle suboesophageal mass. From the structure 
of the cell layers and neuropil three distinct parts can be recognized. The 
main part lies more ventrally and extends around the oesophagus. The 
dorsal part lies above this and at the sides there are antero-median lobules, 
with distinct structure. 

Estimation of the areas of the walls is not easy. The principal part was 
considered to consist of equal dorsal and ventral strips of cells with lateral 
pairs at  the sides, giving a total of 4.90 mm2, which is perhaps an under- 
estimate. The dorsal lobe has anterior and dorsal faces, giving 5.90mm2. 
The antero-median lobules lie close together near the midline and the area of 
their wall was estimated as 1.80 mm2. 

All three lobes have the major proportion of their cells in the 5 - l o p  
group, but there are considerable differences (Plate 3, fig. 13). The dorsal 
part contains much the greater number of cells, 250,000, all less than lop ,  
but the majority greater than 5 p .  The ventral part has 88,000 cells, 
including greater proportions of both larger and smaller ones than there are 
in the dorsal lobe. The antero-medial lobules have very few small cells and 
a still higher proportion of large ones including more than 7,000 over l o p .  
The significance of these differences is not known. 

(d )  Medial basal lobe 

The hinder portion of the suboesophageal mass has a complex structure 
but is often considered as a single posterior basal lobe. We have divided it 
into several parts. Behind and ventrally are a central medial basal and paired 
lateral basal lobes. A pair of interbasal lobes lies between the anterior basal 
and medial basal. The regions immediately below the vertical and sub- 
vertical lobes are considered separately as the dorsal basal and subpedunculate 
lobes. 

The medial basal lobe proper lies in the midline above the oesophagus, 
communicating at  the sides with the suboesophageal lobes. It is a higher 
motor centre, controlling swimming, respiration and probably other actions, 
but its functions are not well understood. 

It has 
been considered in two parts. The more ventral includes the two sides, a 
pair of rectangles extending down to the pedal lobes, a total of 3-21 mm2. 
To this is added the hinder surface of the supraoesophageal lobe as another 
rectangle, estimated at  3.75 mm2, but may be less. The more dorsal part of 
the lobe includes portions at the tops and sides in front of the lateral basal. 
They are estimated at  1.61 mm2, and since they consist of considerably smaller 
cells they have been counted separately. 

The area of the wall of the medial basal is not easy to estimate. 
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The dorsal region contains 105,000 cells, the ventral 140,000 and both have 
the structure typical of a higher motor centre, with the greatest number of 
fibres in the 5-10 p group (Plate 3, fig. 10). The dorsal part, however, contains 
almost as many in the <5 p group and a very few larger than 10 p. There are 
19,000 larger than lop in the ventral part, that is to say far more large cells 
than in any other supraoesophageal lobe (except the superior buccal). The 
largest of them have nuclei 2Op in diameter. 

(e)  Dorsal basal lobes 
The region below the vertical and subvertical lobes consists of a complicated 

maze of islands of cells and bundles of fibres from the optic lobes. They have 
often been considered with the medial basal lobe as part of a posterior basal 
lobe, but we regard them as separate entities, the anterior and posterior dorsal 
basal lobes. The anterior part is so cut up into islands that it is impossible to 
treat it  as a series of sheets, as has been done for the other lobes. The method 
has been to estimate its volume and then to find the density of cells per unit 
volume. This shows it to contain nearly a million cells, nearly all of less than 
5 p  (Table 3). 

The posterior dorsal basal can more readily be treated as a series of sheets, 
whose area is estimated at  11 -28 mm2. This gives 802,000 cells, divided almost 
equally between the <5 and 5-lop groups. 

There are, therefore, approaching two million cells in this whole region. 
They may be concerned with the regulation of visceral activities. 

( f )  Subpedunculate lobes 
A possible indication of the functions of the dorsal basal region is that two 

motor nerves arise from a part of this region-the nerves to the optic glands 
and the subpedunculate nerves. The former have been shown to regulate the 
onset of sexual maturity (Boycott & Young, 1956 ; Wells & Wells, 1959). 
The subpedunculate nerves run to the orbit, where they apparently innervate 
blood vessels, but their function is uncertain (Boycott & Young, 1956). These 
are the only peripheral nerves directly connected with the supraoesophageal 
mass and they arise close together at  the top of the back of the dorsal basal 
region. Here a pair of distinct lobules can be recognized (Plate 4, fig. 18), 
and it is assumed that both nerves arise here, though only the subpedunculate 
nerves can be traced with certainty to them. 

The outline of the subpedunculate lobes is not easy to measure and the 
estimate of 1.44 mm2 for the area of the walls of the two together is probably 
low. They contain 144,000 cells, over 90 per cent of them less than 5 p  and 
none over l o p .  In  general composition they therefore resemble the dorsal 
basal lobes. 

(9)  Lateral basal lobes 
These are well-defined entities at the sides of the medial basal, with 

characteristic cell wall and neuropil. They are higher motor centres for the 
control of the chromatophores and send their output to the anterior and 
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posterior chromatophore lobes. They receive numerous fibres from the optic 
lobes and their neuropil is continuous with that of the medial basal lobes. 

Since they are bulges on the lateral face of the medial basal lobes their 
cells are limited to the lateral walls. A single circumference was measured as 
a representative sample and gives an area for the two sides of 3-15 mm2. 
This is probably an overestimate. 

The cell population has a total of 137,000, closely similar in make-up to 
that of the dorsal part of the medial basal lobe, with the greatest number of 
cells between 5 and 10 p, but with numerous smaller and only very few larger 
ones (Plate 3, fig. 11). Presumably the axons of most of the larger cells pass 
to the chromatophore lobes. Electrical stimulation of the optic lobes is able 
to elicit particular patterns of the chromatophores. It is thus probably that 
the ‘‘ computing ” of these is done in the optic lobes, the lateral basals serving 
in some way to organize the output that produces the patterns. 

(h) Interbasal lobes 
These are cylindrical areas of characteristic structure, deeply buried in the 

region between the anterior and posterior basal lobes, the optic tract and the 
middle suboesophageal mass (Plate 3, fig. 12). Each consists of a ventral 
lobule with a thick wall and large as well as small cells and a thinner dorsal 
sheet of small cells. The walls have been considered as continuous curved 
sheets, estimated to occupy 2-97 mm2 for the two sides together. Counts 
were made in both the thicker (ventral) and thinner (dorsal) parts and averaged. 

The result shows 57,000 cells, with a typical higher motor centre distribution, 
77 per cent of them being in the 5-lop group. There are only 4,000 over lop. 
There is no information about what functions are controlled from these lobes. 

This region at the sides of the brain is the most difficult of all to study 
because of the confusing maze of bundles of fibres. There are some isIands 
of cells that cannot easily be assigned to the anterior or medial basal lobes or to 
the interbasals. They have been neglected here because it is not considered 
that their total is large and no obvious large aggregations of cells have been 
omitted. 

THE INFERIOR FRONTAL-SUBFRONTAL SYSTEM 

This elaborate system of lobes is the tactile analysing system. It consists 
of a pair of lateral inferior frontal lobes at the sides and a median inferior frontal 
between them. The subfrontal lobes are a pair of cylinders at the centre of 
the complex, with thick walls containing very numerous small cells. They 
communicate with both lateral and median inferior frontal lobes. Large tracts 
of fibres from the arms enter the system at the sides and gustatory fibres 
come from in front, through the superior buccal lobes. Efferent pathways 
pass downwards to the anterior suboesophageal mass and thence to the arms. 
Other important pathways leave the lobes for the optic lobes and the superior 
frontal lobes, the latter form part of the tactile memory system (Wells & 
Wells, 1957 b, etc.). 

The area 
of its wall was estimated by taking rectangles for the front and back faces 

P.Z.S.L.-140 16 

The median inferior frontal has a flattened spheroidal shape. 
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and a series of strips between, giving an area of 7.20 mm2. The wall of the lateral 
inferior frontal has a complex shape, including a pair of cylinders at the sides 
continuing as medial walls in front and finally as a horizontal sheet of cells 
forming the floor of the channel containing the brachio-cerebral tract. The 
area of each of these was estimated separately, giving a total of 5-16mm2. 
The subfrontals form irregular cylinders and their walls were measured at a 
series of five points in an antero-posterior series. This gives the areas of a series 
of strips, together making 5.04 mm2. 

The medial 
part of the lobe has a great volume of neuropil covered by a relatively thin 
layer of cells, mostly very small (Plate 3, fig 14). Estimation of these in the 
sections is very difficult since several layers of them are included in the 
15 p-thick sections and many are out of focus in the photographs. The method 
adopted has been to count only the nuclei that are in focus in the photographs 
and then to double this count. The nuclei are mostly about 4 p  in diameter 
and this is therefore likely to give an underestimate. It gives a total of 922,000 
nuclei of diameter less than 5p. The medial lobe also contains a few much 
larger cells, estimated at 3,000 with nuclei between 5 and l o p  and a few 
hundreds, perhaps 1,000, larger still, up to 20 p. These larger cells are more 
frequent in the more lateral and ventral parts of the lobe. 

The small cells are presumably those whose axons form the inferior frontal 
to superior frontal and inferior frontal to optic tracts. Fibres from the median 
inferior frontal also pass to the subfrontal lobes. The larger cells are presumably 
those that send axons down to the suboesophageal lobes and perhaps to the arms. 

The lateral inferior frontal lobe is a backward extension of the superior 
buccal and has an unusual composition. Nearly 50 per cent of its 159,000 cells 
are less than 5 p, but there are also some very large ones, reaching up to 20 p. 
The cell layers and neuropil differ greatly from those of the median part of 
the lobe, but it is not known what functions the lateral lobe performs (see 
Wells, 1959).* 

The subfrontal lobes are of special interest since they stand in the same 
relation to the inferior frontal lobes as the vertical lobes to the superior frontal. 
Wells has shown experimentally that the subfrontal lobes are an essential part 
of the tactile memory system. Their dense masses of minute cells are very 
difficult to count (Plate 3, fig. 15). Many of them are 3 p  or less in nuclear 
diameter and the method adopted has been to count those in focus in a good 
photograph of a 15p-thick section and to multiply by three for an estimate. 
This gives 5.3 millions for the two lobes, but this is a very rough estimate 
since, apart from the difficulties of counting, there are wide variations in the 
thickness of the walls. 

At occasional intervals a very large cell, with nucleus up to 2 0 p ,  occurs 
in the walls (Plate 3, fig. 15). Their number is hard to estimate, but may be 

The cell compositions of these three lobes are very unlike. 

* By more recent studies it has been possible to  clarify this problem by dividing the lateral 
inferior frontal lobe as here described into two parts, a more medial posterior buccal lobe and 
a lateral inferior frontal in a more restricted sense. The counts given here were made before 
this distinction was recognized. 
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only of the order of 1,000 for both subfrontal lobes together. Golgi methods 
have not been successful in unravelling the pathways of the lobes, so it remains 
uncertain whether these large cells provide the output or whether some of the 
smaller cells send axons back to the medial or lateral inferior frontal lobes. 

SUPERIOR FRONTAL LOBES 

These like the inferior frontal contain clearly distinct paired lateral superior 
frontals and a median superior frontal. The latter is found only in octopods, 
the superior frontal of decapods corresponding in structure to the lateral part 
of the lobe of Octopus. The median lobe contains an elaborate system of 
interweaving bundles. The input fibres to the system all enter through the 
lateral superior frontal lobe and consist mainly of large tracts from the optic and 
inferior frontal lobes. These fibres cross the trunks of the cells of the lateral 
superior frontal, whose dendritic collaterals also receive impulses returning from 
the vertical lobes. The axons of the lateral superior frontal pass on to the subver- 
tical lobe. The incoming fibres having passed through the lateral superior 
frontal enter the medial superior frontal, where the optic and tactile bundles 
interweave. The medial lobe is thus mainly composed of neuropil, with a 
relatively thin outer layer of cells. The trunks of these cells pass through 
the interweaving bundles in the neuropil, giving off collaterals, and then after 
passing through a plexus enter the vertical lobe. 

The cell layers of the lateral superior frontal form curved sheets over the 
lateral face of the lobe. They were easily measured as a series of strips, 
totalling 2.64mm2 for the two sides. The area of the median lobe was also 
easily determined by taking the front face as a small rectangle and then a 
series of strips of increasing size. There are no cells on the hind face of the 
lobe but a shelf of cells extends backwards below. The total area is 8.44 mm2. 

The lateral superior frontal lobe has fewer and larger cells than the median 
and approximates in composition to the higher motor centres. The two sides 
together contain 83,000 cells, about half being less than 5 p and the rest 5-10 p. 

Counting the median superior frontal gave the same difficulties as the other 
lobes with many small cells. The cells are not as small as those in the subfrontal 
or vertical lobes, niostly their nuclei are about 4 p  diameter (pl. 3, fig. 15). 
Nuclei in focus were therefore counted and t,he number doubled. This gives a 
total of 1.77 millions, all in the <5p group. The uniformity of size is presumably 
connected with the fact that these fibres all end in the vertical and perhaps 
subvertical lobes. 

VERTICAL LOBES 

Estimating the number of cells in these is most difficult. The lobes can 
be described as forming five long cylinders, but their walls are very irregular 
(Plate 3, fig. 16). The estimate was made by measuring the circumference of 
one of the lateral lobes at seven points along its length and adding together 
the areas of the cylinders between these points. This gave an area of 5.64 mm2 
for this lobe, 28.20mm2 for the five together. Other estimates of the areas 
of the vertical lobes have been made by Wyatt (unpublished) using similar 
methods. He found 21.92 mm2 for an octopus of 1820 g. 

16" 
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Counts of the cells in focus were made on several photographs. Variation 
in the thickness of the walls was a serious difficulty. Multiplying the mean 
count by three gives a total of 25 million cells with nuclei less than 5p.  In  
addition there are at intervals cells of 5-lop and it is estimated that there 
are 66,000 of these. It may be that they provide a major part of the output, 
though they can hardly be the whole of it. Perhaps some of the cells of < 5  p 
also send output fibres to the subvertical and lateral superior frontal lobes, 
Counts by Wyatt on two further animals gave 23 x lo6 for one of 250 g 
and 46x lo6 for one of 1,800 g. The method thus gives results that 
are in the right range ; no more can be said until further animals have 

Table 3-Highest supraoesophageal lobes. Numbers ( x lo3) and percentages of cells with nuclei 

of various diameters. 

Lobe 

Inferior frontal medial 

lateral 

Total 

Subfrontal 

Superior frontal medial 

lateral 
(two sides) 

Vertical 

Subvertical ant. & post. 

lateral 

Preoommissural 

Dorsal basal anterior 

posterior 

Total 

Subpedunculate 
(two sides together) 

Area 
mm2 

7.20 

5.16 

5.04 

8.44 

2.64 

28.20 

16.76 

4.20 

- 

11.28 

1 *44 

Total 

926 

159 

1085 

5308 

1772 

82 

25066 

805 

5 

78 

994 

802 

1796 

144 

< 5 P  

922 
99.60,b 
77 
48.4% 

999 
91.1% 

5307 
99.9y0 

looyo 
1772 

42 
51.5% 

25000 
99.7y0 

458 

1 
56.9% 

20.0y; 

42 
54.0% 

853 

423 

1276 

85.8% 

52.7% 

71.0% 

135 

5- lop  10-15p 
x 103 

3 
0.30,b 

65 
40.90,; 
68 
7.19; 

1 
<o.lyo 

- 

40 
48.5% 

66 
0.3q/, 

341 

3 
42.4% 

60.0% 

35 
44.8?/, 

141 

375 

516 

14.2q0 

46.8% 

28.870 

9 
93.7% 6.3% 
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been examined. Wyatt's data suggest that the weight of the vertical lobe 
and number of its cells increase rapidly up to about 200g body weight but 
very little thereafter. 

SUBVERTICAL LOBES 

These are most complicated in form and connections. They receive 
the output of the vertical lobes, except the part that runs through them 
to the lateral superior frontal. They also receive fibres from the latter lobe 
and from the brachio-cerebral tract. They send fibres to the optic lobes and 
perhaps also to the precommissural and other supraoesophageal centres. 
They consist of a pair of roughly spherical lobules in front, with tongues 
passing back below the vertical lobes. A further complication is that part 
of the wall is folded to form sheets or islands of cells. All these factors have 
been considered by measuring the outline at  a series of levels, giving an area 
of wall of 16.76 mm2. The walls have approximately the same composition 
throughout and the mean of counts at  various places gives 805,000 cells. They 
are arranged approximately as in higher motor centres, but with rather more 
than half in the < 5  p group. Very few are larger than 10 p (Plate 3, fig. 17). 

At the sides of the subvertical lobe, on the optic tract, lie a pair of small 
but conspicuous lateral subvertical lobes (Plate 4, fig. 19). Their cells look 
large by comparison, but are mostly in the 5- lop  group. However, a few of 
them reach a nuclear diameter of 2 5 p  and are the largest cells in the 
supraoesophageal lobes (Table 3). 

PRECOMMISSURAL LOBE 

Below the subvertical lobe and continuous with it is a tongue of neuropil 
and cells that reaches to the lateral pedal lobe and may constitute an important 
motor pathway. Its  walls are not easy to measure and count but they are 
estimated to contain 78,000 cells, with approximately the distribution of a 
higher motor centre but with rather more than half the cells in the < 5 p  
group. There are no experimental data about its function. 

OPTIC TRACT LOBES 

Along the course of the optic tracts lie two nervous structures, the peduncle 
lobes and olfactory lobes, and the optic gland (Boycott & Young, 1956). The 
peduncle lobes receive fibres from the optic lobes and send tracts to many parts 
of the supra- and suboesophageal lobes. They play some part in the control 
of movement, possibly in aiming or attack or in control of eye movements. 
The olfactory lobes receive the nerve from the sensory pit that is supposed 
to have a chemoreceptor function, though there is no evidence of this. 

The peduncle lobe has two distinct parts, a main region and a ridge. The 
principal portions of the two sides together contain 80,000 cells, with the 
composition of a higher motor centre, 60 per cent lying in the 5-1011. class. 
The ridges cont'ain 62,000 cells, all less than 5 p  (Table 4). 

The neuropil of the olfactory lobes is continuous with that of the peduncle 
lobes, but the two differ in structure. 70 per cent of the 136,000 olfactory 
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Table 4-Optic tract lobes. Numbers ( x lo3) and percentages of cells with nuclei of various sizes. 

Lobe Area Total <5!J 5 - 1 0 ~  10-151~. 
x 103 

Peduncle (two sides together) 2.70 80 30 48 2 
main part 37.5% 60.00/, 2.5% 

ridge 

Total 

- - 0.98 62 62 
100.oqg 

142 92 48 2 
64.896 33.80,, 1.4% 

- Olfactory (two sides together) 2.30 136 42 94 

lobe cells are in the 5-lop class. 
basal and median basal lobes. 

30.90,, 69.17, 

Their axons probably pass to the dorsal 

OPTIC LOBES 

Counting of the cells in the optic lobes requires assumptions different from 
those used for the other lobes. The majority of its cells are very small and 
unipolar, with a branch extending into the neuropil, as in other parts of the 
nervous system, but the cell layers at the centre of the lobe can be considered 
as folded to make an elaborate system of islands. The cortex of the lobes is 
occupied by inner and outer granule layers, separated by a plexiform layer of 
neuropil (see Young, 1962 a). 

Two separate estimates of the cells of an optic lobe have been made. 
(1) For the series of sections used for the other lobes estimates were made of 
the volumes of the inner and outer granule cell layers and then of the volumes 
of a series of four shells at  increasing depths towards the centre of the lobe 

Table 5-One optic lobe. Numbers ( x lo6) and percentages of cells with nuclei of various 
diameters a t  various depths in one optic lobe of the octopus used for the counts of other parts. 

Depth <51* 5-10 IJ. >I0 i" Total 

x 106 

Outer molecular 18.30 0.50 - 18.80 
97.3% 2.7% 

Inner molecular 15.63 0.29 - 15.92 

15.82 0.43 0.04 16.29 
97.6% 2.1% 0.3% 

98.0% 2.0% 

Central 2 

Central 3 

Central 4 

Total 

6.15 0.36 0.04 6.65 
94.1% 5.376 0.6% 

2.71 0.90 0.03 3.64 
74.6% 24.6% o.sy, 

2.52 0.73 0.02 3.27 
77.3% 22.1% 0.6% 

61.13 3.21 0.13 64.47 
95.0% 4.9% 0.1% 
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Table 5). (2) In  a second series of sections cut at  5 p  estimates of the area 
of the two outer layers and of the areas of a series of shells were made (Table 6). 
The numbers of cells calculated are of the same order of magnitude, though 
there are some serious divergences. 

Table 6-One optic lobe. Numbers ( x lou) and percentages of cells with nuclei of various 
diameters in a lobe of a second octopus, a t  various depths below the surface. 

Depth 

Outer granule 

Area < 5 [L 5-10 y Total 
mm2 x 106 

49.8 9.20 0.64 9.84 
93.50/, 6.5 yo 

Inner granule (75 y) 43.0 7.02 0.53 7.55 
93.0% 7.0% 

A. Xext 300y 37.0 6.32 1.26 7.58 
83.494 16.6% 

30.0 1.49 0.62 2.11 
70.6% 29.4% 

c. ,, ,, 19.7 0.61 0.30 0.91 
67.0% 33.0% 

D. , J  9 ,  

Totals 

9.6 0.12 0.08 0.20 
60.0% 40.0% 

24.76 3.43 28.19 
__ 

87.8% 12.2% 

In  the first octopus the lobe was considered as a cylinder with a hemisphere 
at  each end. The radius of the cylinder and of the hemispheres was 1.6 mm 
and the length of the cylinder between the hemispheres 6mm. The outer 
granule cell layer is 7 5 p  thick and its volume can be thus estimated by 
subtracting the volume of the cylinder and the spheres that lie within it from 
the whole. The plexiform zone is 9Op thick. The inner granule layer is not 
sharply marked off from the rest of the lobe in octopods as it is in decapods ; 
it has therefore been arbitrarily considered to be 7 5 p  thick and its volume 
estimated by subtracting a cylinder and spheres at this level from those 
generated at the inner surface of the plexiform zone. 

From here inwards the lobe was divided into four further cylinders and 
spheres, each 150 p smaller than the previous one. This gives a total radius of 

and clearly does not include the centre of the lobe. This central region, 
however, is mainly composed of bundles of nerve fibres. 

The outer granule layer consists of cells increasing slightly in size passing 
outwards, but mostly below 5 p  (Plate 4, fig. 20). There are estimated to be 
18 millions of these and 500,000 cells with nuclei of 5-10p, mostly at the 
extreme periphery of the lobe (Table 5). The estimate of the smallest cells 

( 4 x  150)+75+90+75=840 p 
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was made by counting those in focus in one photograph and multiplying by 
three for the 15 p section thickness. This may weU be a considerable 
overestimate. Golgi preparations show that the fibres of the cells in this 
layer mostly or all end within the plexiform zone, few proceed to deeper 
levels. 

The inner granule layer also has smaller cells next to the plexiform zone and 
larger ones at greater distances away from it. There were 15 million cells 
here smaller than 5 p and 300,000 of 5-10 p. Some of the cells, like those of 
the outer granule layer, are amacrines, ending within the plexiform zone. 
Many of them, however, are efferents, with axons proceeding to the retina. 
Still others are bipolars of various sorts, with dendritic trees spreading in the 
plexiform zone. 

The next shell 150p thick proceeding inwards consists mostly of columns 
of cells with dendrites in the plexiform layer, that is, conducting inwards 
towards the centre. They are separated by radial bands of fibres, running 
inwards and outwards. There are again about 15 million cells of less than 5 p 
in this zone, some 400,000 of 5-lop and now also some larger ones, 40,000 
over lop. 

From here proceeding inwards the pattern gradually changes towards that 
of a higher motor centre, with fewer small cells and more in the 5-10 group 
(Table 5). In  the third shell there are only 2.7 millions less than 5 p  and 
nearly a million large ones. In  these more central parts there are some quite 
large cells with nuclei of 3Op or more. 

There are thus about 3 to 4 million large cells in the lobe and it is presumably 
these whose axons pass to other centres. Unfortunately, there is at  present 
no way of distinguishing which cells give rise to the fibres for various 
destinations-the other optic lobe, peduncle lobe, basal lobes, vertical lobe 
system, etc. (see Young, 1962 a). The proportion of large cells increases 
towards the centre to a greater extent than appears from the figures because 
within the 5-10 p group the cells of the inner granule layer and that immediately 
within it are little more than 5 p, few reach 10 p. Passing inwards this relation 
is reversed. Towards the centre there are many cells with nuclei of nearly 
lop, often grouped around the large venous sinuses, rather than in cell 
islands. Many of the cells with nuclei less than 5 p  in this central region 
probably belong to the blood vessels and are not nervous. Nuclei of the 
subpedunculate tissue also lie in this region (Boycott & Young, 1956). 

The outer region of the optic lobe may be described as a receptor signal 
analyser, where the coding of the visual input occurs (Young, 1960). The 
central part, however, shows in its pattern of cell sizes more the character of 
a higher motor centre. Correspondingly, the outer part was found to be 
electrically inexcitable but many patterns of behaviour can be elicited by 
stimulation at  the centre (Boycott & Young, 1956). 

The counts made on the thinner sections of a second octopus gave figures 
considerably lower than those above (Table 6). The areas were determined 
by tracing from photographs at x35 of every 50th section (there were 650 
in all). The surface areas for each block of 50 sections each 5 p  were then 
determined by treating them as rectangles, i.e. if x was the circumference 
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the area= 50(x x 5) p2. The sections were sagittal and allowance was made 
for the medial and lateral faces. 

An estimate made by treating 
the lobe as a cylinder with spherical ends gave 64mm2. This is a serious 
difference, but at least the results with the two methods are not wholly 
discrepant. This latter method applied to the first octopus gave 112mm2 
and we may reasonably conclude that the second animal was twice the size 
of the first. Wyatt has made an estimate of 95.6 mm2 for the optic lobe of 
an octopus of 1820 g. He has also collected weights of optic lobes from animals 
of various sizes and they show only slow increase after about 500 g. The area of 
N 100 mm2 is therefore a first approximation for the larger animals. Wirz 
(1959) found a rather higher figure, 133 mm2 for an octopus of size not stated, 
perhaps it was a very large one.* 

The counts made on the second (smaller) octopus were about half those 
for the first (for the small cells <t ip) .  This agrees with more recent counts 
made by Wyatt who shows a curve of increase in numbers. One of his animals 
of 250 g gave 28 million cells, one of 390 g 48 millions, and 1400 g 87 millions. 
Apart from the interest of this increase these figures show that the method 
gives consistent results. 

The total area estimated was 49.8mm2. 

BRACHIAL GANGLIA 

The cords that occupy the centres of the arms constitute by far the greater 
part of the nervous system of an octopus. Each cord consists of a large pair 
of dorsal bundles, the cerebro-brachial connectives, containing fibres running 
in both directions between the brain and the arm ganglia. The ventral part 
of each cord has nerve cells around the outside and neuropil at  the centre. 
This cellular region may be divided into ganglionic and interganglionic regions. 
Each ganglionic region corresponds to a sucker and they are. therefore 
developed on alternate sides of the cord (Plate 4, fig. 23), giving an asymmetrical 
appearance in transverse section (Rossi & Graziadei, 1958) (Plate 4, fig. 34). 

In  the interganglionic regions the cord contains a small number of large 
cells, lying at  the sides. In  the ganglionic regions the cells extend all round 
the periphery of the ventral part of the cord. The more dorsal part of this 
cell layer on each side is continuous with the interganglionic cell layer and, 
like it, consists only of large cells. These more dorsal cells are probably 
concerned with movements of the longitudinal and transverse muscles of the 
arm itself. In  the 
more distal part of the cord, this dorsal region contains small cells in addition 
to large and these are presumably concerned with the more delicate movements 
of the tip. 

The ventral part of each ganglionic region constitutes the sucker ganglion 
proper. It contains some large cells (though few or none as large as those of 
the dorsal region) and many small ones, lying mainly near to the neuropil 
(Plate 4, fig. 21). Numerous nerve trunks leave each ganglion to the sucker 
and small collections of nerve cells occur on the course of these. 

They thus form a continuous column, not segmented. 

* Dr Wirz has kindly informed me that this was indeed so, her animal weighed 10 kg ! 
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Towards the tip of the arm the ganglia lie closer together. The inter- 
ganglionic regions are first reduced to short stretches of wall with large cells, 
opposite to the alternate ganglion (Plate 4, fig. 32). Still further distally the 
cord is essentially covered with a uniform cortical layer over its whole extent, 
although there are signs of the alternation of ganglia even at the tip, where the 
nerve cord occupies the greater part of the arm (Plate 4, fig. 24). 

These conditions make the estimation of the numbers of cells difficult. 
Estimates were made on sections taken from the third arm of the left side of 
a female octopus of 620g. The whole cord tapers steadily, but the rate of 
diminution is not known. No attempt has been made to produce a true integral 
value. The figures for the first 300 ganglia (100 in each row) were obtained 
by measuring and counting in a ganglion at  the twelfth sucker pair and 
multiplying by 200. Estimates of the numbers in the interganglionic stretches 
were also added (Table 7). 

Table 7-Arm ganglia. Numbers ( x lo6) and percentages of cells with nuclei of various 
diameters along the 3rd left arm of a female octopus of 620 g. 

Counts for one arm <5F* 5 - l o p  1 0 - 1 5 ~  15-2Op Total 

x 106 
First 200 suckers : 

Interganglionic 0.07 0.08 0.05 0.01 0.21 
33.3y0 38.196 23.8% 4.8% 

Ganglionic 

Next l l . 5 m m  

Final 7.2 m m  

Total for one arm 

10.70 19.90 0.15 0.02 30.77 
34.876 64.6% 0.50/0 0.1% 

1.74 5.79 - - 
23.1% 76.9% 

0.95 3.92 
19.506 80.5% 

- - 

7.53 

4.87 

13.46 29.69 0.20 0.03 43.38 
31.0q6 68.47/, 0.5% 0.1% 

Total for eight arms 107.68 237.52 1.60 0.24 347.04 

For the next region more distally, serial sections are available through 
7-50 mm and the count was made by estimating the numbers in one 10 p 
section and multiplying by 750. Half was added to these figures to allow for 
4 mm of arm not sectioned. The cell layer is thus assumed to be a homogeneous 
layer throughout a whole stretch of 11.5 mm. 

The figures for the tip were again obtained from serial sections (720 sections 
at  lop), one of which was counted. The section taken was near the middle 
of this tip region ; as the taper is rapid the estimate is probably high. All 
figures are corrected for size of nuclei and thickness of section. 

DISCUSSION 

There are many possible sources of error in the counts here given. The 
methods used for estimating the areas of irregularly-shaped lobes involve many 
approximations. No attempt has been made to assess the limits of error by 
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repeated measurements. The counts of Wyatt on the vertical and optic lobes 
show that moderately consistent results can be obtained with the method 
(pp. 243-249), but there are no data yet available to show its systematic error. 

The whole octopus nervous system includes more than 500 million nerve 
cells, that is 100 times less than the human brain. It seems likely that this 
is a greater number than in any other invertebrate, or indeed than many 
vertebrates, but data are very scarce. The spatial distribution of the cells 
is perhaps unexpected, more than half are in the arm ganglia (Table 7).  This 
emphasizes the remarkable plan of organization of the octopus nervous system, 
in which the performance of a large range of quite delicate actions is delegated 
to these peripheral centres. 

Within the central masses the outstanding feature is the dominance of the 
optic lobes, comprising together three times as many cells (129 millions) as 
all the rest. Of the remainder 30 millions are in the superior frontal and vertical 
lobe system, which consists of centres concerned with rewards and regulation 
of the balance of tendency to attack (Young, 1963). Only 6 millions are in 
the tactile centres (inferior frontal and subfrontal). Yet those centres are 
essential for the storing of representations of chemotactile situations. The 
ganglia in the arms are unable to serve as memory centres, in spite of their 
hundreds of millions of cells (Wells & Wells, 1957 a). 

The central motor centres, higher and lower together, include less than 
4 million, that is about 1 per cent of all the nerve cells in the a,nimal. More 
than two-thirds of these cells are concerned with the chromatophores and 
control of the blood vessels. The main motor actions of the octopus (walking, 
swimming, breathing, ejecting ink, etc.) are under the control of about 
500,000 cells of the suboesophageal ganglia, including the largest in the body. 

Octopuses evidently provide abundant material for study of the factors 
that control cell size. The total range of neuron sizes is less than in decapods, 
but there is a very fine gradation of sizes, with a series of intermediate 
categories. Thus the cells of the motor centres range from very large ones 
that control main arm, funnel and mantle movements, through moderate 
sizes in the chromatophore lobes to quite small ones in the vasomotor lobes. 
Although size may be correlated with length this cannot be the only factor 
since some fibres to chroniatophores and blood vessels must run at least as 
far as those to other muscles. Presumably functional factors determine the 
size, especially speed of conduction and perhaps mass of tissue to be 
innervated. 

It is conspicuous that the higher motor centres have no very large cells. 
Although they have massive functions to control they do this by means of 
fibres reaching only the short distances to the lower motor centres. High 
conduction velocity is therefore presumably not necessary here. 

The cells that communicate between the highest cerebral centres form a 
distinct category, for example those of the inferior and superior frontal lobes. 
They are much smaller than the cells of the higher motor centres, but larger 
than the very minute granule cells of the optic, vertical and subfrontal lobes. 
These latter tiny cells almost certainly have no fibre that proceeds to another 
lobe and they are probably of amacrine type, carrying a bush of twigs but no 
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single axon. Their function is one of the enigmas of nervous activity. The 
very smallest ones are found only in these " highest " centres. Smaller cells 
accompany the larger in some of the higher motor centres, where they usually 
lie near to the neuropil, appearing as satellites around the large axodendritic 
trunks. The " suppressor " functions of the vertical lobes suggest that the 
small cells may be concerned with inhibition (Young, 1963). This would 
agree with their prominence in the outer layers of the optic lobes, where lateral 
inhibition may be an important factor in increasing the effect of visual 
contours. It is interesting that many very small cells occur in the ganglia 
of the tips of the arms, which are evidently important receptor centres. On 
the other hand in the majority of the lower motor centres there are no very 
small cells, though there is nearly always some range of size. Many of the 
smaller cells counted must of course be glia nuclei, which were not separately 
distinguished. 

SUMMARY 

1. The nervous system of an octopus was estimated to contain some 
5 x 108 nerve cells. 

2. More than half of these are in the ganglia of the arms, which contained 
3.5 x lo8 cells, including very many small cells, especially in the parts near 
the tips. 

3. The two optic lobes together contained 1.3 x lo8  cells, mostly very 
small, but with many large ones at  the centre. 

4. The vertical lobe system contained about 3~ lo7 nerve cells, the 
majority being exceedingly small cells in the vertical lobe itself. Since this 
lobe has a suppressor action on the tendency to attack it is suggested that these 
minute granule cells may have inhibitory actions. 

5. The tactile centres include about 6 x  lo6 cells, the majority of these 
being minute cells of the subfrontal lobes, comparable to those of the vertical 
lobes. 

6. Higher and lower motor centres together included only 4 x lo6 cells. More 
than half of these are in the chromatophore and vasomotor centres, which 
contain numerous small cells (larger than the minute granule cells however). 

7. The main action systems of the animal are under the immediate control 
of less than half a million very large cells of the suboesophageal ganglia, mostly 
not directly accompanied by small ones. 
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PLATE 1 

Fig. 1-Sagittal section of brain of 0. vulgaris stained by Cajal's method. 
ant. bas., anterior basal ; ant. sub., anterior suboesophageal ; 
art., cephalic artery ; dors. bas., dorsal basal ; inf. fr., inferior 
frontal ; med. bas., medial basal ; mid. sub., middle 
suboesophageal ; post. sub., posterior suboesophageal ; sub. 
v., subvertical ; subfr., subfrontal ; sup. bucc., superior buccal ; 
sup. fr., superior frontal ; vas. dors., dorsal vasomotor ; vas. 

vent., ventral vasomotor ; vert., vertical. 


