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INTRODUCTION

The brain of Octopus vulgaris, as of other cephalopoda, grows throughout life. This
is apparent from even a summary inspection of the animal at different stages of its life
history. When it settles to the sea floor after some 6 weeks of planktonic life, the animal
weighs one-fifth of a gram. Yet the brain alone weighs twice this by the time (? one
year) it is subject to the many learning studies conducted at Naples; and at a maximum
body size of about 10 kg. the mass of the brain may be nearly 2 g.: i.e. more than one
thousand times that of the whole Octopus at hatching (1 mg.) (see Fig. 1). Animals of
no other group except fish (Geiger, 1956) show such changes in size of the organ that
controls their behaviour. This continuous growth of the central nervous system in fish
and cephalopods is so unlike the situation in ourselves and other placental mammals,
whose brain grows rather little after birth (at most four-fold in wet weight in man and
the cat) and adds relatively few cells (< 50%, Airman, 1967), that even zoologists are
unused to thinking about the problems presented by an animal whose brain cells may
be increasing in number by as much as one and a half orders of magnitude.

We should like to report here the results of measurements made some years ago
aimed at defining the growth rate of this organ and at providing an estimate of its
cell numbers throughout the growth range. In order to avoid the enormous task of
counting individual cells in the different lobes of many individual brains, their DNA
content was measured and the amounts were calibrated by a method employing sperm
counts. The results have led to a more general study still in progress on the distribu-
tion of nucleic acids in the central nervous system of O. vulgaris.

A volumetric analysis of brains from a wide variety of Mediterranean cephalopods
was the subject of a monograph by Wirz (1959).

The DNA content of optic lobe and vertical fractions of the brain of Eledone
cirrhosa has been measured by Bradford, Chain, Cory & Rose (1969). The results of
the vertical lobes cannot be compared in a straightforward way with ours, however,
as it is apparent from the wet weight of the tissue quoted that a large part, if not all,
of the rest of the supraoesophageal lobes was contained in their slices of the vertical
lobes.

• Present address: Department of Physiology, University Medical School, Edinburgh, Scotland,
t Present address: Department of General Physiology, University of Padova, Italy.
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METHODS

Eighty Octopus vulgaris ranging from 0-3 to 8-5 kg. caught at different seasons of the
year by local fisherman in the Bay of Naples were weighed shortly after capture. Their
brains were dissected from the surrounding cartilage and main connectives, and each
was divided grossly into two optic lobes, suboesophageal lobes and supraoesophageal
lobes. (The suboesophageal-supraoesophageal division split the magnocellular lobes
which are developmentally part of the' supraoesophageal'.) In cases where the vertical
lobes were measured separately they were first cut away from the top of the brain, and

"8

1 mg. Body weight increuexiO7

->10 kg.
(postlarval increase x 50,000)

Fig. I. Superimposed outlines of sagittal sections of brains from three of the five body-weight
groups of Octopus, with brain wet-weights in milligrams. Approximate body weights are: I,
O'3 g, III, 40 g., V. 5 kg. The cleft running across each brain marks the line of the oesophagus;
stippled areas are the vertical lobes. The optic lobes do not appear in these sections. At left, to
the same scale, is a sagittal section of Octopus at hatching; the brain (0-2 mg.) is shown in black.

values obtained from them were later recombined with the rest of the supraoesophageal
mass. The parts (Fig. 2) were weighed fresh on a high-sensitivity Mettler balance.
Dry weights of the different lobes of both large and small formalin-fixed brains were
1 9 1 3 % wet weight values.

Thirty seven of the brains were selected for estimation of nucleic acids. For purposes
of plotting, these brains were considered as belonging to one or other of five groups
(I-V) of ten-fold increase in body weight (O-I-I g., 1-10 g.,'10-100 g., 100-1000 g.,
1-10 kg.). They were not selected as representing groups, however, but for their
distribution at intervals throughout the growth range. The biochemical measure-
ments were made either immediately after death or on fresh material conserved at
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- 200 C. DNA and RNA were estimated by the method of Scott, Fraccastoro and Taft
(1956) modified so as to analyse samples varying in weight from a few milligrams to
some hundreds of milligrams. This method measures the absorption of ultraviolet
light principally by the purines and pyrimidines of the extracted nucleic acids.
Mammalian DNA and RNA (from California Corporation for Biochemical Research)

Vertical lobes

Optic lobe ' supraoesoph.
(less verticals)

Fig. 2. Divisions of Octopus brain as dissected for nucleic acid analyses, (a) from posterior,
(6) from the right side. Diagrammatic. The dotted tube in (6) is the oesophagus, the dotted
lines on the brain show the extent of the magnocellular lobes (split in these dissections although
morphologically belonging to the supraoesophageal lobe only).

20 •

0-5 1 10 50 100
Body weight (g.)

500 1000 5000

Fig. 3. Growth curve of the brain of Octopus vulgaris. Log-log scales. Open symbols, brains
analysed for nucleic acids; closed circles, other brains from animals below io g. and above
i kg. body weight; triangles, brains for which wet weights were not taken.

were used for calibration, and milligram values are therefore given as milligram equi-
valents of mammalian nucleic acid. In our subsequent studies we have used the
diphenylamine technique for measuring DNA; they have in general confirmed the
results published here.

Scott, Fraccastoro and Taft's procedure allowed us to assay the same piece of tissue
first for its RNA fraction (dissolved in an NaOH-HCl mixture) and then for its DNA
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(dissolved in I -6N perchloric acid). Some of the RNA findings are published in
Tables 5 and 6.

Sperm heads were counted on 5 fi\. aliquots of sperm suspended in distilled water
placed under 24 x 24 mm. coverslips; the suspensions were assayed for nucleic acids
by the method used for brain homogenates. Histological counts were made on photo-
graphs of Feulgen-stained serial sections of four Octopus brains, one of 03 g. and the
others of 12 g., 22 g. and 288 g. body weight. Calculations for the whole brain were
made after applying the Abercrombie correction (Abercrombie, 1946).

c
CD

700 mg.
500

300
200

100
70
50

30
20

10
7
5

3
2

:

-

-

-

a=0-87 X

1 1 1 1 1 I I I

a 0 37

j^r o=0-67

I I i l i i i i 1 I I I

_

-

-

-

_

-

-

-

-

-

i i i i

0-20-3 0-50-71 2 3 5 7 20 30 5070 200300 500 g. 1 2 3 5 7 10 kg.
1 0 - 10° 10' 10* 103 KFg.

Body weight

Fig. 4. Growth in wet weight of the suboesophageal divisions (A) and two optic lobes (•)
of Octopus brain. Log— og scales.

RESULTS

Brain growth {wet weight)

Tables 1-4 present the wet-weight values and their averages for both the whole
brain and its main divisions. Percentages are for the whole brain relative to body weight
and for the suboesophageal, supraoesophageal and optic lobes relative to the total
brain. Table 1 includes the brain at hatching. Even though the body weight at this
stage contains a substantial contribution of yolk, the brain is one-fifth of the body.
Nor is this all the central nervous tissue present, for each of the eight arms has a stout
nerve cord. On a conservative estimate these, together with the brain and eyes, must
account for one-quarter of the living tissue of the larva. By contrast, our largest brain
contributes only one five-thousandth part (0-02%) of body weight; 40% of this is
suboesophageal (lower motor) tissue and almost equals the two optic lobes in size,
while at a body size of 1 g., optic lobes are together nearly three times as large as the
suboesophageal lobes.

35 EXB J2
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Fig. 3 is the growth curve of the total brain plotted on double logarithmic co-
ordinates. The average rate of increase in weight throughout the life span (the average
slope of the log-log curve) is given by a in the allometric equation y = bx? (where y is
brain weight and x is body weight). The rate changes during ontogeny, the value of
a being 0-64 during the first stages of post-larval life, flattening to 0-43 before a body
size of 10 g. is reached. This is chiefly due to change in the growth rate of the optic
lobes; the relative growth rate of the optic lobes is particularly high up to a body
weight of 1 gram (a = 0-87 based on seven animals), flattening thereafter to 0-37

4-

3-

00

i

0-5 -

1 10 100 1000
Body weight (g.)

3000

Fig. 5. Curves of DNA increase and of wet weight (straight lines) of the total brain (crosses)
and the optic lobes (closed circles) of Octopus. Plots are grouped values for each body-weight
group (see text). Numbers of samples are indicated alongside, and standard deviations by a line
through the plots.

(Fig. 4). Alterations in the value of a in the supraoesophageal lobes are slighter and
occur much later, while there appears to be no change in the relative growth rate of
the suboesphageal lobes (Fig. 4).

In Figs. 5 and 6 (see next section) in order to facilitate comparison between DNA
increase and wet-weight increase of the same part, body weight values on the abscissa
have been scaled according to the power value of a for the parts of the brain concerned;
thus wet-weight curves preserve a straight line.

35-2
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DNA increase

The increase in DNA content of the various parts of the brain during growth is
given in Figs. 5 and 6. The grouped values (totals only) that served as a basis for these
figures are given in Table 5; representative values for individual brains are given in
Table 6. The distribution, by weight, of the specimens analysed may be seen in Fig. 1
(open plots).

Table 6. Representative results of DNA and RNA measurements (mammalian equivalents)
on five brains of individual Octopus vulgaris designated by letters of the alphabet with
body weight in parentheses. The last column gives the number of diploid equivalents (twice
the sperm cell equivalent) for the DNA measured

ZEY, ZEZ (032 g.)»
Total brain
Two optic lobes
Supraoesoph. lobesf
Suboesoph. lobes

ZCZ(i- 5g . )
Total brain
Two optic lobes
Supraoesoph. lobesf
(Vertical lobes)
Suboesoph. lobes

ZDA (28 g.)
Total brain
Two optic lobes
Supraoesoph. lobesf
(Vertical lobes)
Suboesoph. lobes

ZNN (380 g.)
Total brain
Two optic lobes
Supraoesoph. lobesf
(Vertical lobes)
Suboesoph. lobes

ZDP (4450 g.)
Total brain
Two optic lobes
Supraoesoph. lobesf
(Vertical lobes)
Suboesoph. lobes

mg. wet
weight

1 2 8

7-8
I - 3
3 i

50-0
36-0

5 - 2

(2-o)
7-7

1280
8 2 0

I2-I
(25)
3 4 0

351
2 1 0

58-5
("•5)
82

1598
880
289

(22)
4 3 i

mg. DNA

O-IOI
0086
0-006
0009

0 3 2

0 2 7

0-036
(0-02l)
OOII

I-IO
0 8 3
O-I5

(OO74)
OI25

I 90
I-5I
0-30

(0200)
0-096

3 7 3
2-98
0-49

(024)
0 2 6

mg. RNA

0-078
0-051
o-oio
0-017

0 4 4

0 3 3
0047

(0-013)
0-061

o-68
0 2 7

0-19
(0027)
O-22

1-40
o-8i
O-2I

(0-045)

O-39

4-34
2'22
0-65

(007)
1 1 3

mg. (DNA)/g.
(wet weight)

7-8
11

4-7
2 9

6 4
7-S
5-8

(IO)

i - 4

6-6
8-2
5-2

(30)
i - 7

5-4
7-2

5 ' i

(17)
1-2

2 3

3'4
i - 7

( " )
o-6

Diploid
equivalent x 10*

1 0 0

8-3
o-6
0 9

3 1 0

26-0
3-5

(20)
1 0

107-0
8 1 0

H'S
(7-2)
I2-O

1850
146-0

29'O

09-5)
9-3

3640
289-0

4 8 0
(230)
2 5 0

• Mean results from the pooled brains of two animals of 0-35 and 0-28 g. body weight.
•)• Including vertical lobes.

The figures show that although DNA amounts continue to increase throughout life,
the rate of increase drops relative to the rate of increase in wet weight (DNA curves
and wet-weight curves cross).

In Fig. 7 the average rate of increase of DNA in the different lobes is shown as a
percentage function (compound interest) of growth in body weight. In simple terms
this figure shows, for instance, that every time the body weight doubles during early
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ontogeny there is an average 40 % increase in the DNA content of the supraoesophageal
lobes and a 29% increase in the DNA content of the suboesophageal lobes. By the end
of ontogeny the averages have dropped to 13% and 10%.

1
Q

-0-5

-0-4

-0-3

-0-2

-0-1

1 10 100 1000 3000 10 100 1000 3000
Body weight (g.) Body weight (g.)

Fig. 6. DNA increase in (a) supraoesophageal division, (6) vertical lobes, (c) suboesophageal
division of Octopus brain. Conventions as in Fig. 5. The hatched line in (c) is the first part of the
optic lobes curve.

|f
«= 3 0 % -

f a 20%-
y 0s*

8>fe 1 0 % -

3 -

1

V

1'

2'

4

* ^

N

\

3'

r

r 1

Ml IWII IIMV

.2

4

IV-V

Fig. 7. Rates of increase of nucleic acids per 100% increase in body weight. Rates are given as
between successive body-weight groups. Thick lines DNA, thin lines RNA. 1 , 1 ' suboeso-
phageal division, 2, 2' supraoesophageal division, 3, 3' optic lobes, 4, 4' vertical lobes.
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Table 7. RNAjDNA ratios of grouped brains

Body-weight group

No. in sample
Vertical lobes
Supraoesophflgeal lobes
including vertical lobes

Two optic lobes
'SuboesophageaT lobes
Total brain

I

8-12
0-47
0-72

0-62
i-7

°-73

n
2 - 3
0-28*
0 6 8

o-68
2-4

0-74

III

4-11
0-26
o-73

o-6o
i -7

o-57

rv
4-17
O-53
0-87

0-65
3-5
o-88

V

2 - 7
0-30
o-86

0 8 0

4"7
I - I

• By diphenylamine technique from pooled results of four brains, 1066.

Dlploid
equivalents

X104

u 1 10 10* 101

(c) Supraoesophageal division
including vertical lobes

0-5

(b) Suboesophageal division

0-5

10» 104 1

Body weight (g.)

10*

Fig. 8. Nucleic acids (DNA thick lines and RNA thin lines), and the diploid equivalents
estimated from DNA in the main divisions of the brain of Octopus.

RNA

During most of the life history there is rather less RNA in the brain than DNA.
Only in the largest animals does the amount equal or exceed that of DNA, due almost
entirely to increase in the suboesophageal division. In the other main divisions the
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curves of RNA increase (Fig. 8) follow the same general course as the DNA curves.
There is, however, considerable individual variation in the ratio of the two nucleic
acids from one brain to another. Overall ratios for the different body-weight groups
are shown in Table 7. In the vertical lobes, in which there is rather little cytoplasm
surrounding the nuclei, the RNA/DNA ratio is particularly low.

Cell numbers (the diploid equivalent)

The right-hand columns of Tables 5 and 6 provide an estimate of total cell numbers
—the diploid cell equivalent—for whole brains and their various parts that the given
quantity of DNA represents. These estimates are based on the finding that 1 mg.
equivalent of DNA is yielded by 1 -94 x io8 sperms (5-2 x io~9 mg. DNA/sperm). Thus,
assuming all DNA to be in the chromosomes, 1 mg. equivalent of DNA in Octopus
vulgaris represents 9-7 x io8 diploid cells (1-03 x io-8 mg. DNA/diploid nucleus).

As our method of counting sperms was not the most accurate available, the haploid
and diploid figures are provisional.

Table 8. Nuclear counts. Comparison between histological counts and' diploid equivalents'
calculated from sperm-calibrated DNA analyses. Indications m parentheses refer to the
body tceightgroup or to the specimens) and body weight

Octopu9 and
body weight Brain division

Cajal-stained nuclei (neurones only)

400-600 g. (IV)

Vertical lobes

Supraoesophageal lobes
(less vertical lobes)
Two optic lobes
' Suboesophageal lobes'

Feulgen-stained nuclei (all nuclei)
o-3 g- (I)

ZFL 12 g. (Ill)
FAL 22 g. (Ill)

FAG 228 g. (IV)

Vertical lobes

Suboesophageal lobes
Suboesophageal lobes
• Vertical lobes

. Suboesophageal lobes

Histological
count x io*

25*

1 2 *

I3O»
2-8*

I t
(upper limit 2)

II§

5'6§

Diploid equivalent
XIO1

14-5'

16

154
*4 .

(Group IV
average)

o-si (ZGH-PJ, 0-3 g.)

3-7 (ZFF-GII, 20 g.)

14-5 (Group IV
average)

13 (ZFA, 218 g.)

Ratio

" 1 :o-6

1:13

. si-

1:05

1:3
i:<-3
1:1-3

f.z-A

• From Young (1963).
f Specially counted by Prof. J. Z. Young.
§ Counted by C. Tagliacozzo.

% Eight specimens of average body weight 0*3 g.
|| Three specimens of 20 g. body weight each.

The quantity of DNA (4-4 mg.) found in the largest brain is equivalent to a diploid
figure of 43 x io7 nuclei, and that in the smallest brain (12 mg.) to a figure of 9-7 x io9.

A detailed count of cell nuclei in a single brain of O. vulgaris has been undertaken
by Young (1963). The body weight of the animal is not given, but judging by its size
the brain probably belonged to an animal weighing between 400 and 600 g. Cells were
stained by the Cajal method, and Young's values are for neuronal nuclei—including
amacrines and 'granular' cells—but not glia, blood vessels and membranes (personal
communication). They are compared in Table 8 with those obtained from DNA
determinations on animals of the 100-1000 g. body weight group (IV). The table also
gives histological counts of nuclei in the suboesophageal and in the vertical lobes. The
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right-hand column of this table shows the ratio between numbers of nuclei counted
histologically and the average diploid equivalent of the same part in the relevant size
group. It will be noticed that the ratios are as high as i: 5 for the suboesophageal lobes
and low (close to a 1:1 correspondence) for the lobes containing few large cells (see
Young, 1963). Since the large cells of the suboesophageal areas have many more glial
elements attached to them than do small neurons (Gray, 1969)—while the very small
cells of the vertical lobes are in direct contact one with another, with few glia inter-
spersed—the additional nuclei indicated by our biochemical assays are probably due
to the glial contribution.

DISCUSSION AND CONCLUSIONS

The relative growth of the octopus brain is rather modest compared with that of
squids and cuttlefish (A. Packard, unpublished, and Wirz, 1959). For instance, its size in
our largest (8-5 kg.) specimen is no larger than that possessed by Sepia officinaUs at 1 kg.
body weight. It is also considerably smaller than the brain of the dogfish (Mustelus
cants) whose growth was measured by Kellicott (1908); in a newly hatched dogfish of
70-80 g. the brain weighs o-8 g. and attains 6 g. in a 7 kg. animal. On the other hand,
the octopus brain is larger, body weight for body weight, than that of most teleosts
studied by Geiger (1956). While the slope of the allometric curve is similar, only the
most advanced of the teleost species (the cyprinid, Barbus fluviatilis) have absolute
brain weights similar to those of Octopus vulgaris. After converting the Octopus figure
to dry weights, it is apparent that most of the other teleosts, of comparable body size
range but belonging to more primitive families (such as the pike, Esox lucius), have
absolute brain-weight values along the allometric curve as low as or lower than one
third the values of Octopus vulgaris. Unfortunately we have no data on cell numbers
during growth in the brains of these or other fish species.

The differential growth of the suboesophageal lobes which continues in later stages
at a higher rate than the other divisions is presumably related to the increased amount
of muscle in large bodies and the greater distance which the neurones have to travel
(requiring larger cell bodies), but the substantial increase, also into late stages, of the
optic lobes is puzzling. They contain not only higher motor centres, but also a
cortical region of deep retina that goes on expanding with growth of the eyes. The eye
growth curve throughout the life span together with receptor counts in early stages
has been published elsewhere (Packard, 1969) and an estimate of the increasing
number of receptors playing onto the optic lobes was given in Packard (1966, Fig. 3);
however, although the size of the optic lobe is clearly related to size of the eyes—in
fact octopuses with one eye abnormally small also have a small optic lobe—we have
no functional explanation for the sustained growth of the eye and of its central con-
nexions, growth that continues well beyond the time when behaviour can be expected
to have matured.

During the large accumulation of cells that takes place in Octopus with age there
may well be changes in the glia/neurone index in favour of glia, but the accumulation
cannot be entirely due to glial cells even in the lower motor centres. Motor structures
(e.g. the chromatophore organs) increase in number throughout life and the histo-
logical counts on adult brains show many motor neurones that were not present in the
young animal. Certainly, the lower centres of the octopus brain are in this respect
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very different from the insect ventral nerve cord. Edwards (1967) found that in post-
embryonic growth of the terminal ganglion of the house cricket, Acheta, cell increase
was entirely due to glial contribution, the number of neurones remaining constant.

Before we had read Gray's paper we were inclined to think that the excess of DNA
in the suboesophageal regions of the brain (containing large nuclei and large cells)
might be due either to polyploidy or to a substantial component of cytoplasmic DNA.
However, neither seems to be the case. The latest counts (unpublished) on nuclei in
brain homogenates give a rather close correspondence between the amounts of DNA
per nucleus in the different lobes. Also, although we have not made direct measure-
ments on single nuclei, intensity of staining with the Feulgen reaction decreases as
the size of nucleus increases. In the large (15-25 /i) class of nucleus found in the sub-
oesophageal part of the brain, Feulgen pink is hardly discernible at all; this is in marked
contrast with the large, polyploid, nuclei of gastropod ganglia which react with the
same intensity as small nuclei when sections are stained by the Feulgen method.

In the vertical lobe, whose cells are uniformly small and closely packed together
with very little cytoplasm surrounding each nucleus, histological counts and DNA
estimates of nuclear content correspond sufficiently closely to allow one to assume not
only that these cells are diploid but that the curve of DNA increase (Fig. 5 b) is the
curve of total neurone increase in the vertical lobes. Unfortunately it is established on
readings of only eight specimens and it is not easy to ensure that all of the vertical
lobe was dissected away in every case. In the other lobes the DNA curves, based on
readings of many more samples, also indicate trends in neuronal increase even though
the histological counts did not reveal a one-to-one correspondence between the
diploid ' equivalent' figure and cell numbers.

The changes in connectivity that accompany growth of the brain have not been
investigated, but connexions can not remain unaffected by the increase in cell number
(Packard, 1966). Changes will presumably be of two kinds: (i) increase in the total of
connexions, producing parallel circuits and resulting in increased capacity, and (ii)
alteration in the number of connexions per cell producing greater discreteness or
greater diffuseness. Both will have behavioural implications, and a whole field of study
relating stages of cerebral development to performance is waiting to be explored. We
have some general evidence from body-pattern repertoires (Packard & Sanders, 1969)
that there is a shift from limited fixed-pattern type of behaviour in the earliest stages,
when the number of brain cells is of the order of 10 million, to the more differentiated
and less predictable behaviour characteristic of later growth in Octopus when the
number is of the order of 100 million.

It would be interesting to know whether the very large increase during the life
history is the result of an expansion in the numbers of all neuronal elements equally,
or predominantly in one class of neurones only, especially in lobes such as the optic
with a mixed population of nerve cells and an extensive growth range. We have no
evidence, however, which would enable us to answer this question, just as we are still
gnorant of the source of new neurones in the growing brain.
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SUMMARY

1. The brain of Octopus vulgaris grows allometrically with respect to body weight
from 12 mg. at the beginning of post-larval life to 1*95 g. at a body weight of 8-5 kg.

2. The two optic lobes contribute 64% to the wet weight total at the beginning of
the growth range and 44% at the end.

3. The 150-fold increase in brain weight is accompanied by a 40-fold increase in
total DNA content, 80-85 % °f which is in the optic lobes. DNA concentrations of
the order of 20 mg./g. wet weight are found in the vertical lobes.

4. An average of 1 mg. DNA is yielded by 1-9 x io8 Octopus sperms and this figure
is used to calibrate the nucleic acid content of the optic lobes, and of the suboeso-
phageal and supraoesophageal divisions of the brain in terms of their 'diploid
equivalent'.

5. The ratio between the ' diploid equivalent' and the numbers of neurones counted
histologically is highest for the suboesophageal division and lowest for the vertical
lobes and probably indicates a high glia/neurone index in brain areas with many large
cells and low index in those with a homogeneous population of small cells. The brain
cells of O. vulgaris do not appear to be polyploid.

6. The RNA/DNA ratio is less dian i-o in the optic and supraoesophageal lobes,
higher than i-o in the suboesophageal lobes. The ratio increases during growth,
especially in the suboesophageal division.

We wish to thank Prof. J. Z. Young for vertical lobe counts and Mrs C. Tagliacozzo
for her patient assistance, also Prof. F. Ghiretti and Dr P. Tardent for their advice
in the early part of this work which was supported by a grant from the National
Research Council of Italy to one of us (V.A.).
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