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1. Some Issentials of Neural llemory Systenm
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This report covers research done during Junc~l962 -fﬁh

June Y963, and in this period there has been a wajor

> clarification in thinking about the mechanisms by which
(a1

EE% the brain is able rapidly to acquire information as to

L
ot
T
T o~ A_)
Ly
St S
bos
| o
o
- A8
A
)
I
|-
7,
if
4
.
)I’
VAV

which lines of behaviour are likely to prove advantageous.
Essentially there are four parts to the system:

1) Receptor analysers consisting of classifying cells
each set to respond to features of the environment that
are likely to be relevant (e.g., brightness, extent of
horizontal contour),

2) Switching systems by which each classifying cell

is able to operate pathways producing one of two lines

of behaviour (e.g., attack, retreat),

3) Signals of results, indicating whether the effesct of __

. the action was favourable (e.g. food producing)-or

P

unfavourable (e.g. pain producing), © SED 1 - -
4) Femory systems by which the sirnals of resB{fs
appropriately alter the probability of the two paéﬁways.

In the octopus the lobes responsible for each of these
stages have been identified and something is ¥mown of the
cell types that are involved. The most obscure is,
unfortunately, the last, which is the most interesting.

This report provides a summery of the sys.ew . roposed,

indicatine the especial contributions made in the past year,

2. Classifying Systems.,

In previous reports evidence has teen given that
octojpuses analyse shapes in part by evaluating the extent of
their vertical and horizontal contours (Sutherland). Cells
have been found in the optic lobes with dendritic fields

extended in these directions and it is likely that excitation
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of each of these may produce either attack or retreat.
There is an initial slight bias to attack and an octopus
will make a slow exploratory attack on an unfamiliar
object moving in the visual field. If the attack yields
food it will be repeated, with progressively shorter
latency.

Some implications of this hypothesis of coding have
been explored in the past year by studying the interference
produced by one pair of figures (say 2 and W) on the learning
of a discrimination involving partly similar orientations
(e.g., horizontal and vertical rectangles). The inter-
ference was found to occur as would be expected if the
cl.ssifying system consists essentially of neurons able to
respond to vertical or horizontal contours (Parriss 1963),
However, various interpretations are possible and much
further experiment is needed to prove that the hypothesis is
correct. tlicro-clectrode recording is especielly
dcsirable. Celle of essentially this type have, of cource,
been chown by Hubel and Wiesel in the cat. Further
anatomical work hzs shown that cells with orientuted
dendritic field: essenticlly similar to those of octopuses
occur in the striatc cortex not only in cats but in rats and

wonkeys (Colonnier 1963).

3. Functions cf thre_signals of results of action

- o —

The chief clarificwtion during the past yeur's work
has been in the ctudy of the systeums that signal the results
of action ('pleasure' or 'pain'). Anztomical studies and
surgical removals have shown the plan of the vertical lobe
system and the part it plays in learning and "motivetion",
This complicated matter may be understood if we consider
that impulses signalling "food" or "pain" must be present
and perform the following functions if an exploratory homeostat

is to operate properly:
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1) They wmust operate reflex actions (e.g., swallowing,
withdrawal from a hot object)

2) They aust alter the tendency to take further octions:
the system uust be encouraged by success (but not to the
point of "rashness') and made cautious by npain (but not
made so "depressed" that there is no further exploration).
Such changes alter whet is locsely called "motivation'.

In this they must co-nperatc with the receptors that
indicate the '"needs" of the system. The hunger system
of the octopus is at present under investigntion. The
animcls continue to eat after takiug very large amounts
of food. They stop only after taking about 1C% of the
body weight of fish, and then soon resunme.

3) The third, and perhaps most interesting function of
the signels of results, is that they must "teach" the
menory systeu, Yo do this they must provide some sort
of record of the rcsults of the actions that followed the
stimulation of particula® meuwbers of the set of classifying

cells.

4, Control of "MHotivation" by balancing food and pain

The prop:r balance is achieved in octopus by pairs
of centres in series. In the first of czcy pair a few
signals from the lips (taste) are able to activate many
cells. This pultiplication of signals thus 'amplifies'
the tendency of taste signals to produce further exploration
ond ¢ttack (Maldonade 1963)., The lobe will be called an
"am; lifier" but, of course, in the sense of multiplying
signals rsther than amplifying individual oneos. The axons
of the cells of this lobe then procead to the second lobe of
the pair, where they are further able to activate nany cells,
There is, however, another input to this second lcbe, presumed
to be of nocifensor (pain) fibres and able to switch off the

circuit. The output of the second lobe increases the tendency
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to attack. The device thus serves to signal "uttuck
unless pain signals occur".

In the octopus visual system there are two sets of
pairs of lobes, placed in parallel oncxabove the other.
The visual and taste signals go to amplifier I (latersl
superior frontal), whose output goes to ocmplifier IX
(subverticzal), which also receives pain fibres. The
output of II goes back to the optic lobes. After any
interruption of this "lower" circuit the octopus no longer
launches out to att .ck un object moving st a distance. But
it is not 'blind' znd will seize a crab placed neer. This
lower circuit is thus needed if the visual signals ..re to be
8hle to nroduce an autt.ck,

The first lobe of the upper circuit, anplifier III
(zedion superior frontal) receives the sume sinels as I
snd sends then to IV (vertical) whose output oca both to
I 2nd II. after interruption of the up.cr circuit the
attacks ot o distance can be made but they are irregular,
and often slow. Th: rcesults differ according to which
lobs was reumoved. Aftcer removal of amplifier 111 the
animals in penzral attack less; after removal of IV they
attack more often.,

5. Failure to "rezd-in' and "reazad-out" from th: mewory

Morcover, »ftoer either romeval the animels failed to
perforw corractly tasks lecarned boefore oyeration -.ad they
only slowly learned ncw ones. This shews the: third of the
functions of the signals that indicate the rosults of nction,
namely to teach the cells of the gemory system which actions
should be repeated. It was at first thought that the <rrors
made after rewovals ilndicated thrt the mcumory store itzelf
had been roaoved. This 1s conclusively disproved by the fact
that the animels can perform corrcct discriminations under
suitable circumstaznces, Taus they can discriminate between

objects shown simultancously, or in tests st which no food
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‘rewsrd or shock is given (Muntz, Sutherland and Young

1962) . The errors made after operation arc due to the
fact that the snimals are too greatly influenced by
whatever food or pain they have recently received., They
react to these antecedent stimuli rather than to the
indications in their memory store. We umay thus say that
they fail to "read~-out" from the mewory. They cre also
very slow at setting up nev representations ond we mny say
this is a failure to "read-in" to the meuocry. "heir
function in this process of rurding-in is probibly double.
Pirst they spre:d the signals of results so tast they
arrive at all parts of the merory. This is domne by
elaborats plexifora arrangements. Secondly they wmzy
serve to bridge the delay between the tiae when the

visual signal occurs and the classlfying cells wre made
active, end the arrival of the signals of recsults (food

or pain). The verticsl lobe system, of course, le:tds
from the optic lobes and back to them wgain and we muy say
that this circuit serves to maintain the "address" of the
appropriate cclls in the optic lobe and then to deiiver
the signals of results to the correct "address". (The
differences between digital computers and brains sre such
that such terms as "roading in" and "add.ossing" are only
partly valid). This function of "addressing" is chown
clearly by the fact that, in animils without verticsl lobes
there is a no transfer of training from onec optic lobe to
the other (Muntz). Howevar, not all the oxpericental
cvidence shows that the vertical lobe system is involved
in delayed responses. Dilly heas shown during the last
year that octopuses without vertical lobes can muke correct.

choices between two alternatives up to half a minute after

A,

relevant cues had been removad. They were not infarior to

RE

normals in this behaviour, Further work on delayed response

is jproceeding.
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6. DPairs of centres in tactile and visusl lcirning

systems

The validity of the interpretutions of these centres
has been greatly strengthened by the realis.tion that the
octopus contains two largely independent systems for
appropriately balancing and addressing the signals of results.
It is now realised that the tactile learning system studied
by Wells also contains fo r lobes, arranged on the some plan
as those of thu visual systcum. They are rather smaller
and less sharply demarcated in the tactile sy tem, verhaps
cerresponding to the lesser delay betweon touching an object
and tasting it. In the cuttlefish and squlid, which shoot
the sras &t the prey, the delay is minimal and the four touch

centres are n.t develowed.

7. Signals of Results_and Distonce dcce:tors in Iawnals

The guneral proposition that eaergzes is that wre e an
anim=l uses distonce receptors it will neced systews to

anplify end balance the signiale of results 2nd (o deliver

them to the corrcet addresses in the memory. Thie
interpretation msy help in understanding the waawv:lian
forebrzin, Belf-stimulction experiaents h:ve shown thot
centrzs for 'reward' and 'pain' lie near together in the
hyrothalanmus. Th's is also the repion frow wiich cowplex
motor patterns can be elicited (e.g., feediﬁg, rage, sexual
behaviour). This region is linked through the anter or
thalamus with the cingulate cortex and hippocampus. Tiis
circuit has long been known to be concerned with cmotion and
'motiv tion' (Papez). Moreover, the symptcms of both
Korsakov's syndrowe end hippocampal removal show that the
circult is needed for "reuding-in" to the wewmory. It way
be forecasted th t thcré are connections not yet discovered

between this circuit and the neocortex.
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8. Excitutory and Inhibitory Symaptic dystems

The 'amplifiers' in octopuses that increase #nd
decrease the probability of attack have very different
structures both with light and electron microscopy.

The vertical lobe ('inhibitory") contains large numbers of
minute cells with ne long axon (smacrines). These cells
make synapse with the incowing fibres from tae "eweitatory"

lobe, but there ars vesicles on both sides of thc synonse

(Gray and Young 1963). In fact the amacrince colls the
nroceed imuedi.t.ly to mike synapse with a third type of
fibrey, presumably the output fibr.s of the lobe. although
the full details tre not clear, this suggests a aschanism
of pre-synaptic inhitition, especially interesting in view
of the "suppressor" efficts that mny be sxcrcised by the
lobe., The "excitatory" ~mplifier (median su erior frontal)
contains no amacrine cclls und no synapscs with vesicles on
bot' sides. Work on thes2 and other lobes ig proce.ding.
There are grect ncasibilities Lfor associnting 4 t.iled

knowlcedge of the synaises with wicroclectrode rzcording.

9. The ncture of the neural momory

It is clear that the visuzl wnory coells cof Qctopus
lie in the optic lobes, prob bly in th. cecntesl coll islands.
Electricul stimulation hore produces veried actor resp nres
{Boycott and Young). Tne nature of the woemory chringe
restins a3 obscure s ever, A o0 hymothesis we 2vt forward
thet cich .aemory c¢.1ll 1s connceted with cone type of
clussilying cell (say for horizontcl contour) nd can
produce one of two outputs (attack, retricot), Alter
"horizontal" has occurred, the appropricte cells r. Xept
4t a lowcred threshold by the vertic 1l lobe circuit. If
"food" leter occurs, then the pathway leeding from the
"horizontal" ¢ 11 to "retreat" is closed. The :igents

sugwested for this process ar~ the swall multipolar cells
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that accompany the large cells of the central isl- nds of
th: optic lobus. They may h-v. suppressor functions
similar to those of the amacrines of the vorticsl lob.s.
Their especial feoture moy be Ria systems trigeered to
produce sudden changes in enzyme systems, inhibiting one
pathway upon apnropriate stimulation and then closing it
altogethner by metabolic chunge or "srowth process”,

This would agreec with Hydén's sugg:stion of a connection
between RNa and neurnl memory systoms but not thot spocifie
nucleotides code for individual ilems in the wowmory. In
cur cystum the specific inforawtion is rrcorded by s.lection

from a prc-set cole Drovided by the clussiflying ceslls.

“

48 an hyvpothesis we surmgest that cuich unusad pothwny
ig closed couw~le cly by an explosive nrocess when the obher
p.thway is used, Learning then consiste in the accuauletion
of sufficicent cells with only ons pathway for co  isiont
decisions to be made. Cthers prcfer to think of ¢ grudual
change in each pathway. In either case it is iaport.nt
to puy at*ention to the change th~t occurs on ecch occuilon
of learning. Study of the saccumulation is, in a s.nsc,
of seccoadary importance.

There is cnough cvidence tc guzgest thet the whole
learning system of the octopus auwy o-erave somewhat as
postulﬂtud. However, much is speculotive and much
no doubt, wrong; therc are lamcnce cups, nnd ye.r:z of work
will be noeeded to £ill thea. 1t oy be that acmm:liin
lesrning olso consists of decisions betwein the two possible
outcomes of a scrics of zlternative pathways, on . bunis of
4 systeu of signals of the results of the cxnloritory fctions

initiated.

10, BE.B. Boycott
Furtner onrelianinary investigotions assisted by the
grant were wade by lir. . B. Boycott. Four kinds of

experiments on Octopus brain were undertaken,

T e
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(1) With F.D. Wall, visualiy evoked potentials wore
obtained from the optic lobes, rotentials wror. olso
rocorded from the vertical lobe - those were rob.bly

. evoked potentials but this hasg not yet been nroved with
complete certainty. This is the first time such
rotentials have been rocorded in 2 cephalopod. They

arc particu’crly intercsting in that the response
latencies arc very low and the potentials themselves are
compleX, There is a greut deel of promise for future
c¥periments herce with an ultimatz hope of single unit
recording.

(2) With E. Florcy, biological assays - .re made of the
acetylcholine of precisely located anatomicul ruglons of
the octopus brain, Theze showed thet there are vory
different acetylcholine concimntrations in different
regions. From az little as 30-50 4/g. in the superior
frontul lobe to a5 much as 100 »nd 125 4/~. in the o-tic
‘nd vertical lobes, A anceinlly suzacative obmsorv . ion
wi.s thrt 4 dnye ufter newrly complcete dz-offercntition

of the wverticesl lobe the ncctyleholine concentr:tion
sppearsd to rise (150-17C X /g.).

(3) attempts were mnde to implant electrodes chronically
into the brain. These werc 1l torn out by the Octopus
when 2 stimulus was wpplied. But 2 mood decl of informetion
for improved designs was obtained.

(4) Previous work on lesions to the motor control systoms
of the brain was extended with purticnlar emph.sis on the
changes in deficits to be observed with long survival times.
Of soveral results the most interesting was to show thet
with optico-magnoccllulnr znimals the synlromc of a fixed
and rigid posture changes after a few days und, in time,
(about 10 days) very ne.rly norm.l locomotion becowes
poessiblei This pr:sumably wcans that the smcll picces of

higher motor centrus left in such op.rations ars capable of
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reorganisatién. Thus, quitc complex patterns of

bchaviour are possible from a smnll fraction of the total
motor centre, Such changes h.ove been observed after '
damoge to mumuslian motor systoms., They :rc perdicularly
interesting becausce reorganisation, of a kind, is
charzcteristic of necural systems concerned with memory.

And an understanding of what occurs during such induced
changes in a notor system may contvribute to intcrprstations

of memory in ncural terms.

11. R. L. Gregory

Dr. R. L. Grogory has made a subsidiary investigntion
relevant to the present one, on the extraordinsry tiluscopic
eyes cf the coperpod Ceopilia. In thzoe ey.s there is «
scanning movemcnt pcrformed by the receptor colls., Groejory
was able to film this movament and the snalysis of the
results is providing him with idess to be further developed
this yeur on the functioning of this and other visual

systems,

TJ 2. Slovg
JUNE 1963
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