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SUMMARY

1. A detailed theory of cerebellar cortex js proposed whose consequence
is that the szrebcllum lct_n'ns to perform motor skills. Two forms of input—
output relation are deseribed, both consistent with the cortical theory. One
is suitable for learning movements (actions), and the other for learning to
maintain posture and balance (maintenance reflexes).

2. It is known that the cells of the inferior olive and the cerebellar
Purkinje cells have a special one-to-one relationship induced by the
climbing fibre input. IFor ]carning actions, it is assumed that:

(a) each olivary cell responds to a cerebral instruction for an elemental
movement. Any action has a defining representation in terms of elemental
movements, and this representation has a neural expression as a sequence
of firing patterns in the inferior olive; and

(b) in the correct state of the nervous system, a Purkinje cell can initiate
the elemental movement to which its corresponding olivary cell responds.

3. Whenever an olivary cell fires, it sends an impulse (via the climbing
fibre input) to its corresponding Purkinje cell. This Purkinje cell is also
exposed (via the mossy fibre input) to information about the context in
which its olivary cell fired; and it is shown how, during rehearsal of an
action, each Purkinje cell can learn to recognize such contexts. Later, when
the action has been learnt, occurrence of the context alone is enough to
fire the Purkinje cell, which then causes the next elemental movement.
The action thus progresses as it did during rehearsal.

4. It is shown that an interpretation of cerebellar cortex as a structure
which allows each Purkinje cell to learn a number of contexts is consistent
both with the distributions of the various types of cell, and with their
known excitatory or inhibitory natures. It is demonstrated that the mossy
fibre-granule cell arrangement provides the required pattern discrimination
capability.

5. The following predictions are made.

(@) The synapses from parallel fibres to Purkinje cells are facilitat(.zd' by
the conjunction of presynaptic and climbing fibre (or post-synaptic) activity.

* Now at the Institute of Psychiatry, London, 8.E. b
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§0. INTRODUCTION
The cortex of the vertebrate cerebellum has a simple and extremel
regular fine structure. This happy combination has made detailed experi)i
mental investigations possible, with the result that the arrangement and
connexions of the cerebellar cells, together with the excitatory or inhi-

bitory nature of the various synapses, are now clear (see Eccles, Ito &
Szentagothai, 1967).

The structure of cercbellar cortex, though well understood, has as yet
received no plausible interpretation. In the present paper, a theory of the
cortex is proposed which explains what is known about it, and makes
certain definite and testable predictions. The implication of the cortical
theory is that the purpose of the cerebellum is to learn motor skills, so
that when they have been learned a simple or incomplete message from the
cerebrum will suffice to provoke their execution. Brindley (1964) sug-
gested this was the function of the cerebellum.

The exposition is divided into various sections. In the first, an outline
of the theory is presented: this is intended to provide a framework within
which the reader may fit the details. The next five sections contain a cell
by cell account of the cortex, and these are followed by a closer look at the

input—output relations consistent with the theory.

§1. OUTLINES
The axons of the Purkinje cells form the only output from the cortc.x of
- the cerebellum (see Fig. 1); and these cells are driv.cn by two csserftmlly
different kinds of input, one direct, the other indirect. The‘ first is the
climbing fibre input, and the second the mossy fibres, whose influence on

the Purkinje cells may be complicated.
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inferior 0]”'(_’ 18 .““" only .1“‘0“'11 source of climbing fibres:
[ in the inferior olivary nuclei Projeets to the

ccl bellum possesses climbing fi] ) cerchellum, and every
BT (10 corebett PESHERIER g ftbros (Keeles et al. 1967). 1ach

::‘f?a rather smnll'ol‘it\’mry ci\)lls';c"nfl‘s (‘)1;;;.1111 axon which terminates in one
‘i’~'~bing fibre on jus olxtc ) ucx1 <injo (Tc : there are very few exceptions.
g elimbing hbf'o completely ommutfcs the dendritic tree of the Purkinje
Tho and its action has been shown to be powerfully excitatory (ISccles
‘H 1967). Thus every olivary cell has a unique representational cell in
éercbc]lum which can be acted upon by lel the influences mediated by
+ho parallc] fibres. In‘tl.w PPObCllt_ thc?ry ) .113 18 suggested that each olivary
1001'1‘051)0“‘1“ to a "picce VO‘f f)u‘tp.ut which it is necessary to have under
ontrol during .movcmcnts. This “picce of output’ could take many forms:
E might be & limb movcmcilt, or a ﬁ.nc digit movement, or an instruction
_ vestibular output in a particular way to set up an appropriate
‘:H_ Jrol loop. Such “picees ol output” will be called elemental movemenls
‘_, d cach olivary coll may for the moment be supposed to correspond to one
olomental movement in the sense that it is driven by an instruction for
'@-e & movement to take placc..

" 1t is imagined that the olivary dictionary of clemental movements is
complete: that is, every possible action can be represented as an ordered
pattern of clemental movements cach of which has a special olivary cell.
7_ ery action therefore has a defining representation as a sequence of firing
Satterns in the olive.

execution of motor actions, is that the nervous system has a way of con-
ting the (inhibitory) output of a Purkinje cell into an instruction which
. ovokes the precise movement to which its uniquely related olivary cell
E".: nonds. !

It will be argued that the reason for the special and in a sense substitu-
tive relationship between a cell of the inferior olive and a Purkinje cell of
he cerebellum is that the Purkinje cell can learn all the ‘situations’ in
which the olive cell movement is required, and later, when such a situation
eeurs again, can implement that movement itself. If this were true of
nough Purkinje cells (at least one for every elemental movement), the
rebellum could learn to carry out any previously rehearsed action which
he cerebrum chose to initiate, for as that action progressed, the context
or the next part of it would form, would be recognized by the appropriate
fﬁrkinje cells, and these would turn on the next set of muscles, allowing
ather development of the action. In this way, each muscle would be
rned on and off at the correct moment, and the action would be automati-
dly performed.

: . Ormation defining the context for each Purkinje cell is provided by
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work as long as the Purkinje cell does not try to learn too much. Evi-
dently, the cue for synaptic modification is that the relevant climbing fibre
be also active, and it is this which leads to the modification hypothesis.

These ideas lead to the notion that a mossy fibre input has been learnt
by a given Purkinje cell if, and only if, the input is transformed into
impulses in a bundle of parallel fibres all of whose synapses with that
Purkinje cell have been facilitated. Two crucial points now arise. First, the
number of parallel fibres into which a mossy fibre input is translated in-
creases very sharply with the number of active mossy fibres unless the
threshold of the granule cells also increases. The number of patterns each
Purkinje cell can learn depends on the number of synapses which are
facilitated in each: so economy arguments suggest that the granule cell
threshold should be controlled in a suitable way. An inhibitory inter-
neurone could achieve this, and the Golgi cells are interpreted as fulfilling
this role.

The second point is that although the effect of the Golgi cellsis to decrease
the variation in the amount of parallel fibre activity, such variation will
still exist. Whether or not a Purkinje cell should respond to a given mossy
fibre input cannot therefore be decided by a fixed threshold mechanism.
The Purkinje cell threshold must vary directly with the number of active
parallel fibres running through its dendritic tree, and its actual value must

urkinje cells can learn
ssary to demonstrate that the
angement could operate as a
ndamental to this is that the
tially a pattern separator. That
tterns that are rather similar,
f mossy fibres into bundles of
tely much less, if at all. One
rent contexts quite reliably by
urkinje cell synapses: and this will

‘be such that the cell emits a signal when and only when all the active

parallel fibres have facilitated synapses with its dendrite. The natural way
to implement this is to allow the parallel fibres to drive an interneurone
which inhibits the Purkinje cell: and it will be shown that the various
stellate inhibitory cells can be associated with this function, although their
dendritic and axonal distributions are at first sight unsuitable.

1.1. Data

The anatomical and physiological information used in this paper con-
cerns the cerebellum of cat, and is mostly derived from Eccles et al.
(1967). Facts which are well known will not usually be given a reference :
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mation which is less well known is given g page reference in Eccles

ot al. (1967) if it appears there; otherwiso an external reference is given.

' A diagram of the general corebellar cortical structure appears in Iig, 1,
TI;O cortex has two tngos of.' nfﬁ-)rcnt fibre, the climbing fibres (C1) and the
mossy fibres (1‘{ {’)- Each cllm.bmg fibre makes extensive synaptic contact
with the dendrftxc tree of a single Purkmje cell (p), and its effect there js
sowerfully excitatory. Tl‘le axons of the Purkinje cells leave the cortex
(they form .'0110 only cortical output) and synapse with cells of the cere-
pellar nuclei.

Fig. 1. Diagram of cerobellar cortox (from Eccles et al. 1967, Fig. 1). Tho afforonts
aro the climbing fibres (Cl) and the mossy fibres (Mo). Each climbing fibro synapses
with one Purkinje cell (p), and sends wealk collaterals to other colls of the cortox.
The mossy fibres synapse in the cerobellar glomeruli (g1) with the granule cells,
whose axons (g) form the parallel fibres. The parallel fibres are excitatory and run
longitudinally down the folium: thoy synapso with the Purkinjo colls and with the
various inhibitory interneurones, stellato (St), baskot (Ba) and Golgi colls (Go). The
stollate and basket cell axons synapse with the Purkinjo colls, and the Golgi cell
axons synapse in the glomeruli with tho granulo cells. As well as their ascending
dendrites, the Golgi cells possess a system of descending dendrites, with which the
mossy fibres synapse in the glomeruli. The Purkinje cell axons form the only output
from the cortex, and give off many fine collaterals to the various inhibitory inter-
neuronos, '
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The second input, the mossy fibres, synapse in the cerchellar glomeruli
(gl) With tho granule cells. Lach glomerulus contains one mossy fibre
‘Im-mi““l (called a rosette), and dendrites (called claws) from many granule
cells. The glomerulus thus achieves a considerable divergence, and each
mossy fibre has many rosettes.

The axons of the granule cells rise (7) and become the parallel fibres,
which synapse in particular with the Purkinje cells whose dendritic trees
{hey cross. Where the granule cell axons (i.e. the parallel fibres) make
synapses, they are excitatory.

" he remaining cells of the cortex are inhibitory interncurones. The Golgi

colls (Go) are large, and have two dendritic trees. The upper tree extends
through the molecular layer, and is driven by the parallel fibres, The lower
dendrites terminate in the glomeruli, and so are driven by the mossy
ibres. The Golgi axon descends and ramifies profusely: it terminates in
the glomeruli, thereby inhibiting the granule cells. Every glomerulus
receives a Golgi axon, almost always from just one Golgi cell: and each
Golgi cell sends an axon to all the glomeruli in its region of the cortex.

The other inhibitory neurones are stellate cells, the basket (Ba) and
outer stellate (St) cells. These have dendrites in the molecular layer, and
are driven by the parallel fibres. Both types of cell synapse exclusively
with Purkinje cells, and are powerfully inhibitory.

Tinally, the cortex contains various axon collaterals. The climbing
fibres give off weak excitatory collaterals which make synapses with the
inhibitory interneurones situated near the parent climbing fibre. The
Purkinje cell axons give off collaterals which make weak inhibitory
synapses with the cortical inhibitory interneurones, and perhaps also very
weals inhibitory synapses with other Purkinje cells. These collaterals have
a rather widespread ramification.

Behind this general structure liec some relatively fixed numerical rela-
tions. These all appear in Eccles et al. (1967), but are dispersed therein.
It is therefore convenient to set them down here.

Tach Purkinje cell has about 200,000 (spine) synapses with the parallel
fibres crossing its dendritic tree, and almost every such parallel fibre makes
a synaptic contact. The length of cach parallel fibre is 2-3 mm (1} mm
cach way), and in 1 mm down a folium, a parallel fibre passes about 150
Purkinje cells. Eceles et al. (1967) are certain each fibre makes at least 300
(of the possible 450) synaptic contacts with Purkinje cells, and think the
true number is nearer 450. There is one Golgi cell per 9 or 10 Purkinje cells,
and its axon synapses (in glomeruli) with all the granule cells in that
region, i.e. around 4500. There are many granule cells (2-4 x 10° per mm?
of granule cell layer), ecach with (usually) 3-5 dendrites (called claws): the
average is 4:5 and the range 1-7. Each dendrite goes to one and only one
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b Just below the Purkinje cells are the Golgi
n are the basket cell bodies. There are 10—

inje cells, and about the .same number

olgi ¢

cell bodies, and just above
12 9 more basket cells than
of outer stellate cells. Each
rsely, which is about the dis-
liable to form baskets round
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nd 7 across. The distribution
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e of 10 Purkinje cells. The basket axon is
' 1ls up to three away from its principal axis,
a sort of box of Purkinje eells about 10 long a
of the outer stellate axons is similar except that it has a box about 9 x 7
gince its axon only travels about 0-9 mm transfolially. The outer stcllatc;
juhabit the outer half of the molecular layer, and the basket cells the
juner third. There are intermediate forms in the missing sixth. None of
 these cells has a dendritic tree as magnificent as that of the Purkinje cell,
* and Eccles et al. (1967) do not venture any comparative figures. Some outer
stellates are small, with a local axonal distribution. A lot of the synapses
of parallel fibres with this last group of cells are directly axo-dendritic,
qbut all other parallel fibre synapses are via spines, though these are of
different shapes on the different sorts of cell. Calculations based on slightly
tenuous assumptions (in which Iig. 2 is an essential link) suggest that cach
Purkinje cell receives connexions from about 7000 mossy fibres: this will
be explained in 3.1.

§2. CLIMBING FIBRES

The elimbing fibre input h&§ already been discussed at some length, and
-a formal statement of its part in the modification hypothesis will be made
in 5.1. It is important to note that the fibre climbs like a creeper all over
the dendritic tree of its chosen Purkinje cell, and forms synaptic contact
almost everywhere. Each climbing fibre also sends terminals to other types
of cell (basket, stellate and Golgi) in the vicinity of its Purkinje cell. These
terminals seem to be excitatory, but only weakly so (Eccles et al. 1967,
Table 1, p. 63). The climbing fibre collaterals and the Purkinje axon col-
laterals will be discussed together in 5.5.
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§3. MOSSY rInRj

- S AND GRANULY CELLS
5. The codon represenlation

The s.\'l\ﬂ‘})l-i(‘» arrangement, of the mossy

he regarded as a deviee to represent activity in g, collectio f

by clements cach of which corresponds to g small su/blscbno(f)' “.’t‘_’“"‘y o
{ibres. 1t is convenient to introduce the following terms: a cod:;, i m;my
of a collection of active mossy fibres, The l'cprescntati(.)n of a i Suf)le
input by a sample of such subsets is called the codon re r('scnla;r'mssyf tll "
input: and a codon cell is a cell which is fired by a codor? 'ihe rzz:)xn ;) lﬁt
will be identified as codon cells, so these two terms willntd sor{r’:c clrtg iﬁb“
interchangeable. The size of codon that can fire a given rmnulon ch(i
depends upon the threshold of that cell, and may vary: am% the mossy

fibres which synapse with the granule cell determine the codons which
may fire that cell.

There are exactly ’

fibres and the granule cells may

(L) oy L!

R] ~ RW(L=R)I

codons of size R associated with a collection of  active mossy fibres. If
two mossy fibre inputs each involve activity in L fibres of which M were
common to the two, the two inputs are said to overlap by W elements; and
they may be expected to have some codons in common. In fact the number

g b o DI
they share is precisely ( ]Z)' The ratio X of the number of shared codons

to the number of codons each possesses is given by
X - (W) (L) _W(W=1)..(\W-R+1)
RJ[\B)  L(L-1)..(L-R+1) (1)
which tends to (W/L)® as W increases. The limiting values of X for
relevant values of I appear in Table 1. It will be observed that the effect

of the subset coding is to separate patterns, because similar inputs have
markedly less similar codons.

Tasre 1. Overlap Table, i.e. values of (W/L)#®

(W/L) R=2 3 4
05 0-25 012 0-06 0-03
0-6 . 036 0-22 013 0-08
0-7 0-49 0-34 0-24 0-17
0-8 0-64 0-51 0-41 0-33
0-9 0-81 0-73 0-66 0-59

The mossy fibre-granule cell relay effectively takes a sample of the codon
distribution of an input: the sample is small enough to be manageable, but
large enough for the input event to be recoverable from it with high
probability.



A THEORY OF CERER

LLAR CoRrrpx

The MOSSY fi bre=Purkinge cell convergenee

owledge of the number of mossy f;
R . " . . Y '
AT el is a prerequisito of a (j

445

l l-(\ \ . .
) 'S \g 11C 1 44"

of the codon sampling
s follows, Let p be an
nd assume that 200,000
as (on average) 4+5 claws,

Fig. 2. Mossy fibres (B and C) terminating in two neighbouring folia (from Cajal,
1011, Fig. 41). The distribution of the terminals from oach mossy fibre lies in the
same plane as the axon of the basket cell (D). A is a Golgi cell.

30 not more than 900,000 mossy fibres can influence P through the parallel
ibres. Since the mossy fibre-granule cell divergence is 400-600 within a
olium, the minimum figure for the mossy fibre-P convergence is 1500. It
B apparent from Fig. 2 that the mossy fibre terminals occur in elumps of
£10 roscttes, the average being 7 or 8, all of which might be expected to
%4d to granule cells most of which will contact any nearby Purkinje cell.
1 a mossy fibre leads to P, it may therefore expect to do so by 140-160
differont paths (allowing for the divergence factor of 20 due to each
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In the investigation that follows, it js

7000 mossy fibres are distributed rando

colls leading to P. It is regrettable that ?;ydszzo:x%szhtz L e
model: and evidence will be produced (3.3.3 and 4.3) for ths uggest Zbcmfr
assumption is actually false. Its value is that it en:;blcs comc vze\:' \ at}:’hls
results are at least illustrative: and one hag the comfort o?lf(:o:r)i?mg t}?ﬁ

the capacity of a real cerebellum will anyway not be less than the result of
calculations which assume a random distribution,

assumed that the terminals of the

3.3. The granule cell claws

3.3.1. Boundary conditions. It will be assumed first that the claw
arrangement .Of the granule 0(.311 dendrites is, as suggested by Eecles et al.
(196.7), a devx.ce to secure a high mossy fibre-granule cell divergence with
minimal physical structure. But why do the granule cells have 4 or 5 claws
and not more? These cells are extremely small and densely packed: and
the parallel fibre synapses on P are extremely numerous. It is therefore
reasonable to assume that the figure of 200,000 (or thereabouts) is the
maximum physically realizable number of cells of this sort which can all
send axons to P.

Secondly, it will be assumed that the synapses at the granule cells are
not modifiable: that is, an excited mossy fibre will add a contribution to the
excitatory post-synaptic potential (EPSP) of any granule cell with which
it synapses, and this contribution has to be considered in determining
whether or not that cell fires. This is justified below (3.3.3). Thirdly, the
number of mossy fibres leading to P is of the order of 7000 in number: and
fourthly, it is assumed that the system is to be used under conditions in
which the number of active input fibres varies from around 20 to around
2000, if that is possible. There is clearly a need to allow considerable varia-
tion; some actions involve many more muscles and much more information
from receptor organs than others. These figures are proposed as outer
bounds, in the absence of any relevant evidence. Fortunately, it turns out
not to matter crucially: the essential point is that the numbers are all
nearer 0 than 7000 (on an arithmetical scale). .

3.3.2. Codon sampling. The following rough model is lfSCd to calculate
the number of granule cells per Purkinje cell that a given input can expect
to stimulate. Suppose the number of active mossy fibres among the 7000
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The calculations that follow are concerned only with expectations: the
Lumbers have in fact to be large enough for the distribution to be ra:ther
fightly clumped round the expectation. This is discussed in 5.2.3,

Suppose now that the granule cell has € claws and threshold R < C.

" presc

Y fibres follows approximately
in()lni

That granule cell now has a catchment area of exéctly (g) codons of

size I: and expression (2) becomes

wwoQ@/)

which is valid for expectations small compared with 200,000. (3) becomes
(2) when € = R. The approximation (3) may be used, since it will be
shown in 4.4 that situations will probably never occur in which the expec-
tation is greater than 10,000. The values of (3) have been calculated for a
selection of values of L, C, and R, and some of the results appear in Tables
4. Numbers greater than 20,000 have been replaced by an asterisk.
3.3.3. Conclusions. The conditions of 3.3.1 may be used to discover
imits on the expected values of C and R. First, it is apparent from Table 4
that no codon size above 9 can ever be used when there are fewer than 13
laws per granule cell because too few granule cells would be activated. It
5also evident and unsurprising that the maximum codon size used depends
itically on the number of claws to each cell. Given this, the factor that
Vill determine the number of claws to cach cell will be economy of structure;
ind the relevant question is what is the least number of claws such that:
(i) The system is not swamped by large inputs: i.e. what is the least
nber of claws which still allows a small granule cell response to large
. Puts. Table 4 shows that a small response (less than 500) can be assured

°Y 6 claws; 50 we expect to find at most 6. . o
(il) The system remains sensitive to small inputs, if necessary by using
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TABLIE &

gy W . involving L active fibres (out
T 7000) ount oxpoet to stimulato. The granulo colls have C claws, and threshold 12
)

L =20
R C=2 4 6 8 10 12
1 1134 22806 3429 4571 b714 6857
2 2 9 23 43 70 102
3 o 0 0 0 0 1
4 —_ 0 0 0 0 0
5 S —_ 0 0 0 0
G —_— b 0 0 0 0
7 — —_ — 0 0 0
8 — —_— —_ 0 0 0
9 — —_— —_— — 0 0
10 — T s T 0 0
11 — S - = — 0
12 — = — = = 0

TasLE 3. Values of 200,000 ( ) ( ) (7000 seo legond to Table 2
= 100

R 0= 2. 4 8 10 12
1 5,714 11,429 17,143 » * .
2 40 ° - 242 606 1,132 1,819 2,667
3 . 2 11 32 68 125
4 = 0 0 1 2 4
5 = = 0 0 0 0
6 — == 0 0 0 0
7 — o — 0 0 0
8 _— — — (1 0 0
9 - — — - 0 0

10 - = — — 0 0

11 - — - — —_ 0

12 - — e — — 0
TasLE 4. Values of 200,000 (g) ( ) / (7(}?0): seo legend to Table 2

L = 2300

R O0=2 4 6 8 10 12
1 # * * * * *
o * * * * * *
:; . * * * * *
4 - 2,327 . * * *
5 —_ - - 4,682 * * *
6 —— — 251 7,016 » »
7 —_— —_ — 657 9,862 *
8 i — - 27 1,213 13,3390
9 e e i s 88 1,043

10 — —_— - — 3 191

11 - — — — . 11

12 —_ o —_ — _— 0

an I less than C. The Table for information about this is Table 2, where
for L = 20, we have to use B = 1 for all tabulated values of C, and it is
not until L =100 (sce Table 3) that one can use £ = 2 with C = 6. It
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11,”1)10 is the pf‘()lm‘blllty tlmt& aQ Sm‘&“, unlearnt mossy fibre input will ]occuroa]li
;t' whoso active fibres have previously been involved in small learnt. inputs.

This difliculty can to some extent be avoided if the mossy fibres which
i otive together In small input events have some tendency to grow near
sach other: The o:xpcctcd gx:anulo cell responses at codon sizes 22 > 1 will
¢hen be substantial at localized spots. This can be used, because it turns
out that it is best to set the codon size on a local basis, rather than setting
it aniformly over all the granule cells synapsing with a given Purkinje
coll. The result for the animal will be greater reliability in its cerebellar
responSes, SO MOSSy fibres which are correlated in this way could be drawn
touether by selection.

?l‘hcse arguments suggest that the arrangement of 4-5 claws per granule
cell is consistent with structural economy and the conditions of 3.3.1. One
point remains to be discussed: it is the assumption of 3.3.1 that the mossy
fibre—granule cell synapses are unmodifiable. The most straightforward
argument is this: every granule cell has a synapse with at least 300
Purkinje cells, each of which probably learns about 200 mossy fibre
inputs (5.3). The chance that a given mossy fibre-granule cell synapse is
used in none of these is extremely small (a generous estimate is 107%0);
whether or not it was initially facilitated, it almost certainly will be at
some time. There is therefore no advantage in its being modifiable originally.

. (herefore appear that to store inputs conce

ould N .
wo sy fibres, systems with ¢ =

iy (
:h'il\ om

ghan 10

§4. THE GOLGI CELLS

4.0. The need for variable codon size .

It became apparent in 3.3 that if the number of active parallel fibres was
to remain reasonably small over quite large variation in the number of
active mossy fibres, the thresholds of the granule cells had to vary appro-
priately. It will be shown (5.3) that the number of patterns a Purkinje cell
can learn decreases sharply as the number of active parallel fibres involved
in cach increases. It is therefore essential to the efficient functioning of the
system that the codon size should depend on the amount of mossy fibre

activity.

4.1. Requirements of a codon size regulator
aining one output cell P, 200,000 associated

In the simple model cont
synapses with P, and 7000

granule colls each making (possibly ineffective)
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task of codon size regulator is in Y h the granule cells, the

Principle simple. 1t must, count the

which are get

>active jet
{ the oranule cells so that the following cond; o e
! : 18 conditions are satisficd

£.1.1. The number of active oranule co :
adequate representation of thg xliosl;cfbi]ll)?'c:ni?fhllzc. liil‘g(,: enough to allow
Jossy fibre must with high probability he incluldcd. i mz l]s’ s Sy
MThis condition may be relaxed a little, since one fazz u' o ich COdO‘n'
criminatory power of the cerebellum depends is the aOI 0.11 th-h e (%13-
¢he decision threshold at the Purkinje cell is st (ZC; 133‘%"1‘\]‘,“1h ‘thh
advantage in guaranteeing representation of the wholo.n.l ) ' fl f)re gt
if events slightly different from a learned event will v it
to because of errors introduced later., A Aot

4.1.2. The number of active parallel fibres must exceed some |
bound N, where N will be taken as 500. This ariscs because the 1’0u ‘](?.W‘fr
cell threshold is not set directly from the parallel fibres with whlic\}lxnli(t};
synapses, but from the results of sampling a number of different but closel
related parallel fibres. The sampling is more reliable the more parallel ﬁbre)s:
are active. This is explained in 5.2.3, where the figure of 500 is derived.

4.1.3. The codon size set for a particular mossy fibre input must depend

only on that input; so that the same input is always translated into the
same parallel fibres.

4.1.4. The codon size must be maximal, subject to conditions 4.1.1 to
4.1.3. This ensures that the number of modifiable synapses used for each
Jearned event is minimal, and hence that the capacity is maximal (5.4).

It will be assumed that a signal in a mossy fibre is represented by a burst
of impulses lasting many tens of milliseconds; and that a signal from a
Purkinje cell is represented by a prolonged increase in its firing rate. This
is discussed later (5.0); for the moment, it is needed only to justify the
fifth condition.

4.1.5. The codon size regulating cell need not have set the granule cell
threshold before the very first impulse in a signal arrives, but it must act
very fast in response to such an impulse. It is essential that very little
activity should be allowed into the parallel fibres while the granule cells
are set at an inappropriately low threshold.

A mechanism to vary the threshold subject to these conditions cogld
work in one of two ways: the threshold of the granule cells coul.d be fn.-
trinsically high, and the mechanism provide excitation decreasing w:1th
increasing size of input; or the threshold could be low, and the mechanism

provide inhibition increasing with increasing size of input.

qumber of these 7000 mossy fibrog

n
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f ing device, it will therefore be as o mechan
setttis

;/cril“‘d above. . tain diff ..
There arc, ho'“'cvﬁl" ‘cclx‘.mn ificultics inherent insuch aninterpretation :
b, cach Golg} “C ; (';_‘_fon by only a small number of the mossy fibrc;
rorents 10 & single Purkinje cell, and sends an axon terminal to a rela-
oy ¢mull number O‘f granule ccll_s; and second, the Golgi cells possess a
o ascending de“_d“te sy §tem (Ffig. 1), which on the present naive m(.)dcl
: 1310-\'1"‘01'0‘1' 'l.‘he.xdea w]n(fh the qucl lacks and which accounts for these
ATiOUS anomalies is the notion that Purkinje cells may share granule cells
b ., sharing could clcm'l)f lead to great economices where two Purkinj(;
JIs needed codons fro.m similar underlying subset distributions; but it is
Lot obvious that slmrmg.can be made to work, since two Purkinje cells
nay simultancously require two different codon sizes.

Mossy (il (throngl
ly with granule cells,
pf:Od of their response
Interpreted as a codon
1sm of the second type

3. The cffects of sharing granule cells among Purkinge cells

If Purkinje cells are to be allowed to share granule cells, the assumption
Jat the granule cell threshold should be constant over all cells synapsing
with a given Purkinje cell must be abandoned. The most important single
ondition on the mossy fibre-granule cell transformation is (4.1.3) that it
should be one-valued: a given mossy fibre input to a Purkinje cell should
be carried there by parallel fibre activity which is determined by that input
alone, and is independent of the simultaneous inputs to nearby Purkinje
cells. This condition determines (in principle) the number and distribution
of granule cells whose thresholds can be controlled together: for consider
o adjacent Purkinje cells, P, and P,. The collection of granule cells
which synapse with P; but not with P, must be free to act as an inde-
pendent unit, since it must be able to assume a threshold value different
from the P, cells. If each parallel fibre is 3 mm long, and synapses with
each of the 450 Purkinje cells that grow in 3 mm along a folium, the number
of granule cells that synapse with a given Purkinje cell but not with its
neighbour is about 200,000/450 = 444.

The conclusion that may be drawn from these arguments is that the
odon size should be set independently over blocks of about 450 granule
Hs.. If this were done by an inhibitory cel}, it should possess an axon
“stribution like that of the existing Golgi cells bub limited to.450 granule
®lls, and & dendrite system like the descending Golgi dendrites: further

“ere should be one such cell per Purkinje cell.
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The ﬂmt, (’,].ML t]‘\ero n-ro fewer and biggor Golgi cells than these argu-
ments suggest must depend on certain information not incorpor ted i i’l
model. This information concerng t)0 distributior ‘orporated in the
terminals which, if it were random ang 4.1.3 were satisfied, would nece
sitate an arrangement near the expected one. In fact o;le’ N c";;(c;]
Big- 2 that shounosqy filnes Havery strong tendency to c’oursc transfoli’xl;
and in any A0, given one mossy fibre rosctte, there is a high pr(;bab(ili"c);
that there will be another from the same fibre nearby. Theocﬂ’cct, ooy
even apart from the considerations of 3.3.3, is to make nearby gr:mui(;
cells more related than they would be on the random hypothesis; and it is

this which ”“0“:‘“‘ the larger axon and basal dendrite distribution which the
Golgi cells are found to possess.

L of the mossy fibre

4.4. The ascending Golgi dendrites

The parallel fibre activity evoked by a mossy fibre input should be
unique but perhaps more important even than that, it should involve
rather few fibres, since the storage capacity of a Purkinje cell depends
crucially on the number of parallel fibres active in cach learned event (5.3).
Some idea of the numbers of parallel fibres needed for various amounts of
mossy fibre activity may be gained by using the simple random model. In
Table 5, the expected number of active granule cells has been computed

TaBLE 5. Possible codon size transitions (underlined); L is the number
of active mossy fibres; R is the codon size

L R=1 2 3 4 5
100 12,857 323 4 0 0
300 B 2,929 109 2 0
500 * 8,148 507 15 0
700 . 15,979 1,305 60 1
900 * * 2,967 163 3
1,100 . * 5,420 364 10
1,300 * . 8,950 711 22
1,500 . . 13,754 1,261 45

for inputs with L active mcssy fibres, these L chosen at random from a
population of size 7000. The calculation has been performed on the
assumption that 100,000 granules have 4 claws, and 100,000 have 5: for a
threshold of R, the approximation used was

expected number = 100,000 ((R) ¥ (R)) (R)/ R .

which is derived the same way as expression (3), and is valid only' for
answers small compared with 100,000. The codon size transition regions
have been underlined. It will be observed that on this rather c?ude model,
each input arouses between 500 and 9000 granule cells: (500 is the lower
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0, it is possible to
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2torexample, the number of parallcl
b pres & ctive should only exceed 5000 if the number of active mossy fibres

c‘\,(,m‘ds 500. .

The upper dendritic tree of a Golgi cell may be interpreted as a mechan-
ism t0 superimpose this upper bound; and it may be expected to work as
follows. A mOssy fibre signal arrives which may be quite different from
what was going on before. The descending Golgi dendrites sample it and
quickly set new thresholds at the relevant granule cells: this setting
amounts to a first guess based on local sampling. Rather a long time later,
the signals appear in the parallel fibres, and the Golgi cell, by examining
the activity in a large number of these, can tell whether or not its initjal
assessment was the most economical solution. If it was, its behaviour
should not alter: if not it should; but this will always entail shifting to a
higher codon size. One cannot say that the local or global sample will
always give the best solution; for example, it might happen that the mMossy
fibre input is sufficiently localized that it can support a high codon size for
just one or two Golgi cells.

In general, therefore, a Golgi cell should be driven by that dendritic
system from which it receives most excitation. This suggests that the upper
and lower dendritic fields should have rather a peculiar relationship. The
synaptic influences among the upper dendrites should summate, and so
should the effects among the lower ones: but the summed contributions
should interact so that the output from the cell is driven by the maxi-
mum of the two, not the sum. There is no firm evidence to support this
prediction, but Eeccles et al. (1967) mention that the two dendritic fields
are probably too far apart to allow summation.

A proper investigation of the action of the Golgi cells would be difficult
for two reasons. Tirst, one cannot use a random model for the way the
granule cells are distributed over the possible subsets of the mossy fibres,
for as well as the objections of 4.3, it is likely that mossy fibres whose
activities are correlated will grow near one another. This is because input
events would then tend to need fewer granule cells to cover them, and
could therefore be more economically stored. Secondly, an analytic model
of the relationships between neighbouring Golgi cells under various input

£ Phy. 202
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conditions needs .lllll‘(‘:l‘“.\'lri() simplification before it ]

corrool umn'u:u.-.h i probably {0 use o simulation ;r() r:':aun )(J:-]““““ml' '{‘hra
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in the parallel fibres of action B could cause tcn;porar;us((i'ftT ]'e g o
sizes in certain Golgi cell blocks. The Parallel fibres for A‘)”inltlh'l cntt COC!O“
are slightly different from those for 4 performed in isolatiolris 5Il uattll(')‘n
words, the price of economy is probably a not too serious loss of 1ini? uzn;::
for tho mossy fibre—parallel fibre transformation, o

4.5. The Golgi cell afferent synapses

It will be cl(.am‘ that within the present theory, no advantage would he
gained by having the mossy fibre-Golgi cell synapses modifiable: but, it is
not so clear whether this is also true of the parallel fibre-Golgi cell synapses.
Although there is no very simple way in which it would be useful to have
these synapses modifiable, it is conceivable that there might be fringe
benefits. Suppose, for example, that activity in a particular set of mossy
fibres always preceded a large volley: then such advance information
could be used by the Golgi cell if the conditions under which modification
took place were arranged suitably.

On the other hand, modifying a synapse on a Golgi cell implies that the
parallel fibre has a special relationship with the granule cells below that
Golgi cell. Leaving aside the case that it came from one of them (not a
special relationship of the relevant kind) there is no reason why, even if
such a relationship were to hold over a number of inputs, it should hold
over a majority, since one Golgi cell can expect to serve a huge number of
different facilitated responses. And, in contrast to the Purkinje cells, there
are no inhibitory cells of any power acting upon the Golgi cell, so there is
no mechanism for deciding whether or not a majority of the currently
active fibres have or have had such a special relationship. (The abs9lute
size of a ‘majority’ is variable: so the Golgi cells would need a varu}b¥e
threshold to make such a decision, for the same reasons as do the Purkinje
cells.) This argument suggests rather strongly that these synapses are not
mc’ﬁfiﬂlﬁr afferent Golgi synapses come from the Purkinje cell collaterals

and the climbing fibre collaterals: these will be discussed in 5.5.
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cerebellar output should often be ignored: ang indeed it is likely that such
occasions will frequently occur during walking life and possibly also during
sleep. The fact that the cortical output is inhibitor

. ; ; y can therefore be inter-
roties Al & GOIYEIUSISE 10F cosy-fpnbting, though this is neither the only
nor a necessary view.

The se.cond point arigcs ‘from the fact that Purkinje cells have a high
resting discharge of 20-50 impulses/sec. (Eccles et al. 1967, p. 306). It was
assumed above (4.1.5) that a signal in a mossy fibre was represented by a
purst of impulses: and the codon size sctting function of the Golgi cells
depended upon this. It is a necessary consequence that efferent cortical
signals should also be represented by a train of impulses rather than a
single one, since the delays involved in turning on the inhibitory inter-
neurones could malke the initial response of a Purkinje cell to a mossy fibre
input inappropriate. This may occur frequently, and would conveniently
be hidden by a high resting discharge. Purkinje cells can sustain high rates
of firing (greater than 400/sec, according to Eccles ef al. 1967, p. 308): it is
therefore reasonable to assume that a signal in a Purkinje cell axon is
represented by a large increase in the firing rate, and that the effector
systems are only sensitive to such messages. This assumption would have
to be made for almost any theory of the cortex, since the Purkinje cells
form the only output. .

The input—output relations for the cortex as a whole receive attention
in §7, and the Purkinje axon collaterals in 5.5.

5.1. The hypothesis of modifiable synapses

The fundamental hypothesis for the mechanism of the change of eﬁ'e?-
tiveness of a parallel fibre-Purkinje cell synapse is that {f % paralle.lﬁbre. oy
active at about the same time as the climbing fibre to a Purkinje cell with which

that paralle] Jibre makes 'eyna,ptic contact, then the efficacy of that synapse 18
15-2
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5.2. Simplifying assumplions

The calculation of the learning capacity of a single Purkinje cell requires
that certain simplifying assumptions be made.

5.2.1. It will be assumed that a synapse is either totally modified or
totally unmodified: and that stimulation of a totally unmodified synapse
has no effect on the post-synaptic membrane.

This is equivalent to allowing modification to increase synaptic efficacy
from some fixed minimum to some fixed maximum value in one step: since
the two situations can be identified by subtracting any ‘ground’ excita-
tion of an unmodified synapse. Such a subtraction has a linear dependence
on the number of parallel fibres active at any moment, and could easily be
performed by an unmodifiable inhibitory interneurone such as the basket
or outer stellate cells. This may indeed be one of the functions of these
cells: it is a matter of no importance to the present theory, since such an
effect would be constant throughout the life of the cerebellum. The phrase
‘in one step’ is merely a conceptual convenience: the matter will be
discussed in §7. .

5.2.2. Secondly,v it will be assumed that each learned event occupies a
set of parallel fibres which may be regarded as having been chosen a.t
random from the 200,000 which synapse with the Purkinje cell.. This
assumption can be justified on the grounds first that any estimation of
capacity arrived at by using it is likely to be too low; and, secondly, that
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two FCTILRS T ) Place here. If there are many learned
ossy fibre inputs which all overlap each other by a considerable a t
e cerebellum may not be able to discriminate inputs which huvr(r:obucn :
lcarned from inputs which have not when an unlearned input has muzﬁ
overlapping with learned inputs. The fact that no granule cells }m\;e more
(han 7 claws introduces an absolute upper bound to the discriminatory
power of the cerebellum: and, when this is inadequate, control must revert
to the cerebrum. It should also be noted that any subset of a learned mossy
fibre input will behave as a learned input if it causes the same codon size
range to be selected as did the learned input. In the full model, the con-
dition is more restrictive in that the codon size range must be the same for
most of the 150 or so Golgi cells concerned. '

5.2.3. The maximum desirable number of facilitated synapses on any
one Purkinje cell will be taken as 140,000, and the minimum number of
parallel fibres active in any learned event as 500.

These figures are related by the way the Purkinje cell threshold is set
(see 6.1). It turns out that the most economical way of doing this is by
sampling a population of parallel fibres closely related to and including
the ones passing through the Purkinje cell dendritic tree. Let 7'(Z) be the
threshold set in response to the stimulation of M(E) parallel fibres by the
mossy fibre input £ (regarded as an input to a particular Purkinje cell P).
Let f be the fraction of the (200,000) parallel fibre synapses which have
been facilitated at P. If Z has been learnt, all M(F) of the active parallel
fibres will have facilitated synapses at P. Hence if & is to be recognized as
learnt, 7(B) < M(E) (i).,

If £ is not a learned event, and F(X) is the number of the active parallel
fibres which have facilitated synapses at P, then £ will be ignored only if
T(E) > F(B) (ii).

If recognition is a reliable process, both (i) and (ii) must be true with
high probability.

The randomness assumption 5.2.2 allows us to assume that F(E), taken
over events £ with constant M(X), hasa binomial distribution with expec-
tation fM (E). It is unlikely that 7' (taken over the same event population)
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5.3. The storage capacity of Purkinge cell

The capacity of a Purkinje cell may be calculated very simply from the

assumptions 5.2. Suppose the fraction of facilitated parallel fibre synapses
is 017, and cach learned event oceupies n para ynapses

llel fibres, TI
expeeted number of events which may be learned e i L

before the total propor-
tion of synapses used exceeds 07, is the largest integer for which S

(1-n/200,000)= > 0-3.

+ has been computed for various values of n, and the results appear in
Table 6. It will be seen that the advantage of having a small number of
fibres active in each learned event is an enormous increase in capacity: the
Golgi cell arrangement of local as well as global constraints on the codon
size begins to make good sense. If the minimum number of parallel fibres
active in learned event is 500, the average number of responses stored by
each Purkinje cell is probably in excess of 200.

TaBLE 6. z is the number of events each occupying n parallel fibres that can be
learned by one Purkinje cell, i.e. z is the largest integer for which

fe N
('200,000) -

n 500 1,000 2,000 5,000 10,000 - 20,000
z 480 240 119 47 23 11

5.4. The Purkingje cell threshold

The inhibition of the basket and outer stellate cells can be a powerful
influence on the behaviour of a Purkinje cell. The present theory requires
that the Purkinje cell should fire if and only if more thzu.l a proportif)n p of
the active parallel fibres have facilitated synapses with 1t,'where pis close
to 1. It is proposed that the purpose of these stellate cells is to'proylde.the
appropriate inhibition, and that their peculiar axonal distribution is a
device to secure an economy of dendrite by a factor of up to 20 (see §6).
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by the distribution of the mossy fibro torminals beneath
RN
3;“"11‘- i pﬂ"““"] fibros synnpsing.\?'frl.l.l & particular Purkinjo cell are

" 1« | M of these have been f&.Cl]l(;lLLO(l, then the cell must fire (or
2olive? ”:(bul‘s" of firing) if and only if J.l[s = Mp. The Purkinje cell thus
:wl““h“lb“l eficially simplc'ms'k .of' summing Ms (represented by excitation)
pas the st (Il.oprescnt’ed by mlul.)lfjlon). If, however, one reflects upon the
and M2 expanse of the Purkinje cell dendritic tree, it becomes apparent
cn"rmou:\1.1-‘;111”0 such a summation might not be an casy problem of
gat 0 dmlnil::(" ering. The example in Plate 1 makes it difficult to imagine
<1““‘h‘nw-unit,ion of a spiny branchlet with the rest of the dendrite could
how 1111: (?111'1“1'0 information about the number of active spines if this were

carty ~for if the 100 nearest the junction were active, it is hard to see how

arges 10 at the end of the branchlet could make much difference, at least
() - simple view of dendritic function. Such a system can only provide
On‘“:_':t; summation for numbers of active synapses rather small com-
1:111(1 with the total population.

“This overload effect can .be overcome locally if the number of active
fbres 18 kept small: but it is bound to recur on a larger scale unless the
Jumbers are kept very small. A further trick seems necessary, and the
saht one is probably to do the subtraction piccemeal: add up the outer
contributions to Ms, subtract the outer Mp, and transmit the result to be
«dded to the contribution to Ms of the next region. This is the only way of
whtracting B from A with large 4 and B but small (4 — B) without ever
handling large numbers. '

The distribution of the axon terminals of the basket and outer stellate
cells is peculiarly well suited to this interpretation. The outer stellate cells
effectively sample the activity in the outer half of the molecular layer and
send their (inhibitory) contribution to — Mp to a region quite high up the
dendritic tree of the Purkinje cell. The basket cells sample about the inner
third, sending their contribution to the soma; and the intermediate cells
perform an intermediate task. The basket cell action represents the last
stage in computing (Ms— Mp), and one may assume that the numbers

are then small enough for the coding from dendrite to soma to be
adequate.

Interpretation of the function of simple summation within any reasonable
theory of dendrites would be made easier by two hypotheses: first that the
umber J/ of active parallel fibres was both small and reasonably constant;
iltlj Sicondly, that the excitation due to a facilitated synapse differed very
the 1 et“'.een synapses. In view of the existing Golgi cell arraflgement and
¢ erireat Increase in capacity which is a consequence of having M small,

are strong reasons why the first hypothesis should be true. And the

e
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- The Purkinge axon collateralg
5.5. The DPurkin) als and ),

The axons of the Pur]sinje cells give
(o (WO plo:\'uses. The mﬁ::l,gﬂrnglionie B ‘:llf)/eml.s fvhich
podics, and its fibres run na predomi y tmnsvcrsélil]' "Tl.(””p',(:('“
S“},,-;11_»'.-1ngh(mm.ple.\'u.-;x, w]nel.l 18 fed bot), (1irec.t,ly and by '}’r"m”-‘]mltm?.- I'he
sising from the infraganglionic plexus, lieg g ot i SLare

: N . Leeles
1067,p- 178). Not a great dealis known about the distribution of(' the I(jzr’l)fn:tjle

1l collaterals, but it secems that at least :
(c‘:v]lla,tom]s in the longitudinal direct; _L.m ihervaria the ppread of the
direction it may be quite large; and the longer collaterals tend
of cortex tf) their corre.sponc.ling contralateral points. (See Eecles et al.
1967, pp- 178fF., for a discussion and references.)

These collaterals have wealk inhibitory Syhapses with basket and Golgi
cells, and perhaps also very weak inhibitory Synapses with other Purkin je
cells (Kccles et al. 1967, pp. 1841F.). Their effect through the basket cells is
to release Purkinje cells from inhibition, but their influence through the
Golgi cells is more complicated. It is likely that this influence will ultir:ately
be excitatory at a given Purkinje cell P only i
thereby released from Golgi inhibition have mod;
this will be true only if P has already learne
inputs all quite similar to the current input.

The only obviously reasonable interpretation of the effect of these
collaterals is that they tend to excite the Purkinje cells in the cortex to
which they distribute; and in certain circumstances can loosen the dis-
crimination exercised by those cells. The fact that a Purkinje cell P, has
just fired may be relevant in a borderline firing decision for P if P and P,
lie in closely related pieces of cortex: and the Purkinje axon collaterals
provide a suitable means of distributing this information. They can help
P.overcome inhibition due, perhaps, to an unlearned mossy fibre input
which it has previously received, or they can make P more likely to
accept the current input even though it may not be exactly one which
has been learned.

This view is not entirely satisfying, but it does provide an interpretation
of the climbing fibre collaterals. These make weak excitatory synapses
With the inhibitory interneurones of the cortex (Eccles et le. 1'967, Table 1,
p. 63), and perhaps with Purkinje cells. Their distribution is m.ore local
than that of the Purkinje axon collaterals (Eccles ef al. 1967, P- 215{, b;t
their effect, locally probably roughly balances them. Hence it could be

to join points

d a number of mossy fibre



A THEOR Y OF CEREBELLAR CORTEX 461

hab when @ climbing flen-o is .'Lct,iv.o,.tha,t is when synaptic modi-
argnc ‘ (aking place, tho oﬂv(-..t; of Purkinjo axon collaterals is at least
featio™ ll\nullod, and so something nearer a true representation of the
tly 2 ¢ is stored.

S(’). THE OUTER STELLATI AND BASKET CELLS

Tustification of their joint treatment

0. Jusll .

0.0~l outer stellate and basket cells will be taken together under the
The ‘

4l heading of stellate cells for the following rcasons.
. They e both inhibitory.

.02, They both send axons to the Purkinje cells only.

‘:",'; They are both driven mainly by parallel fibres, and have analo-
oz: ;llojm'h'ibic ficlds, the outer stellates being further out in the molecular

AL
gl
¢.0.1.
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ayer. B . . .
"6.0.4. They have very similar axon distributions; the outer cells synapse

further up the Purkinje cell dendritic tree, and reach a little less far across
the folium than the inner ones.

6.0.5. There exist many intermediate forms.

The discussion will also include in a general way the apparently T
weak ‘on-beam’ outer stellate cells whose axons terminate locally, though
{hese will receive special mention.

—

6.1. The function of the stellate cells

The stellate cells together have the task of controlling the threshold of
the Purkinje cells: they are powerful, and have to be, since if the overload
ideas 5.4 are correct they have to be able to contain almost the maximal
excitation that parallel fibre activity can evoke in the Purkinje cell
dendritic tree. (This, it was argued, is achieved long before all the parallel
fibres are active.) The quantitative relations between the number of
parallel fibres active and the strength of the inhibition necessary have
been discussed in 5.2.3, and reasons for the distribution of the terminals on
the Purkinje dendritic trees have been proposed in 5.4. It remains only to
sort out two points: the size, shape and position of the dendritic tree, and
the distribution of the Purkinje cells to which the stellate cells send axon
terminals.,
thiffine naively set about constructing a threshold-setting cell to perform
hibito;lcmon required by the presel}t theory, one would propose one .in-
et thz cell per one or two PurkinJe' cells. Its axon woulc'i synapse with
at Toggt Ene (or two adjacent) Purkinje cells, a,n'd its denfir_ltxc field would
Were gy le very close to that of its corresponding Purkinje cell. If there

i cells, however, their dendrites would have to be not only very
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v thoso of the rolevant Purkinje cell, but also very necarly as exten-

olose ¥ © vould be necessary in order to obtain a reliable measurement of
. phas Y ..

givo: th sparse parallel fibre activity.

ally ) 2 .
e “‘““‘ﬂ{\;on why the stellate cells are not arranged like this is that since
rl‘h(_\ ]'C‘i g

. dendritic tree would necessarily take up roug}.ﬂy as much room as
suctt * purkinje coll dendrite, the number of Purkinje cells that could be
docs & = any given length of folium would be about halved. The key to the
k(\f} t;lf‘thc :xisting solution is that the rosettes of each mossy fibre are
su00% us and on the whole distributed transfolially in the granular layer.
i iujﬂ mossy fibres that drive the cortex therefore change quite slowly
Th‘o i:c a ‘folium, and they can be watched efficiently and economically by
aic:]?;‘]mg the parallel fibre activity across it (Fig. 2).
® There is No quantitative evidence available from which one might
ill;.csi,igato the tenability of this hypothesis: one can only estimate the
cconomies to which the proposed sampling technique may lead. I:Ze?ch
Purkinje cell receives inhibition from about 40 stellate cells: the inhibition
to the Purkinje cell is therefore driven by a dendritic field about 40 times as
Jarge as that of a single stellate cell. If these 40 were distributed randomly
just next to the Purkinje cell, a good sample (approximately 1 —1/e? = 0-86)
would be obtained if each tree had even 1/20 of the synapses that a
Purkinje cell has. If the mossy fibre distribution alters slowly (which it has
to do anyway for the system to work), the saving in dendrite could there-
fore be a factor of up to 20; and, in practice, the sampling is certainly not
random.

lm C

6.2. The stellate cells with local axonal distribution

It is convenient to complete the review of the cells of the cortex with
some remarks about the time courses of the excitatory and inhibitory
synaptic actions. It is evident that the time course of transmitter action
at a Purkinje cell is the ultimate factor determining the temporal extent of
the influence on that cell of information from that fibre.

At a normal sort of synapse, such influence would not be expected to
continue more than 20 msec after activity in the afferent axon had ceased:
but so short a period would seem inappropriate for real-time analysis of
‘;‘;gnts with characteristic times rarely less than 100 msec. The observed
mSeec Czugs% at a parallel ﬁbre—Pur'kinje cell synapse is of the order of 100
o Spi’ner; I\:’CCIGS et al. (196? ) .mentxon (p. 70) that thifz may be one function
e Va.ri ow the connectivity of cerebellar cortex is such that the onset
il 1g m?;;s post-sy_naptxc effects at a Purkinje 0(.311 due to a mossy fibre
slong paths z-to bc? both slow anfi patchy: the various components arrive
the 5 ith different latencies, and there may be build-up effects in

ynapses themselves. Similar factors will affect the way the post-
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ffects decay at tho end of a mossy fihre signal. All these effocts
isruptive, ab least as far as the present theory is concerned,
Lo various coffector circuits in the rest of the x.mrvous system
The ™ ed only to 1_‘£‘»cognizil;lg 1.)111-sts.ﬁ~om Purkinje cells will minimize the
a0 & ‘.){ any Sbray impulses whlqh might fox: a number of reasons leak out -
(et (i~’ it coivable that the effects of an input during a ‘turning on’ or
put 1 o’ P criod could cause a false response from a Purkinje cell, and
: HONSO could last up to 20 msec.
(at u-. 1101‘ that false outputs of this sort should not occur, it is necessary
In oxt Luild up of inhibition at a Purkinje cell should occur faster than
;;1 up of excitation, and that the IPSP should last longer than the
The latter is an observed phenomenon, with IPSP time courses up
Lsee, EPSP ones up to about 100 msec; and it is possible that one
¥ ion of the ‘on-beam ’ stellate cells is to ensure the former. These cells
M local axonal distribution, so their axons are relatively very short;
nﬂfl“n;ﬂny of their synapses with the parallel fibres are direct, (i.e. not spine
{t;apscs.)- The first factor must, and the second may favour a fast pro-
Z{uclion of IPSP at the Purkinje cell dendrite, and this IPSP could well
amive early enough to counteract the initial build up of EPSP from the
purkinje spines. The IPSP induced by these cells is weak, but by the time
ihe Purkinje cell is turned on to any appreciable extent, the other stellate
cells will also be active. It is therefore proposed that the weak on-beam
stellate cells be interpreted as a device to prevent a false initial response by

the Purkinje cell.
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§7. CEREBELLAR INPUT—OUTPUT RELATIONS

There are two main types of cerebellar input—output relation which are
compatible with the present cortical theory and they are described
separately.

1.1 Learned movements

The first possibility is the one suggested in §1, and concerns the learning
of that particular sort of motor skill which may be described as a move-
ent. During learning, the cerebrum organizes the movement, and in so
d(]’llflg, causes the appropriate olivary cells to fire in a particular sequence.
Cm_]l_se:‘;mse§ the Purkinje cells to learn the contexts within which their
come‘ itondmg elemental movements are required, so that next tln:le. such a
whicl; evolc_curs the mossy fibre activity stimulates the Purkinje cell,

is Scl(i(:es t.he relevant elemental movement. '
03y driye e !mposes severe restraints upon the nature o.f tl'le StlmUll‘lS that
in Which " Oll'va,ry cell: indeed, almost the only permissible case is that
¢ach olivary cell is driven by a collateral of a cerebral command

P
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o for some clemental movement. This statement may be justified by the
gument. During exceution of a learned movement, the mossy
= -1.('l‘i\‘“‘)' iv responsible for the initiation of the various clemental
H,‘ \‘ jonts: and itis therefore essential that, during learning, the Purkinje
g associated with the context oceurring just before its clemental
i The present theory suggests that the granule cells and Golyi
provide oxtremely effective pattern diserimination: 80 the
mossy fibre activity must be virtually the same during cerchellar execution
e movement as it was while that movement was being learnt. Hence, for
(he corebellum to be able to learn a movement in which the contexts
change rapidly, the olivary activity during learning has to be dri.vcn by
jmpulses effectively synchronized with the commands. T'his conclusion ca.n
only be avoided in one of the two following ways: cither some delay is
spcl‘i‘"”.V-' introduced into the mossy fibre afferents, or the olivary cells are
driven by the clemental movement just preceding the current one. The
st assumption is unlikely on grounds of efficiency, and the second would
require & probably unacceptable number of olive cell-Purkinje cell pairs,
one for each sequence of two elemental movements.

The above argument, however, cannot be applied to those situations
where the contexts are changing very slowly: and in such cases it is at least
logically possible for an olivary cell to be driven by a signal which was
slightly later than the command signal during learning, since the relevant
context will scarcely have altered. It is therefore not impossible for an
olivary cell to be driven by a receptor which is sensitive to the movement
initiated by its corresponding Purkinje cell: although, if the contexts do
change slowly, a context driven system will not reproduce the timings of
the stages in a movement at all accurately, and so cerebellar learning will

404
fibn
followims B
{ib
n
coll 18
moveni
colls fogether

sl

anyway be rather bad.
It can therefore be concluded that an olive cell-Purkinje cell pair, whose

olive cell is driven by a receptor, is unlikely to be used for learning motor
skills involving much movement. It is however well known that the inferior
olive is divided into two portions, one driven by descending fibres (Walberg,
1954) and one by ascending fibres (Brodal 1954). Further, it is known that
at least some cells in the ‘ascending’ or ‘spinal’ part of the olive are
driven by receptors (Armstrong, Eccles, Harvey & Matthews, 1968), and
these authors also demonstrate the convergence at some cells of impulses
from receptors of quite different types.

If the present cortical theory is correct, and the cercbellum does learn
motor skills, there is only one situation in which it is not absurd to drive
the olivary cells by receptors rather than by cercbral command fibre
coll'aterals, and that is when the cerebellum is required to carry out an
action in a different language from that in which the cerebrum originally
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This condition is likely to be fulfilled in the cerchellar control of
, or POSture, where one may reasonably expect the cerebrum to deal
palance ‘ qoc oriented towards the problem of changing postures, while the
& 13111:4“1*35 concerned primarily with maintaining an achieved posture.
‘C",be\l Itll:is Kkind of control that the second form of input—output relation
1 “ulurlv well suited, and it will be discussed in detail in 7.2.
is P 1:1:\ nsmhncd that such situations are best dealt with by the methods
1‘(‘ }ii>t:d in 7.2, the following conclusion may be drawn. Where the cere-
eee | is required to learn a motor skill consisting of a movement, the cells
l)m;nl il'lf()l'ior olive should be driven by the equivalent of a collateral of
of t | 1imbml command fibre for a particular elemental movement; and the
;i;-]c(ilnje cell corresponding to that olivary cell should be able to provoke
¢hat same elemental movement. The particular elemental movement
Jssociated with an olivary cell-Purkinje cell pair need not be fixed, but it
‘pycsum&bl)’ is: and the elemental movements associated with this kind of
pput-output relation are probably mostly small movements.

To complete the study of this kind of input-output relation, four
further points must be discussed. The first concerns a possible variant in
the way information is read out of the cerebellum. It was assumed in §5
that the level of inhibition at a Purkinje cell was generally rather low, and
¢hat mossy fibre activity involved in a learned context was enough to
roduce a signal in the Purkinje cell axon. There is another possibility, in
which the level of inhibition at a Purkinje cell is generally rather high, and
the rest of the brain decides whether the current context has been learned
by observing the results of a climbing fibre impulse. If the mossy fibre
input has been learned, the Purkinje cell gives a large response; if not, it
gives a small one and the effector circuits respond accordingly. This form
of output may be described as inhibition sampling, and has effectively been
suggested by Eccles ef al. (1967, p. 177), though not in the context of
modifiable synapses.

The second point concerns the command circuit used by the cerebrum
while setting up a movement. It is possible that the olivary cells are literally
driven by collaterals of the cerebral command fibres: but it is also possible
that the command, circuit actually is the cortico-olivo-Purkinje cell-
effector circuit path. This hypothesis involves no difficulties and is
especially attractive if Purkinje cell output is obtained by inhibition
sampling : for this could then easily be achieved by uniform weak descend-
Ing activity to the inferior olive, arriving by the same pathways as are used
for the cerebral organization of movements. One extra hypothesis is also
needed if this system is postulated, namely, that the mechanism of

Synaptic modification at Purkinje cells is sensitive only to intense climbing
fibre activity,

<ol it ap-

d
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ho third question arises from the possibilit,
Ly be sul)j(f(:l. to gr:u.lu:tl decay. Thig might be nece in vi
d learning capacity of &-Purkinjo cell: and o,nl;”m'?;’ ‘".] vm\.v of the
1‘0}“‘1’ibion of & mov?mcnt carried out even undor ccrcbr:]l]? 16 imagine that
pave SOMC 1'01111"’orcmg effect. If o Purkinjo cell GBS *:]T control should
fod hack 1o 0.\’(‘-11;.0 the relevant climbing fibre, o rcinf{m. were somchow
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o sl fm this dlSCUSblon of the cerebellar control of
D question of the speed with which such movements are

executed. There is no reason why a context dependent system should

be run at different speeds, and if the extra postulate wg;e mac?(:ouf e
goncml intensity control acting uniformly over the effector cirzuiizme
movement learnt at one speed could be performed at another (This 1c,1 -
would fit nicely with the suggestion made above that during:; cerebell(:;
control of a movement, the olive receives uniform weak descending
activity, for the strength of the Purkinje cell output would then depenfi
upon the strength of this uniform activity.) It is, however, likely that if the
time course of a movement were changed substantially, some relearning
would be necessary.

7.9. Learned conditional reflexes

The explanation of the second type of input—output relation compatible
with the cortical theory is much simplified by the introduction of a new
idea, which extends the classical notion of reflex.

Definition. A conditional reflex is a reflex which operates when, and only
when, certain conditions outside the reflex arc are satisfied. These con-
ditions are the conlext of the conditional reflex, and a learned conditional
reflex: is a conditional reflex whose context is learned.

An ability to acquire learned conditional reflexes would malke the task
of maintaining balance and posture very much easier for the nervous
system. For example, consider the problems which confront a child as he
learns to stand. It would greatly aid him if he could form a reflex circuit
which connected a vestibular signal indicating some imbalance directly to
an order for the appropriate compensating movement: this, however,
could not be a true reflex since the child will not always wish to stand. The
appropriate form of control is a conditional reflex whose context i§ th.e
state of standing, and which therefore only operates whi.le the child is
standing. In order to suspend the standing reflexes, the child has only to
disrupt the ‘standing’ context, and this could be done, for example, by

his suddenly wishing to stand no longer.
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\ Imrtk‘“l"‘l' olivary (_;c.ll—l’urkinjo flc]l pair may be interpreted as a

age umib for a c({n(htxonul rclf.lc.\' if and only if the circuit environ-
S(‘jxxlti» receptor = olivary eell— Purkinje cell - effcctor — environment

“ bilizing negative feed-back loop when activated by a learned mossy
l:b o input. The context represented by the learned mossy fibre input is the
) lt\\.t of the conditional reflex. Ixplicitly, the conditions for storave
CL?IL (cl)nditional reflex are as follows: “

t (.i) Output lb obtfxinod from tl}e Purkinje cell by the inhibition sampling

method (described in 7 %): that is, the level of inhibition is generally high,
so that climbing fibre signals are only transmitted when the mossy fibre
suput is one that has b.cen ?ca.rned.

(ii) The olivary cell is driven by receptors whose stimulation is reduced
(in any learned context) by the results of stimulating the corresponding
purkinje cell.

The learning of a context will arise if the combination of olivary cell
firing and that particular context is a frequent one, as it would be, for
example, while the child (under cerebral control) was ‘learning’ to stand.
Once the context is learned, the reflex automatically becomes operative
when it is required.

There is no reason why a particular olivary cell should not be driven by
more than one kind of receptor, though receptors must be connected to
Purkinfe cell units whose activity reduces the stimulations they receive:
the inhibitory nature of the Purkinje cell output may help to arrange this.
The receptors connected to a given olivary cell have to be rather carefully
chosen, but their number is limited only by the learning capacity of the
corresponding Purkinje cell.

It is proposed that most cerebellar functions associated with main-
taining balance and posture are carried out by forming the appropriate
learned conditional reflexes in the sense of 7.2, while those motor skills
which involve active movement rather than maintenance reflexes are

generally learned in the manner described in 7.1.
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1.3. The cerebellar initiation of movements

The two kinds of input—output relation give the cerebellum the power to
19&1‘11 any task whose execution is related in a rather rigid way to informa-
tion sent, through the mossy fibres, and at the same time to set up suitable
teflexes to maintain balance and posture during execution of those tasks.
Tl_le cerebrum is thus freed from at least the routine matters associated
With motion and stance. There are, however, many instances in life when
b."th the recognition that a job must be done, and its implementation, are
:’mPle Operations. For example, information taken out of the visual
Vstem at, o fairly low cortical level (say from areas 18 and 19) might be



DAVID a4 RR

a source of cues during walking :

469

-15 ) s .

oful € ) : and informat ;

us i can sometimes influence i wion about the mood
one

& simple (but |
om carne
ures one males. | e R
gost

© g is but @ short sl,op.fmm bc]ic.ving that the cerebellum stores m :
qnd gosturcs 10 proposing that visual cues an information sz(;ut, ;)]‘:)00’3‘:’“3
+ forth can form .cnough o.f & context actually to initiate an action; dln't
L‘.Ould be strange lf somcthmg of this sort diq not happen, thou ri 't’dum} l
Icss occurs more h:equcntly mn the motor cortey, \thr(,a it isé;(;ssil?lz )ttc;
granslate the (‘.f)mhnw(.l actlv'lty of many cerebral fibres rather sim ;l into
,hvsiml dircct,wc.s, doing S0 in the cerebellum would free the ccrebnimyfrom
un'csscmiully tedious task., ln‘thcsc circumstances, the cerebellum becomes
jather MOTe than a slave which copies things originally organized by the
ccrcbrum : it bccomfts_un organ in which the cerebrum can sc?; up a sophisti-
cated and interpretive buffer language between itself and muscle. This can
be Specially tailored to the precise needs of the animal, and during later
life leaves the cerebrum free to handle movements and situations in a
symbolic way without having continually to make the retranslation. The
a'ut,omatic cerebellar translation into movements or gestures will reflect in a
concrete way what may in the cerebrum be diffuse and specifically un-
formulated, while the analysis leading to that diffuse and unformulated
state can proceed in its appropriate language.

§8. THE MAIN PREDICTIONS OF THE THEORY
8.1. Modifiable synapses

The main test of the theory is whether or not the synapses from parallel
fibres to Purkinje cells are facilitated by the conjunction of presynaptic
and climbing fibre (or post-synaptic) activity (5.1). If this is not true, the
theory collapses.

It is likely that no other cerebellar synapses are modifiable. The mossy
fibre-granule cell synapses are discussed in 3.3.3, and the Golgi cell afferent
synapses in 4.5. The function of the stellate cells is fixed throughout the
life of the cerebellum, and so they probably do not possess modifiable
synapses. Though it is difficult to see how these predictions could be wrong,
they might be : such a disproof would be embarrassing but not catastrophic,
since something of the bones of the theory would remain.

8.2. Cells

The roles of the various cells in the cortex are roughly determined once
the main prediction about modifiable synapses is verified. There are, how:
ever, three prcdictidns which can be tested. The first concerns the Golgi
cells. They have been discussed at some length, and arguments were
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él’“” i1y, the intcrl)l‘ct'z],t-io_ll of the stellate cells ag g threshold sctting
gecon¢ Y for the Purkinje cells depends strongly upon the presumed
cchanisi of the mossy fibre rosettes boloy the cortex. The theory
.‘tpibu('lOl'lt cach mossy fibré extends a fajp distance Perpendicular to the
rcquircs]tch';o“’mn (6.1), and this can be invcstigatcd.
lm(\]o_f tlyl;' the number of granule cells getive
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ell. For learned conditional
the activity provoked by the Purkinje cell must tend to cause a
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ion in the receptor activity which drives the olivary cell.
“"duc.non : ed that these two input-output relations are used for fairly
£ pr0P<1>SS This division of labour is not logically necessary, since in
diﬁcr-e o ;1 .form can execute either task: but it would be surprising if
prthIP}e ea:; division differed substantially from the one suggested, since
tiletoszii‘::ilar arrangement is the most economical.
tha
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at any one time (say in any
1/20) of all granule cells,

§9. THE CODON REPRESENTATION

'he notion central to the present theory is that the afferent input events

e - ']Oted by the mossy fibres to cerebellar cortex are turned into a
comnmmwf mai)l, subsets and then stored; and this has been called t.he
e ? . tation of an input. This formulation is new, but the pr.m-
Cf)dm? rclplsecslmrglated to the feature analysis ideas current in t‘;he machine
icrlxlt)iilil:ci(c)e li{cmture (see e.g.'Uhr & Vossle.r, 1961.). ‘B’(fatlfres‘ (zilrlcztn;grte]lir
ratherospecially chosen codons. This auth?r in particular %w e:e(:; : :dCd e
paper by Brindley (1969) which conf;ams what rrfmy eatht(_:r e
degenerate case of codon representation, though from r
oint of view, =
P The idea of codons arose in an unlikely way as the refult .of;‘ :1‘:3 f:n fo;t:
fepresentation which the cerebrum might use for §t01111g ‘m o
®levance to the cerebellum was noticed only u.fhen it “;as \ s:ain e
"ral et built to implement, the representation must co
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4 ulo cells. An :umly.sns of the propertics of tho codon representation ®
13 gl(: jts possiblo place in the theory of cerolyral cortox will form tho
:\“A. 0.(, of  later papor.
ll) o 1 .
o) thank Profossor G. 8. Brindloy and Dy 1.,
ofessor Sir John Iicelos and Springor-Vol.]u'g
or;(i&‘»i"‘]‘I; c Madrid for pormission to uso Irig.
J g
and
(]lO it
sagor b
disser
{oﬂnuh\w
prindley

i 5 M. Glynn for thoir vory holpful
I “'n%h

for pormission to uso Figs. 1 and 3,

2. Most of this work was carried out during
.thor's tonuro of an M.R.C. research studontship, and formed part of a followship
1

tion offored to Trinity Co}lt.sg.o. Cambridgo in August 1968. Tho ideas of §7.2 wore
d later to overcomo criticism mado by 8, J, W. Blomfiold and Professor G. S.
This work was supportod by a grant from the Trinity Collogo resoarch fund.
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ADDENDUM

Escobar, Sampoedro & Dow (1968) have shown that in man, and probably also in cat, thoro
are fewer cells in the inferior olive than there are cerobellar Purkinje

foro exist other sources of climbing fibres, Statements in the present work about the inferior
olivo should be understood to refer to all sources of climbing fibres, including those as yet

undiscovered. If olivo-cerobellar fibres are found to branch, the theory will require slight
modification.

colls, There may there-

EXPLANATION OF PLATE
Dendritic epines on a cat Purkinje cell, (From Ecclos et al. 1967, Fig. 274.)
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