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25 years ago I thought that the cerebellum was the part of the brain most likely tobe
understood by direct translation of the anatomy into functional terms. To-day I am -
still confident, even if the schemes proposed in the meantime have proved to cover at
best only very partial aspects of cerebellar function and sometimes are quite divorced
from any realistic consideration of histology. I want to show in what direction my
hopes go.

My own contribution to theory was based on considerations on the geometry of the
cerebellar cortical neuropile and in particular on its peculiar translational sym-
metries. The result in a nutshell was expressed in Braitenberg and Atwood (1958) as
the cerebellar cortex having something to do with transformations of time into space
and vice versa, in other words, with the various aspects of the function of a clock. This
idea is still around in its most general form, e.g. in recent papers by Pellionisz and
Llinas (1979, 1980, 1982) but was met with well justified criticism when it was applied
in detail to the coordination of rapid movements (Braitenberg, 1965) and especially to
eye movements (Kornhuber, 1974). The most devastating observation is that parallel
fibers, if they are interpreted as delay lines, as we had proposed, cannot produce
delays much longer than 10 ms and hence seem oflittle use in the context of motor or
sensory functions for which the cerebellum is held responsible. It is this observation,
and not that vast body of later physiological data (Eccles, Ito and Szentagothai, 1967,
Linas, 1969; Thach, 1973; etc.) or new theoretical proposals (Brindley, 1964; Marr,
1969, Albus, 1971) which made the old idea obsolete. On the contrary, the physiology
had provided direct evidence for assumptions implicitly or explicitly made in the
timing theory (such as the excitatory relations between mossy fibers and granular
cells, parallel fibers and Purkinje cells, climbing fibers and Purkinje cells), and the
Brindley-Marr-Albus theory could very easily be combined with the idea of exact
timing.

Personally, [ am reluctant to give up an idea on neural computation which has the
rare merit of providing detailed explanations of many morphological peculiarities in
a piece of grey substance. The shape of dendritic trees of Purkinje cells, the
connections of one parallel fiber with a long row of Purkinje cells, the absence of
antero-posterior folds are in good accord with the idea of timing (Braitenberg, 1977)
but make little sense in the light of any of the other theories. Can this interpretation of
cerebellar histology be upheld in the face of new evidence and critical insights?

*Dedicated to M. Franz on his birthday 1982.
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I believe the solution may come from a reflection on the imposing set of data
furnished over the past years by Oscarsson and his coworkers in Lund (Oscarsson,
1980; Ekerot and Larson, 1980; Andersson and Eriksson, 1981). Systematic mapping
of afferents (mainly climbing fibers, but also mossy fibers) to the anterior lobe of the
cat cerebellum revealed a set of separate, partly interlacing projections of the cat’s
body onto the cerebellar surface (Fig. 1). The different maps are distinguished by
strikingly varying magnification factors and by different orientation. The direction of
the parallel fibers in one place corresponds to the latero-lateral axis of the cat (between
the two a-zones of Oscarsson’s map on both sides of the midline), in another place to
the head-to-tail axis (in the b-zone) and in a third place (between the d and ¢ zones) to
the vertical, i.e. proximal-distal axis. Apparently, whatever is computed in the
parallel fiber-Purkinje cell system, is computed separately for the three orthogonal
axes of the cat’s body.

5-
=

-3
-
”
w
[
»
»

Fig. 1: Projection of peripheral input onto the anterior lobe of the cat cerebellum through climbing
fibers, redrawn schematically from Oscarsson, 1980, In different regions of the cerebellar surface the
transversal axis (L-R) of the animal, the head to tail axis (T-H, H~T) or the proximal-distal axis of
the legs (D-P) are projected in the direction of the parallel fibers (horizontal in the drawing). The
magnification factor is very different in different portions of the anterior lobe: the length of the cat
may occupy almost the entire lobe (regions marked hindlimb and forelimb) or just the width of one
sagittal zone, about | mm (arrow marked T-H). a,b,c3 and d, are some of the sagittal zones of
Oscarsson’s map.
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But what is computed? Could it be the spread of some sort of activity through the
cat in various directions? The large magnification factor in the b-zone is puzziing,
where the whole length of the cat’s body is crowded into a precise point to point
projection occupying no more than one millimeter from head to tail. With this
magnification factor, conduction in parallel fibers at a velocity of 0.3 to 0.5 m/s
corresponds to something sweeping through the cat’s body at velocities of a few
hundred meters per second. This brings to mind longitudinal shock waves such as
may arise when a muscle is suddenly contracted in the direction of the long axis of the
body, or when the cat exerts sudden pressure against an external obstacle. The
suggestion [ am making is that the cerebellum sees to it that the muscular innervations
throughout the body do not suffer interference from the passive mechanical wave
propagating through the animal. Obviously, a great deal of muscular energy could be
saved if the phases of the passive propagation were respected.

Of course, transverse mechanical waves also propagate passively through an
animal body, at lower velocities, and must also be reckoned with by a mechanism
responsible for the timing and strength of muscular innervations. These slower
velocities translated back into the cerebellum may correspond to parallel fiber
conduction velocities in those cerebellar maps in which the animal body is

represented on a larger scale.
It seems to me that the coupling of passive mechanical waves with sequential

muscular innervations may well be a task of such fundamental importance as to
justify a large special organ mainly devoted to it. The learning of movements which is
supposed to take place in the cerebellum (Brindley, 1964; Marr, 1969; Albus, 1971)
would then be the adaptation of the sequences of innervations to the passive
mechanical waves accompanying them, or alternatively, an adaptation of the
mechanical properties of the system (i.e. essentially, its elasticity) to a fixed temporal
scheme imposed by the brain. Both modes of operation are quite plausible. We learn
to produce the exact timing of muscular innervations in synchrony with the whip-like
motion of the arm used in throwing a stone. Here the mechanical properties come
first and the innervations are timed accordingly. On the other hand, a violinist may
improve on his bowing by practising a phrase over and over again at the same speed.
In this case the tensions in the muscles involved are adjusted so that passive pendular
movements of the arm conform to the periodic movements imposed by the music.
The adaptive changes could affect either the projection of the motor system onto the
cerebellum (the metric of the projection, as Pellionisz and Llinas, 1980, would say), or
the way the cerebellar activity is reinserted in the motor circuits.

But there is still the difficulty connected with the shortness of parallel fibres which
we must overcome, In large cerebella the dimensions of the sheet of the cerebellar
cortex are large compared to the maximal length of parallel fibers. Also, some of the
body maps are too large to be traversed by a single parallel fiber. How can activity
sweep through such a map in the cerebellum, as we had supposed, if we have no way of
making it jump from one parallel fiber to the next? I suggest the following solution
(Fig. 2). Instead of activity in individual parallel fibers, we consider activity in the
whole population of parallel fibers in what is sometimes called “a beam”, the fibers
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Fig. 2: A stimulus which sweeps along a folium of the cerebellar cortex will produce maximal
summation on individual Purkinje cells (three stars) if it hits successive input points at times
ty,t2,13 corresponding to the velocity v, of spike conduction in parallel fibers.

associated with one row of Purkinje cells. Let the input be point to point in a
somatotopic map. Then, if something runs through the body at a velocity that makes
the input sweep through the beam at a velocity equal to that of conduction in parallel
fibers, the activity will summate maximally, because each new innervation will addto
the travelling wave already set up by previous input. There will be less summation for
smaller or larger velocities. A Purkinje cell along the beam will become maximally
active when it is approached from either side by such a travelling wave at just the right
velocity. This makes a velocity detector out of a beam of parallel fibers plus Purkinje
cells. The output from the Purkinje cells may be fed back to control those variables
that keep the velocity of whatever images sweep through the cerebellum at the desired
value.

An interesting aspect of this new variant of a chronometric cerebellar theory is that
it can account for the control of quite long sequences, up to a few tenths of a second in
larger cerebella, if we imagine activity sweeping transversally through the cerebellar
sheet from one end to the other (more than 10 c¢m in the human cerebellum). The
duration of a few tenths of a second is characteristic of certain elementary episodes of
motor control, such as syllables in language, saccades in visual or manual tracking
(Stark, 1968). It is reasonable to suppose that the chaining of such elementary motor
acts is controlled by the motor cortex, while the sequencing within the elementary
episodes is the responsibility of the cerebellum.

Like in our previous theory, the inhibitory components of the cerebellar machinery
(stellate, basket and Golgi cells) have been again neglected. Their role is most likely as
Eccles, Ito, and Szentagothai have suggested, to isolate a beam from its neighbours by
“lateral inhibition”, and to keep activity in the molecular layer below a certain level
by controlling the input to the granular layer. These are auxiliary mechanisms that are
intuitively useful in the function which we ascribe to the cerebellum. Also, there is no
mention of climbing fibers. The suggestion by Marr (1969) that they may serve as
tutors for learning, is still the most appealing one.
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